UNCERTAINTY OF EXTREME STORM SURGE ESTIMATION BY HIGH WIND SEA
SURFACE DRAG COEFFICIENT AND FUTURE TYPHOON CHANGE

Hiroyasu Kawali, Noriaki Hashimot& Masaru Yamashifoand Tomohiro Yasuda

Japan has been constructing long coastal defemse tie storm surge disaster with a loss of 5,8@8 by Typhoon
Vera in 1959. The defense is designed for the stwater level including the storm surge of the staddyphoon
based on Typhoon Vera. Stochastic typhoon modelllaiting various typhoon track and intensity witlole Carlo
method, is one of useful tools to estimate therreperiod. According to recent research outputrétern period of
the storm surge of the standard typhoon is neary&@® or more at three major bays in Japan. Baetls uncer-
tainty by some of parameters and models in thehassitc simulation. Sea surface drag coefficientenridgh wind
speed and future change in typhoon intensity aaaktare critical to extreme values of the storngssir

Keywords: stochastic typhoon model; storm surge; design stormwater level; return period; sea surface drag coeffi-
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INTRODUCTION

Every year several typhoons make landfall on aspay the Japanese Islands. Fig.1 shows the
coastal line of the Kyushu Island, Shikoku Islaadd the southwest part of the Honshu Island. On the
Pacific Ocean coast, there are several bays havlaggth of several ten kilometers from the souther
entrance to the northern end. The water depthaliosth less than 30m in the majority of the bayseTh
Japanese three major economical areas, includikgol ?Nagoya, and Osaka Cities, face such the bays
and have a large population and expensive propertyide low-lying land. That is a reason why Japan
has the history of terrible storm surge disasters.

The worst storm surge event during the latestyH20s was triggered at Nagoya by Typhoon Vera
in 1959. The typhoon made landfall on the Pacifiast of the Hunshu Island with a central presséire o
929 hPa and then passed by Ise Bay. The storm semghed 3.5m at Nagoya on the astronomical tide
level of slightly higher than the mean sea leveingequently coastal defense was breached at many
locations and approximately 5,000 people were dreawdeath. After the disaster, the Japanese Gov-
ernment determined the standard typhoon with aengity of Typhoon Vera, simulated the possible
maximum storm surge in major bays such as Tokyq B&yBay, and Osaka Bay with numerical mod-
els, and then defined the design storm water Hevatoastal defense as the sum of (a) the storgesur
by the standard typhoon and (b) the astronomicgl tide level. The government also chose the highes
storm water level record for the design storm whteel on the coast of relatively rural areas. Tie
jority of the concrete coastal defense coveringXapanese coast at the present time is based on the
design storm water level. Due to the above-mentldmeckground most of Japanese coastal engineers
believe that such the high storm water level appesy rarely even if it could appear during théiesk.
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Figure 1. Coastal line of central part of the Japanese Islands with the track of Typhoon Vera
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Few efforts have been done in quantification ofrétern period of the design storm water level.
However, in spite of the coastal defense desidmethe high storm water level, severe storm surge
disaster was triggered by Typhoon Bart in 1999 éhashi et al. 2002, Kawai et al. 2007). Ten ty-
phoons, more than three times the average yeare taadfall on the Japanese main four islands and
accumulated coastal damage. The time interval lzstwae typhoon and the next was shorter than the
recovery. These recent situations let the enginemegnize that the estimation of the return pedbd
the current design storm water level is necessarthe performance evaluation of the coastal defens

STOCHASTIC SIMULATION AND RECENT RESEARCH OUTPUT

Recent Research with Stochastic Simulation

The most reliable and direct estimation of themeperiod of the current design storm water level
is the extreme-value analysis on water level datained at a tide station for a certain long periat
the history of tide observation is still short i@pan except for a few tide stations. Comparing tiet
storm surge magnitude varies even in a small Hs,density of tide stations may be insufficient.
Therefore we need to collect the water level datthb other method. A stochastic simulation, whigh
the combination of

