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Climate change due to global warming is expected to have major impacts on phenomena such as tropical cy-
clones (TCs), Baiu, precipitation, and seasonal storms. Many natural disasters in East Asia are driven by TC
(typhoon) activity in particular and their associated hazards are sensitive to local-scale characteristics. As such, it
is critically important to numerically simulate TC activity (and other phenomenon) on local scales in order to
properly assess climate change impacts on natural hazards in the region. In addition, projecting future changes of
many TC-related hazards and/or their potential economic impacts can be challenging due to their low occurrence
frequencies in any one particular area. With these views in mind, a collaborative research program was formed in
Japan to project long-term changes in natural hazards in Japan and East Asia based on local-scale and large-
ensemble numerical experiments. This paper reviews recent climate change impact assessments (written in
both English and Japanese) from the program and summarizes the projected future changes in precipitation,

river flooding, and coastal hazards, and their associated economic impacts.

1. Introduction

Climate change due to global warming is expected to have major
impacts on phenomena such as tropical cyclones (TCs), monsoons,
precipitation, and seasonal storms. For example, average global TC
precipitation rates and intensities are projected to increase in the late
21st century with medium confidence by the Intergovernmental Panel
on Climate Change (IPCC) in the Special Report on the Ocean and
Cryosphere in a Changing Climate (SROCC; IPCC, 2019). In addition,
Working Group II (WGII) of the Fifth Assessment Report (IPCC-ARS5)
summarizes that climate change will exacerbate vulnerability at
regional scales to extreme and impulsive physical processes and related
natural hazards (IPCC 2013, 2014), such as heavy precipitation (e.g.,
Fischer and Knutti, 2016; Pfahl et al., 2017; Aalbers et al., 2018), river
flooding (e.g., Hirabayashi et al., 2013; Arnell and Gosling, 2016), and
storm surge (e.g., Lowe and Gregory, 2005; Lin et al., 2012).

As such, it is important to assess the impact of climate change on
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natural hazards. However, this is still difficult on regional scales due to
differences in scales between general circulation models (GCMs) and
hazards, which are less than 10-500 km. While general impacts of
climate change on natural hazards were discussed in the IPCC-ARS5, the
number of assessments with quantitative results on individual regional
scales (e.g., Asia) are still limited. It is highly expected that climate
change impacts on regional scales will feature prominently in upcoming
or future IPCC reports, such as the Sixth Assessment Report (IPCC-AR6)
or later.

1.1. Quantifying impacts of climate change on storm-related hazards

Climate change due to global warming is expected to greatly affect
storm-related hazards such as TCs and other heavy precipitation events.
The temporal and spatial scales of these phenomena range from O(10
min) to O(days) and from O(1 km) to O(1000 km), respectively; in
addition, the physical understanding to detect and attribute trends from
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the phenomena are also different (Kunkel et al., 2013; Peterson et al.,
2014). TCs in particular, are a key driver of natural disasters in East Asia.
In order to assess the impact of climate change on TC-related hazards, it
is critically important to quantitatively represent TC-induced heavy
rainfalls using strong wind and pressure fields at local scales. However,
in comparison with the larger global-climate-projection scale, these
fields are sub-scale and generated locally. Therefore, dynamic and sta-
tistical impact assessments which use downscaling techniques are
required to understand the long-term impacts of climate change on
natural hazards. If extreme natural hazards become more frequent or
dangerous in the future, it is necessary to consider their effects to pre-
vent or at least reduce their impact on vulnerable areas. Additionally, it
is also necessary to estimate the potential economic damages caused by
climate change in order to properly understand the costs of adaptation.

Projecting future changes of many TC-related hazards and/or their
potential economic impacts can be challenging due to the relatively
small scale of the phenomena in a GCM and their low occurrence fre-
quencies in any one particular area. The effects of model resolution on
projected climatological features of TCs have been investigated in both
atmosphere-only and coupled simulations. For example, Murakami and
Sugi (2010) showed that resolutions of 60 km or finer (investigations
ranging from 180 km to 20 km) are critical for projecting future changes
in the occurrence frequencies of intense TCs in a joint atmospheric
global circulation model (AGCM) by the Japan Meteorological Agency
(JMA) and Meteorological Research Institute (MRI). Comparably, Rob-
erts et al. (2020b) found that some 20-50 km resolution models from the
Coupled Model Intercomparison Project (CMIP) Phase 6 (CMIP6) High
Resolution Model Intercomparison Project (HighResMIP) are able to
reproduce occurrence frequencies comparable to observations in
coupled simulations as well. Despite improvements in resolution how-
ever, Roberts et al. (2020a) suggest that some single-model ensemble
averages are still necessary to distinguish impacts from resolution and
internal variability.

Quantifying climate uncertainties (i.e., signal-to-noise ratio) is
important for projection-based impact assessments of extremes; corre-
spondingly, understanding modeling uncertainties better is of key in-
terest for climatological research. While potentially computationally
expensive, the challenge of low occurrence frequencies can be overcome
by using a large number of ensemble projections to analyze low occur-
rence frequency extremes. For instance, Yoshida et al. (2017) used
variable ensemble member averages of a 60-km AGCM to analyze
changes in the occurrence frequencies of intense TCs and found that
uncertainty ranges decreased as the number of ensemble members
increased (d4PDF dataset; see discussion below). Modeling uncertainties
can also be estimated by increasing the number of ensembles in a
single-model projection (Murphy et al., 2004), as well as by analyzing
multi-model projections. In the latter, Roberts et al. (2020b) demon-
strated how multi-model ensembles can be used to reduce uncertainties
resulting from model physics and TC detection methods and found
robust changes in TC activity in the Southern Hemisphere.

Several single-model large-ensemble datasets have been created to
quantify uncertainty and increase modeling fidelity of weather phe-
nomena under climate change. In a pioneering work by Kay et al.
(2015), a single-model large-ensemble dataset was generated using the
Community Earth System Model (CESM) in the United States; it covers a
180-year period (1920-2100) and consists of 30 projection members
initialized with small atmospheric differences. The CESM ensemble
dataset provides an internal climate variability of the ensemble-mean
projection and has been used in several applications. For example,
Hagos et al. (2016) analyzed the impact of global warming on atmo-
spheric rivers making landfall in western North America. By considering
the internal variability of the location of a subtropical jet and its asso-
ciated extreme precipitation, they were able to quantify probabilistic
changes in atmospheric rivers making landfall. In general, most large
ensemble climate datasets use a global warming scenario that covers a
period from the present to end-of-century. However, Maher et al. (2019)
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recently created the Max Planck Institute Grand Ensemble in Germany
which contains four future climate scenarios (and historic) with 100
members each. In the landmark study, the authors demonstrate how the
multi-scenario large-ensemble dataset can be used to differentiate the
forced signal from internal variability under anthropogenic warming.

A similar pioneering work on large climate projection ensembles has
been conducted with extensive collaboration among climate research
groups in Japan. The Database for Policy Decision-Making for Future
Climate Change (d4PDF) is a mega-ensemble climate simulation dataset
that was generated to overcome the difficulties of projecting future
changes of TC-related hazards and economic impacts (Mizuta et al.,
2017). The d4PDF dataset was designed to compare historic and future
climate conditions at end of twenty-first century under the Represen-
tative Concentration Pathway (RCP) 8.5 scenario (RCP8.5) and consists
of long-term ensemble projections (spanning 60 years each) at relatively
high-resolution global (60 km) and regional (East Asia, downscaled to
20 km) scales using the AGCM MRI-AGCM 3.2H (Mizuta et al., 2012)
and non-hydrostatic regional climate model (NHRCM) d4PDF-RCM
(respectively). The historical climate conditions (global/regional:
100/50 ensembles, 6000/3000 years) cover the period 1951-2010 and
are perturbed based on uncertainties in observed sea surface tempera-
tures (SSTs). The future climate conditions (global and regional: 90
ensembles, 5400 years) are based on SST warming patterns from six
CMIP5 models (selected to maximize geographical uncertainty) that
have been perturbed and scaled such that global mean temperatures are
+4 K from before the Industrial Revolution (c.a. 1850). In short, three
main characteristics—(1) large number of ensembles of over 5000 years
for both historical (global) and future climate conditions, (2) same
prescribed phase of warming during the entire future climate condition
(i.e., constant +4 K global mean temperature), and (3) combined use of
an AGCM and NHRCM—make it possible to analyze low occurrence
frequency events, including TCs in East Asia. In particular, the use of the
same prescribed warming phase (for the future climate condition) is
beneficial for analyzing extreme events since traditional extreme value
analysis requires a stationary assumption. Many studies are now using
the d4PDF dataset in impact assessments to directly estimate hazards
with low occurrence probabilities and/or longer return periods of 100
years or more (e.g., Tanaka et al., 2018; Yang et al., 2018; Hatsuzuka
and Sato, 2019); for a full review, see Ishii and Mori (2020).

1.2. Nationwide climate change projection, impact assessment, and
adaptation programs

Around the world, national (and international) programs have been
set up and commissioned to coordinate and evaluate climate change
projections, impact assessments, and adaptation strategies. For example,
two regions with robust efforts are the United States and Europe. Since
2000, the United States Global Change Research Program (USGCRP; 13
member interagency program initiated in 1989) has coordinated federal
research to examine global changes and analyze societal implications in
order to inform U.S. policy makers and the public. The USGCRP has
released four National Climate Assessment (NCA) reports and have
provided public access to the federal information products used for
producing the reports. The latest report, NCA4 Volume II (USGCRP,
2018), summarizes the importance of global mitigation and regional
adaptation efforts to minimize impacts on the public’s physical, social,
and economic well-being. In 2018, the European Environment Agency
(EEA) and the European Topic Center on Climate Change Impacts,
Vulnerability and Adaptation (ETC/CCA) coordinated the first system-
atic review of national assessments conducted by EU members. In
addition, the European Climate Adaptation Platform, Climate-ADAPT,
was set up in 2012 to help distribute climate change information and
coordinate adaptation measures in Europe. The United Kingdom has
also carried out a series of climate change projections known as UK
Climate Projections 2009 and 2018 (UKCP09 and UKCP18, respectively)
(Lowe et al., 2018). The latter, UKCP18, focuses on integrating the most
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recent weather and climate observations and analyses (including data
from the latest generation of international climate models) with results
from the UK Met Office global and regional climate models. The UKCP18
climate projections provides probabilistic projections of relatively small,
medium, and large regional-scale changes, as well as sub-seasonal and
sub-monthly extremes across the United Kingdom. The UKCP18 also
quantifies the impact of climate change on water resources, flood risk,
coastal erosion risk, and forestry.

