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Abstract

Variability in storminess, storm surge, and mean sea level (MSL) can substantially alter coastal
hazards associated with extreme sea levels (ESL). However, detection and attribution of past
changes in tropical cyclone (TC) and related storm surge activity are hampered by inhomogeneous
TC records due to changes in observational capabilities. Here we investigate spatiotemporal
changes in storm surge levels in Japan from 1980-2019, a period when observational platforms
including tide gauges and storm records are highly consistent. The analyses illustrate statistical
evidence of increasing surge annual maxima in several places including the bay area of Tokyo
since 1980 and this rate of change is comparable to those observed for MSL rise over the same
period. These findings contrast the current hypothesis on the flood adaptation plan in which future
surge extremes will remain the same. We demonstrate that the change in surge annual maxima
reflects the combined effect of a consistent northeastward shifting of TC landfall location,
intensifying and widening of TC. The substantial influence of these TC meteorological variables on
surge levels coupled with MSL rise over long periods suggests that current coastal planning
practices including critical heights for flood defenses, might be inadequate in the future.

Significance Statement

Studies have shown that the ratio of intense TC is expected to increase in the future from present-
day values. Nevertheless, current coastal planning practices assume that the statistics of future
surge levels will remain the same as those under the current climate. Here, we illustrate that
increases in surge annual maxima and MSL rise both contributed to the overall change in ESL in
Japan since 1980. Surge level change translates into a combined effect of shifting TC landfall
location, increasing intensity and size of TC. The coupled effect of changing TC meteorological
variables and MSL rise revealed that the current hypothesis on the flood adaptation plan would turn
out to be invalid and cause coastal adaptation plans to be ineffective.

Introduction

Storm surge, a rise in sea level due to tropical cyclone (TC), is a major driver of coastal flooding
and has been responsible for as many as 2.6 million deaths worldwide during past 200 years (1).
Coastal development results in dense population in low-lying cities roughly five times (241
people/km?) than the global mean (47 people/km?; (2)) where storm surge can lead to devastating
societal impacts. On average, 0.8—-1.1 million people is exposed to coastal flood each year globally
(3). Several simulation studies including the Special Report by the Inter-governmental Panel on
Climate Change claimed the increase in extreme sea levels (ESL) by 2100 due to storm surge and
mean sea level (MSL) rise with high confidence (4—6). Vitousek et al. found that even small changes
in ESL (e.g., +10 cm) could substantially induce the change in flooding frequency in many coastal
regions between 2030 and 2050 (7). Without adaptation and mitigation measures, flooding can
cause adverse effects close to 10% of the global gross domestic product by the end of this century
(3). However, the effective implementation of adaptation and mitigation strategies largely depends
on a rigorous understanding of the long-term ESL change. ESL is primarily a function of storm
surge and MSL change, and other factors include tides and waves. While the ESL change due to
mean sea-level rise in recent decades has received greater attention (8—13), the contribution from
changes to surge magnitudes remains a grey area that needs to be clarified (14).

The analysis of long-term changes in TC-induced storm surge is missing in many regions due to
the unavailability of mid to long-term systematic tide gauge observations. Nonetheless, a few recent
observational studies have concluded that storm surge levels are increasing in some regions over
time, though the trends are mainly influenced by MSL rise (e.g., 9—11). They interpreted their results
as storm surge trends are masked by MSL change. Consequently, previous works on future coastal
flood risk assessment, which affect the fundamental of adaptation plans, evaluated the future ESL
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by adding the projected MSL change onto the present climate's storm surge level statistics (7, 12,
13). If this assumption of unchanged future storm surge levels turns out to be invalid (either globally
or regionally), adaptation plans will be ineffective (15). Due to climate change, the characteristics
of TCs are likely to change. Specifically, the proportion of intense tropical cyclones is expected to
increase in the future from present-day values, despite the decrease of the total number of TCs.
These variations can change storm surge activity and thus ESL (4, 16, 17). Therefore,
understanding the compound impacts of changing TC characteristics, storm surge levels, and MSL
in altering the likelihood of extreme events (on a global and regional scale) is a pressing matter
before making the basis of the coastal adaptation plan final.