- the stochastic typhoon simulation providing theckrand intensity of numerous typhoons by the

Monte Carlo model based on past typhoon statisfidashino and Kuwata 1987, Hatada and Ya-

maguchi 1996, Katoh et al. 2003, Rumpf et al. 2006)

the calculation of the storm surge of each typh@oid,

- the fitting of the storm surges to an extreme-vélunetion,
is one of useful tools to breakthrough the abovetmeed difficulty. Fig.2 illustrates the concepf
the stochastic simulation. There are several sstithigphoon models.

Fig. 3 shows an example of the recent researghutsi{Kawai et al. 2008a, 2008b). The storm
surge by the standard typhoon and its return pasid@i and 1,500 years respectively at Tokyo, 3.5m
and 150 years at Nagoya, and then 3m and 100 wed&saka. The current design storm water level
including the astronomical high tide level andriggurn period is 5.1m and much longer than 1,000
years respectively at Tokyo, 5.9m and 400 yeandagfoya, and then 4.8m and 250 years at Osaka.
These results show that the current design stortardevel is not so low in engineering sense. How-
ever, we need to take care of the uncertainty & sfochastic simulation for quantitatively detailed
discussion on the safety degree of coastal defédaally some of the parameters and models in the
simulation, such as the number of the typhoon sasnmihd the distortion of the typhoon pressureidistr
bution, affect the extreme wave and storm surgaeg(Yamaguchi et al. 1995, Nonaka et al. 2000).
Then this study focused on (1) the typhoon winddfiestimated with empirical models, (2) the sea
surface drag coefficient under very high wind spefhore than 30m/s, and (3) future typhoon change.
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Figure 2. Concept of stochastic simulation
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Figure 3. Storm surge and water level with a return period of 10 to 1000 years at major locations.

Stochastic Typhoon Model and Future Typhoon Change

Among several research on stochastic typhoon rapéishimoto et al. (2004) divided typhoons
affecting Japan from 1951 to 1999 into five seas@msJune and July, (b) August, (c) September, (d)
October, and (e) other months, and estimated treners, (a) the location of the typhoon centg, (
the central pressure, (c) the radius of maximundvgipeed, and their variation with time, in each sea
son in each rectangular cell with a width of 1.gr@es in longitude and a height of 1.5 degreeatin |
tude. On this analysis, the radius of maximum véipded of each typhoon was estimated from the cen-
tral pressure and the radius of a constant presfm®ur on weather maps, provided from the Japan
Meteorological Agency. Then they developed an aegpession model to describe the variation of
each parameter with time of each typhoon.

T =T+ AT =T, +S(x. ¥ )+ Y AZ .+ (1)
=1
Hence,i is the time step with an interval of one hofrjs the parameter valudlT; is the variation of
the value per houl(x;, y;) is the mean variation at the longitugdeand the latitudsy;, A,, is the auto-
regressional coefficient determined by Akaike’sohmfiation CriteriaZ., is the deviation, and thenis
the white noise. This paper gave numerous typhaadsr the current climate by the above-mentioned
stochastic typhoon model (hereinafter STM-p).

According to recent meteorological research omrtutclimate in the northwest Pacific region,
typhoon intensity may increase on the average veeilere typhoon frequency may decrease (Oouchi et
al. 2006). A quantitatively projection of the fremcy, track, and intensity of future typhoons ifl st
quite difficult due to the uncertainty in the numsaf model and its input data, while qualitativebugh
estimation may be possible at the present timet iBrereason why this paper examined two stoahasti
typhoon models with a simple future change in tygheharacteristics. The first model (hereinafter
STM-n) assumes that the fil&fx;, y;) will move toward north by 1.5 degrees in longéuahd that the
probability distribution of the typhoon origin wiiot change (Kawai et al. 2006). It means that the
typhoon developing area will expand toward the mand that the frequency of intense typhoons will
increase at high latitude. The second model (haefieinSTM-i) assumes a simple change that the cen-
tral pressure depression will increase by 10% liadha typhoons in all the area.