Turning our attention towards the Asia-Pacific, Australia has pro-
duced a national report in 2015 entitled, “Climate Change in Australia”
(CCIA), led by the Commonwealth Scientific and Industrial Research
Organisation (CSIRO) and the Bureau of Metrology of Australia (BoM)
(CSIRO and Bureau of Meteorology, 2015; 2020). The report largely
focuses on impact and risk assessment; in particular, it aims to estimate
risk from climate variability, especially those from extreme even-
ts—such as from heatwaves, frost, flood, cyclones, storm surges, tor-
nadoes, and hail. The CCIA has identified relevant spatial and temporal
scales for the impact assessment (from seasonal to hourly for the latter)
and important characteristics (intensity, frequency and/or duration) of
the weather event for the associated risk. In Asia, Taiwan has been
conducting the Taiwan Climate Change Projection and Information
Platform Project (TCCIP) since 2010 (Hsu et al., 2011). The TCCIP aims
to build up climate change research and projection efforts, consolidate
information, and provide data access and tools for users. There are three
teams in the TCCIP project (from projection to adaptation) and Team 3
deals with seasonal precipitation and drought, and TC and TC-related
river and coastal flooding. These examples of national programs indi-
cate that a deeper integration of climate change projections and impact
assessments have been occurring over the last few decades. A common
strategy of these programs is how to integrate from a global projection to
aregional impact assessment using ensemble and downscaling methods.
Different regions have different climatological (e.g., drought, fire, flood,
and wind risks), geological (e.g., coastal and inland vulnerabilities), and
social characteristics (e.g., risk sharing and operational preferences);
therefore, different methodologies are required for impact assessments
and adaptation strategies.

1.3. History of climate change projection and impact assessment programs
in Japan

The Kyoto Protocol (2008-2012), Doha Amendment (2012-2020),
and Paris Agreement (2020-) are international agreements within the
United Nations Framework Convention on Climate Change (UNFCC)
that are based on scientific consensus and aim to reduce greenhouse gas
emissions (GHGE). Given the current observed signals and future un-
certainty in climate change, both mitigation and adaptation measures
are important. While mitigation measures must be implemented glob-
ally, adaptation measures can be implemented at regional or national
levels. Therefore, many regions and countries have released regional
adaptation plans that address the increasing risks from climate change
(e.g., Australian National Climate Resilience and Adaptation Strategy,
2015; UK Climate Change Risk Assessment, 2016; Pan-Canadian
Framework on Clean Growth and Climate Change, 2019).

During a Cabinet meeting in November 2015, the Japanese govern-
ment approved the “National Plan for Adaptation to the Impact of
Climate Change”, in order to minimize or avoid impacts of climate
change and establish a sustainable society (https://www.env.go.jp/
en/headline/2258.html). Since then several climate change-related
programs have been initiated in Japan, such as the Social Implementa-
tion Program on Climate Change Adaptation Technology (SI-CAT;
2015-2020) by the Ministry of Education, Culture, Sports, Science and
Technology (MEXT; Japan), and the Strategic Research on Global
Mitigation and Local Adaptation to Climate Change (MiLAi; 2015-2020)
by the Ministry of Environment (Japan). These programs have primarily
focused on regional projection downscaling or adaptation. More
recently, the Integrated Research Program for Advancing Climate
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Models, known as the TOUGOU Program (2017-2022), was initiated by
MEXT to advance climate change studies in East Asia and apply the
results for the benefit of society (http://www.jamstec.go.jp/tougou/).
The TOUGOU Program aims to achieve these goals through four coop-
erative groups, known as Themes A-D, and supports active development
of (A) a coupled atmospheric and ocean GCM (AO-GCM; MIROC) model,
(B) an earth system model, (C) a high resolution GCM/RCM, and (D)
impact assessment models. In addition, each group focuses on address-
ing specific scientific and societal needs—(A) understanding climate
change mechanisms, (B) understanding the carbon cycle, (C) providing
projection data for impact assessments, and (D) conducting regional
impact assessments—all the while challenging the program as a whole to
develop state-of-the-art climate change projection datasets. The TOU-
GOU Program is the only Japanese program that is (1) supporting active
development of a GCM and providing global projections for CMIP6 and
related regional downscaling efforts, and (2) bridging the gap between
seamless projections and impact assessments by increasing model res-
olution and the number of ensemble members.

The Integrated Hazard Prediction group, Theme D of the TOUGOU
Program (TOUGOU-D), is focused on understanding how climate change
will affect (a) TC, (b) precipitation, (c) river and coastal flood, and (d)
geological hazards, using the latest climate projections from Themes
A-C as well as CMIP5/6 projections. By utilizing these projections,
TOUGOU-D aims to project how the severity of natural disasters will
change over the next 100 years and reveal the scientific relationships
between these disasters and climate change. This is primarily achieved
through two approaches—first, quantifying probabilistic changes of
climate change impacts (such as TCs, flooding, etc.), and second,
assessing the maximum severity of such impacts using worst-case sce-
narios that consider extraordinary situations (such as mega-TCs). By
conducting integrated hazard assessments, TOUGOU-D analyzes future
changes of the hazards and their social impacts in order to provide
essential information and the necessary methods for preparing for no-
regret adaptation measures. There are several common aims and
methodologies between the TOUGOU Program and other national
climate programs; however, TOUGOU-D is mainly focused on extreme
hazardous events caused by TCs and Baiu weather systems.

1.4. Overview of review

The nationwide TOUGOU program aims to achieve its research goals
by gathering major relevant climate projection and impact assessment
research groups in Japan and providing a platform for increased
collaboration and synergy. Here, we summarize the latest studies from
TOUGOU-D (written in English or Japanese), which covers all aspects of
climate change impact assessments and adaptation strategies of natural
hazards conducted in Japan. Since one of the goals of the TOUGOU
program is to advance climate change research in East Asia, we have
included studies that cover the greater region when possible (Section 5
in particular). However, due to manuscript length considerations, we
have narrowed the scope on some topics that have distinct sub-regional
characteristics (such as the East Asian monsoon); in addition, we focus
on high-resolution regional projections and impact assessments here,
which tend to be centered around Japan.

An overview of this manuscript is illustrated in Fig. 1. First, we re-
view projected future changes of TC-related hazards (wind, precipita-
tion), followed by Baiu-related hazards (precipitation). We then review
projected future changes in river flood risk (and their associated eco-
nomic costs) and coastal hazards (storm surges, storm waves). And
finally, we review the economic impacts of mitigating some of these
natural hazards (such as storm surges) under current conditions of social
exposure and vulnerability.

2. Tropical cyclones

TCs typically develop in the Pacific (north and southwest), Atlantic
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Fig. 1. Schematic view of research relations between different hazards and related impact assessment in this study.

(north), and Indian Oceans and are the most damaging storms in those
regions. Therefore, forecasting and assessing the impacts of TCs are
critically important for disaster prevention and mitigation. Since TCs are
anticipated to become more destructive in a future warmer climate, the
impacts of climate change on TCs should be quantified as precisely as
possible. In the western North Pacific (WNP), a TC is called a typhoon.
Large populations and significant economies in East and Southeast Asia
are at risk from typhoon-related-hazards, and impacts from disasters are
not just limited to these regions but affect other parts of the world.
Therefore, we focus on the impacts of typhoons in this review.

2.1. TC hazard projection and impact assessment approach

Quantitative representations of TC-induced heavy rainfalls and
strong winds at local scales are critically important for properly
assessing TC-related hazards. For example, a slight difference in track
path and intensity of a TC can result in large differences in the maximum

water level from a TC-induced storm surge in a bay (Mori et al., 2014).
Therefore, downscaling TC hazards to local scales with a dynamical or a
statistical approach is required to quantitatively represent the TC haz-
ards. Common dynamical and statistical approaches used for down-
scaling are reviewed in detail in Mori and Takemi (2016), and both
approaches have advantages and disadvantages that depend on the
purposes of the investigation. The dynamical approach is straightfor-
ward and provides multivariable information; however, it is difficult to
control phenomena within the location of interest (e.g., TC tracks), and
the number of ensembles may be a limited because of the associated
higher computational costs. The statistical approach on the other hand,
can increase the number of events dramatically; however, a lack of
physical processes can make it difficult to obtain multivariable infor-
mation (e.g., relation between wind speed and precipitation) and there
is a large dependence on model turning.

Here, we review studies that focus on the dynamical approach since
it is advantageous to consider the meteorological settings of historical
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extreme events (that led to severe disasters) when assessing TC hazards;
impacts from these worst-case scenarios can then be quantified at local
scales under realistic meteorological settings (Takemi et al., 2016¢). In
particular, we review the impacts of climate change on specific TC
events that have been investigated using pseudo-global warming (PGW)
experiments (Schar et al., 1996; Sato et al., 2007), which require climate
perturbations and past meteorological analysis fields. The perturbations,
or global warming increments, are generated by subtracting future and
present climate states obtained from climate projection and long-term
reanalysis datasets such as JRA-55 (Kobayashi et al., 2015), ERA5
(Hersbach et al., 2020), and others. A regional meteorological model is
then used to conduct dynamical downscaling experiments for the pre-
sent condition (reproduced from long-term reanalysis data), and for the
future conditions, which are generated incrementally by adding the
global warming increments to the analysis fields. Since most PGW ex-
periments increment environmental variables (e.g., air temperature,
humidity, and SST) that have historical records and reanalyses, it is not
necessary to consider bias correction and is one of the main advantages
of conducting PGW experiments (in comparison with conducting global
climate projections that follow a particular GHGE scenario). Detailed
procedures for conducting the PGW experiments can be found in Takemi
et al. (2016c¢) and others (e.g., Gutmann et al., 2018).

In the studies reviewed here, the Weather Research and Forecasting
(WRF) model (Skamarock et al., 2008) is used for all downscaling. In
order to quantitatively reproduce TC intensities, high-resolution
modeling of O(1 km) is necessary to capture the inner-core structure
and rapid intensification process of a TC (Kanada et al., 2017a). Thus,
dynamical downscaling on an O(1 km) resolution is also required in
impact assessment studies. It should also be noted that in PGW experi-
ments, it is important to keep the TC track unchanged both in the present
and future climate conditions since a slight change in the TC track can
result in large differences in TC impacts (as previously mentioned).
Since a TC track is strongly controlled by the background steering flow,
any changes to the steering flow will alter properties of the track. Even if
the path of the TC is the same, the steering flow will affect the translation
speed of the TC, and hence change the temporal location of the TC.
Conversely, a difference in the location of a TC means that the steering
flow for the TC was different (which led to a difference in the TC path).
Therefore, in the dynamical downscaling approach, the steering flow for
a TC should be kept unchanged as much as possible. To achieve this, a
nudging technique is helpful for constraining the internal variability of
the downscaled model.

