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Abstract

Tropical cyclones (TCs) cause severe coastal flooding in the middle latitudes. While the IPCC
Fifth Assessment Reports (AR5, 2013) have focused onmean sea-level rise, recent advances (e.g.,
IPCC Sixth Assessment Reports, AR6, 2021) have shown the importance of storm surges and
wave changes in extreme water levels causing coastal flooding. Both TC intensity and track
changes are linked to future changes in extreme storm surges and wave climates in middle
latitudes. This brief review summarizes historical and future long-term changes in extremewater
levels, the contribution of increased storm surges, and wave height by the monitoring data and
climate projections. In addition, several examples of impact assessment of storm surges and
extreme wave changes are presented.

Impact statement

Tropical cyclones (TCs) cause severe coastal flooding in the middle latitudes. Hurricane Katrina
in 2004, which made landfall in Louisiana, caused more than 1,800 people dead or missing and
caused USD 108 billion in economic damage. Typhoon Haiyan hit the Philippines in 2014,
leaving 8,123 people dead ormissing. Themain cause of these events was the storm surge caused
by the TCs. TC intensity will be expected to increase due to climate change by global warming.
TC intensity and the other TC characteristics are linked to future changes in extreme storm
surges and wave climates in middle latitudes. Therefore, it is important to estimate future long-
term changes in extreme water levels, the contribution of increased storm surges, and wave
height for coastal hazard mitigation. In addition, finding a hot spot with large changes in hazard
levels and adaptation strategies is important for designing a safer coastal region.

Future changes in sea-level rise and tropical cyclones for coastal hazard assessment

Storm surges, ocean waves, and tsunamis are the major external force for coastal regions. Of
these, storm surges and ocean waves are affected by climate change due to global warming
(denotes climate change, hereafter). Therefore, in the following in this article, these are referred to
as coastal hazards, and the effects of climate change on coastal flooding, especially due to future
changes in tropical cyclones (TCs), are outlined. While other coastal hazards such as coastal
erosion, delta subsidence, and saltwater intrusion can be listed, TCs-induced coastal forces, storm
surges, and ocean waves are focused.

Future sea-level rise (SLR) associated with global warming will directly influence coastal
hazards. The SLR projections have been made under future scenarios assuming the future
increase in greenhouse gas (GHG) concentration (e.g., Church and White, 2006; Hermans
et al., 2021). The latest global average SLR projections are compiled in the IPCC AR6 WGI
(Fox-Kemper et al., 2021) for different levels of GHG concentration scenarios. It is summarized
as 0.44 m for SSP126, which is the low GHG concentration scenario expecting the þ2 K global
temperature warming (projection range 0.32–0.62 m), and 0.77 m for SSP585, the high concen-
tration scenario expecting þ4 K warming (projection range 0.63–1.01 m) at the year 2100 from
the baseline period of 1995–2014. Unlike temperature, SLR has a long time scale over the decades.
Therefore, the projected SLR will continuously increase after 2100, even with substantial
reductions in GHG emissions. Therefore, it is inevitable to consider the impact of SLR in coastal
conservation planning, which has decades to century time scale. The IPCC AR6 WGII
(Chapter 3; Cooley et al., 2022) has called for the design of coastal protection facilities and
coastal urban planning to take SLR into account in the field of coastal engineering to promote
climate change adaptation measures. For this purpose, it is a major scientific challenge to know
the long-term sea level at the coast of each region in addition to the global average.

Long-term changes in the climate system (climate change and climate variability) are
projected to affect not only temperature increase and SLR, but also various climatic and
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meteorological phenomena. For coastal hazards, the most import-
ant projected future changes in climate are TC and extratropical
cyclone (ETC). Climate change is expected to affect sea surface
temperature rise, atmospheric stability, and atmospheric circula-
tion fields, which are important for developing cyclones. Therefore,
climate change can affect the intensity and frequency of cyclones.
IPCC AR6 WGI Chapter 11 “Weather and extreme climate events
in a changing climate” (Seneviratne et al., 2021) summarized the
cyclone characteristics, but we here focus on their impacts on the
coast.