This paper conducted the above-mentioned the astichtyphoon model STM-p for the current
climate and two stochastic typhoon models STM-n 8idiA-i for the future climate, to provide the
parameters of the typhoons for 500 years respégtidad then this paper picked up major typhoons
crossing the target area with a certain low cemtrassure to reduce the quantity of storm surgelsim
tion. The number of finally selected typhoons 301, for STM-p and STM-i and is 1,399 for STM-n.

Typhoon Wind Field Model
The marine surface pressure fig@) of each typhoon at each time step was given isyghper
with Myer’s equation (1961) that is one of the mpspular empirical parametric models:

p(r)= p, +Apexp(-r,/r) (2
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wherer is the radial distance from the typhoon cenpgris the central pressurdp is the difference
between the central pressure and the environmpreatsure, and theg is the radius of maximum wind
speed. The location and central pressure were @iiyehe stochastic typhoon model.

The marine surface wind field is estimated froma giressure field and the typhoon forwarding
speed. This paper compared two different wind §ieddzen by empirical parametric models. The first
model (hereinafter Typl) gives the sum of the vectf the pressure gradient wind and the typhoon
forwarding effect. The pressure gradient wind conguU,; can be estimated from the balance of the
pressure gradient force, the Coriolis force, aral ¢antrifugal force at a wind element on a constant
pressure contour.

_ P U (-1 A 3)
U,(r)=Ccu,(r) Cl{ 2+\/(2j +,0a rex;{ rj}

The typhoon forwarding componeds is proportional to the forwarding speed.

U, =C,(U, /U, o)y (4)

whereC,; andC, are wind speed reduction factors (0.66 in thiseppp is the Coriolis parametep, is
the density of the ait),,q is the wind speed); atr=r,, and thervs is typhoon forwarding speed. The
direction of the pressure gradient wind compone®0i degree inward due to sea surface friction.4&ig
shows the wind field witlp.=940hPay,=75km, \V;=70km/hr where the maximum wind speed appears
to the southeast from the typhoon center. This fnisdeery popular in practical works in Japan and
was often used in previous stochastic typhoon aodnssurge simulations (Kawai et al. 2006, 2007,
2008a, 2008b).

The second model (hereinafter Typ2) gives thetgsiuwf the balance equation of typhoon for-
warding effect as well as the pressure gradiemefothe Coriolis force, and the centrifugal fortae
wind speedNis given by

W :C{— rf =V, sin,8+\/(rf -V, sinﬁ)2+ArJr()exp{_r()j} 5)
2 2 O, r
_c.+lo,-c ) X efr-L)a X | 0
C Cm+(Cp Cw)(xp] exp’l[1 kJ[l [XpJ]

C,= min{2[1+1()(°°2:m’)'1'g )],1} (7)

wheref is the direction from the typhoon cente,=2/3, k=2.5, X=r/ro, andX,=1/2. The wind speed
reduction ratioC considers super gradient wind of which directisrgiven as a function of the radial
distance (Mitsuta and Fujii, 1987). This paperadticed a limitation of 1 in the parame@yto avoid
unrealistic intense wind speed. Fig. 4 shows thedviiied calculated by the model Typ2 with the same
parameters as Typl. This model gives the maximumd wpeed to the east of the typhoon center.

Fig. 5 compares the variation of the wind speelatda, locating at the west end of Seto Inland
Sea (see Fig.1), during the passage of Typhoon &hE®16, estimated by the empirical parametric

forwarding

Figure 4. Wind field calculated by empirical models
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models Typl and Typ2 and the meso-scale physicalem@M5 (Kawai et al. 2009). Among three
models, the model MM5 looks most precise, and tbdehTyp2 is better than the model Typ1.