Earlier, the contribution from changes in TCs and MSL to storm surge climatology has been studied
separately for different time periods and thus the compound association among them is unclear.
For instance, Calafat et al. found that extreme storm surges in Europe have increased between
1960 and 2018, which is comparable to the rate of the observed MSL rise. Although their quantified
surge trend reflects the contribution from both internal climate variability and anthropogenic forcings
(15), its’ association with the prevailing TC’s meteorological conditions (e.g., intensity, size) has not
been discussed. Cole et al., Oey and Chou, and Feng et al. separately showed that TC landfall
location, intensity, and translation speed have changed over time and thus modulated surge
extremes in their study regions (18—20). The variability in TC size also has the potential to change
surge levels (21-23), however, it is not being studied thoroughly from a historical perspective-
probably because the operational service for TC size monitoring had just begun at the end of the
twentieth century. While these previous observational studies have used one to one relationship
(e.g., TCtrack vs. surge; intensity vs. surge) to explain the contributions from changes in storminess
to observed surge levels, their joint influence (e.g., change in storm surge as a function of change
in TC intensity and size) is still unknown. The aforementioned deficiencies pose an enormous
challenge in understating how storm surge levels modulate ESL under the future climate condition.

Here we provide statistically significant observational evidence that storm surge levels in Japan
have increased since 1980 and this rate of change is comparable to those observed for MSL rise.
We reveal that a consistent northeastward shift in TC landfall location together with an increased
frequency of strong and large sized TCs has attributed to surge level change. We utilize
homogeneous records of MSL, TC storm surge, best track, and meteorological data, which the
Japan Meteorological Agency (JMA,; see data and methods) maintains. This study suggests that
current coastal planning practices may need to be reconsidered, which assume an unchanged
pattern of surge levels.

Observational evidence of storm surge change

The change rates of surge annual maxima averaged over eastern (R1), western (R2), and southern
(R3) Japan are shown in Fig. 1a (left bars). We recall here that only regions with at least 30 years
of data have been used and thus excluded northern Japan (R4). An overall increase in the surge
magnitude of +12.1 mm year? is evident for 1980-2019. In each region, this change rate varies
since storm surge hazards are not spatially homogeneous. While R1 exhibits a maximum change
rate of +16.3 mm year? followed by +10.9 mm year? in R2, there is no significant change in R3. A
more detailed outlook is plotted for the coastal observation stations in Fig. 1b. It depicts the
substantial difference in storm surge climatology between eastern and southern Japan. A
significant increasing tendency (~ +10 mm year™) is noticeable around major coastal cities include
Tokyo (in R1), Nagoya (in R1), and Osaka (in R2). We further analyze the distribution of storm
surge events in Japan between two sub-periods: 1980-1999 (P1) and 2000-2019 (P2) (Fig. 1c). It
reveals a clear shift towards greater annual maxima from P1 to P2 as the occurrence frequency is
significantly large in each bin (red box). For example, the occurrence frequency of surge annual
maxima greater than 100 cm is doubled in P2 than in P1.
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Figure 1. (a) Linear change in surge annual maxima (left bars) and mean sea level (right bars)
averaged over the regions R1, R2, and R3 (indicated by the green lines in panel (b)) in Japan
during 1980-2019. Whiskers show two-sided confidence intervals (surge annual maxima—R1: 95%
Cl; R2, R3, and overall: 90% CI; annual MSL anomaly—R1, R2, R3, and overall: 95% CI); (b) Spatial
distribution of linear change in surge annual maxima along the Japan coast during the period of
1980-2019; (c) Change in the distribution of surge annual maxima between P1 (1980-1999) and
P2 (2000-2019) in Japan; (d) Time series of annual mean latitude of peak storm surge recorded
along the Japan coast during 1980—2019. Gray shading indicates the two-sided 95% confidence
bounds around the linear regression line. The latitudinal difference averaged over 1980-1999 and
2000-2019 is statistically significant at the 95% CI; (e) Changes in the annual occurrence frequency
of storm surge return period in P2 (2000-2019) relative to P1 (1980-1999).