For the coastal hazards, TC intensity, frequency, and track
changes are linked to future changes in extreme storm surges and
wave climates in middle latitudes. Global warming is expected to
affect the characteristics of TCs, such as frequency, intensity, and
tracks. The IPCC AR6WGI (Seneviratne et al., 2021), as well as the
Special Report on the Ocean and Cryosphere (SROCC; Pörtner
et al., 2019), summarized that the number of TCs generated in the
future will be fewer overall, but the intensities will be stronger on a
global scale. In addition, the ratio of intense TC (categories 4–5) is
expected to increase from the current climate condition because of
climate change (e.g., Emanuel, 2013; Yoshida et al., 2017; Senevir-
atne et al., 2021). Figure 1 shows a schematic view of past and
projected changes in TC and ETC by IPCC AR6WGI (Seneviratne
et al., 2021). However, historical and future changes in TC charac-
teristics, such as frequency and intensity, are still quantitatively
uncertain on regional and global scales. Especially the extreme
value distribution of the TC intensity is important for coastal
hazard assessment. Difficulty in estimating “historical” change
and maximum intensity of TC comes from the shortness of histor-
ical observation records. Operational satellite observations of TC
started in the 1980s. Recently, centennial to millennial-scale TC
behaviors have been estimated using sedimentary historical records
(e.g., Wallace et al., 2021) and coastal boulders (e.g., Minamidate
et al., 2020). The recent challenges to project future changes in TC
on both global and regional scales are reviewed below.

Assessing extreme events with long return periods is particularly
important for coastal hazard assessments. In general, climate pro-
jections simulate future climate system changes by incorporating
GHG concentrations’ effects into global circulation models
(GCMs). In this process, the GCMs are time-integrated from the

present to the future, and the integration time scale is about decades
to 100 years. Furthermore, a high-resolution horizontal grid and
corresponding cloud physics scheme are important for TC simu-
lations. On the other hand, the water levels of storm surges and
ocean waves, which are often used in hardware design and coun-
termeasures, have a return period of 50–200 years. Therefore, it is
difficult to estimate the present or future values of these extreme
events’ probability from the results obtained from conventional
climate change projections due to the coarse resolution ofGCMand
the short sampling period. For this reason, climate projections have
become more high-resolution and multi-ensemble since the IPCC
AR5 WG1 (2013). For example, the HighResMIP experiment has
been conducted by collecting high-resolution GCM projections
with large ensembles (Roberts et al., 2020). The HighResMIP
summarized that sixmembers are required to detect climate change
signals adequately, and enhanced resolution toward 25 km typically
leads to more frequent and stronger TCs.

In the Japanese climate research community, a large-scale
ensemble experiment was conducted using a global 60-km reso-
lution atmospheric GCM so-called d4PDF (Mizuta et al., 2017; Ishii
and Mori, 2020). d4PDF is a type of single model initial-condition
large ensembles (SMILEs; Maher et al., 2021), in which 100- and
90-member ensemble projections are performed for present and
future climates, respectively. One member consists of a 60-year
climate simulation; total simulation lengths are 6,000 years (60-year
times 100 ensemble) and 5,400 years (60-year times 90 ensemble)
for present and þ4 K warming future climate, respectively. While
the statistical characteristics of extreme TCs, such as TC intensity of
a 100-year return period, are difficult to be estimated by just several
decades to 100-year data, the large ensemble enabled us to analyze
the future changes in the statistical characteristics of extreme TCs.
Based on the d4PDF ensemble, future decreases in TC frequency
were projected (Yoshida et al., 2017); the number of global TCs in
the present climate is #85/year, which is close to the observed
average, while the number of TCs in the future climate expecting
þ4 K warming condition is #55/year. The intensity of TCs is
significantly intensified (lower central pressure) under the future
climate conditions in the Northwestern Pacific and other ocean
regions. In particular, the future change in TC intensity around
Japan is larger than the global average, and the number of strong

Figure 1. Schematic view of changes in TC and ETC characteristics from past to projected future (Figure 11.20, Chapter 11, IPCC AR6 WGI). Atmospheric river and severe convective
storms are not referred in this article.
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TCs with a minimum central pressure below 940 hPa increases
(Mori et al., 2019). In addition to the number and intensity of TCs,
future changes in the distribution of extreme values of minimum
central pressure and storm surge, as well as TC tracks, can be
evaluated (Mori et al., 2019). The representation of TC character-
istics in climate simulations has biases compared with observation.
The bias correction is needed for quantitative estimation.