Storm Surge Model and Sea Surface Drag Coefficient

The storm surge is computed by a typical one-lagerlinear long wave model (Kawai and Take-
mura, 2002) based on the following governing eaunesti

dl+aﬂ+67N:O (8)
da ox oy
2 _ 2 2
M, a(M +6(MN):fN_gD6/7_D6p+rSX Ty o3, O°M (9a)
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whereM andN is thex andy component of the flux flow respectively,is the water surface elevation,
D is the total depthgy is the density of sea watem, and 7, is thex andy component respectively of
the sea surface stresg, and 7, is thex andy component respectively of the sea bottom stretls wi
Manning'’s roughness coefficient, and th&nis the horizontal eddy diffusion coefficient. Thea sur-

face stress is given by
Ty = P.CaW, W, +W, 2 (10a)

Ty, = PaCaW, W, +W,° (10b)

whereCy is the sea surface drag coefficient. Mitsuyasukamshba’s drag coefficient (1984),

_ [ (1290- 0024W)/10° (W <8) (11)
‘ _{ (0581+ 0063W)/10° (W =8)

is widely used for the storm surge simulation ipala Fig. 6 shows the coefficient in a graph. The
model assumes that the coefficient is proportieeahe wind speed when the wind speed is larger tha
8m/s. However, recent research showed that thevahy be constant or decrease for a very high wind
speed such as 30m/s (Powell et al. 2003, Zhanh 20@6). Therefore this study examined the coeffi-
cientCym, being constant for more than 30m/s and the moele@efficientCyq betweenCy and Cypy.
The storm surge model conducted in this study iscooipled with a wave model. The complicated
process is not included how much wave splays eafostorm surges under high wind condition. If such
the phenomenon is predominant, we should takegeidaea surface drag coefficient to count the effec
in the simple storm surge model.

The target area in this paper is the semi-clossd lvith large population and expensive property,
such as Tokyo Bay, Ise Bay, and Seto Inland Sdadimg Osaka Bay. Fig. 7 shows the computational
domain with a spatial grid interval of 1.8km. Thersn surge model uses two-way nested grids. The
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Figure 6. Sea surface drag coefficient examined in this study
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Figure 7. Computational domain for storm surge simulation

storm surge model does not include terms for wa¥epsin the governing equations but is applicable

for these bays because the wind wave height is novedr in these bays than on the open coast for the
Pacific Ocean.

Extreme-value Analysis

Following the storm surge simulation, the bedirit extreme value function of the storm surges
was selected from the Gumbel (FT-1) Distributidme #T-11 Distribution with a shape parameke®.5,
3.33, 5, and 10, and the Weibull Distribution with0.75, 1, 1.4, and 2. The most applicable distribu-
tion was selected among these nine ones. And tieeextreme storm surge with a return period ofolO t
1,000 years was estimated at each computatiordhlogriFig. 7. Consequently the Weibull Distribution
(k=1.4 or 2.0) was selected at the majority of tHidsgand the Gumbel Distribution or the FT-II Distri
bution k=10) at some other grids for the case of the m8d@&ll-p and the coefficiert,.

UNCERTAINTY IN STOCHASTIC SIMULATION

Comparison by Wind Field Model
As mentioned in the former chapter, there are tiypical wind field models Typl and Typ2. The
model Typl was often used in the stochastic sinorabut the model Typ2 gives a better wind field

