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Abstract. Typhoon Talas (2011) caused extensive damagel Introduction
through landslides on the Kii Peninsula, Japan, in September
2011. The purpose of the present study is to quantitativelyTropical cyclones (TCs) and their relationship to global cli-
describe the potential for the occurrence of heavy rainfall-mate change have been the subject of considerable attention
induced disasters if the typhoon track perturbs slightly oramong scientists in meteorology and disaster science. From
the typhoon intensifies. Regarding to the consideration ofthe viewpoint of disaster mitigation or adaptation, the me-
the track displacement of the typhoon, a procedure is prodia and political advocates have paid particular attention to
posed to generate different typhoon tracks perturbed frona possible effect of human-caused climate change in patterns
the original track of the typhoon. In this procedure, the po-of TC activity, such as frequency, intensity and track of TCs.
sition of a typhoon is artificially shifted at a certain time be- The Special Report on Managing the Risks of Extreme
fore landing in a physically consistent manner by applying Events and Disasters to Advance Climate Change Adaptation
potential vorticity inversion (PVI) methodology. After relo- (SREX, IPCC, 2012 reported that “the average TC maxi-
cating the typhoon, the subsequent progress is simulated bynum wind speed is likely to increase, although increases may
a mesoscale meteorological model. Using the output, whichnot occur in all ocean basins. The global frequency of TCs
consists of a set of realizations having different typhoonwill likely either decrease or remain essentially unchanged.
tracks, the worst-case scenario is discussed in terms of thelowever, heavy rainfall associated with TCs is also likely to
soil water index (SWI) of the Kii Peninsula. The SWI is an increase with continued global warming.” On the other hand,
indicator of the amount of water in soil that represents thethe impact of an individual TC can vary greatly depending on
hazard of landslide disasters. The maximum spatially averwhen and where it makes landfall, in addition to its strength.
aged SWI is 1.10 times as large as that from the original ty- In September 2011, Typhoon Talas (2011) brought heavy
phoon track. Regarding the consideration of severer typhoonjainfall to Japan, and the Kii Peninsula especially expe-
the same method is used, but the intensity of the potentiatienced record-breaking rainfall. The typhoon reached its
vorticity of a typhoon is artificially modified at the position peak intensity with a maximum sustained wind speed of
instead of relocating potential vorticity to a different place. 25.7mst and the minimum central sea-level pressure of
The maximum spatially averaged SWI is 1.28 times as largeD70 hPa on 29 August when it was at approximately 1300 km
as that of the original typhoon intensity. south of Tokyo. The typhoon itself is not so severe based
on size or intensity. However, record-breaking heavy rain-
fall brought by the typhoon caused sediment disasters, inun-
dation, and river flooding that resulted in 82 casualties and
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16 missing people, primarily in various prefectures on Kii sonvp
Peninsula such as Wakayama, Nara and Mie. The typhoon 3
also damaged several tens of thousands of houses in Japanm, =" i
also mainly on Kii Peninsula, by typhoon-triggered disasters, Zd e
e.g., landslide disasters and floodsré and Disaster Man- - SRR | ! ’ﬁ‘.\
agement Agency of Japak012). AV . J Sel
The typhoon formed as a tropical depression over the sea |7 o oo / i

to the west of the Mariana Islands on 23 August 2011, which 4‘&, x b T / .
moved slowly northward and reached tropical storm intensity | hieBis | Tocean - g
on 25 August. On 3 September, the typhoon made landfall " e Lo | [

on Shikoku Island at 01:00 UTC. After crossing the island 110°E 120 130° 140°E 150° 160°E 130 140°E 150°E

hPa

Fc g

L5

northward, the typhoon made landfall again in the Chugoku 75 %0 s o0 o5 ok o %0 o
region of western Japan just after 09:00 UTC, 3 September.