Since d4PDF is a single-model ensemble, it is impossible to
discuss the prediction uncertainty caused by GCMs using d4PDF
alone. However, future development of large ensembles with high
accuracy of TC representation is anticipated, such as SMILE
(Maher et al., 2021), and evaluate their impact on coastal hazards.

Projection of extreme sea level in coastal regions

The IPCC SROCC (Pörtner et al., 2019) started discussing the
importance of changes in extreme sea level (ESL) and total water
level (TWL) in addition to traditional SLR, as shown in Figure 2.
The sea level discussed in SLR is the medium- to long-term change
in mean water level (MWL), such as monthly or annual time scale.
The ESL is defined as the MWL plus the maximum astronomical
tide level and the short-time water level change due to storm surges
(Wahl et al., 2017). TWL is defined as the ESL plus the wave set-up
and wave run-up due to waves (see Figure 2) and is used to evaluate
near-coast inundation and the stability of structures such as
breakwaters.

Present values and future changes in TWL and ESL are directly
related to making a coastal disaster risk reduction plan. In IPCC
AR6WGII, the Summary for Policymakers (IPCCAR6 SPM, 2022)
states that “In coastal cities, the combination of more frequent ESL
events (due to SLR and storm surge) and extreme rainfall/river flow
events will make flooding more probable (high confidence).” Add-
itionally, the IPCC AR6 SPMwarns that anticipated low-likelihood
occurrence events and scenarios in the future cannot be excluded
and are part of the risk assessment. Therefore, it is important to
assess extreme storm surges in a future climate for developing
adaptation strategies in low-lying coastal areas in the mid-latitudes
of the Pacific, North Atlantic, and Indian Oceans. However, the
number of observed extreme storm surge events is extremely
limited. Therefore, it is difficult to conduct a probabilistic assess-
ment of extreme storm surges based on historical events. Further-
more, compared to SLR, storm surges and waves have a finer spatial
and temporal scale. Therefore, it requires evaluation on a spatial
scale of the order of 100 m for storm surge, the order of 1 km for

wave height in ocean areas where water depth is not affected, and
the order of 1 m for wave run-up on a slope. Furthermore, the
mechanism of occurrence of each phenomenon above is also dif-
ferent, so evaluations other than GCM projections are required.

Future changes in storm surges due to climate change have
been investigated at a wide variety of regional scales: projections
at the regional scale based on climate projections from GCMs and
regional climate models (RCMs; e.g., Yasuda et al., 2014), pseudo-
global warming (PGW) experiments targeting specific past events
(e.g., Mori and Takemi, 2016), stochastic TC models (e.g., Hassan-
zadeh et al., 2020). The extension from storm surge projection to
ESL has been done by Vousdoukas et al. (2017) for European coasts
using statistical methods based on observations, followed by a
global assessment (Vousdoukas et al., 2018). However, the storm
surge projection is still limited on a global scale.

Muis et al. (2016) have assessed hourly historical extreme water
levels using a dynamical storm surge model. The historical ESL was
calculated by adding the storm surge water level calculated by the
dynamical model forced by atmospheric reanalysis ERA-Interim
and the modeled astronomical tide. Kirezci et al. (2020) extended
the results of Muis et al. (2016). They used the results of global past
ESL assessments to assess future extreme water levels, inundation,
and the associated cost of damages.

While future projections of ESL have been made, how to evalu-
ate TC future change projections in storm surges remains a major
issue. Mori et al. (2019) demonstrated storm surge probability
assessments for several Japanese bays using direct d4PDF wind
speed and sea-level pressure. As a result, the storm surge height in
Osaka Bay in Japan will be increased by 0.6–0.7 m for a 100-year
return period in the þ4 K warming future climate condition. This
study on future changes in storm surges also reveals that the
relationship between changes in TC frequency and intensity is
important for future changes in storm surges. Shimura et al.
(2022) conducted a global storm surge simulation using a dynamic
storm surge model and found that changes in TC frequency pre-
dominantly drive the annual maximum storm surge.