In general, a nudging technique is implemented by adding a forcing
term in the governing equation set, which is formulated as a tendency
term that gradually nudges a selected term towards a targeted value
during a specified time period (see Stauffer and Seaman, 1990; 1994).
The nudging can be proportional to differences between simulations
(numerical prediction model output) and either gridded analyses of
observations (global nudging) (Stauffer and Seaman, 1990) or individ-
ual observations (local nudging) (Stauffer and Seaman, 1994). By
nudging the selected term towards the targeted value, it is expected that
the overall model prediction will be improved. Therefore, this general
nudging technique has been widely used in mesoscale modeling and
air-quality modeling (e.g. Otte, 2008). However, the technique is
applied on a grid-scale level, and thus grid-scale noises (i.e., small-scale
errors inherent in the numerical model analyses and observations)
cannot be avoided.

In order to minimize the effects from such noises, a modified
approach, the spectral nudging technique, was developed to remove
unwanted small-scale features (Waldron et al., 1996). By retaining
longer-wavelength  spectral components and filtering out
shorter-wavelength ones, this technique only nudges a selected term
toward a targeted value having larger-scale features in a model domain
(e.g., background steering flow) (von Storch, 2000). Therefore, this
spectral nudging technique is particularly useful in weather and climate
simulations since large-scale meteorological features from a GCM can be
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incorporated into a RCM or a limited-area model (e.g,Lin et al., 2012;
Tang et al., 2019). The effectiveness of the technique has been examined
in a wide range of studies, including storm climatology over the North
Atlantic (Weisse et al., 2005), cloud simulation (Meinke et al., 2006),
and regional climate simulation over North America (Miguez-Macho
et al., 2005). In addition to spectral nudging, the spectral boundary
coupling (SBC) method (Kida et al., 1991) can also be used for down-
scaling. Here, only spatial fluctuations within the wavenumber space
(representing the small-scale) are retained while large-scale features are
directly replaced with the corresponding spatial-scale phenomena from
a GCM. The SBC method was applied in a nonhydrostatic model to
examine East Asian monsoon rainfall and was shown to perform well in
reproducing long-term weather patterns and rainfall amounts (Yasunaga
et al., 2005); it has also been implemented in several RCMs and used in
subsequent regional climates studies (e.g., Sasaki et al., 2008; Kanada
et al., 2012).

The spectral nudging technique has been implemented in the WRF
model, and the option has been used widely in weather and climate
simulations. Some examples applied to TCs near Japan include Takemi
etal. (2016a) and Takemi (2018a; 2019), which successfully reproduced
simulated TC tracks that are similar to actual tracks for typical (1)
autumn-season TCs that land in Japan, (2) southern Pacific cyclones that
develop from convective populations within a Madden-Julian oscilla-
tion, and (3) WNP and slow-moving summertime TCs that land on the
Pacific side of Japan (respectively). By controlling the TC track under
present and future climate conditions, it is possible to assess the impacts
of TCs under different climate scenarios.

It is worth mentioning that in the context of the PGW experiments,
any spectral nudging of the wind fields must be handled carefully. As
discussed previously, the advantage of using the spectral nudging
technique is that we are able to control the track of a TC and assess
impacts of a specific TC on a specific area. If a slight change in the track
occurs, the impact from a TC with a displaced track may be totally
different than one with the same track. On the other hand, there may be
possible disadvantages from using spectral nudging. If large-scale cir-
culation fields (such as the position of monsoon-season stationary fronts,
spatial patterns of the Pacific High or Tibetan High, etc.) are totally
different between present and future climate conditions, large-scale
circulation patterns in the PGW field will also be different from those
in the present climate. Thus, the TC tracks in the present and future
climates will be different, and therefore, the climate change impacts on
TCs with similar tracks are not properly investigated. Furthermore, too
much nudging may strongly affect the TC intensification process and
affect the TC maximum intensity in turn, which will be regarded as a
model artifact of the PGW experiment. As such, the purpose of the study
must be considered carefully in order to determine the proper settings
for spectral nudging.

Other issues with the PGW experiments include properly setting the
SST fields and dealing with atmosphere-ocean coupling. To simplify,
many PGW experiment studies often neglect ocean mixing caused by
surface winds and atmosphere-ocean fluxes since it is not straightfor-
ward to determine appropriate ocean states under warmed climate
conditions. Furthermore, there are still unknown aspects of atmosphere-
ocean coupling, and coupling is a challenging problem even for nu-
merical weather prediction of TCs. As such, uncoupled SST fields are
often prescribed instead as boundary conditions for the atmosphere in
order to avoid such modeling uncertainties. In the (majority of) PGW
experiments reviewed here, this approach is taken and the SST global
warming increments (between present and future climate conditions)
are added to historic SST fields. However, limited concurrent studies
have begun to investigate how atmosphere-ocean coupling can influence
the development of TCs under global warming (e.g., Kanada et al.,
2019). Indeed, numerous processes near the surface interface control
enormous exchanges of heat and trace gases between the atmosphere
and ocean. For instance, strong winds can entrain cold water masses
beneath the mixed layer through vertical shear mixing, which in turn
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will affect heat and water vapor fluxes. It is critically important to es-
timate these surface fluxes properly in order to reproduce TC intensities
accurately (Emanuel 1986; Rotunno and Emanuel 1987; Bryan and
Rotunno 2009; Miyamoto and Takemi 2010). As such, it is essential for
future studies to further uncover the role that atmosphere-ocean
coupling plays in changing TC intensity and structure in a warmed
climate state.

2.2. TC impacts in Japan

A large number of studies have investigated the impacts of climate
change on TCs, and a review of all the relevant studies in general falls
outside the scope of this paper. However, there are several recent as-
sessments by Knutson et al. (2019; 2020) that should be mentioned in
order to infer climate change impacts on TCs over Japan. In the first
assessment, Knutson et al. (2019) used historical observation data to
assess detectable changes in TCs and concluded with a low-to-medium
confidence that the observed poleward migration of the latitude of
maximum intensity in the WNP is detectable (highly unlikely to occur
from natural variability alone). In a second assessment, Knutson et al.
(2020) used model projections to assess TC responses to future anthro-
pogenic warming. The study indicates with higher levels of confidence
that higher storm surge levels will occur (enhanced by sea level rise due
to global warming), and that there will be an increase in TC-related
precipitation, global-mean TC intensity, and proportion of very
intense TCs; however, confidence levels are lower for basin or regional
scale projections of TCs. Thus, there are a number of uncertainties in
investigating and demonstrating climate impacts on TCs in Japan, not
only for future projections but also for historical observations. In fact,
the mean annual number of TCs in the WNP is about 26, while the
number of TCs that land or approach the Japanese islands is only about
11. Such limited numbers make it difficult to conduct statistically robust
impact assessments of climate change on TCs, especially at local scales.
Hence, the number of samples is critically important for demonstrating
TC impacts at such local scales, like areas within the Japanese islands.

For these reasons, the use of the d4PDF dataset is a breakthrough in
impact assessment studies. For example, Yoshida et al. (2017) showed
that the number of very intense TC developments increases over a broad
area including the south of Japan in spite of an overall decrease in the
total number of TC occurrences. However, the d4PDF dataset is not
perfect since the horizontal resolution is not fully sufficient to resolve
the internal structure of TCs. Therefore, there are still uncertainties in
assessing local-scale impacts of climate change on TCs near Japan. Using
observational data, Yamaguchi et al. (2020a) investigated the impacts
on climate change on TCs during the past 40 years by focusing on TCs
that approached the Tokyo area; they demonstrated that (a) the number
of approaching TCs has increased and that (b) TC intensity has increased
as translation speeds have decreased. While there are trends in the past
climate variation due to both natural variability and global-warming,
the study of Yamaguchi et al. (2020a) is regarded as a guide for un-
derstanding and revealing projected changes in TC impacts in future
climates. Yamaguchi et al. (2020b) further examined the influence of
climate change on TC translation speed in mid-latitudes; by comparing
historical model simulations in the d4PDF dataset with and without
observational global warming trends, the authors found that TC trans-
lation speeds in mid-latitudinal regions decrease with anthropogenic
forcing, owing to both natural decadal climate variabilities and
anthropogenic warming. In addition, it was shown that global warming
in the future climate conditions of the d4PDF dataset leads to an
increased number of slowly-moving TCs in autumn. If the translation
speeds of a future TCs decrease, then the time durations of heavy rain-
falls and strong winds are anticipated to increase, leading to harsher TC
impacts locally.

In terms of the number of fatalities, Typhoon Vera (1959) (also
known as the Isewan Typhoon) is the most devastating TC on record in
modern Japan. Therefore, Typhoon Vera is regarded as a basis for a
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worst-case TC scenario when considering climate change impacts. In
Kanada et al. (2017a), a set of PGW experiments for Typhoon Vera were
conducted using four non-hydrostatic models (with a horizontal 1 km
resolution) in order to reveal robust responses of a Vera-class TC in a
warmer climate condition; the authors found that all the models unan-
imously project an increase in the maximum intensity in the warmer
climate by generating deeper and more intense updrafts in the eyewall.
In addition, Takemi et al. (2016a) further showed that the intensity of
Typhoon Vera is stronger in a warmer climate than in historical condi-
tions (September 1959), not only at the time of maximum intensity but
also at the time of landfall on the Pacific coastal side of Japan (Table 1).
As TC intensity increases, the severity of local-scale rainfall and wind
events are predicted to also increase.

The climate change impacts of a destructive, extreme-rain-producing
TC have also been investigated with a horizontal 1 km resolution;
Typhoon Talas (2011) was a slow-moving TC that brought a significant
amount of rainfall, exceeding 2000 mm in total, over the Kii Peninsula
(see Fig. 2) on the Pacific coastal side of Japan and caused widespread
landslides as well as river flooding. Oku et al. (2014) generated a
worst-case TC track for local-scale rainfalls over the Kii Peninsula by
performing ensemble simulations of varying TC tracks using the po-
tential vorticity inversion methodology (Ishikawa et al., 2013) and
found that Talas’ actual track is close to the worst-case track. Thus,
Typhoon Talas is regarded as a worst-case TC scenario for extreme
rainfall. Takemi (2019) conducted PGW experiments for Typhoon Talas
and found that the extremes of the accumulated rainfalls over the Kii
Peninsula are projected to be harsher in the future climate scenario,
owing to a significant increase in precipitable water content (Fig. 3). It
should be noted that the precipitable water content amounts to 100 mm,
which is extremely large and would not appear in our current climate
conditions. Therefore, as a common response to warmer climate con-
ditions, analyses of Typhoon Vera (1959) and Talas (2011) indicate that
rainfall and wind hazards on the Pacific side of Japan are projected to be
harsher in the PGW condition.