. N Figure 1. Computational domain 1 used in the present study except
;I_'hen it mgved t(?1ver tr;e Sza of ja}[flan,tacce;eratln(?_lt? tranSIafor the CTRL experiment and the tracks of Typhoon Talas (2011)
lon speed north-eastward, an €n transtormed INto an €z, 1, the pest track data provided by JMA (black dashed line with

tratropical cyclone on 5 September. . squares) and CTRL (purple solid line with circles). Colored sym-
Th? typhopn moved 30.S|0W|y Fhat it induced continuous pojs represent the sea-level pressure of the typhoon at 00:00 UTC
massive moisture advection, which brought about recordevery day.

breaking heavy rainfall over a wide area from western to
northern Japan, especially along the mountains of the Kii
Peninsula. At the mountainous station Kamikitayamain Nara2 Model configuration and simulation design
Prefecture, an observed 1652.5 mm rainfall was recorded in
72 h, which is the new high record for 72 h rainfall in Japan. Throughout this study a mesoscale meteorological model,
The total rainfall amount at the station reached 1805.5 mmj.e., the Weather Research and Forecasting (WRF) model
and in some areas was estimated to have a total rainfall exversion 3.1.1 $kamarock et al2008, was used to simulate
ceeding 2000 mm based on radar rain gauge analyzed pr&yphoon Talas (2011). The JMA operates a real-time data
cipitation Japan Meteorological Agencg011). The Japan assimilation system known as the JMA Climate Data Assim-
Meteorological Agency’s (JMA) best track data is shown ilation System (JCDAS). The JCDAS data set, which is one
in a black dashed line with squares, indicating the 6-hourlyof the reanalysis data described in detaihtp://jra.kishou.
positions, in Figl. go.jp, has a spectral resolution of T106 (equivalent to a hori-
The focus of the present study is twofold. First, we de- zontal grid spacing of approximately 120 km) and 40 vertical
termine how the potential of landslide occurrence varies iflayers with the top at 0.4 hPa. We use the JCDAS data set as
the typhoon track might perturb slightly from the best track. the initial and boundary conditions of the WRF model.
The amount of damage caused by a TC depends greatly on First, we conducted a simple hindcast simulation of
the TC track relative to the region of interest. Heavy rainfall the typhoon, hereinafter referred to as the CTRL simu-
is tied to topographic features such as mountain ranges anltion, driving the WRF model with 6-hourly JCDAS re-
also depends on the typhoon track and migration speed. Aanalysis data. The domain size of the CTRL simulation is
such, we applied a physically consistent typhoon bogussingt512 kmx 4512 km with a 16 km horizontal resolution, cov-
scheme, the potential vorticity inversion (PVI) method de- ering a wide region from the eastern part of the Asian con-
veloped byYoshino et al.(2008, to the typhoon, whereby tinent to the Japanese Islands, including the Philippine Sea
a set of perturbed typhoon realizations were produced. Thénot shown, but approximately the same size as D1, as de-
PVI method allows the position of the typhoon-associatedpicted in Fig.1), with 50 vertical layers up to 5 hPa.
potential vorticity to displace its location at a certain time in  The WRF model includes four-dimensional data assimi-
a physically consistent way. We then determine how globallation (FDDA) options using spectral nudging. This option
warming will affect typhoon intensity. Therefore, we apply is used in CTRL. As long as the wave numbers are limited
the same scheme to typhoons of various intensities. in small values, say 1, 2 or 3, this technique ties the synop-
The remainder of the present study is organized as followstic (large-scale) pattern to reanalysis and allows the genera-
In Sect.2, we briefly describe the PVI method, the configu- tion of mesoscale (small-scale) disturbances without damp-
ration of the numerical model and the design of the experi-ing small-scale features. Thus, the method performs well in
ments. Section8 and4 present the model simulation results, reducing the track error of a typhoon and enables us to hind-
and the interpretation of these results are presented inJect. cast a typhoon structure realistically.
Section6 presents our conclusions and raises several issues The physics schemes used in the experiments are
concerning possible future study. listed in Tablel. The model is initialized at 12:00 UTC,
28 August 2011 and is integrated for 8 days and 6 hours until
18:00 UTC, 5 September. The integration time steps are 60s.
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Table 1. WRF physics parameterization schemes used in the study.