Overall, it is difficult to use a dynamic model to simulate storm
surges for a long-term assessment, if the number of TC events is
increased dramatically using stochastic or climatological models; as
such, computational costs are a major challenge for very long
climate simulations of 1,000 years or longer (e.g., Gönnert and
Gerkensmeier, 2015;Wahl et al., 2017). The challenge is developing
a projection method that balances computational accuracy, mod-
eling, and cost. Furthermore, since storm surge is a localized
phenomenon (with a scale of tens to a few 100 m), each bay will
have different characteristics caused by different geometrical fea-
tures. Therefore, conducting a global or regional scale assessment is
necessary to identify regions most at risk of climate change. More-
over, it has become necessary to make projections of the maximum
class storm surges considering the above research progress in
climate change projections and impact assessments. Nevertheless,
it is very difficult to (1) make projections of extreme storm surge
over wide spatial areas (regional) and long temporal scales (climate),
(2) determine the statistical stability of the projections, or (3) estimate
the trends of long-term changes from the present to the future.

In terms of ocean waves, future changes from a global perspec-
tive have been investigated more than storm surges for these
15 years. Global ocean wave climate projection has started to be
mentioned since IPCC AR4WGI (Meehl et al., 2007). Based on the
work by a statistical ocean wave model of Wang and Swail (2006),
IPCC AR4 WGI stated the possibility of future changes in wave
heights due to climate change. Mori et al. (2010) first conducted the

Figure 2. Definition of total water level (TWL), extreme sea level (ESL), mean sea level
(MSL), tide, storm surge, wave setup and wave run-up. The spatial scale of each
phenomenon are described by O().
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global ocean wave climate projection using a dynamical ocean wave
model. Then some research groups have followed the study, which
can enable us to estimate the future changes in wave climate by a
community-derive multi-model ensemble. Based on the strong
demand for wave projection, the Coordinated Ocean Wave CLI-
mate Project (COWCLIP; Hemer et al., 2013) was launched and
supported byWMO/JCOMM in 2011. COWCLIP summarized the
existing global ocean wave climate projections and showed the
general tendency of wave climate changes and uncertainty. Refer-
ring to the study of Hemer et al. (2013), IPCC AR5 WGI (Church
et al., 2013) stated with medium confidence that the enhanced
westerly surface winds would lead to larger waves in the Southern
Ocean. However, IPCC AR5 WGI concluded that wave climate
projections are low confidence in general because of uncertainties
of future wind states and the limited number of model simulations.
After IPCC AR5, the number of global ocean wave projections
conducted by several research groups has increased drastically.
Eventually, the second community-derive multi-model ensemble
(148 ensemble members) wave projection was conducted in COW-
CLIP Phase 2 (Morim et al., 2019). This study concluded that 50%
of the world’s coastline has the risk of mean wave climate (wave
height, period, and direction) changes (Figure 3). Based on the
study of Morim et al. (2019), IPCC AR6 WGI (Fox-Kemper et al.,
2021) stated that there is medium confidence in the “mean” wave
climate projection. Therefore, applying the mean wave climate
projection to impact assessment on coastal morphology and
another coastal environment becomes possible.

On the other hand, “extreme” wave climate changes which can
contribute to TWL (Melet et al., 2018; Marcos et al., 2019) are still
highly uncertain, although some studies have started to investigate
the extreme wave height changes which occur once per decades and
century (e.g., Meucci et al., 2020; Lobeto et al., 2021; Shimura et al.,
2022).Most previous studies onwave climate projectionwere based
on the coarse spatial resolution of GCMs (>100 km), which cannot
simulate TC well. Extreme wave climate projection highly depends

on the performance of TC simulation by GCM, as demonstrated by
Shimura et al. (2017, 2022). Therefore, the study on wave-induced
TWL changes with resolving TC well is currently highly limited.
Furthermore, even if TC-induced extreme waves change is projec-
tion satisfactory extreme wave-induced TWL is difficult to estimate
because it is an exceedingly local phenomenon depending on local
topography (e.g., O’Grady et al., 2019). Therefore, global to the local
estimation of extreme wave and wave-induced TWL is important
same as storm surge. Therefore, the general tendency and uncer-
tainty of future changes in extreme wave-induced TWL need to be
estimated by inter-comparison among ensembles as done by the
mean wave climate projection study (Morim et al., 2019).