Next, we compare surge change rates (Fig. 1a; left bars) with the average MSL anomaly during
1980-2019 (Fig. 1a; right bars). While the rate of surge height change (+16.3 mm year) is similar
to the rate of MSL rise (+20.6 mm year?) in R1, the ratio of surge to MSL change rate is 0.5 in R2.
In R1 and R2, both surge and MSL change rates are positive implying that their compound effect
significantly contributes to increasing ESL. Notably, the MSL rise in R3 (+24.3 mm year?) is larger
than in the other regions, whereas no compound effect is noticeable as of R1 and R2. Several
previous works have shown that MSL is rising along the Japanese coast (24—-26), nevertheless, we
report the compound effect of storm surge and MSL change for the first time.

When the annual mean latitude for the peak surge locations is calculated in Japan over 1980-2019,
there is a clear and statistically significant northeastward change of +0.052 degree per decade (Fig.
1d). The northeastward shift of peak surge leads to an increased surge levels in Tokyo (in R1),
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Nagoya (in R1), and Osaka (in R2) which are all located above the 34.5° latitude belt. For example,
the recorded number of surge annual maxima between the 34.5°-35.5° latitude belt is 1.7 times
higher during P2 than during P1.

Following the assessment of changes in surge annual maxima and peak surge location, we also
measure changes in the occurrence of different return period surge events (Fig. 1e). It is particularly
useful as it helps communicate whether environmental extremes are occurring more or less
frequently relative to any chosen point in the past. First, we estimated the magnitude and annual
occurrence frequency of a 2-, 5-,10-, 25-, and 40-year storm surge event for 1980-1999 (see Fig.
S2 in Sl appendix). Finally, we compare the annual occurrence frequency of similar return level
events in P2 (2000-2019) with P1 (1980-1999). Variations in different return periods’ surge events
mirror the changes in surge magnitude. A gradual increased frequency of small to medium-sized
surge events has been observed in a recent 20-year period. For example, the ratio of the 25-year
return period surge occurrence frequency in P2 to P1 is five. In Japan, the current storm surge
warning criteria is based on the designed tidal level which is equivalent to a return period event
(27) Therefore, our findings highlight the importance of regularly updating storm surge warning
criteria under changing the return period of observed surge events.

Attribution of changing storm surge level

Here we discuss changes in TC meteorological conditions including track, intensity, size, and
translation speed, which can significantly modulate storm surge climatology (21, 22, 28-30).
Besides the northeastward shift of peak surge location, there is evidence that TCs occurrence
probability along the Pacific coast of the eastern (R1) and western (R2) Japan has increased
substantially during P2 than in P1 (Fig. 2a). It corroborates the findings of Kubota et al. (31), who
detected a significant northeastward shift of TC landfall location in Japan during 1977-2019. In
contrast, TC occurrence frequency has remained almost stationary in R3. One remarkable feature
is that the occurrence frequency of landfalling TC in R1 (nationwide) during P1 and P2 are 0.65
(1.85) and 1.15 (2.35) per year, respectively and the difference is statistically significant at the 90%
confidence level. Such differences in the TC landfall location and frequency appear to contribute to
greater storm surge tendency in P2 than in P1.

Next, we analyzed the differences in TC landfall intensity (Vmax) along with their six-hourly best
track positions between P1 and P2. Overall, the frequency of strong TCs during landfall time frame
has increased in last 40 years. For example, landfall TC activity with 66-kt < Vmax < 80-kt (~
equivalent to Category 1 Hurricane in Saffir-Simpson Hurricane Wind Scale) has increased
significantly in R1 and R2 from P1 to P2 (Fig. 2b). In other words, the occurrence frequency of
landfall TC intensity with 66-kt £ Vmax £ 80-kt has increased by 1.9 times. Similar increasing
tendencies are also evident for other wind intensity categories (see Fig. S3 in Sl appendix). These
findings are consistent with Yamaguchi and Maeda (32), who showed that the frequency of strong
TCs with central pressure of less than 980 hPa that approached major Japanese cities (e.g., Tokyo,
Nagoya, Osaka) significantly increased during 1980-2019. It is also noticeable that TCs which
made landfall in R3 have not changed their landfall intensity (Fig. 2b). In addition to best track
intensities, we examined recorded local maximum wind speed for each TC selected in this study
(see Fig. S4 in Sl appendix). It also depicts that TCs in P2 had caused stronger local winds (e.g.,
> 50-kt) in R1 particularly during P1. The change in TC intensity and local wind may be attributed
to larger storm surge levels observed across R1 and R2.

