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Estimation of a possible maximum flood event in the Tone
River basin, Japan caused by a tropical cyclone
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Abstract:

The damage to society caused by tropical cyclones depends largely on the storm track relative to geography. A procedure is
proposed to generate different typhoon tracks deviating from the original track of a given reference case. In this procedure, the
position of a typhoon is artificially shifted at a certain time before landing in a physically consistent way by applying potential
vorticity inversion methodology. After shifting the typhoon position, the subsequent progress is again simulated by a mesoscale
weather model. The procedure is applied to a strong typhoon that emerged in a global warming experiment using an atmospheric
general circulation model. Various realizations of typhoon landfall cases are generated. Using the output of a suite of
realization of different tracks, the worst case scenario is discussed in terms of the river discharge in the Tone River basin, Japan.
Copyright © 2013 John Wiley & Sons, Ltd.
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INTRODUCTION

Tropical cyclones (TCs) are amajor focus of global warming
studies. There has been considerable research on the changes
in frequency and intensity of tropical cyclones in the
global warming environment (e.g. Murakami et al. (2012);
Yasuda et al. (2010); Oku et al. (2010) and Mori et al.
(2010)). The fifth Assessment Report of the International
Panel on Climate Change calls for TCs to be examined not
only in terms of their meteorological aspects, but also in
terms of their potential impacts on society. Thus, analogous
to the meteorological question ‘How strong will TCs be
in global warming environment?’ it is also necessary
to answer ‘How disastrous will TCs be in a global
warming environment?’
In order to answer this question, we examined typhoons

affecting Japan under a global warming experiment using
the 20 km resolution Atmospheric General Circulation
rrespondence to: Hirohiko Ishikawa, Disaster Prevention Research
titute, Kyoto University, Kyoto, Japan.
ail: ishikawa@storm.dpri.kyoto-u.ac.jp
rrent Address: Osaka City Institute of Public Health and Environmental
iences, Osaka, 543-0026, Japan.
tract/grant sponsor: Japan Society for Promotion of Sciences (JSPS);
tract/grant numbers: 20310111 and 23246090.

yright © 2013 John Wiley & Sons, Ltd.
Model (AGCM) conducted by the Meteorological Research
Institute (MRI; Kitoh et al., 2009). Thoughwe found several
very severe typhoons, they did not tend to take the worst
course which might lead to the severest damage to Japanese
territory.
The amount of damage caused by aTCdepends greatly on

the TC track relative to the region of interest. For instance, it
is well known that the wind is stronger on the starboard side
of a migrating typhoon. Heavy and continuous precipitation
is tied to topographic features such as mountain ranges
and also depends on the typhoon track and migration speed.
The frequency of hazardous typhoons, however, is not
large under both the present climate and global warming
simulations. Even under the present climate, we do not have
sufficient knowledge regarding the severest typhoons, and
it is difficult to estimate severe typhoon hazards
by simply using cases emerging from the AGCM global
warming experiment.
In the present study, we apply a physically consistent

typhoon bogussing scheme developed by Yoshino et al.
(2008) to one of the severest typhoons which emerged in
the global-warming experiment by MRI. For this typhoon,
a set of deviated typhoon realizations were produced, and
the severest case was examined for different meteorolog-
ical parameters. The result was coupled with a flood model
and river discharge was estimated over each of the deviated
cases.



Figure 1. The reference typhoon case emerged in Atmospheric Genera
CirculationModel (AGCM) global warming simulation byKitoh et al. (2009
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METHODS AND TARGET AREAS

AGCM

The AGCM was developed by Kitoh et al. (2009)
at the MRI of Japan Meteorological Agency for use in
global warming research. The model is of very high
resolution, T959L60 (approximately 20 km in the hori-
zontal), which enables realistic hazard assessment due to
severe storms such as tropical cyclones. The model does
not include ocean layers, but external forcing is
introduced through sea surface temperature (SST). Using
SST projections from different ocean–atmosphere
coupled general circulation models under the Intergov-
ernmental Panel on Climate Change Fourth Assessment
Report (Coupled Model Intercomparison Project phase
three), ensemble SSTs for 2015–2031(near future climate)
and 2075–2100 (future climate) were constructed together
with an observational period from 1979 to 2004 (present)
SST. By adding these ensembles as a bias to the
fluctuation of present SST, so-called ‘time-slice exper-
iments’ were conducted for the A1B scenario.
Production of deviated typhoon cases