Physics schemes Models References

Microphysics WRF single-moment six-class (WSM6Hong and Lim(2006

Planetary boundary layer Mellor-Yamada Level 2.5 Janijic(2002

Longwave radiation Rapid radiative transfer model (RRTMMIawer et al.(1997)

Shortwave radiation Dudhia scheme Dudhia(1989

Cumulus parameterizatibn Kain—Fritsch Kain and Fritsc{1990, Kain (2004
Land surface 5-layer thermal diffusion

Surface layer Similarity theory (MM5)

* Cumulus parameterization scheme was not applied to domain 3 (1 km) in NOPVI, NOPVK|and , ;; simulations.

Table 2. Specifications of simulations.

Runname Boundary PVI TC Description
conditions  procedure relocation

CTRL JCDAS No - hindcast

NOPVI CTRL No - WRF model evaluation

NOPVM CTRL Yes No PVI method evaluation

YijjX4ii  CTRL Yes Yes

The PVI method is briefly explained heréoshino et al.  hereafter as the NOPVI simulation; the second is downscal-
(2008 developed a method to artificially relocate the TC vor- ing with the PVI method but no modification on potential
tex by applying the PVI method developed Bavis and  vorticity magnitude and position, NOPVM; and the other is
Emanuel(199]). The use of the PVI method reduces the downscaling with the PVI method relocating TE, ;; X 1;.
physical imbalance of meteorological variables, as compared The performance of the modeling system is evaluated
to other bogussing methods. A more detailed description ofagainst the observations with the use of the output from
the PVI method used in the present study is provided in theNOPVI, which is a run without the use of the PVI method.
appendix ofishikawa et al(2013. A new initial and bound-  The NOPVM, which is a run that uses the PVI method but
ary condition was computed for each of the typhoon relo-not TC relocations, that is, NOPVM refers ¥q g0 X 100, IS
cations, and further numerical integration of WRF yielded designed to confirm the performance and the reliability of
different typhoon cases. Note that spectral nudging was notyphoon relocation with the PVI method.
applied during the integration after the relocation so as to For these runs, we used three nested domains as shown
avoid artificial forcing on the simulated physical processes. in Figs. 1 and 2. The first domain covers the area of

In order to produce an ensemble of perturbed typhoom352 kmx 4352 km with a horizontal resolution of 16 km.
members, the typhoon was relocated to different locations aThe second domain is 720 km1720 km with a horizontal
06:00 UTC, 1 September. At this instance, the potential vor-resolution of 4 km, and the third domain is 160 kni40 km
ticity was computed from the output meteorological variableswith a resolution of 1 km. Steep terrain affects the location
of the CTRL simulation, and the TC relocation was applied. and accumulation of intense rainfalDku et al, 2010. To
The typhoon position at the time was relocated within a rangereflect the effect of the steep mountains of the Kii Peninsula,
of plus or minus 30 grids, which is equivalent to 480 km, in the 50 m mesh digital elevation model (DEM) by the Geo-
the east—west direction. A total of 61 basic members, includ-graphical Survey Institute (GSI) of Japan is used to create
ing a no-perturbed case, were generated. In addition, the tythe terrains in the finest domain. The land-use/land-category
phoon was relocated within a range of plus 20 grids in thedata set used is the 100 m mesh Geographical Information
east direction and minus 5 grids in the north direction (plus 5System database from the Ministry of Land, Infrastructure,
grids in the south direction). A total of another 105 additional Transport and Tourism (MLIT) of Japan. We do not use the
members were generated. Each relocation run was labeled &ain—Fritsch cumulus parameterization scheme in the finest
Y. ;i X+ii, whereii and jj are the relocated grid distances domain. Other model settings are the same as those of the
from the original positionY indicates meridional direction CTRL simulation. These runs were conducted for 96 h start-
andX indicates zonal direction. ing at 06:00 UTC, 1 September. The simulated outputs from

Using the 6-hourly output from the CTRL simulation as the finest domain are stored in 5-minute intervals for the pur-
the initial and boundary conditions, we conduct three typespose of detailed analysis. The integration time steps are 60,
of simulations as described in Talllpone is a simple down- 12, and 3s from the outermost domain to the innermost
scaling CTRL results without the PVI method, referred to domain.
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time minimum of simulated central pressure for the best
track data was approximately 970 hPa at 12:00 UTC, 29 Au-
. gust, whereas those for CTRL, NOPVI, and NOPVM were
g 2Tokvo 962 hPa at 16:50 UTC, 961 hPa at 19:40UTC, and 955 hPa
: at 18:55 UTC, respectively, on 1 September.