TC impacts in northern Japan appear differently from those on the
southern-facing Pacific side of Japan. Based on the study by Oku et al.
(2010), Ito et al. (2016) examined Typhoon Songda (2004) under a PGW
condition by focusing on the changes in winds over Hokkaido. When the
TC moved northward and was located in northern Japan, the TC in-
tensity was found to weaken rapidly and become weaker in the warmer
condition than in historic (September 2004) conditions. Further exam-
ination of environmental factors such as SST, vertical shear, and
meridional temperature gradient at upper levels, revealed that the
meridional temperature gradient at the 500-hPa level was smaller in the
warmer condition than in historic conditions, indicating a weaker bar-
oclinicity under global warming. This weak baroclinicity makes envi-
ronmental conditions unfavorable for extratropical transition and

Table 1

Maximum intensity of Typhoon Vera in the 1959 and PGW conditions. Intensity
is indicated in terms of central surface pressure (hPa) and maximum surface
wind (m s~ 1) at the times of lifetime maximum intensity and landfall on the
Pacific coastal side of Japan. Landfall is defined as the point when the typhoon
passes the 33°N latitude line and AT denotes air temperature.

At time of maximum intensity

1959 Condition PGW Condition

Added variables N/A SST, AT SST
Central pressure (hPa) 899.5-909.0 879.4-898.1 859.7-876.8
Maximum wind (m s’l) 55.4-61.8 64.6-66.5 71.1-73.3

At time of landfall

1959 Condition PGW Condition

Added variables N/A SST, AT SST
Central pressure (hPa) 926.2-932.7 912.7-929.5 887.8-892.4
Maximum wind (m s™!) 46.4-50.4 49.8-55.1 58.1-61.1
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re-intensification, which in turn reduces the severity of TC winds in
northern Japan. Thus, wind hazards over Hokkaido, in an
ensemble-mean sense, become less severe under the PGW condition,
leading to a reduced impact on forests in Hokkaido from TC-induced
winds (Takano et al., 2016; Morimoto et al., 2019). A reduction of
ensemble-mean winds in the northern part of Japan were also found in a
similar analysis of Typhoon Mireille (1991) (Takemi et al., 2016b);
however, maximum wind speeds during the TC passage become stronger
in the warmed climate condition (versus the 1991 condition) in both the
southern and northern parts.

Interestingly, climate change impacts on TC rainfalls in northern
Japan are contrary to those on TC winds. Nayak and Takemi (2019a;
2019b; 2020a) investigated the influences of global warming on TC
hazards in this region by conducting PGW experiments for Typhoons
Chanthu, Mindulle, Lionrock, and Kompasu, which made landfalls in
Hokkaido and Tohoku (respectively; see Fig. 2) and caused heavy
rainfalls during August 2016. While the amount of rainfall is projected to
increase in northern Japan under a warmer climate condition, wind
speed responses to the warmer climate condition indicate a mixed
feature. Kanada et al. (2017b) and Kanada et al. (2019) investigated
TC-related rainfall in eastern Hokkaido by conducting PGW experiments
with a horizontal 1 km resolution for three TCs that made landfall in
August 2016. Their projections indicate that the frequency of strong
rainfall will increase but the frequency of weak rainfall will decrease; a
larger amount of convective available potential energy in the PGW
condition is shown to contribute to stronger updrafts, and hence stron-
ger rainfall in the TC core regions. In a follow-up study (non-PGW
experiment), Kanada et al. (2020) used three-dimensional fields from
the d4PDF dataset as initial and boundary conditions for a regional
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Fig. 3. Cumulative frequency distribution of rainfall and atmospheric conditions for Typhoon Talas (2011). Top row shows (a) total and (b) hourly rainfall for land
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model and directly downscaled select TCs that made landfall in eastern
Hokkaido during the +4 K future climate conditions. They analyzed
projected changes in the TCs and found that unusually intense TCs with
extreme winds and heavy rainfalls can develop in midlatitudes by
retaining their axisymmetric TC structures under conditions of higher
SST, higher surface water vapor, and lower baroclinicity. This suggests
that extreme TCs will shift northward in the Northern Hemisphere
(while retaining their intensity) when unfavorable conditions for TC
development are negligible.

The impacts of climate change may also affect the tropospheric
temperature lapse rate, depending on the SST conditions under an
assumed global warming scenario and the resulting radiative-
convective equilibrium state. Since static stability is projected to in-
crease as SSTs rise under future climate conditions, it may not be easy
to separate the effects from increasing SSTs and decreasing lapse
rates. Although atmospheric stratification and SST are correlated, the
relations between them are nonlinear and depend on the AO-GCM
used (e.g., Mori et al., 2021). Several studies have analyzed these
relations under climate change; a useful approach for investigating
the effects of changes to stability, is to examine the question, how TCs
respond to changes in environmental conditions (including static
stability), as an initial value problem. Using GCM experiments with
varying temperature lapse rates, Shen et al. (2000) investigated the
effects of atmospheric stability on TC intensity and showed that the
simulated TCs intensify in a more unstable atmosphere. Likewise, Hill
and Lackmannn (2011) examined the effects of climate change on the
structure of TCs by conducting sensitivity experiments with a regional
model (WRF) using projections from multiple GCMs with changes in
resolution, physical processes, and future climate conditions. They
showed that TC intensity increases in almost all future conditions
irrespective of resolution or physical process. In contrast, Kanada
et al. (2017a) showed that Typhoon Vera would intensify under
future conditions with the RCP8.5 scenario; this intensification occurs
in spite of a more stable troposphere, mainly because of an increase in
water vapor content and SST. They also showed that updrafts within
the eyewall of Typhoon Vera would intensify and reach higher levels
under the same future conditions. Thus, some studies have shown
that a stabilized atmosphere suppresses excessive development of TCs
despite increases in SST (Hill and Lackmann, 2011), while others
have suggested that a tropospheric destabilization—caused by in-
creases in water vapor content and surface moisture enthalpy
flux—enhances secondary circulation of TCs (Kanada et al., 2017a).
To help clarify, Takemi and Yamasaki (2020) conducted idealized
numerical experiments with an axisymmetric non-hydrostatic model
and found that TC intensity increases are 1.3-1.9 m s ' per 1%
change of the lapse rate and 0.1-0.5 m s~ ' per 1% change of the
tropopause height. These results indicate that the intensity of simu-
lated TCs change more rapidly with an increase in temperature lapse
rate than with an increase in tropopause height. Considering that a
change in lapse rate has a significant negative impact on TC intensity,
any intensification of TC strength must coincide from a significant
increase in SST and moisture content. Takemi and Yamasaki (2020)
have also suggested that more stable conditions found in warmed
climate conditions will serve as a limiting factor to prevent extreme
intensification of TCs under future climate change.

In this way, the impacts of global warming on landfalling or
approaching TCs in Japan have been shown to appear differently,
depending on the latitudinal location. From an impact assessment
point-of-view, the hazard information should be downscaled to local-
scales and furthermore, city-scales. In response to severe damage
(caused by extreme winds) that occurred in cities during Typhoon Jebi
(2018), Takemi et al. (2019) examined quantitative representations of
strong winds within a real urban district of Osaka City by combining
results from the WRF model with a large eddy simulation (LES) model
with an O(100 m) resolution developed by Yoshida et al. (2018). The
authors found that the variability of building height and distribution
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strongly affects the turbulent airflows within the urban district and
thereby determines the local-scale characteristics of maximum instan-
taneous winds (Fig. 4), which were previously identified in idealized
simulation settings by Yoshida and Takemi (2018). A next step will be
to implement the changes in these meteorological forcings into
city-scale models for climate change assessments. Because regional
climate model (RCM) outputs are used as boundary conditions for
city-scale LES models, the impacts of climate change on meteorological
forcings are incorporated into the boundary conditions as changes in
wind and thermal stratification. Such wind and stability changes are
considered to affect strong winds at the surface level and within the
urban canopy through changes in the downward transport of high
momentum above the urban roughness sublayer. With this approach, a
quantitative assessment of strong winds at the surface level and within
the urban canopy is practicable, and hence useful for devising strate-
gies and measures for climate change adaptation.

3. Baiu and precipitation

Baiu (known similarly as Meiyu in China and Changma in Korea) is a
regional rainy period in Japan during late spring and early summer that
is caused by persistent precipitation along a stationary front (rain belt)
extending over eastern China, East China Sea, Korean Peninsula, and
Japanese islands. Rainfall during the Baiu season sometimes becomes
severe and generates disasters such as flooding and landslides on local
scales and even on larger basin-wide scales. Alongside this, short-lived
intense rainfalls are also generated by rapidly developing, isolated
thunderstorms known commonly in Japan as ‘Guerrilla-heavy rainfall’
or ‘Guerrilla rainstorms’ (former term adopted here; e.g., Kawabata
et al., 2011; Nakakita et al., 2017b). These individual thunderstorms
have particularly short lifetimes and as such, hazardous flash floods are
prone to occur; in addition to atmospheric phenomena, the term
‘Guerrilla-heavy rainfall’ is often used to refer to the associated di-
sasters. Therefore, Baiu frontal activities (i.e., extreme rainfalls) and
Guerrilla-heavy rainfall (i.e., isolated thunderstorms) are some of the
major meteorological hazards in Japan. Here we overview some of the
recent findings on the impacts of global warming on hazardous rainfall.

3.1. Baiu precipitation and localized heavy rainfall

Baiu precipitation is a major producer of extreme rainfall events in
East Asia. Because of its societal impacts, Baiu precipitation has been
studied not only from a weather forecasting viewpoint but also from a
climate projection one. Therefore, a number of studies have examined
the effects of warmed climate conditions on Baiu precipitation and
background circulation features using AGCMs (e.g., Kitoh and
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Fig. 4. Spatial distribution of maximum instantaneous wind speed at 10-m
height. Results are from a LES analysis of airflows in an urban district of
Osaka City (adapted from Takemi et al., 2019).
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Uchiyama, 2006; Kusunoki et al., 2006; Yasunaga et al., 2006; Kusunoki
et al., 2011; Hirahara et al., 2012) and RCMs (e.g., Kawase et al., 2009;
Kanada et al., 2012). For example, climate change impacts on atmo-
spheric circulations during the Baiu period over Japan and the sur-
rounding regions were investigated by Okada et al. (2017). They used
simulation data from MRI-AGCM 3.2S (20-km-mesh; Mizuta et al., 2012)
for present-day (1979-2003) and future (2075-2099) climates under the
RCP8.5 scenario; the future climate projection dataset consists of four
ensembles driven by different SST types (Mizuta et al., 2014). The au-
thors revealed that future changes of atmospheric circulation during
June have a robust commonality among all the future climate simula-
tions (i.e., different SST conditions), while future changes during July
and August exhibit different patterns depending on the SST pattern.
Thus, future changes of Baiu precipitation during the latter months are
strongly controlled by those different circulation features.