To redress the sparseness of typhoon cases, we developed
a method to generate various virtual-realizations of typhoon
landfall with different tracks. In this method, a TC case
simulated in global climate model was first downscaled by
a mesoscale meteorological model WRF Version 3.1.1
(Skamarock et al., 2008). Downscaling using a mesoscale
model is required because a high resolution meteorological
field reflecting the underlying topography is needed to
estimate various hazards such as heavy rain, high winds,
floods, storm surges and combinations of these. Then, the
position of the TC was artificially relocated to slightly
different positions at a certain time before hitting the target
site. For each TC relocation, the subsequent progress of the
TC was simulated by the same mesoscale model.
Yoshino et al. (2008) developed a method to artificially

relocate the TC vortex by applying a potential vorticity
inversion methodology developed by Davis and Emanuel
(1991). The use of the potential vorticity inversion reduces
the physical imbalance of meteorological variables as
compared with other bogusing methods. The TC relocation
can be considered a kind of ‘surgery’, but it is conducted
in a physically consistent manner as described in the
Appendix. A new initial and boundary condition was
computed for each of typhoon relocations, and further
numerical integration of WRF yielded different typhoon
cases. It should be noted that spectral nudging was not
applied during the integration after the relocation to
avoid any artificial forcing on the model physics.
The case used in this study is shown in Figure 1. This

typhoon developed abruptlywhen it came close to Japan and
Copyright © 2013 John Wiley & Sons, Ltd. Hydrol. Process. 27, 3292–3300 (2013
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passed to the north along the pacific coast of the northern
part of Japan. Fortunately, this typhoon did not hit the Tokyo
metropolitan area directly, which was located on the
portside of the typhoon where the storm was weaker.
Using the hourly output from the AGCM as the initial

and boundary conditions, we first conducted a control run
of the typhoon using WRF 3.1.1. A single computational
domain of 453� 453 grids of 5 km resolution was used in
the horizontal (Figure 2). In the vertical, 50 levels were
placed from the surface to 50 hPa. The Kain–Fritsch
scheme and WRF single-moment 6-class scheme were
used for cumulus parameterization and microphysics. For
the boundary layer scheme, Mellor–Yamada–Janjic Level
2.5 was employed. The details of these numerical schemes
are described in Skamarock et al. (2008). In the control
run, a spectral nudging was applied to keep the TC track
close to the reference case produced in the AGCM run.
In order to produce a set of deviated typhoon cases, the

typhoonwas relocated to different locationswhen it came up
to 31.6�N at 0600 UTC. At this instance, the potential
vorticity was computed from the output meteorological
variables of the control run and the TC relocation was
applied. The typhoon position at the time was relocated
within a range of plus or minus ten grids (dx¼20 km) in
west–east direction and zero plus eight grids in the north
direction (dy¼20 km). In total, 189 different cases,
including a zero displacement case, were generated. Each
relocation run was labelled as (x� ii, y� jj), where ii and jj
are the relocated grid distance from the original position.
Tone River basin and a distributed hydrologic model

The Tone River basin, which is one of the biggest river
basins in Japan with a basin area of 16 840 km2, is located
)