34°N

3.2 Rainfall

— NOPVM . . . . .
(= Y+00¥:00) Hourly rainfall intensity and the cumulative rainfall amount

from NOPVI are compared with those from Automated Me-
teorological Data Acquisition System (AMeDAS) observa-
tions at two record-breaking sites in the mountains (Bjg.
At the beginning of the simulation, heavy rain area had al-
ready extended to Kamikitayama. In the simulation, heavy
'Pacci)':;n < rain stopped approximately 12 h earlier than that in the obser-
BN vation. The duration of rainfall in the simulation is approxi-
‘ bra mately 1 day shorter than that in the observation. Note that
the locations of the typhoon center in the simulation trans-
Figure 2. Computational domains 2 and 3 in the present study|ated faster than those of the best track. These differences

(except for the CTRL experiment) and the tracks of Typhoon Ta-|aq 1o the underestimation of temporal changes in the rainfall
las (2011) from the best track data provided by JMA (black dashed

. X S N amount.
line with squares) and CTRL (black solid line with circles). Col-

The performance of WRF in the rainfall simulation is
ored symbols represent the sea-level pressure of the typhoon at . . e
00:00UTC every day. A total of 61 solid colored lines are given quantitatively assessed by comparing the model spatial distri-

by Y.00X.+i when—30<ii <+30, including NOPVM (i =0),  Pution with corresponding JMA products of Radar-AMeDAS
which is indicated by the thick line bordered by the dashed blackPrecipitation-gauge measurement (RAP). RAP data are rain-
line, and NOPVI which is displayed as the thick line bordered by gauge calibrated radar data which have a horizontal resolu-
the solid black line. A total of 105 black dots are given by the initial tion of 1 km. Herernopy; is defined as the maximum hourly
location ofY,, j; X;; when O<ii <+20 and-5< jj < —1. rainfall amount calculated from the output of NOPVI in each
grid in the objective area, as depicted in BgThe objective
area is defined so as to include major landslide sites. Simi-

32N{ - NOPVI'
9/3°

30°N
1

28°N

T
955 960 965 970 975 980 985 990 995

3 Evaluation of the WRF model performance larly, rrap is defined as the maximum hourly rainfall amount
calculated from the output of RAP. The valuegopvi and
3.1 Typhoon track and intensity rrap, are put into the two-dimensional bins using E#). (

The frequency of each bitN (m, n), is counted and depicted

The tracks of Typhoon Talas (2011) are shown in Bigor ~ in Fig. 5a as color tiles representing frequency, andndn

the best track data (provided by JMA) and for the CTRL as Increment counters.

simulation, with spectral nudging imposed for the JCDAS

reanalysis data. The goal of spectral nudging is to force the (m —

large-scale components of the atmospheric fields to remainy (n — 1)r < rnopvi < nr (1)

close to the reanalyses, while the small-scale components argr = 4[mm h‘l]

left free to evolve in the model. Since the realistic track in-

formation is embedded in the reanalysis data, the spectrallfrigure 5a comparesrap and ryopvi Using Eq. 1) with

nudged track of the CTRL simulation closely follows the best N (m, n) on the color scalesrap 0On thex axis, andryopyi

track data. on they axis. If there were perfect agreement betweeip
NOPVI and NOPVM {100X100) Were, however, con- andryopvi, all points would be oriented along a straight line

ducted without the spectral nudging option. As shown inat a 45 slope in the figure. Cases below the°4le cor-

Fig. 2, their tracks also follow the best track data closely, respond to NOPVI underestimation as well as cases above

while NOPVM lies slightly to the east of that for the best the 45 line, which correspond to NOPVI overestimation.