For the projection of TWL, including wave run-up, further
research is needed, including how to convert offshore wave infor-
mation calculated in spectral energy into run-up heights andmodel
it. The second is to develop detailed global topographic information
to enable run-up calculations or simulations. In addition, there is a
lack of observational data to validate the results of the simulations
of TWL yet.

Outlook

Suppose a worst-case scenario society like the SSP585 scenario will
be realized at the end of this century. In that case, an increase in
extreme water levels of 1–1.6 m or more can occur at the end of this
century, which is the sum of the SLR plus the change in storm surge
deviation compared to the current design water level of disaster
prevention facilities in coastal areas. Such a future could appear in
70–80 years.

Figure 4 shows the relationship between extreme water levels
such as ESL and TWL (blue) and the assumed level of protection
(green). The green dotted line schematically shows the time and
scale of adaptation measures. As ESL and TWL increase with
climate change, the timing and extent of adaptation measures

Figure 3. Robust projected changes in mean significant wave height Hs , period Hm, and direction θm for 2080–2100 (under RCP8.5) in the vicinity of the world’s coastlines. (Figure
form Morim et al., 2019). ↑ and ↓ mean increase and decrease, respectively.
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(new or raised levees) will depend on changes in water levels and
local conditions. Hardware development requires a budget and
construction period, which may take 10 years or even longer in
some cases. There are a few cases in which some new areas would be
subjected to coastal protection. In reality, breakwaters, seawalls,
and other facilities already in place will be aging andwill be replaced
by the middle of this century. At this time, adaptation to climate
change should be promoted, and there may not be a chance to
implement adaptation measures as many times as the green line in
Figure 4 before the end of the century. We need to reduce the
vulnerability of coastal areas in a timely and wise manner by
looking at climate projections and realistic plans. In addition,
adaptive construction methods need to be developed. We focused
on the future changes in coastal flooding-related hazards (sea level)
and the coastal structure design as climate change adaptation. The
coastal population and resultant coastal hazard risk would be
changed in the future (Neumann et al., 2015). Coastal hazard risk
in a changing climate depends on changes in hazard, vulnerability
(coastal structure design level), and exposure (population and
asset). Therefore, it is important to consider the projected changes
in global population distribution depending on future socio-
economic scenarios (Jones and O’Neill, 2016). Although Kirezci
et al. (2020) estimated the exposed population and assets to coastal
flood by future ESL, population and assets data of the present state
are used. Both changes in future external forces and socio-economic
scenarios need to be considered for a better adaptation measure
strategy. Adaptation countermeasure is not limited to hardware
protections (coastal structure design). Other measures are
ecosystem-based measures (Spalding et al., 2014), beach nourish-
ment (de Schipper et al., 2021), and migration (Black et al., 2011),
whose validity depends on location.

Future SLR, storm surge, and wave changes (and river dis-
charge) will significantly impact beach shape, which can change
relative sea levels. Therefore, new countermeasures to address
coastal hazards considering beach evolution should also be con-
sidered. Vousdoukas et al. (2020) indicated that half of the global
sandy beach is threatened extinction due to SLR at the end of this
century. However, Cooper et al. (2020) casted doubt on the esti-
mation because the study of Vousdoukas et al. (2020) ignored the
capacity of sediment supply depending on location. Generally, the
long-term projection of beach shape evolution due to climate

change considering SLR, storm surge, and wave changes has not
been established as reviewed by Toimil et al. (2020). Combined
studies by climatologists, oceanographers, coastal engineers, and
coastal geologists will be essential to solving these problems.
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