Fig. 2c shows that the R2 region has been frequently exposed to large TCs (270 NM < Rz0 < 430
NM), followed by R1 during landfall time in a recent 20-year period. Here, we adopted JMA’s
definition to describe the size of a TC (Large TC = 270 NM < R30 <430 NM; very large = Rzo > 430
NM; (33)) and provided the density map utilizing six-hourly best track positions along with TC size
information. Overall, the frequency of large TC has increased more than fourfold from 1980 to 2019.
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Figure 2. Density differences for landfalling (a) tropical cyclone track; (b) tropical cyclone wind
intensity: 66-kt < Vmax < 80-kt; (c) Tropical cyclone 30-kt wind radius: 270 NM < Rzo < 430 NM; (d)
tropical cyclone size: 270 NM < R3o < 430 NM under wind intensity category 66-80-kt, between P2
(2000-2019; n = 47) and P1 (1980-1999; n = 37). Six-hourly JMA best track positions along with
TC wind intensity (Vmax) and size (Rso) information are utilized to provide density maps.
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TC-induced surge dependence over TC size is primarily due to sideway radiation and the dipole
nature of the wind stress field. These both become less inhibitive for larger systems and, thus,
result in greater surge levels (34). However, it needs to be noted that a smaller but intense TC
could also elevate surge levels as the pressure gradient tends to be steep, resulting in stronger
winds near the eye of a TC (35). Along with analyzing TC track, intensity, and size, we also
investigate the variability of TC translation speed. No apparent changes in frequency were
observed during 1980-2019 (e.g., landfall TCs have neither become faster nor slower: see Fig. S5
in Sl appendix).

Although Figs. 2(a-c) demonstrate the statistical evidence of the changes in TC meteorological
components individually that are responsible for modulating surge hazards in Japan, the amplitude
of surge greatly depends on the combined effect of track, intensity, and size. Figure 2d illustrates
the changes in the joint occurrence of strong (66-kt < Vmax < 80-kt) and large (270 NM < Rz <430
NM) TCs over the past 40 years in Japan. Observational changes in surge annual maxima in R1
and R2, in general, reflect the combined effect of shifting TC landfall location, increasing intensity
and size of TC. More explicitly, the integration of storm size and wind strength over the footprint of
the TC provides a bulk amount of energy/momentum transferred from the storm to the water column
and, thus, the functional dependence of the surge level on the velocity and storm radius. The
environmental conditions include the sea surface temperature, vertical wind shear, and relative
humidity at 500 hPa, atmospheric circulation conditions, and anthropogenic climate forcings may
be responsible for creating favorable conditions for such kind of strong and large TC development



in P2 than in P1 (32, 36); however, a detailed analysis of these processes is beyond the scope of
this study.
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Figure 3. (a) Comparison of the storm surge hazard potential index with surge annual maxima for
eastern (R1), western (R2), and southern (R3) Japan during 1980-2019. Stated Pearson co-
relation co-efficient (R) follows a similar color code respective to each region; (b) Possible
attribution of tropical cyclone meteorological variables: TC wind intensity (Vmax; red), TC size (Rso;
blue), joint (green)—TC wind intensity (Vmax) and size (Rzso), in changing storm surge levels observed
during 1980-2019 in Japan. The contribution (%) is calculated assuming that either one (Vmax or
R30) or a set (Vmax and Rao) of the meteorological components included in SSHPI changed between
P2 (2000-2019) and P1 (1980-1999) while maintaining the other variables value at their averages
from P1.