Global climate model


Figure 2. The computational domain with ground elevation
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in the northeast of Tokyo. The basin is important, not
only for supplying the main water resources to the Tokyo
metropolitan area, but also for controlling flood peaks and
thereby mitigating flood damage to the upper Tokyo area.
The main flood check point is Yattajima station located
in the middle of the basin with 5134 km2 of upstream
basin area (see Figure 3). The designed flood peak for the
Yattajima station is 22 000m3/s, which corresponds to
200 years in flood return period.
The distributed hydrologic model prepared for the

flood peak investigation here was basically the same as
the model introduced by Kim et al. (Kim et al., 2009;
Kim et al., 2010, and Kim et al., 2011). The model is
based on an object-oriented hydrologic modelling system,
OHyMoS (Object-orientedHydrologicalModelling System;
Figure 3. Location of the Tone River Basin and the flood checking point
(Yattajima station; 5134 km2). There are five dam reservoirs at the upper
part of the Yattajima station, but the dam reservoir operation for flood

controls is not considered in this study

Copyright © 2013 John Wiley & Sons, Ltd.
Takasao et al., 1988, Ichikawa et al., 2000), and a kinematic
wave model is utilized for overland flow and channel
routing simulation. A dam element model was also included
in the system to simulate dam reservoir operation in
the context of the decision-making processes of the dam
operator to properly distribute water resources. However,
dam operation is not considered in this analysis of natural
flood impacts from the various typhoon tracks. Though the
Figure 4. Ensembles of relocated typhoon tracks. The colour of each track
represents the sea level pressure of the typhoon

Hydrol. Process. 27, 3292–3300 (2013
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Figure 5. Severity of each ensemble case estimated for different measures, (a) maximum wind speed, (b) maximum of 1 h precipitation and (c)
accumulated precipitation
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hydrological computation was conducted for the global
warming environment in the late 21st century, initial
conditions of the present climate were used because the
time-slice experiment of JapanMeteorological Agency–MRI
does not provide the continuous projection required to
examine hydrological responses. This is, however, a
plausible assumption considering the severity of the extreme
situation we are considering.
RESULTS AND DISCUSSION

Typhoon relocation

A suit of 189 different typhoon cases was produced as
shown in Figure 4. The colour of the track for each case
Figure 6. Distribution of maximum hourly precipitation during the passage
of the worst case

Copyright © 2013 John Wiley & Sons, Ltd.
represents the strength of the typhoon in terms of the
lowest sea level pressure at its centre. Among the deviated
cases, no track followed the reference or control runs. This
is not considered curious because spectral nudging was not
employed in the TC relocation cases and is considered
acceptable for the present application of searching for
the severest case. The well-known feature of typhoon
decay was clearly evident after landing. For the tracks
deviated to the west, the vortex was much weakened and
changed in orientation because these migrated over
underlying mountainous topography. Conversely, cases
shifted to the east maintained strong intensity.
The severity of each typhoon for the Tokyo metropol-

itan area was assessed by various measures. In Figure 5a,
each typhoon track is coloured according to the maximum
wind speed value that the corresponding case brought to
the target area. Figures 5b and 5c are similar estimations
for 1 hour precipitation and accumulated precipitation,
respectively. Figure 6 represents the distribution of the
maximum hourly precipitation during the passage of the
deviated case that was the worst case for the Tokyo
metropolitan area in terms of hourly precipitation. It is
obvious that strong hourly precipitation was linked to the
passage of several convective cells from the southeast to
northwest that originated in the Tokyo bay area.
Precipitation and flood peak analysis

In this section, we investigated possible maximum flood
damage to the Tone River basin using the precipitation
output from the artificially shifted typhoon cases. Various
precipitation patterns of 21(west–east shifted) times 9
(south–north shifted) typhoon relocations provided different
precipitation amounts with differing spatial and temporal
patterns in the target basin. A distributed hydrologic model
built on very fine geographic information was prepared to
simulate river discharge considering the spatially variant
precipitation patterns.
Hydrol. Process. 27, 3292–3300 (2013)
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The precipitation input from the various typhoon
tracks were provided in 5min interval with 5 km spatial
resolution. Evaporation and transpiration amounts were
ignored in this study because the amount is negligible
on rainy days especially when there is a large amount
of precipitation due to the typhoon. The duration of
hydrological computation was from 16:00 30 August to
22:00 1 September 2093.
Figures 7 through 9 show the simulated river dis-

