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Abstract. We propose a method to compute tsunami runupal., 2006; Dominey-Howes and Papathoma, 2007; Gonza-
heights that is based on an integration of numerical, 2-Dlez et al., 2009; Dall'Osso et al., 2010; Gayer et al., 2010).
shallow-water modelling and an analytical, 1-D long-wave The direct calculation of the propagation of the tsunami wave
runup theory. This approach provides a faster forecast ofrom its source to the coastal zone using a single numerical
tsunami runup heights than a complicated coastal inundatiomodel results in low accuracy. As a partial solution, various
model. Through simulations of potential tsunami scenariosnested methods with different mesh resolutions in the open
this approach can also be applied to long-term tsunami presea and the coastal zone have been developed (Titov and Syn-
diction. We tested the model by simulating the historical olakis, 1995, 1998; Choi et al., 2003; Wei et al., 2008; Roger
event in the East (Japan) Sea and found that the estimatesd Hebert, 2008; Roger et al., 2010; Titov et al., 2011).
of runup heights agreed well with the available observationsNear the coast, accurate computing of tsunami wave dynam-
ics requires small grid steps of 10-100m. As a result, such
numerical models are difficult to use in operational practice.
For instance, in the East (Japan) Sea, tsunamis usually ar-
rive at the eastern Korean coasts within 100 min. Thus, the

Numerical modeling of the propagation of tsunami waves isfunup height in coastal zones must be predicted well in ad-
an important tool for forecasting tsunami heights and thevance, and it is for this reason that the Korea Meteorological
risks posed to coastal populations. Previous analyses ofdministration (KMA) uses the vertical wall approximation
tsunami characteristics have used the shallow-water moddl its model of wave propagation. The model permits rapid
with a no-flux boundary condition at a depth of 5-10m on warning, but it also yields low accuracy in its estimates of
the shore (Titov and Synolakis, 1998; Sato et al., 2003; Chofsunami runup height.

etal., 2003; loualalen et al., 2007; Schuiling et al., 2007; Za- In practice, the formula describing the runup of sine and
itsev et al., 2009; Beisel et al., 2009). In this model, runupsolitary waves on a planar beach is used to approximate the
heights are determined using simplified formulae of the 1-D,tsunami runup heights; see, for instance, Choi et al. (2002a)
analytic theory of long-wave runup for a fixed shape of anand Ward and Asphaug (2003). It has been shown recently
incident wave, whether a sine wave or a solitary wave (Choithat the formulae for wave runup with various shapes can
et al., 2002a; Ward and Asphaug, 2003). The runup stagé’e parameterised and unified for incident waves of various
is included in the numerical model by taking into account Shapes if the characteristic wavelength of the incident wave
the various assumptions concerning the hydraulic properjs determined on the level 2/3 from maximal wave height
ties (roughness) of the dry land, an important calculation for(Didenkulova and Pelinovsky, 2008; Didenkulova, 2009).

tsunami risk assessment (Glimsdal et al., 2006; Lovholt efPefining the incident wave near the coast, where the bot-
tom profile can be approximated by a planar beach, is not

_ ) straightforward if the computation is performed in a domain
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The primary purpose of this study is to develop a model z
that combines numerical simulations for wave dynamics far 1y
from the coast with analytical solutions for the wave runup. | /\
The novelty of our approach, as contrasted to previous stud- ~ ,{<---------- L
ies (Choi et al., 2002a; Ward and Asphaug, 2003), lies in its T~s i \_/
original expression for the runup ratio. This new approach S~
facilitates the rapid prediction of a tsunami’s characteristics
upon its arrival at the coast to help prevent tsunami-related
disasters. Section 2 describes an analytical approach to com-
pute the runup height using the wave height at the wall;
this approach is based_ on a rigorous solution of a set of 1'Fig. 1. Schematic presentation of the coastal zone
D shallow-water equations for waves above a planar beach.
Section 3 presents a shallow-water numerical model for sim-
ulating tsunami propagation in the East (Japan) Sea. The
combined model is tested in Sect. 4, which describes a nuleast in integral form) can be derived for an incident wave of
merical simulation of the 1993 event and calculations of thearbitrary shape (Synolakis, 1987; Pelinovsky and Mazova,
expected runup heights. Estimations of the runup heightsl992). The amplification factod) has been used to estimate
along the Eastern Korean Coast are in close agreement wite runup heights observed on the Korean Coast during the
observations. 1993 tsunami (Choi et al., 2002a).
When applied to tsunamis, the bottom profile varies in the
) ) coastal zone and cannot be represented as flat. A classic nu-
2 Analytical approach to compute the runup height merical model includes the wall at depthand distance.
through the height of a tsunami wave at the wall from the shore (Fig. 1). Numerical simulation can then cap-
ture the resulting oscillation of water level(L,t). Selecting
the incident and reflected waves from the wave records near

Iugltops gffl—D, nlonllnebar, shhallqw-v;/rz]ateéquatloné can bethe wall is not simple; here, we apply another approach based
obtained for a planar beach using the t.arnier — oreenspag,, rigorous solutions of the wave equation.

transformation (Carrier and Greenspan, 1958) for the var- The shallow-water equations in the linear approximation

ious shapes of the incident wave (Pedersen and Gjevik : :
: : ._tan be reduced to the wave equation for the water displace-
1983; Synolakis, 1987; Kaistrenko et al., 1991; Synolakis, d P