The association between change in surge annual maxima and TC meteorological condition has
been discussed above from an overall perspective. Quantifying individual and joint contributions of
TC meteorological variables is also important to understand how the future might alter surge
maxima under human-induced climate change. Therefore, we applied the storm surge hazard
potential index (SSHPI) to demonstrate it statistically. We note that the SSHPI is positive
proportional to the peak surge height and explains ~57% of the observed variance (Fig. 3a). These
statistics are comparable to storm surge estimation obtained from full physical numerical surge
models (e.g., 36, 37) which comprehensively account for coastal surge dynamics. Thus, SSHPI is
a reasonably good proxy for TC-induced peak surge threat and could be utilized to quantify the
contributions of TC meteorological components to hazardous surge height. To estimate the
contributions of observed TC meteorological variables over the changes in surge annual maxima,
we separately changed two SSHPI components (Vmax Or Rso) or a set of components (Vmax and Rao)
to their P2 (2000-2019) average values and kept the other components at their P1 (1980-1999)
averages. Finally, we enumerated each change that affected total change by comparing P2 and
P1index values (see Table S1 Sl appendix). In R1, the changes in TC intensity and size contributed
41% and 21%, respectively and their joint contribution may be responsible for as much as 71% of
the surge variance (Fig. 3b). This joint influence statistic gets smaller in R2 (23%) and it has no
significant role in R3. Nevertheless, Fig. 3b, in general, mimics TC meteorological conditions
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illustrated in Fig. 2. In R1 and R2, there are several places (e.g., Tokyo Bay, Ise Bay (Nagoya),
Osaka Bay) where mean coastal bathymetry profiles are less than 10 m (39). Thus, it is reasonable
to believe that the increased frequency of strong and large-sized TCs has impacted these shallow
coastal areas and attributed them to elevate surge levels.

Conclusion

Here we have addressed notable positive changes in surge annual maxima in eastern and western
Japan during 1980-2019. It is primarily due to the northeastward shifting of TC landfall location,
intensifying and widening of TC over the recent 20 years (2000-2019). Contrary to what previous
studies suggest, changes in surge levels were comparable to those observed for MSL rise, leading
to the overall change in ESLs over the last 40 years. This conclusion complements that the
Japanese coast will likely experience increasing numbers of extreme storm surge events in the
future if the current tendency of TC intensification and widening continues.

Materials and Methods

Tropical cyclone selection

In this study, we utilized JMA best track data archives (40) from 1980 to 2019, including data
pertaining to TCs that originated in the western North Pacific and made landfall in the main islands
of Japan. The best track data acquired during the pre-satellite era (i.e., before 1980) contain
heterogeneities and large uncertainties in the data quality (41, 42) and were therefore ignored.
Although the time period processed was relatively short, the period from 1980-2019 was the
longest period covered by the JMA with uniform data quality. We followed JMA’s definition for
identifying a landfall TC and it is when the center of a TC reaches the coastline of the mainland
(Honshu, Hokkaido, Kyushu, Shikoku) in Japan (33). We detected the approximate landfall point at
which a TC track intersects a coastline using vector data provided by the Geospatial Information
Authority of Japan (43). Data collection was limited to TCs with a maximum sustained wind speed
(Vmax) greater than 17 m s—1 (33 kt) during the landfall time frame. Adopting a wind intensity
threshold is necessary as TCs are not always powerful (i.e., tropical depressions) and may not
produce noticeable storm surges; thus, it would be more meaningful to focus on tropical storms (34
kt < Vmax < 63 kt) or stronger TCs (i.e., categories 1, 2 in the Saffir—Simpson Hurricane Wind Scale)
for managing disaster risk. Based on the aforementioned criteria, 84 TCs were selected for analysis
which also can be regarded as the most economically damaging TCs in Japan.