charges at the Yattajima station under the various
precipitation data. In order to see the response of river
discharge to the change in typhoon track, we first
illustrated in Figure 7, different flood peaks and precipi-
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Figure 8. Same as Figure 7, but from the 9 different typhoon tracks wh
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Figure 7. Flood peaks and precipitation patterns from the 21 different ty
original location) when the typhoon vortex is shifted x-axis only. The p
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and 24083.5m3/s (x-05, y + 00), respectively. Designed flood peak for the

marked as a ref
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tation patterns from the 21 typhoon tracks when the
typhoon vortex is shifted only in west–east direction with
a range of ten grids from the original location: ‘x+00,
y+00’. The precipitation amount and the flood peak from
the original location were 171.0mm and 11206.1m3/s,
respectively, whereas the maximum precipitation amount
and the peak flood in Figure 7 are 328.7mm ‘x�08, y+ 00’
and 24083.5m3/s ‘x�05, y+ 00’, respectively. This flood
peak is larger than the designed flood peak amount for the
Yattajima station.
Basically, precipitation and flood peaks decreased if the

typhoon location was shifted to the east, that is, offshore,
whereas tracks shifted to the west brought more significant
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Figure 10. Accumulated precipitation amounts on the upper Yattajima
basin based on the variant typhoon tracks. The middle of the bottom line i
the value from the original typhoon location, and the typhoon vortex i
shifted 20 different locations on the x-axis (ten for right side and ten for lef
side), whereas the vortex is shifted eight different locations on the y-axi

(upper direction from the original location)

Figure 11. Flood peaks at the Yattajima station (5133.6 km2) simulated with
the variant typhoon tracks. The middle of the bottom line is the value from
the original typhoon location, which shows 11206.1m3/s of flood peak
amount. Significantly large amount of flood peak happens when the vortex
is shifted at ‘x� 01, y+05’ (37349.8m3/s), ‘x+02, y+08’ (36200.6m3/s)

‘x+01, y+07’ (33994.8m3/s) and ‘x+00, y+05’ (33582.4m3/s)
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Figure 9. Same as Figure 7, but from the 21 different typhoon tracks (ten left-side shifting and ten right-side shifting from the original location) when the
typhoon vortex is shifted x-axis only at the most upper shifting location of y-axis (y+ 08). The maximum amount of accumulated precipitation and the

flood peak happens when the typhoon is shifted at ‘x+ 02, y+ 08’ with the amounts of 381.1mm and 36200.6m3/s, respectively
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precipitation and flood peaks. It must be noted, however,
that the amount of accumulated precipitation and the size
of flood peak do not match exactly. The accumulated
precipitation amount and flood peaks from the ‘x�06,
y+05’ shifted typhoon was 413.9mm and 26077.2m3/s,
whereas ‘x�01, y+05’ shifted typhoon brought 417.0mm
and 37349.8 m3/s of precipitation and flood peak.
Even though the accumulated precipitation was not much
different (413.9mm and 417.0mm), the flood peak
increased by 43.2% (26077.2m3/s and 37349.8m3/s). This
example emphasizes that not only the total amount of
precipitation, but also the spatial and temporal change, is
important in determining the peak value of discharge.
Figure 8 illustrates different flood peaks and precipitation

patterns from the 9 typhoon tracks when the typhoon vortex
was shifted along the y-axis only from the original location.
The maximum accumulated precipitation and flood peak
took place when the typhoon was shifted to ‘x+ 00, y+05’
with amounts of 383.1mm and 33582.4m3/s, respectively.
The accumulated precipitation and flood peaks increased
when the typhoon locationwas shifted to the north because a
northern relocation is equivalent to putting a stronger TC
vortex near the target area. Figure 9 illustrates flood peaks
and precipitation patterns from the 21 different typhoon
tracks when the typhoon vortex was shifted along x-axis
at ‘y + 08’. The maximum accumulated precipitation
and flood peak occurred when the typhoon was shifted
at ‘x + 02, y + 08’ with amounts of 381.1 mm and
36200.6m3/s, respectively.
To understand the overall simulation results from the