Several groups have investigated future changes of extreme rainfall
events during the Baiu season under a global warming scenario by
using a 5-km-mesh NHRCM (NHRCMO05) forced with an AGCM and the
Special Report on Emissions Scenario (SRES) A1B. By analyzing char-
acteristics of precipitation, Kanada et al. (2012) showed that the
occurrence frequency of heavy rainfall will increase in early July of the
realized future climate. Furthermore, Nakakita et al. (2012) showed
that the occurrence frequency of Baiu localized extreme rainfall will
also increase and was the first study to uniquely identify localized
extreme rainfall events. Since the NHRCMO5 has a spatio-temporal
resolution sufficiently high enough to represent localized events
(with spatial scales of O(10)~0(100) km and temporal scales of several
hours), they were able to manually identified events from the
NHRCMO5 precipitation distribution output based on rainfall amount
criteria (such as 50 mm/h), as if they were from a weather radar
image. If it was not possible to determine whether an event was a
Baiu-type (belt-shaped) extreme rainfall event using rainfall amount
criteria alone, the location of the Baiu front was checked using the
north-south gradient of equivalent potential temperature on the
surface.

Based on work in Nakakita et al. (2012), Nakakita et al. (2016)
connected extreme rainfall with atmospheric patterns in d4PDF and
showed that the occurrence frequency of specific atmospheric patterns
that are prone to extreme rainfall will also increase in the future.
Characteristics of future changes of atmospheric circulation during Baiu
season had been clarified in previous studies (Ohba and Sugimoto, 2019;
Okada et al., 2017), however Nakakita et al. (2016) was the first study to
connect extreme rainfall events identified directly from an NHRCMO5
with atmospheric circulation patterns. Since this study, a series of other
climate change studies have begun to investigate the relationships be-
tween extreme events and atmospheric characteristics. For example,
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Nakakita and Osakada (2018) and Osakada and Nakakita (2018a)
analyzed four ensemble members of NHRCMO5 under the newer RCP8.5
scenario and showed that the occurrence frequency of extreme rainfall
will increase in all future ensemble members. In addition, by analyzing
future changes of the corresponding atmospheric patterns, they were
able to reveal the reasons why Baiu extreme events are not likely to
increase significantly on the Pacific side. In a following study, Osakada
and Nakakita (2018b) uncovered an increasing future trend in the
accumulated amount of extreme rainfall (Fig. 5) using the same model.
To investigate further, Osakada and Nakakita (2020) conducted a PGW
experiment based on MRI-AGCM 3.2S climate data (under the RCP8.5
scenario) using a cloud resolving numerical model with a horizontal
500 m resolution. In addition to the expected linear thermodynamical
effect caused by increased water vapor in the future climate condition,
they found that there is also a non-linear dynamical effect that
strengthens the formation process that organizes and maintains the
rain-band system. These studies on extreme rainfall have ushered in a
new phase of projecting future changes quantitatively.

The climate change impacts on extreme events due to Guerrilla-
heavy rainfall (i.e., rapidly developing isolated thunderstorms) have
also been investigated in Japan. These rainstorms have a smaller spatio-
temporal scale than the Baiu localized extreme rainfall. It has long been
thought that it is difficult to estimate future changes of Guerrilla-heavy
rainfall because even a RCM with a 5-km-mesh cannot resolve the
smaller scales necessary to analyze the rainstorms. However, Nakakita
et al. (2017a) realized that the future projections of Guerrilla-heavy
rainfall could be generated by analyzing multi-polarimetric weather
radar and NHRCMO5 data together. First, they converted radar infor-
mation (for 4 years for the month of August) with a 250-m-mesh and
1-min-average to a 5-km-mesh and 30-min-average (using a spatial
moving and regional average, and 30-min time integration) in order to
make comparisons with the NHRCMO5. They then clarified how the rain
rate or spatial area of the Guerrilla-heavy rainfall should be represented
in the precipitation distribution of the NHRCMO5, by using the con-
verted radar data to define criteria (a tuned rainfall intensity threshold)
for extracting Guerrilla-heavy rainfall events and then manually iden-
tifying events based on the criteria in the NHRCMO5 data (Nakakita
et al., 2018b). This was also the first study to estimate future changes of
the smaller scale Guerrilla-heavy rainfall, and as a result, they found an
increasing trend in the occurrence frequency during August around the
Kansai region of Japan (Fig. 6).

In another study, Nakakita et al. (2018a) analyzed the competing
forces of two main global warming effects—atmospheric stabilization
caused by a decrease in the temperature lapse rate and destabilization
caused by an increase in the lower-level water vapor and revealed that
the effect of lower-level water vapor increasing surpasses
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Fig. 6. Whisker plot showing the future change of the number of days in which Guerrilla-heavy rainfall events occur per year in August projected by the NHRCMO05
climate experiments (for 20-years). The 1% and 5% statistically significant increases are denoted with symbols ++ and + (respectively). Future experiments use the
same ensemble members (with different SST patterns) as in Fig. 5, with ‘en’ referring to ‘cO’ (adapted from Nakakita et al., 2017a).

mid-atmospheric warming, which leads to total atmospheric destabili-
zation and can be the cause of increased Guerrilla-heavy rainfall.
Moreover, by investigating the relationship between the Showalter
stability index (SSI) and the occurrence frequency of Guerrilla-heavy
rainfall, they were able to show importantly that (1) the SSI value can
be used to estimate whether Guerrilla heavy rainfall will occur or not,
and (2) the SSI threshold for judgement of atmospheric stability (i.e.,
whether Guerrilla heavy rainfall will occur or not) will not change in the
future climate. As for future work of both the Baiu localized extreme
rainfall and the Guerilla-heavy rainfall, it is necessary to further clarify
the physical mechanisms that can increase the extreme rainfall occur-
rence frequency and intensify the rain rate, and to estimate quantita-
tively how much the rain rate or the accumulated amount of rainfall will
increase in the future.

3.2. Recent observed extreme precipitation and its relation to climate
change

During the warm season in Japan, quasi-stationary, band-shaped,
precipitating systems often develop and sometimes lead to heavy and/or
intense rainfalls. Unuma and Takemi (2016a) statistically analyzed the
characteristics of such quasi-stationary precipitating systems and their
environmental properties, and found that higher instability, larger
amount of water vapor content, and middle-level high humidity are
critically important in determining the intensity of the quasi-stationary
precipitating systems. Among these precipitating systems, Unuma and
Takemi (2016b) demonstrated that most have a linearly organized
shape. Using radar and rain-gauge precipitation data, Hirockawa et al.
(2020) developed a method to objectively identify heavy rainfall areas
within mesoscale convective systems (MCSs); they found that the heavy
rainfalls frequently occur on the Pacific sides of eastern and western
Japan, with 60% of those observed to be in association with stationary
fronts and tropical cyclones. By examining the morphological features,
they showed that most of the linear-shaped rainfall areas are generated
by elongated, stagnating MCSs. Furthermore, Kato (2020) reviewed the
general characteristics of the quasi-stationary band-shaped precipitating
systems (called senjo-kousuitai in Japanese) and statistically con-
structed favorable occurrence criteria from the environmental
conditions.

In recent years, Japan has faced a number of extremely heavy rain-
falls. Two cases among them, occurred in northern Kyushu in July 2017
and in western and central Japan in July 2018 and caused serious
damages. Unuma and Takemi, 2021 examined the morphological
characteristics of the cases, using an updated version of the automatic
MCS detection algorithm from Unuma and Takemi (2016a), and
demonstrated that the contribution from stronger rains (due to orga-
nized MCSs having areas of 200 km?) plays a major role in regions with a
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significant amount of rainfall during the heavy rainfall events. To
quantitatively assess the impacts of such extreme rainfalls, it is impor-
tant to accurately reproduce rainfall amounts through the use of
dynamical downscaling experiments (Takemi et al., 2016c) and
multi-model approaches (Nayak et al., 2018). As clearly indicated in
Takemi (2018b) and others, downscaling enables better reproduction of
complex and complicated features due to topography, which has a
positive impact on the quantitative representation of rainfall.

Nayak and Takemi (2020b) conducted PGW experiments for the
2017 and 2018 cases and found that the frequency and intensity of
(averaged) extremely heavy precipitations during these events are
higher under the PGW conditions. According to the Clausius-Clapeyron
(CC) relationship, water vapor content increases by ~7% °C~! under
typical atmospheric conditions. While precipitation does not occur
simply from condensation of water vapor (other mechanisms such as
cyclonic motion, convection, and complex microphysical processes play
critical roles), similar relationships between increasing rainfall rates and
temperature can be found. In this context, the authors examined dif-
ferences in the rainfall intensity further by comparing rates of increase
with the CC relationship and found that the rate of increase for extreme
rainfall intensity (on an hourly basis) is ~3% °C~" in the present climate
and is anticipated to rise to ~3.5% °C~! under future climate conditions.
The increases in precipitation intensity and CC scaling in future warmer
climate conditions are attributed to (1) decreases in the temperature
lapse rate and (2) increases in atmospheric water vapor and atmospheric
energy, leading to the formation of more precipitation under the PGW
conditions.

4. River flood risk

The d4PDF dataset is useful for detecting future changes in the fre-
quency of the largest class of floods, as well as the resulting flood
damages. However, the reliability of the results depends on the repro-
ducibility of extreme rainfall against historical events. This section re-
views the latest extreme flood disaster assessments that uses output from
the regional d4PDF product (downscaled to 20 km), starting with (1) an
evaluation of extreme rainfall in the d4PDF historic experiments
compared with observed rainfall over Japan; (2) followed by an analysis
of future changes of river discharge in highly urbanized basins (Arakawa
River, Shonai River, and Yodo River basins) where the d4PDF extreme
rainfall had a small bias; and (3) finally an assessment of future changes
in economic flood risk in the Yodo River basin, Japan.