Tide gauge data

Here, TC-induced storm surge is defined as a tide gauge record component that remains after
deducting the MSL and astronomical tide. We considered JMA (44) and Japan Coast Guard (45)
operated tidal stations to retrieve peak storm surge information for each TC. It needs to be noted
that JIMA and Japan Coast Guard publish their tidal observations only after controlling the quality
of the initial records and thus, the datasets are free from any abrupt changes such as artificial jumps
or shifts. The observed tidal records are hourly, and therefore, the peak surge records used in this
study are not necessarily exact peak values. Among many operational stations, data collection was
limited to those that satisfied the following five criteria: (a) fell to the right side of a selected TC track
and located within the range of radius of 50-kt wind (Rso; radius of 30-kt wind (Rzo0) was used when
Rso is not available during TC landfall time frame); (b) located on an open coastline or in a bay
(stations on islands were excluded); (c) JMA-predicted astronomical tide data (46) were available;
(d) elevations of the observation reference plane and the astronomical tide table reference plane
were available; and (e) no data gaps occurred when a TC traversed over the station. Given these
criteria, 28 tidal stations were considered for recording surge levels which are further divided into
four regions, namely eastern (R1: 13), western (R2: 7), southern (R3: 6), and northern (R4: 2)
Japan (the locations of the tide gauges are shown in Fig. S1 in S| appendix). JMA provides
timeseries of annual MSL anomaly region-wise (same as R1, R2, R3, and R4) (47) and thus, the
division enabled us to remove MSL anomaly from respective tide gauge observations and compare
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surge records with MSL. Given the tidal station selection criteria, storm surge information was
recorded for more than one station for each TC selected in this study leading to a total number of
279 surge events during 1980-2019. The surge annual maxima were used to create annual time
series.

TC meteorological data

We analyzed JMA best track datasets (40) for selected TCs (n =84) that include TC central
positions, intensities (Vmax), sizes (Rso and Rao), and translation speeds. Reconstructed typhoon
data for Japan (31) was used to collect local maximum wind speed recorded at the nearest weather
station or lighthouse during the passage of a TC. It needs to be noted that stations used for
recording local maximum wind speed are different from tidal stations used for recording surge levels
and thus, we defer to Kubota et al. (31) for full details on the selection of weather stations used for
recording local wind speed. Although TC meteorological information available from birth to death
were analyzed, we particularly compare TC meteorological conditions during landfall time frame
with peak surge records. It is because storm surges tend to be amplified during landfall. However,
TC characteristics during the landfall time frame are not necessarily the most adverse conditions
to cause the largest storm surges on the coasts. For example, storm surges would take the largest
value when the TC track is closer to the bay. In this study, we considered TC landfall time rather
than the time closest to each tidal station as a representative condition of causing a peak surge
because (a) TC characteristics (i.e., intensity, size, translation speed) after landfall differ from those
over the ocean, and thus, the TC information over land is considered less reliable (48); (b) although
the recent TC best track contains more detailed information about when a TC approaches the land,
the JMA best track has historically provided TC information at 6-h intervals, making it difficult to
identify the time of closest approach to a tidal station; (c) in the current dataset, surge information
was recorded for more than one tidal station for each TC. Thus, a unique characteristic (e.g.,
landfalling TC intensity) for each storm can provide a simple basis for statistical analysis.

Storm surge hazard potential index

Previous studies (e.g., 48, 49) reported that a measure of storm surge intensity is worth for
estimating TC potential impact. Here, we used the storm surge hazard potential index (SSHPI; 38)
to statistically quantify the contributions of meteorological factors that modulated surge hazards
during 1980-2019 in Japan. The SSHPI incorporates meteorological variables sensitive to storm
surge, including TC intensity, size, and translation speed, along with coastal geometry (open coasts
and bays) and regional scale bathymetry into a single measure of the expected surge hazard
potential along the coast. TC best track data, particularly during landfall, was used to calculate the
SSHPI for each storm. Large surge index values manifest what a TC can pose a surge threat at
the time of landfall. The bathymetry of the target region was obtained from the Japan
Oceanographic Data Center (52). The effectiveness of the SSHPI for predicting peak surge hazard
potential was discussed in Islam et al. (51). A brief definition is provided in the SI appendix.

The temporal changes in storm surge height, peak surge location, and MSL were estimated by
linear model to the annual time series using ordinary least squares. The return period for a surge
event was calculated as the inverse of 1 - F (surge height; location, scale, and shape parameter),
in which F is the cumulative distribution function of the generalized extreme value distribution. We
divided the 40-year dataset into two sub-periods, 1980-1999 and 2000-2019, hereafter, referred
to as P1 and P2, respectively. The two-tailed Student’s t-test was used to determine whether the
means of any two sets of data were significantly different. Statistical significance was based on the
two-sided 95% and 90% confidence intervals (Cl) and any statistical value outside the 90% CI was
regarded as statistically insignificant.
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