than the model Typl. That is reason why this papenpares the storm surge estimated by the model
Ty2 with that by the model Typ1.
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Fig. 8 shows the storm surges of the stochagpicdgns during 500 years at two typical locations,
Osaka and Takamatsu. In this comparison, the comypioons provided by the stochastic typhoon
model STM-p were examined and the common sea sudieag coefficien€Cy was selected in the storm
surge calculation. At Osaka, 5 typhoons with arsteurge of more than 3m appeared in each case. The
difference from the storm surge calculated by tloeleh Typ2 to that by the model Typ1 is large if the
storm surge is larger than 2m. The mean ratio efstorm surge calculated by the model Typ2 on that
by the model Typ1l is 0.87. On the other hand, &afatsu, the difference in the storm surge between
the models Typl and Typ2 is small and the mean wdtthe storm surge calculated by the model Typ2
on the model Typl is 0.99. Such the differencehin ltias of the storm surges between two locations
may be related with the difference in the predomiromponent of the storm surge. Actually Osaka
locates at the innermost of Osaka Bay where the-diift effect on the storm surge is generally much
larger than the suction effect of depression. Taltamlocates near the water strait connecting Hari-
manada Bay with Hiuchinada Bay where the wind-dfifect is smaller than Osaka.

Fig. 9 compares the extreme-value functions ofdtoem surges between the models Typl and
Typ2. The extreme-value of the storm surges estichy the model Typ2 is smaller than that with th
model Typl until the return period of 500 and 3@@ng at Osaka and Takamatsu respectively. But the
relation will reverse at a longer return period.

Fig. 10 compares the plane distribution of the-g§@ar-return storm surge estimated by the models
Typl and Typ2. In both the models the extreme-valutne storm surges is large in several bays such
as Tokyo Bay, Ise Bay, Seto Inland Sea, and Ard&g. Comparing these models more carefully, the
storm surge calculated by the model Typ2 is smalian that with the model Typ1 in the eastern and
central part of Seto Inland Sea and is largeréwbst part of Seto Inland Sea, Tokyo Bay, Ise &ay
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Figure 8. Comparison of storm surges between Typl and Typ2
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Ariake Bay. Such the bias in the extreme-value bmyelated with the difference in the position lod t
maximum wind speed in a typhoon (see Fig.4).

Comparison by Sea Surface Drag Coefficient

According to recent research on stochastic sinauathe return period of the storm surge of the
current standard typhoon is nearly 100 years orenadrthree major bays, Tokyo Bay, Ise Bay, and
Osaka Bay (Kawai et al. 2008a, 2008b). The dradficant plays a very important role in the storm
surge simulation for an intense typhoon havingghhwind speed such as more than 30m/s. That is
reason why the effect of the sea surface drag icteit on the storm surge should be verified.

Fig. 11 shows the storm surges of the stochagttwoons, estimated with the sea surface drag coef-
ficients Cy andCy. The common stochastic typhoon model STM-p andiviield model Typ2 were
selected in this comparison. At Osaka, the diffeeeftom the storm surge calculated with the coeffi-
cient Cy to that with the coefficienCy,x appears at the storm surge of 2m. The differepeehes
approximately 0.3m, being equivalent to 10%, atdteem surge of 3m. At Takamatsu, the difference
appears at the storm surge of 1m.
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On the other hand, Fig. 12 shows the tack of Tgphdancy, T6118, of which track is similar to
the current standard typhoon and Fig. 13 showssttien surge at Osaka by the typhoon tracing the
track of Typhoon Nancy with a central pressure @5,940, and 915hPa. The difference of the storm
surge estimated with the coefficie@; from that with the coefficien€y. is very small for the ty-
phoon with a central pressure of 965 hPa neamttemsity of a decadal typhoon. The differenceilk st
not so large for the typhoon with a central presafr940hPa, near the intensity of the currentdsesh
typhoon, and is large for the typhoon with a cdrprassure of 915 hPa, over the intensity of the cu
rent standard typhoon.