track data. Although the reproducibility of the typhoon track The spatial average ofopyi across the objective area is

route is good, the reproducibility of the translation speed is55.3 mm, whereas that akap is 56.7 mm. The difference

faster than reality in every case. The typhoons simulated byn distributions betweemrap and ryopy iS seen by com-

CTRL, NOPVI, and NOPVM move faster by factors of 1.2, paring Fig.6a and b. Extremely heavy rainfall was observed

1.4, and 1.7 compared with the observations. along the southeast coast of the Kii Peninsula. In the simula-
In terms of the minimum of central pressure, the simu-tion, the coverage of the heavy rainfall area is limited in the

lated results were deeper than the observations. The lifemountainous region, which is brought by passage of some

Dr < rrap < mr
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4 Evaluation of the PVI method performance

Before conducting typhoon relocation experiments, the con-
sistency of the PVI TC relocation procedure is assessed by
the comparison of NOPVI and NOPVM {0 X 00) cases.
The vortex in NOPVM is extracted and put back at the same
location again. The meteorological fields of wind velocity
and potential temperature are replaced by the fields that are
retrieved from PVI method. So there is a difference between
NOPVM and NOPVI, which is caused by the numerical trun-
cation error. As shown in Fi@, the location of the typhoon
center at the initial time in the NOPVM simulation is the
same as that in NOPVI, which indicates that the PVI proce-
dure at the vortex was put back in the same place. The track
135°F 1355°F 136°E 1365°E of NOPVM was initially close to that of NOPVI. Several

e ——— hours after the initial time, however, the track of NOPVM

O 0 S0 e m0Ron Taen T e deviated to the east of the track of NOPVI. The minimum
Figure 3. Location of the study area of the Kii Peninsula (solid line) sea-level pressure of NOPVM became lower by several hPa
and computational domain 3 of the present study (dashed line). Theompared with the NOPVI case. The PVI method acted as
altitude is indicated by grayscale. The black dotted line indicates thea low-pass filter and removed the gravity-wave in the proce-
prefectural boundary. The white star and diamond indicate the lo-dures, recovering the entire meteorological field from the PV

cations of Kamikitayama and Kazeya stations (AMeDAS), respec-fie|d (Yoshino et al. 2008. In this case, the PVI method is
tively, operated by the JMA. The red dots indicate the locations Ofnot perfectly reversible.

the analyzed landslides provided by MLIT.

34.5°N 1

34°N

However, the differences in the simulated track and in-
tensity of the typhoon between NOPVM and NOPVI for-
éunately seem to be acceptably small for the present pur-
poses of finding potentially the worst-case track in respect to
a heavy rainfall-induced disaster. The spatial average of the
maximum hourly rainfall amount across the objective area,
as shown in Fig3, is 56.7 mm for NOPVM, which is very
close to the 55.3mm for NOPVI. As Figb and ¢ show,
there are line-shaped areas where the maximum hourly rain-
fall amount is greater than 70 mm, which are brought by pas-
sage of some strong convective systems accompanying the
typhoon. Comparison of Figb and c reveals the difference
between NOPVI and NOPVM in respect to the locations of
heavy rain path.

This causes differences in the spatial distribution of
the maximum daily rainfall amount between NOPVI and
NOPVM, as depicted in Figée and f, respectively. Line-

simulation, in which a translation speed was about 1.4 timesShaped areas where the maximum daily rainiall amount ex-

faster than that of the real typhoon, the spatial average of thgeeds 500mm exist in both cases, though the locations are

maximum daily rainfall decreased by 63 % compared to thatslightly different. The spatial average of the maximum hourly

. LT : rainfall across the objective area is 411.1 mm for NOPVM
in RAP. This indicates that the amount of rainfall has an ap- .
proximately inverse relationship with the migration speed ofand 398.1 mm for NOPVI. The difference between NOPVM

the typhoon. Comparison of Fi¢d and e reveals that the and N.OPVI 1S mu_ch smaller than that Of.NOPVI and RAP.
model simulated heavy rain areas: for example, the max-The simulation with the PVI method skilfully reproduces
imum daily rainfall amounts exceeding 600 mm ,which is the characteristics of the rainfall simulated without the PVI

shown in orange color in the figure, are much narrower thanmethOd'

those observed. This could be due to the fact that the model-
simulated typhoon moves faster than the observation.