shifted typhoon vortex, Figures 10 and 11 were prepared
to illustrate the accumulated precipitation and flood peaks
from each typhoon event. Figure 10 shows the accumu-
lated precipitation on the upper Yattajima basin based on
Copyright © 2013 John Wiley & Sons, Ltd. Hydrol. Process. 27, 3292–3300 (2013
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Figure 12. Relation of uncertainty of the extreme hazard and the globa
warming
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the various typhoon tracks. The middle of the bottom
line is the value from the original typhoon location, which
shows 171.0mm. The typhoon vortex was shifted to 20
different locations on the x axis (10 for right side and
10 for left side) and 8 different locations on the y-axis
(upper direction from the original location). The accu-
mulated precipitation on the target basin increased when
the typhoon location was shifted towards the seashore.
However, there is a critical point for bringing the
maximum precipitation (see the series of orange coloured
location in Figure 10), and the precipitation decreased
when the typhoon location was shifted very close to the
land. One reason may be insufficient consideration of
the humidity environment. More sophisticated potential
vorticity (PV) technique such as the use of moist potential
vorticity (Gao and Cho, 1995) could be considered in a
more advanced study.
Figure 11 shows the simulated flood peaks at the

Yattajima station (5133.6 km2) with the various precipi-
tation patterns corresponding to the shifted typhoon
tracks. The middle of the bottom line is the value from
the original typhoon location, which shows a flood peak
of 11206.1m3/s. A significant flood peak occurred when
the vortex was shifted at ‘x� 01, y+ 05’ (37349.8m3/s),
‘x + 02, y + 08’ (36200.6 m3/s), ‘x + 01, y + 07’
(33994.8m3/s) and ‘x+ 00, y+ 05’ (33582.4m3/s). These
amounts are 50% larger than the designed flood event for
the Yattajima station. The designed flood peak, which is
the reference index for the flood protection and/or
mitigation, at the Yattajima station is 22 000m3/s, and this
amount is estimated on the basis of 3 days of accumulated
precipitation amounts that correspond to a return period
of 200 years. More detailed frequency analysis is required
to determine the level of the simulated extremely large
flood peaks.
CONCLUSION

In this paper, we presented an approach to estimate the
potential hazard of an extreme event in a global warming
environment. From a severe typhoon case simulated under
a global warming experiment, an ensemble of 189 deviated
typhoon cases was produced with a mesoscale meteoro-
logical model. Flow discharge of the Tone River basin near
Tokyo was computed for each of the deviated cases. For
the severest case, the discharge was about double the
designed level.
Considering the small number of actual occurrence of

extreme events, a similar approach must also be applied to
the present climate. The nature of the problem is illustrated
in Figure 12. The abscissa is the strength of meteorological
forcing, or it can be the severity of disaster. The box plot
represents the distribution in each era. According to the
statistics after 1951, about 11 typhoons affect Japan
Copyright © 2013 John Wiley & Sons, Ltd. Hydrol. Process. 27, 3292–3300 (2013
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and nearly three typhoons land every year. Considering
the locality of disastrous effects from TCs, however, the
extreme upper extent of the box plot is ambiguous even in
the present climate. It could be said that the range of upper
extremes should be discussed in the context of some bias
associated with global warming.
On the other hand, it could be claimed that a scenario-

based extreme event estimation as conducted in this paper
provides no information on the probability of occurrence or
a return period such that the results cannot be used for
preventive or mitigative planning. Indeed, we do not intend
such direct use of our extreme estimation. Instead,we present
this estimation as contributing to a set of ‘scientifically
possible’ extreme events that could occur, although such an
event has not actually been realized to our knowledge.
Considering recent extreme events such as the Tohoku
earthquake on 11 March 2011, or the record-breaking
precipitation, sedimentation disaster and flood during the
passage of typhoon Talas (T1112) in 2011, insight into
‘scientifically possible’ extremes would seem important.
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APPENDIX: TYPHOON VORTEX RELOCATION IN
POTENTIAL VORTICITY FIELD