Fig. 14 compares the extreme-value functions @fstiorm surges estimated with the coeffici&hts
andCy. The difference in the extreme-value of the steurges is small at a return period of 10 years,
but increases rapidly at a longer return period. &@mple at Osaka, the 100-year-return storm surge
estimated with the coefficiefl, is nearly equal to the 200-year-return storm suwvijle the coefficient
Caim-

Fig. 15 compares the plane distributions of th@-g@ar-return storm surge between the coeffi-
cientsCy andCy . In both the cases, the 100-year-return stormesigdarge in several bays such as
Tokyo Bay, Ise Bay, Seto Inland Sea, and Ariake.Béde difference of the storm surge estimated with
the coefficientCy,, from that with the coefficienty is negative at all the bays and is significanthat
innermost of the bays where storm surge often besaignificant.



. [ T , [ T
.,Gtg? 01 2 3 4 5 6(@m) ,Gg’ 01 2 3 4 5 6(m)

‘ S| feam %f (s

[ T
.,Gtg? 01 2 3 45 6(@m)

} Osaka

’ } Takamatsu

storm surge (m)

[
10 20 50 100 200 500 1000

0 Lol

return period (year)
Figure 16. Comparison of extreme value functions between STM-p and STM-n

Comparison by Future Typhoon Change

The return period of the storm surge of the curstandard typhoon decreases if intense typhoons
will appear frequently. This paper assumes two Enggenarios of future typhoon change although
precise future climate change simulation is stiltg difficult.

Fig. 16 compares the extreme-value functions ofstbem surges between the stochastic typhoon
models STM-p and STM-n. The model STM-p was dewalbpased on the past typhoon statistics
while the model STM-n assumes that the plane digiion of the mean variation of the typhoon pa-
rameter with timedS(x;, y;) moves toward to north by 1.5 degree on latitiddeere is a large difference
in the storm surge between these cases even foora return period at Osaka. Fig. 17 compares the
plane distribution of the 100-year-return stormgeurThe areas with a large 100-year-return storm
surge are common between these cases. Comparireg caefully, the model STM-n gives a larger
100-year-retunr storm surge in whole of Seto Inl&sh and Ariake Bay, and gives a smaller storm
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surge in limited areas including Tokyo Bay. Theufekeads that the storm surge is very sensitivénéo
change in typhoon track and intensity.

On the other hand, Fig. 18 compares the extrerhevianctions of the storm surges between the
stochastic typhoon models STM-p and STM-i. The m@&TEM-i assumes the typhoon intensification
by 10%. The wind field model Typ2 and the sea surfdrag coefficienCy, Were commonly selected
in these cases. The difference of the extreme-vafiube storm surges estimated by the model STM-i
from that with the model STM-i is large at a lorjurn period. Figure 19 compares the plane distribu
tions of the 100-year-return storm surge betweesedhcases. The areas with a large 100-year-return
storm surge are common between these cases, adifétence is large in areas with a large 100-year
return storm surge.
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CONCLUDING REMARKS

Stochastic simulation is one of useful tools tenitfy the return period of the current storm water
level based on Typhoon Vera in 1959. However, therencertainty in some of the parameters and
models in the simulation. That is a reason why wmrdcicted the sensitivity analysis on (a) the eroalri
parametric marine surface wind field model, (b) ke surface drag coefficient under high wind speed
and (c) the future typhoon change. The analysisiedollowing results:

(1) The extreme-value of the storm surgdarige at innermost regions of several bays on the P
cific Coast of Japan, in any wind field model, seaface drag coefficient, and future typhoon
change within the assumptions in this paper.

(2) The extreme-value of the storm surgeeissive at these regions to the wind field modeh
surface drag coefficient, and future typhoon chafige sea surface drag coefficient is a critical
parameter to identify the long return period of tugrent storm water level based on the stan-
dard typhoon and discuss on the possibility of éigivater level than the design. One of two
scenarios on the future typhoon change in this pgpee the decrease in the extreme-value of
the storm surge in some of the regions.

We would like to introduce more precise model witbre appropriate parameters into the stochastic
simulation with care of the uncertainty in the siation. Such the efforts are necessary for thegper
ance evaluation of coastal defense at presentairden the future.
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