strong convective systems accompanying the typhoon. Th
difference may be partly due to the difference of low-level
wind direction over the southeast slope of the Kii Peninsula.
Figure 7a and b compare snapshots of low-level wind and
hourly rainfall amount at the time when the typhoon landed
again on western Japan. In the observed field (Aiy.low-
level southeasterly wind blows directly towards the mountain
range, bringing heavy rainfall there. In the simulation, how-
ever, the wind direction was southerly so that topographic lift
was rather weak. This difference partially leads to the differ-
ence rainfall pattern between Figa and b.

Next, we evaluate the model performance for the max-
imum daily rainfall amount using Eq.1) but r=32
[mm day 1] for clarity of Fig. 5b. A spatial average ofiopvi
is 398.1 mm and that afgap is 632.6 mm. In the NOPVI

www.nat-hazards-earth-syst-sci.net/14/2699/2014/ Nat. Hazards Earth Syst. Sci., 14, 26089 2014
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160

160

ards Urita et al, 2011, Saito et al, 2010, but also for early

(@) max. hourl)) rainféll (c) max. ‘hourly‘ rainféll . X i .
warning systems of landslide disaste@sénai et a).2010.
_ = SWI is calculated using a tank model as a conceptual
g g rainfall-runoff model. InOkada et al(2001), SWI at a spe-
= z cific time (¢ + Ar) equals the total storage volurigof three
serial tanks, in other words,
R SWI(r + At) = Xk: Si(t + A1), (2)
(b) 1260 max. Haily r‘ainfall‘
o0 wherek =1, 2, 3, from the top tank to the bottom. Eaghis
s computed every 10 minAtr = 10) by
% 640
z Sk(t+Ar) =
320
Se(H— [Z ka(z)+Zk(t)] +P (A1) (k=1)
00 320 640 960 1280 0 320 640 960 1280 ! ! (3)

NOPVI Sk(1)— [; Ou <z>+zk(r)] [ Ziat+AD=Za()] (h=2),

Figure 5. Scatter diagrams of NOPVI versus RAP and NOPVM
versus NOPVI rainfall amountga) and (c) show the maximum
hourly rainfall amounts(b) and(d) show the maximum daily rain-
fall amounts. The number of grid counts computed by H.ig
indicated by the color scale. Dots indicate grids corresponding t

where P(Ar) is the 10 min rainfall amountQy; is seepage
runoff volume and height of the runoff from the siith hole.
The top tank has two holes on the side, others have Bpe.
oS vertical seepage volume from the bottom of title tank.

landslide locations.

5 Assessment of landslide hazard
5.1 Soil water index

The soil water index (SWIDkada et al.200]) is an indi-

These are obtained by

ar {Sk(t) — L} (Sk(®) > Li)
= 4
Cu® {o (S(0) < Lu) @
Zi (1) = b Si(1), (5)

whereaqy; is the coefficient of runoff from the sidgh hole,
by, is the coefficient of seepage from the bottom hole of the

cator of water amount in the near-surface soil layers, whichyip, tank andL,, represents the height of the runoff on the

is strongly related with the risk of landslide disasters. Land-

sidelth hole of thekth tank. Constandy;, b, and L;; used

slide disasters frequently occur in areas of high SWI valuesip, the present study are provided in the AppendixOidada
The risk of landslide disasters caused by heavy rainfall bet 51.(2007).

comes high when the amount of moisture in soil increases.