4.1. Bias characteristics of extreme rainfall in d4PDF over Japan

Recent studies have evaluated the ability of d4PDF to reproduce the
annual maximum basin-averaged rainfall in Japan (e.g., Tachikawa
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et al.,, 2017; Hoshino and Yamada, 2018). For example, Hoshino and
Yamada (2018) compared the means and variances of annual maximum
daily and 3-day basin-averaged rainfall over 109 class-A rivers in Japan
in d4PDF with the observational dataset APHRODITE (Yatagai et al.,
2012) and was the first study to quantify extreme rainfall biases in
d4PDF with observational data covering all of Japan. However, the
target rainfall durations were fixed 1-3 day(s) longer than the design
rainfall durations in some river basins and may have also missed heavy
rainfall events that spanned successive days (i.e., occurring near
midnight).

In a following study, Tanaka et al. (2019) analyzed the characteris-
tics of the extreme rainfall biases in d4PDF by comparing the probability
distribution of annual maximum basin-averaged rainfall within the
design rainfall duration in the (d4PDF) historical experiments with
hourly data from the observational dataset Radar AMeDAS Rainfall
(RAR) for the same 109 class-A rivers. The differences between the two
distributions were statistically examined using the two-sample Kolmo-
gorov-Smirnov (K-S) test and the p-values for all of the rivers are
mapped in Fig. 7a. At a 5% significance level, d4PDF matches well with
RAR in many river basins overall, while the null hypothesis is rejected
for many rivers in the southern part of Japan. These areas have similar
climate characteristics in that, extreme rainfall is mainly generated by
TCs. These areas are also mostly covered by small river catchments and
it was postulated that the biases might be attributable to an insufficient
spatial resolution in the d4PDF. This possibility was examined by
analyzing the relation between p-values and catchment area (Fig. 7b)
and the results show that larger river basins have a larger p-value,
indicating a dependence of d4PDF on the spatial scale of the target area.
The smaller rivers on the other hand, show varying and not necessarily
low p-values; therefore, the bias detected in extreme rainfall in the
southern part of Japan is assumed to be regional, which might be related
to the behavior of TCs in the AGCM and NHRCM used for d4PDF.

4.2. Future changes of the largest class river discharges in three highly
urbanized river basins in Japan

Flood defenses for highly urbanized rivers are designed based on
factors such as the frequency of extreme rainfall events and their
resulting discharges; changes (in these factors) can be detected using
long-term projection datasets such as d4PDF. In one such study,
Tachikawa et al. (2017) analyzed the future changes of the probability
distributions of extreme rainfall events and floods using a hydrological
model with O(100 m) resolution and forced with d4PDF; in addition,
they also analyzed the magnitudes of the largest class of floods,
equivalent to a 1000-year flood. Three basins—the Arakawa River
(2940 krn2), Shonai River (1010 kmz), and Yodo River (8240 km?)
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basins—were studied in the Kanto, Chubu, and Kansai regions of Japan
(respectively), which affect over 2 million people (see Fig. 7 for loca-
tions). The authors found that (i) in the target basins fortunately, the
frequency distributions of annual maximum 24-h rainfall for the d4PDF
historical experiment match well with the observed data, with p-values
of 0.051, 0.053, and 0.121 for the two-sample K-S test for the Ara
River, Shonai River, and Yodo River basins (respectively; see Fig. 8 in
Tachikawa et al., 2017 for non-exceedance probability plots of each
basin). In addition, the authors found that (ii) the 200-year annual
maximum 24-h rainfall for the d4PDF future experiment is 1.3-1.4
times larger than the historic experiment (Fig. 8) and likewise, the
annual maximum river discharge is 1.5-1.7 times larger (Fig. 9), and
(iii) the 200-year annual maximum 24-h rainfall for the d4PDF future
experiment is equivalent to the 900-year rainfall in the historic
experiment. It should be noted that the study did not examine the
simulated river discharge bias since observed discharge data is limited
and statistical characteristics may be affected by river basin develop-
ment; however, the simulated discharges (with a design return period
of 200 years) for the historical experiment (7611 m3/s, 5975 m?’/s, and
10,100 m3/s for the Arakawa River, Shonai River, and Yodo River
basins, respectively) are consistent with the actual design values (7000
m3/s, 4400 m3/s, and 12,000 m%/s, likewise) (Ministry of Land,
Infrastructure, Transportation and Tourism; http://www.mlit.go.jp/ri
ver/basic_info/jigyo_keikaku/gaiyou/seibi). And finally, the study
revealed that the (iv) rainfall patterns that cause the largest-class
floods simulated by d4PDF match well with one of the largest histor-
ical floods for the three basins. A similar study targeting the Nagara
River basin (see Fig. 7 for location) was performed by Harada et al.
(2018) and shows that future river discharges will increase by 1.33
times under the d4PDF future experiment. Future studies covering
other river basins will clarify further the characteristics of future flood
discharges in Japan.

4.3. Economic flood risk assessment: a case study in Yodo River, Japan

Quantifying the future change in flood risk based on projections of
extreme rainfall is in high demand; however, the variability of the
quantified flood risk is normally quite high and it is also important to
measure the range of uncertainty. In Tanaka et al. (2016), a new method
was proposed to develop flood risk curves that included impacts from
the spatial-temporal rainfall variability. This method, Analytically
Derived Flood Risk Curve (ADFRC), uses the probability distribution of
annual maximum basin-averaged rainfall and was validated using his-
torical flood records for the Yura River basin in Japan. By combining one
ensemble of climate simulation data with the ADFRC, one flood risk
curve could be obtained. In a follow-up study, Tanaka et al. (2018)

100

30 el T .t i
5 - °® . .
1 N L]
g 0.1 . .
o 001
=}
©
7 ° oo
N .
le-064 .,
(b)
T T u T T T
0 3000 5000 10000 15000
Catchment area [km?]

Fig. 7. Two-sample K-S test for annual max basin-averaged rainfall over Japan between d4PDF and RAR. Left (a) shows map of p-values for all 109 Class-A rivers in
Japan; right (b) shows relation between p-value and catchment area for each river (adapted from Tanaka et al., 2019).
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proposed using this idea with d4PDF and derived flood risk curves for
each of the 50 historic and 90 future ensemble experiments spanning 60
years, using the Yodo River basin in Japan as a case study.

The derived flood risk curves in the historic experiment are shown in
Fig. 10a. The authors found that flood damages with the same quantile
vary more largely with larger return periods. Interestingly, a histogram
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of the exceedance probability can be generated for a particular flood
damage, as shown in Fig. 10b for 800 billion Japanese yen. Here, the
histogram has a long tail (affected by the extreme rainfall) and the ex-
ceedance probability could be as high as 0.01, even though many
members (including the combined case of using all members) are around
0.0015. In another study, Shimizu et al. (2019) analyzed future changes
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Fig. 10. Estimated flood risk curves in Yodo River basin using the d4PDF historical experiment. Shown are (a) flood risk curves for 50 ensembles with 60-year
rainfall data (thin lines) and for the combined 3000-year rainfall data (thick line); and (b) histogram of the exceedance probability of annual flood damage of
800 billion Japanese yen for the flood risk curve derived from the 3000-year rainfall data (adapted from Tanaka et al., 2018).
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of design rainfall in d4PDF (based on confidence intervals of annual
maximum daily rainfall) by combining probability limit tests with
Bayesian inference. Using known frequentist confidence intervals, this
study computed Bayesian credible intervals to determine the uncer-
tainty ranges of extreme rainfalls that do not follow typical probability
distributions (such as the normal distribution). In contrast, by
combining a probabilistic rainfall model with d4PDF, Tanaka et al.
(2018) derived physically-based ensemble flood risk curves without
assuming any parametric error distribution. As a result, ensemble flood
risk curves in the historic and future experiments (see Fig. 8 in Tanaka
et al., 2018) indicate a serious increase of flood risk with large vari-
ability. This large variability originates from the different SST patterns
prescribed for the AGCM simulations and can be physically interpreted
as the inter-annual climate variability of the SST patterns and resulting
atmospheric circulation patterns, which will significantly impact
regional-scale rainfall and hence river discharges and/or flood damages.
Some studies have already begun to analyze how variability (in different
SST patterns) can affect atmospheric circulation patterns; for example,
Ose et al. (2020) used EOF analysis to determine the source of uncer-
tainty in the southerly wind index (which characterizes the East Asian
summer monsoon) among CMIP5 ensembles. It will be crucial in future
studies to connect changes between atmospheric circulation and simu-
lated flood risk, in order to conduct robust impact assessments of
regional climate change flood risk.

5. Coastal hazards

Climate change due to global warming is expected to have major
impacts on coastal regions due to sea level rise, TCs and seasonal storms.
Understanding how ocean waves and storm surges will change in the
future is important for assessing and adapting to the impacts of climate
change on coastal, marine and ocean environments, as well as on
engineering-related problems (Mori et al., 2016a; Mori and Takemi,
2016). For example, daily changes to waves will influence the coastal
environment, through mechanisms such as wave-induced coastal cur-
rents, and beach morphology. Likewise, if extreme coastal hazards due
to storm surges and storm waves become more frequent or severe in the
future, it will be necessary to consider their effects when designing in-
frastructures (e.g., coastal dikes) with long-term uses of 50 years or more
from the present. Since TC activity is a major factor behind climate
change impacts in East Asia, it is valuable to assess climate change im-
pacts on natural coastal hazards using climate projections.

5.1. Storm surge

Storm surge can cause devastating damage in low-lying coastal areas
found in such regions as the mega deltas in Asia, North Atlantic, North
Sea, etc. Projecting future changes in storm surge due to climate change
is challenging because of the low occurrence frequencies in any partic-
ular area. In addition, storm surge is sensitive to the intensity, track
location, and translation speed of TCs and extra-tropical cyclones
(ETCs), making it further difficult to assess climate change impacts.
Therefore, there are two approaches for assessing the severity of storm
surge for coastal research: (1) scenario-based methods using historical or
assumed events; and (2) long-term assessment methods using data from
historical reanalyses, GCM/RCM projections (e.g., Yasuda et al., 2014),
or statistical methods (e.g., Nakajo et al., 2014).

The scenario-based approach for storm surge typically uses a his-
torical event with the highest occurring surge height for the region of
interest. Sometimes a historical event from another place will be used if
there is no modern recorded data. In the TOUGOU Program, three major
bays in Japan have been studied considering climate change using both
dynamical storm surge models with an O(100 m) resolution and statis-
tical models: Tokyo, Osaka and Nagoya (Ise Bay). In one such study,
Ninomiya et al. (2017) analyzed storm surge from Typhoon Vera (1959)
for Ise Bay; they found that the combination of SST and atmospheric
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stability of the future climate condition is important for the PGW ex-
periments and that the range of future change depends highly on the
assumed or given climate condition. Several related hazard assessments
have also been conducted outside of Japan in East Asia. Studies for
Korea by Yang et al. (2017, 2018) indicate that there will be a significant
increase in storm surge heights along much of the western Korean coast.
In fact, Takayabu et al. (2015) have shown that climate change impacts
on storm surge are already apparent; based on a set of ensemble climate
experiments, analysis of storm surge from Typhoon Haiyan (2013)
shows an average 17% increase since pre-industrial times. Incidentally,
Jiang et al. (2015; 2019) investigated economic damages based on
scenario-based impact assessments; this is important for determining the
relation between hazards and exposure, which will be reviewed more
fully in the next section.