Though various bogus schemes have been proposed for
TCs, they are not applicable to the present paper inwhich the
typhoonwas relocated 100 km or further.When the typhoon
vortex is relocated, various meteorological fields such as
temperature, wind, surface pressure and the geopotential
height need to be modified in a physically consistent way,
satisfying a set of partial differential equations governing
the atmospheric motion. It is also difficult to separate the
background environment and the typhoon vortex. If the
Ertel’s potential vorticity,
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is computed and plotted, however, the PV shows clear
distinction from the environment (Figure A1). In Equation
(A.1), u, υ are eastward and northward horizontal wind
components, θ the potential temperature, p the pressure,
p=Cp(p/p0)

k the Exner function and k= (Rd/Cp), where
Rd, cp, g and p0 are gas-constants for dry air, specific heat for
constant pressure, gravitational acceleration and a reference
pressure (usually 1000 hPa), respectively. The three-
dimensional distribution of the present case is shown
in Figure A2. The three-dimensional PV distribution
is characterized by high PV in upper troposphere to
stratosphere adding by a column of high PV associated
with the typhoon vortex.
In Figure A1, we selected the typhoon-associated PV

(TCPV) as the region of high PV at each analysed pressure
levels from surface to 10 hPa level. The threshold of TCPV
ution of potential vorticity in the present case. In the potential vorticity
V is well distinguished from the environment
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Figure A2. An illustration of three-dimensional distribution of Ertel’s
potential vorticity (EPV) for the present case. EPV has high values in
stratosphere where atmospheric static stability is high. In the troposphere,

EPV is high near the centre of typhoon vortex
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varies with pressure level depending on the corresponding
environment value. Then, the TCPV is cut from the
original PV field and is added to a different location where
the typhoon is to be relocated. The hole of PV at the
original typhoon position is filled with the surrounding PV
values. Thus, the typhoon is relocated in PV field.
To recover the full meteorological field, we use the

Potential Vorticity Inversion Method presented by Davis
and Emanuel (1991). Assuming hydrostatic balance and
nondivergent horizontal wind, the Ertel’s potential
vorticity in Equation (A.1) is approximated as,

q ¼ gkp
p

f þr2Ψ
� � @2Φ

@p2
� @2c
@p@x

@2Φ
@p@x

� @2c
@p@y

@2Φ
@p@y

� �

(A:2)
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where Ψ and Φ are balanced stream function and geo-
potential. For a given q distribution, (A.1) and (A.2) are
iteratively solved by Successive Over Relaxation method.
Because the system is nonlinear, however, the convergence
to a solution is very slow so that appropriate initial guess
and ‘under’ relaxation is required (Yoshino et al., 2003).
Once Ψ and Φ are obtained, they are used to retrieve

meteorological field of u, υ,o, θ, and so on. In computing
Ψ and Φ, horizontal wind was assumed nondivergent.
However, considerable vertical winds may exist near
the centre of vortex. To consider this, balanced omega
inversion by Iversen and Nordeng (1984) is used (Davis
and Emanuel, 1991). Time derivatives of (A.1) and (A.2)
are considered together with the equation of Ertel’s
potential vorticity advection,

dq

dt
¼ �!

Vh � rq� o
@q

@p
þ gkp

@p
!� � r dθ

dt

� �� �
; (A:3)

where o (= dp/dt) is the vertical velocity and !� the
absolute vorticity. The key is that divergent horizontal
wind component is added as,

!
Vh ¼ !

VΨ þ!
Vf with

vertical wind component o. With separate estimation of
dθ/dt and the continuity equation,

r2wþ p1�1=k @

@p
p1=k�1o

� 	
¼ 0 (A; 4)

five equations for five unknowns w, o, @Ψ/@t, @Φ/@t and
@q/@t are solved iteratively with a suite of boundary
condition at a great distance. The horizontal wind field is
finally computed from Ψ and w (Yoshino et al., 2003).
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