The amount of moisture in the soil is estimated using the5 2 Track ensemble

tank model method, which indicates how much rainwater is

contained in soil based on rainfall analysis. SWI is used forSeverity of each ensemble member is assessed in reference to
not only assessing the occurrence of potential landslide hazthe NOPVI rainfall pattern. Three parameters are employed,

Nat. Hazards Earth Syst. Sci., 14, 2692709 2014
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Figure 6. Horizontal distribution of RAP, NOPVI, and NOPVM rainfall amoun({s) through(c) are the maximum hourly rainfall amounts,
(d) through(f) are the maximum daily rainfall amounts. The dashed line indicates the location of the study area on the Kii Peninsula (see
Fig. 3).

which are the maximum hourly rainfall amount, the maxi- In Fig. 8a, each typhoon track is colored accordingrto
mum daily rainfall amount, and the maximum SWI. We in- for the maximum hourly rainfall amount. Figub and c
troduce an indexR(«), defined by Eq. &), wherea is an show similar estimations for daily rainfall amount and SWI,
objective quantity, such as rain intensity, accumulated raintespectively. Basically, th& for rainfall and SWI decrease
fall and SWI. when the typhoon location is shifted to the west, i.e., with
Say. v increasing distance from the target area. Reversely, they in-
e L (6) crease as the typhoon track approaches the Kii Peninsula.
2 NOPVI However, there is a critical track for achieving the maximum

Although the model has more than a little bias as described?, and R decreases when the typhoon location is shifted
inthe previous section, the model bias for the rainfall amountC'OSGl' to the Kii Peninsula than the critical track. It is due to
with respect to the observations is expected to be reduced b{jie structure of the typhoon. Generally, rainbands and rings
using Eq. 6). An R of less than 1 indicates that the rainfall of strong convection form at a certain distance from the ty-
impact is less than that for the NOPVI, and Rrof greater ~ phoon center. It is easy to identify the critical track of the
than 1 indicates that it is more than that for the NOPVI. maximum daily rainfall amount along a specific latitude from

Moreover, the highesk is considered one of the worst-case the lower panel of Fig8b, andR is 1.18 when the typhoon
scenarios. is shifted toY, o0 X 109. Among the 166 ensemble members,

R(@)y, j;xi =
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Figure 7. (a) Simulated hourly rainfall amount and wind field on 950 hPa level at 23:00 UTC on 2 September from D2 of NDR);
served RAP and analyzed wind field produced by the IMA/MSM (Meso Scale Model) at 15:00 UTC. These are when the typhoon made
landfall again at the Chugoku region of western Japan, the location is depicted by the star symbol.
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Figure 8. Severity of each ensemble case estimated for different meagayesaximum hourly rainfall amountb) maximum daily rainfall
amount, andc) maximum soil water index (SWI). The color of the track for each case representssitere defined by Eq6]. The crosses
indicate the TC location when maximum rainfall or SWI occurs. The filled diamonds (open circles) in the lower panels indiRegedies
when each typhoon in a suit of 61 basic members (105 additional members) passk@8ihdicated by the red line in the upper panels. In
the lower panels, the green line correspondR te 1. The vertical blue line corresponds to the longitude at which the typhoon simulated by
NOPVI passed at 30N.

the maximum value oR is 1.21 when the typhoon is shifted R value was computed in reality. In NOPVI, however, the
to Y_g2X0s8. For the maximum hourly rainfall amount in major rainfall area came across the southwestern slopes, so
Fig. 8a, in contrastR is not so peaked but it extends from that eastward-shifted ensembles hRdvalues higher than
135 to 137 E when the typhoon was at 38. NOPVI. Shifting the typhoon by 160 km to the east at the
One of the strongest convective systems existed thererelocation time increases the possibility thatRmpeak will

which brought heavy rainfall in the northeast quadrant of occur, although there is no recognizable relationship between
the Typhoon Talas (2011). This strong convective systenthe maximumR and the typhoon location. In this case,
came across the southeastern slope directly, so that a higihe maximumR of the maximum hourly rainfall amount
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Y. Oku et al.: Assessment of disaster potential based on an ensemble simulation of Typhoon Talas 2707

15 15 15
(@) (b) T (@)
1.0 . 1.0 1.0
e
o
05 05 05
. .
.," .
) a o . 34
max. hourly rainfall max. daily rainfall 21 max. S\(VI .
0.0 - - 0.0 - - 00 -
920 940 960 980 920 940 960 980 920 940 960 980