Long-term assessment methods using data from historical reanalyses,
GCM/RCM projections, or statistical methods can give probabilities of
potential extremes. A direct way to assess climate change impacts is to
use GCM/RCM projection data. However, climate projections typically
use time-slices of 20-30 years for both the present and future climate
conditions, and the number of TCs in such a short period is not enough to
adequately estimate extreme storm surge heights for a particular loca-
tion. Increasing the projection period is highly desired and as such, the
d4PDF dataset (with long-term ensemble projections of historical and
future climate conditions) is ideal for assessing climate change impacts
on storm surge.

Mori et al. (2019) examined changes to extreme wind speeds and
storm surges using d4PDF and found that global future changes of storm
surge will be severe within 15-35°N in the Northern Hemisphere,
particularly in East Asia. The projected future changes in extreme winds
and storm surges for a 100-year return period are shown in Fig. 11. The
future changes in extreme wind speeds are caused by shifts in TC tracks
and changes in intensity; likewise, future changes in storm surges have a
similar tendency due to the changes in extreme wind speed. Future
100-year return values of storm surge increase 20% along the East
Asia—eastern and US-western coasts; future 100-year return values of
wind speed increase 10% in these same areas due to TCs. A moderate,
future increase within 10% is found in storm surge at higher latitudes.
While ETCs were not analyzed in detail in the study, it is necessary to
analyze how ETCs and related storm surges will change in the near
future.

Changes in the extreme storm surges will depend on the length of the
return periods. In addition, the 100-year return values for storm surge
will generally be less reliable when a small sample size is used (e.g., if
historical or 20-50 years of data is used for analysis); however, this is
not a problem when using the d4PDF datset since the extreme storm
surge events can be estimated directly without extrapolation. Analyzing
future changes of storm surges in Tokyo and Osaka Bays, Mori et al.
(2019) found a 0.3-0.45 m increase in storm surge height with a
100-year return period when using a different regional model. This
warmer climate tendency changes however if a shorter return period
(<10 years) is used, projecting decreased storm surge heights instead.

5.2. Ocean waves

Long-term changes in both daily and extreme waves is important for
the fields of coastal, ocean, and environmental engineering. The first
future projections of the global wave climate under a global warming
scenario using a dynamical wave model (i.e., dynamical global wave
climate projection) was conducted by Mori et al. (2010). Following af-
terwards, several research groups utilized a similar approach (e.g.,
Hemer et al., 2012) and a series of these studies (on global wave climate
projections) were eventually summarized by Hemer et al. (2013), tar-
geting inclusion in IPCC-AR5. While dynamical wave climate pro-
jections were discussed in Chapter 13 of the IPCC-AR5 WGI, the number
of projections was quite limited and the uncertainty of the projections
were generally large at that early stage (e.g., Hemer et al., 2013). Since
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Fig. 11. Future changes [percentage] of 100-year return periods of sea surface wind speed (ocean; right colorbar) and storm surge height (coastline; bottom col-

orbar) using d4PDF (excerpted from Mori et al., 2019).

the release of IPCC-ARS, efforts to project the future global wave climate
have continued by an increasing number of research groups. Phase 2 of
the Coordinated Wave Climate Project (COWCLIP2), a world-wide
inter-comparison project, coordinated multi-model multi-scenario
wave-climate-projections for targeted inclusion in IPCC-AR6. The
number of projections has increased greatly since IPCC-AR5 and Morim
et al. (2019) has summarized 148 members of global wave climate
projections from 21 research groups that participated in COWCLIP2.
They identified the future projected changes in the proximity of the
world’s coastlines for three annual mean characteristics: wave height,
wave period, and wave direction (Fig. 12). Robust changes in wave
characteristics are projected over large sectors off of the world’s coasts
(covering approximately 50% of the coastline). While there are regions
where robust changes are isolated to a single characteristic, there are
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large coastal sectors (approximately 40% of the global coastline) where
robust changes in wave height, wave period, and/or wave direction
coincide. In addition, there are robust, significant changes in future
projections of wave direction in the proximity of several coastlines, with
magnitudes ranging between +17°.

In the WNP region, several wave climate projection studies have
been conducted by Shimura et al. (2015a; 2015b; 2016a) using a
single-GCM single-wave model ensemble approach. The wave climate
projections are based on ensemble climate simulations under the SRES
Al1B using MRI-AGCM 3.2H (60-km-mesh; Mizuta et al., 2012);
time-slice experiments were performed using the periods 1979-2003
and 2075-2099 for the present and future climates (respectively). The
wave climate projection consists of 12 ensembles, containing different
combinations of (1) varying spatial patterns of future SST and (2)
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Fig. 12. Projected robust changes in offshore significant wave height (H;), period (T;,,) and direction (8,,) by 2080-2100 (under RCP8.5) in the proximity of the
world’s coastlines. Sections exhibiting robust weighted multi-member mean changes under RCP8.5 are colored according to the qualitative colorbar (bottom), which

also shows the percentage of affected coastline where changes are robust for each wave characteristic(s) (excerpted from Morim et al.,
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cumulus convection scheme; the wave climate simulations were gener-
ated using the 3rd generation spectral wave model, WAVEWATCH III
(Tolman, 2009). Analyzing the wave climate projection, it was found
that future changes in the annual mean wave heights in the WNP are
projected to range from about +0.3 m. Seasonally, future projected
changes in summertime mean wave heights, which are influenced by TC
changes, vary significantly depending on the spatial SST pattern over the
tropical Pacific (Shimura et al., 2015a). In contrast, wintertime wave
heights are highly consistent among the ensembles and are projected to
decrease overall (Shimura et al., 2016a). In terms of extreme wave
heights, future projections of 10-year return-period wave heights
generated by TCs, show both increases and decreases from the present
climate ranging from +4 m for different regions within the WNP (Shi-
mura et al., 2015b).

Discussions of wave climate changes in the IPCC-AR5 and from COW-
CLIP2 (e.g., Morim et al., 2019) are mainly based on multi-model ensem-
bles of low-resolution GCMs, with resolutions coarser than 100 km.
Shimura et al. (2016b) analyzed projected future changes in extreme wave
climate in relation with a GCM’s performance in reproducing TC charac-
teristics. Fig. 13 shows the projected future changes in annual maximum
wave heights in comparison among the high-resolution MRI-AGCMs and
low-resolution GCMs results. Future changes in extreme wave climate
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projected by high-resolution MRI-AGCMs show large increases in wave
height near Japan and East Asia but large decreases over the south-western
part of the WNP. The large decreases in the WNP can be attributed to a
decrease in the number of TCs. Future changes projected by all the
low-resolution models with high TC performance are spatially inconsistent.
Although the projected changes in the TC-generated wave heights show
coherent decreases in some models, there is a large variation in the pro-
jected changes among the models. On the other hand, future changes
projected by all the low-resolution models with low TC performance are
mainly dominated by changes in non-TC-generated waves, showing robust
decreases in wave heights around latitudes of 30°N. While there is a large
variation in the projected changes in the TC-generated waves among all the
models, the magnitude of change is 2 times larger than those of non-TC
waves. Therefore, an appropriate interpretation of projected
TC-generated wave changes and variations (which has been overlooked in
previous studies), is important for risk assessment, given the expected
larger changes and consequent risks. Timmermans et al. (2017) also
described the importance of TC-generated waves in an extreme wave
climate projection.

Further applications of wave climate projections are highly expected.
One example is of a sandy beach erosion due to climate change. Sea level
rise is the most important factor for beach morphology change (e.g. Mori
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Fig. 13. Projected future changes in mean annual maximum wave heights in the WNP for (a)-(c) MRI-AGCM3.2H under three future SST conditions (c1, c¢2 and c3)
and (d)-(k) eight CMIP5 models with (1) ensemble mean and (m) zonal mean (unit: m). In panel (m), black thick line and colored thin lines are for ensemble mean and
each model (respectively). Low-resolution high TC performance models are in panels (e), (f), (j), and (k) (excerpted from Shimura et al., 2016b).
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et al., 2018). However, wave climate change can contribute to dynamic
changes in beach morphology through onshore/offshore sediment
transport (Bennett et al., 2019). The compounded effect of storm surges
and waves (in addition to sea level rise) also needs to be taken into
consideration for integrated impact assessments of coastal extreme sea
levels.

6. Economic impact of storm surge

Flood risk from storm surge will increase because of climate change
(Nicholls, 1999; Bengtsson, 2001; Goldenberg et al., 2001; Emanuel,
2005; Hinkel et al., 2014; Muis et al., 2016). Projections of storm surge
risk often include uncertainty. Uncertainty can be classified into “risk”
(or “aleatory uncertainty”) and “ambiguity” (also called “epistemic
uncertainty” or “deep uncertainty”) in economics. The risk refers to the
natural randomness of the relevant event and is often represented as by a
single well-defined probability distribution function (PDF). The ambi-
guity refers to situations where there is too little information to specify a
single PDF and is often represented by multiple PDFs (Merz and Thieken,
2009; Kunreuther et al., 2013). Ambiguity may stem from insufficient
knowledge on parameters and structures of models (model uncertainty)
and/or socio-economic situations (socio-economic scenario uncertainty)
(Camerer and Weber, 1992; Etner et al., 2012). Storm surge risks include
ambiguity caused from an insufficient knowledge of TC systems, such as
cyclogenesis factors, developmental processes, and movement (Hen-
derson-Sellers et al., 1998; Knutson et al., 2010; Grinsted, 2013; Little,
2015; Wong and Keller, 2017). Thus, policy makers should design and
implement adaptation policies with ambiguity or based on multiple
projections of storm surge risk.

6.1. Economic evaluation of storm surge risk mitigation policy under
ambiguity

Generally, an engineering-based adaptation design (e.g., raising an
embankment) needs deterministic design values for a particular return
period and event (e.g., height of extreme sea level). However, design
values will change over time because of climate change and the uncer-
tainty of changes (in these values) needs to be considered. Therefore, a
flexible adaptation strategy is needed in comparison with present design
procedures.

Previously, extensive studies have estimated the economic value of
possessing a policy mitigating storm surge flood risk (Botzen et al., 2009;
Botzen and van den Bergh, 2012; Withey et al., 2019). However, these
studies ignored ambiguity when projecting the storm surge risks. Several
studies have also explored the ambiguity of storm surge risks (Hallegatte
etal., 2011; Resio et al., 2013; Wong and Keller, 2017; Oddo et al., 2017)
and proposed decision support methods under ambiguity (Hunter, 2012;
Buchanan et al., 2016; Sriver et al., 2018; Rohmer et al., 2019). How-
ever, these studies did not consider a general public preference on am-
biguity. Since many studies have found that general public decisions are
often affected by ambiguity (Camerer and Weber, 1992; Etner et al.,
2012), decisions by policy makers should reflect the general public’s
preferences on ambiguity.

As such, Theme D of the TOUGOU Program has been conducting
novel economic impact studies that evaluate the economic value of
adaptation policies which mitigate storm surge risk under ambiguity
(Fujimi et al., 2021). In one study, Fujimi et al. (2021) estimated general
public preferences on risk and ambiguity of storm surge risk and eval-
uated the economic value of a mitigation policy for reducing storms
surges based on the estimated preferences. This study will be reviewed
in depth as a case study in the next subsection.

6.2. Case study: Osaka Bay in Japan

Fujimi et al. (2021) estimated the economic values of a dike rising
policy under ambiguity, to mitigate storm surge risk in Osaka Bay, Japan
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(Fig. 14). Over 200 years of TC simulations in Osaka Bay were generated
using the Global Stochastic Tropical Cyclone Model (Nakajo et al.,
2014), with an assumed increased TC intensity based on the maximum
potential intensity (MPI) from CMIP5 experiments (Ariyoshi and Mori,
2018). The four worst-case simulated TCs were then selected among the
200-year period. Their properties (e.g., track, speed, central pressure)
were used in a fully-coupled surge-wave-tide model (SUWAT; Kim et al.,
2008) to predict the resulting storm surges, and then calculate the
30-m-mesh flood depths in Osaka Bay with a model developed by Liang
et al. (2010). The above process produced a single PDF of storm surge
flood risk in each cell for over a 200-year period. To explore ambiguity,
this process was repeated 25 times to obtain 25 PDFs of storm surge
flood risk.

Fujimi et al. (2021) then implemented a web-based survey for or-
dinary people living in the Osaka Bay area. In this survey, respondents
were asked to state their willingness to pay for eliminating storm surge
risk and ambiguity through choice experiments on the purchase of a
hypothetical full coverage insurance after be presented with the pre-
dicted storm surge risk and ambiguity in their area of residence. Using
the survey data, their preferences on risk and ambiguity were estimated
using a Limited Degree of Confidence (LDC) model. Many decision
models have been proposed for dealing with ambiguity (Ryan, 2009;
Etner et al., 2012; Lempert et al., 2006; Machina and Siniscalchi 2014;
Gilboa and Marinacci 2016) and the LDC model has often been applied
in the context of climate change (Lange, 2003; Froyn, 2005; McInerney
et al., 2012; Buchannan et al., 2016). This model is a specification of a
neo-additive model developed by Chateauneuf et al. (2007), which is a
generalized form of the Choquet expected utility model (Schmeidler
1989) and the a-maximin expected utility model (Ghirardato et al.,
2004).

In the web-survey choice experiment, an individual following the
LDC model focuses on the average and worst PDFs under ambiguity as
represented by the 25 PDFs of storm surge flood risk. He or she makes a
decision by weighing the PDF with an ambiguity attitude parameter
ranging from zero to one. The estimated preferences from the LDC model
indicate that the sample average of the ambiguity attitude parameter
was around 0.1, indicating that the sample average respondent made a
decision by weighing the worst PDF with 10% and the average PDF with
90%. That is, the worst PDF was overemphasized due to the ambiguity
attitude since the worst PDF must be weighted in proportion to the
number of PDFs (1/25) when ignoring the ambiguity attitude.

The economic value of a policy mitigating storm surge risk by rising a
dike by 1 m, was calculated using the estimated LDC model. For inves-
tigating the ambiguity effect, the economic value was decomposed into
three parts: expected loss reduction, risk premium, and ambiguity pre-
mium. The risk premium is the economic value caused from eliminating
risk, or natural randomness of the storm surge event. The ambiguity
premium is the economic value for eliminating ambiguity, or specifying
a single PDF from multiple PDFs of storm surge risk.

The geographical distributions of the expected loss reductions, risk
premiums, and uncertainty premiums for a dike rise by 1 m are illus-
trated in Fig. 15 for current and future (i.e., 10 hPa reduction in TC
center and sea level rise by 0.85 m) climate conditions. These figures
indicate that the risk and uncertainty premiums are not negligible in size
and occur unevenly among areas where there is risk of flood damage.
These results suggest that risk and uncertainty premiums cannot be
ignored when evaluating the economic value of a policy that mitigates
storm surge flood risk under ambiguity.

7. Conclusions

This manuscript has reviewed research activity of the TOUGOU
Program on natural hazards. The latest results indicate an increase in
TC- and Baiu-related natural hazards due to climate change in Japan and
East Asia. Fig. 16 shows a graphical summary of the major research
results, and the findings are summarized below.
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Fig. 14. Research area in Osaka Bay (appears in Fujimi et al., 2021).

The PGW experiment is a technique to downscale particular events
considering incremental climate change and is a powerful method to
estimate future changes in TC characteristics and related hazards. As a
common response to TCs in a warmer climate condition, analyses for
Typhoon Vera and Talas indicate that rainfall and wind hazards on the
Pacific side of Japan are projected to be harsher under the PGW con-
dition. Wind intensity will also be stronger under the PGW condition. In
contrast, TC impacts in northern Japan are mixed and differ from those
on the southern-facing Pacific side of Japan. Analyses of Typhoons
Songda and Mireille indicate wind hazards over Hokkaido and northern
Japan will become less severe under the PGW condition; however, an-
alyses of Typhoons Chanthu, Lionrock, and others indicate that the
amount of TC-induced rainfall in northern Japan is projected to increase
under the warmer climate condition. A larger amount of convective
available potential energy in the PGW condition is shown to contribute
to stronger updrafts and hence increased rainfall in the TC core regions.

Besides TC-related precipitation, future changes of Baiu precipitation
are strongly controlled by particular, atmospheric circulation features
within a model. The occurrence frequency of Baiu localized extreme
rainfall is projected to increase in future climate conditions and an
increasing trend has been identified in the accumulated amount of
extreme rainfall. The rate of increase in rainfall intensity was examined
further through comparisons with a CC relationship and it was found
that the rate of increase for extreme rainfall intensity is ~3% °C~! in the
present climate and is anticipated to rise to ~3.5% °C~! under future
climate conditions. In addition, projections of Guerrilla-heavy rainfall,
or rapidly developing isolated thunderstorms, were analyzed using an
RCM. The future change of the smaller scale Guerrilla-heavy rainfall
shows an increasing trend in the occurrence frequency for August
around the Kansai region in Japan. Total atmospheric destabilization
was identified as the possible cause for the increased Guerrilla-heavy
rainfall.

A projection of extreme river flooding using d4PDF found that future
river discharges will change in highly-urbanized basins of Japan. Future
changes in the probability distributions of extreme rainfall events and
magnitudes of the largest class of floods state that the 200-year annual
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maximum 24-h rainfall for the d4PDF future experiment is 1.3-1.4 times
larger than the historic experiment, and likewise, the annual maximum
river discharge is 1.5-1.7 times larger over Japan, generally. As a result,
ensemble flood risk curves in the historic and future experiments indi-
cate a serious increase of flood risk with large variability.

Future changes in storm surges and waves were examined using
scenario-based (surge only) and long-term assessment methods based on
GCM projections or statistical methods, depending on the spatial and
temporal resolutions needed. Severe storm surges and extreme waves
will be less frequent but more intense in the realized future climate
conditions. In regional analyses using the d4PDF dataset, storm surge
heights with a 100-year return period in Tokyo and Osaka Bays are
projected to increase by 0.3-0.45 m. Furthermore, extreme waves by
TCs are projected to decrease in the south-western part of the WNP but
increase near Japan and East Asia. While there is large variation in the
future changes of TC-generated waves among an ensemble of GCM
projections, the magnitude of change is 2 times larger than those of non-
TC waves and warrants focus for risk assessment.

General public decisions are often affected by ambiguity, so it is
important to consider mitigation costs in addition to adaptation costs
when developing an adaptation strategy. Accordingly, a summary was
presented on (1) estimating the general public preferences on risk and
ambiguity of storm surge risk and (2) evaluating the economic value of a
mitigation policy for reducing storms surges based on the estimated
preferences. The economic value of a dike rising policy under ambiguity
was then estimated to mitigate storm surge risk in Osaka Bay, Japan.
Risk and uncertainty premiums cannot be ignored when evaluating the
economic value of a policy that mitigates storm surge flood risk under
ambiguity.

The impacts of climate change on many TC- or Baiu-related natural
hazards in Japan and East Asia have been reviewed here. We have used
both scenario-based (GHGE) GCM climate projections (mainly d4PDF
here) and PGW experiments for assessing climate hazards. While climate
projections are straight-forward to create and generate consistent cli-
matologies, they have limited spatial resolutions and temporal lengths.
In addition, even though challenges related to temporal length can be
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Fig. 15. Case study in Osaka Bay, Japan. Shown are expected loss reductions, risk premiums, and uncertainty premiums for a 1 m dike rise mitigation policy for (a)

current and (b) future conditions (appears in Fujimi et al., 2021).

overcome using the d4PDF dataset, spatial resolutions are still coarse
globally and bias corrections are necessary for real-world applications.
On the other hand, PGW experiments can handle high resolutions up to
O(100 m) and are a powerful method for assessing how historically
important events might change under future climate conditions. How-
ever, it is difficult to estimate probability information accurately from a
PGW experiment since the number of available events depends on pre-
viously occurred events. Therefore, a combination of the two ap-
proaches are important for conducting impact assessment of extreme
events.

While the assessments showed significant changes in the future, it is
important to know the probabilistic risk of a hazard with uncertainty
due to climate change. As shown in Fig. 1, correcting bias in a climate
projection is an essential issue for adaptation planning (e.g., technical
and social implementation); it will be crucial for future research to
utilize observations and develop standard methods for correcting biases
in means and extremes. In addition to uncertainty, the interaction of
different natural hazards can lead to compound events and it is impor-
tant to assess their future combined impacts. These are the next steps in
assessing climate change impacts for adaptation.
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