Figure 9. Relationship between the minimum central sea-level pressure of the typhaoas([units: hPa]) andk (y axis) for (a) the
maximum hourly rainfall amoun{p) the maximum daily rainfall amount, arfd) the maximum SWI.

occurred when the typhoon was shifted tag¥X 10 with to unchanged; in this case, however, precipitable water con-
a value of 1.17. The appearance of a heavy rain area adentis increased, which itself may affect the rainfall amount.
companied by convective clouds in the outer rainband is cerin the present study, we focus on the effects of the increase
tainly unsystematic and sporadic. The intensity of the indi-of TC intensity but not on the effects of the increase of pre-
vidual convective clouds was sufficient to have caused lo-cipitable water content.

calized rainfall. TheR of the maximum SWI, as depicted Using the output from a set of typhoons of different in-
in Fig. 8c, shows the superimposed characteristics ofRhe tensity, R of Eq. (6) is plotted in Fig.9 as a function of the

of the hourly rainfall amount and the of the daily rainfall ~ minimum central sea-level pressure achieved during the sim-
amount. A peak occurred when the typhoon was shifted atlation. Some cases, in which typhoons did not develop from
Y_o03X+10 With a value of 1.10. This implies that there is a the initial state, are excluded. For these members the modifi-
10% increase in the risk of a landslide disaster occurring,cation (intensification) to the vortex might be unrealistically

depending on the typhoon track. strong to allow the model physics to sustain the intensity, so
that the vortex could not develop further. Thus, we exclude
5.3 Intensity ensemble these ensemble members from the assessment.

As the typhoon intensity decreases, i.e., as the minimum

A number of researchers have reported that future TCs aréentral sea-level pressure of the typhoon increages,ex-
likely to become more intense, with larger peak wind speedgPected to decrease. The of the maximum hourly rainfall
and heavier precipitation associated with ongoing sea suramount reaches a blunt peak of 1.14 at 945hPa of the min-
face temperature increases (el§CC, 2007 Oouchi et al,  imum central sea-level pressure of the typhoon. Fidiae
2008. It is important to assess how intensity changes in TCsshows thatk does not strongly depend on the typhoon inten-
can influence the hazard of heavy rainfall-induced disastersSity in the range of less than 960 hPa. However, the maximum
In the present study, we focus on Typhoon Talas (2011) andaily rainfall amount is dependent on the intensity of the ty-
modify the potential vorticity intensity of the typhoon using Phoon. Figuredb indicates thatR increases with decreas-
the PVI method without changing the location. For this pur- iNg minimum central sea-level pressure of the typhoon and
pose, a series of typhoons of different intensities perturbing€aches a peak of 1.42 at 936 hPa. However, below 936 hPa,
from the original are generated. This is done by changingR increases very little,

the potential vorticity intensity when putting the typhoon po-  The higher potential vorticity causes the warmer vortex
tential vorticity back to its original location in the NOPVM core of TC, hence TC can hold much more water vapor from

experiment. Note that the modification of typhoon intensity the sea surface. Consequently, it brings a more accumulated
did not influence its track route much, although this is not rainfall amount, but is not considered to always lead severer

shown herein. rainfall intensity. Figured implies there is the limitation of
In changing the intensity of the potential vorticity of the convective cloud growth and it might suppress further inten-
simulated typhoonS, we do not Change the mixing ratio Ofsiﬁcation of rainfall. As in the case of the track ensemble,
water vapor within the specified TC potential vorticity, nor R of the maximum SWI, as depicted in Fific, shows the
in the surrounding field. This is based on the idea that pre-Superimposed characteristics of the hourly rainfall amount
cipitable water content should remain unchanged in orde@nd the daily rainfall amount. The maximum valuefofat
to eliminate possible influences of precipitable water change936 hPa is 1.28.
on rainfall amount. Under this assumption, relative humidity
within the TC potential vorticity decreases when the potential
vorticity is intensified, because the temperature within the in-
creased TC potential vorticity becomes higher. It is noted that
another idea would be to set the relative humidity within TC
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