. . t,

1991; Pelinovsky and Mazova, 1992; Tadepalli and Syno-men
lakis, 1994; Carrier et al., 2003; #djlu, 2004; Tintiand 9%y @ [gh(x)é)_n}
x|’

In the analytical theory of long-wave runup, rigorous so-

Tonini, 2005; Kandjlu and Synolakis, 2006; Didenkulova et 572 ~ gx
al., 2006, 2008; Antuono and Brocchini, 2007, 2008, 2010;
Didenkulova and Pelinovsky, 2008; Madsen and Fuhrman
2008, Didenkulova, 2009; Briganti and Dodd, 2009; Do-
brokhotov and Tirozzi, 2010). The important result here is
that the linear and nonlinear theories predict the same max- 1 o

imal values for the runup height if the incident wave is de- n(x,t) = — / fi(x,w)-e " dw. 3)
termined far from the shore, and for this reason, linear the- 2n
ory can be applied to analyse the runup process. Within the . . , , .
framework of linear theory, rigorous solutions can be found ' N€ Fourier transform (x, w) is the solution of the ordinary
for various bottom profiles, not only the planar beach. A pop-différential equation following from Eq2j,

ular approximation of the bottom profile is a planar beach ¢4 di 5.

combined with a flat bottom (a configuration usually applied ;- [gh(x)a} T =0, (4)
in laboratory modeling). In this case, the incident and re- ]

flected waves are easily separated on the flat bottom, and the We assume that(x) =ax everywhere and is constant.

runup height of the monochromatic wave is (Shuto, 1972) For this case, an elementary solution dj (s presented
through the Hankel functions

2
whereg is the acceleration due to gravity, ahk) describes

the bottom profile. The general solution of EQ) €an be
found using the Fourier transformation

—0o0

2
R/A= 1)
JE(2kL)+ J2(2KL) .
V6 S fi(x,0) = B(@) HyY () + A(w) - HY? (2)
whereR is the maximal runup heighfj is the amplitude of ¢ =2wm (5)
the incident wavelL is the shelf width is the wave num-
ber of the incident wave, angy and J; are Bessel's func- Using the asymptote of the zero-order terms of the Han-

tions. Using Fourier transformations, similar formulae (at kel function, it can be shown easily that E§) Corresponds

Nat. Hazards Earth Syst. Sci., 11, 7074 2011 www.nat-hazards-earth-syst-sci.net/11/707/2011/



B. H. Choi et al.: Rapid forecasting of tsunami runup heights 709

to the incident wave with amplitudé (propagated onshore), and Kaistrenko et al. (1999) on a planar beach. Using
and the first corresponds to the reflected wave with ampli-the Fourier transformation ofl@), we can compute(0,)
tudeB (propagated offshore). We assume that characteristicthroughn(L,). The inverse Fourier transformation in this
of the incident wave are known, and therefofdw) can be  asymptotic case is expressed by the simple integral

found from the Fourier presentation of the incident wave.

We first analyse the wave runup on the vertical wall =00 n t—t dnx=L,7) (13)
(Fig. 1). The boundary condition on the wall is Ji—12-12 dr
di _0 6 ’
Ix e ©6) Equation {3) can be integrated by parts and written as
which leads to o \/7# d? n(x_L r)d 14
B@) HY (T) + A(w) - H? (wT) =0, 7y "w=00= I

whereT is the travel time of the wave from the wall on depth

h to the shore, In Egs. 3) and (L4), + =0 corresponds to the wave ap-

proaching the vertical wall. In the initial moment, it is as-

2L L sumed thaty(x = L,r =0) = dn(x = L,r =0)/dt = 0. The
r= Jeh =2 g_a' (8) input functionn(x = L,t) gives the water wall oscillations

. computed from the 2-D model. The maximumigfk =0,)
Equation (5) forx = L and (7) can serve as a system of in linear theory gives the maximal runup height of tsunami
equations to find the amplitudes of the incident and reflectedvaves on the coast in nonlinear theory.
waves, Thus, considering the two geometries of a nearshore pla-
- 1 nar beach (in the runup study) and a planar beach with a ver-
(L0 HE @T) ( ptucy) and ap

Alw) =— D > D 5 . (9 tical wall at a fixed depth (the equivalent boundary condi-
H§Y (0T H? (0T) — H{Y (0T)H{? (0T) tion), we have shown that the runup height can be expressed
= ) through the characteristics of the water oscillations on the
n(L,w)H;” (oT) : ) ) ) ) :
B(w) = vertical wall. This procedure is rapid and easily realised on

(D (2) D (2) ’ . . . .
Hy" (wT)Hy™ (0T) — Hy" (0T) Hy™ («T) computers. As a result, the numerical simulation of tsunami

Itis easy to simplify these equations, taking into account thatVaves can be used for estimations of the runup heights of
the denominator is the Wronskian of the Hankel functions {SUnami waves.

[see Eq. (9.1.17) in Abramowitz and Stegun (1964)]: Several limitations of the proposed approach should be
mentioned. First, the 1-D analytical runup theory is applied,

lna)TH(l)(a)T) - whereas the numerical simulation of tsunami waves in real

Alw) = 4 (L, ), basins assumes 2-D geometry. This distinction means that
zanH@ (T) _ 2-D effects (refraction, focusing, etc.) nearshore are not in-

B(w)=———1(L,w) (20) cluded in the model. The wave field on the wall generally
4 contains the approaching waves propagated onshore and the

Thus, the equationd () can be used to compute the spectral trapped waves propagated alongshore. It is evident that the
amplitudes of the incident and reflected waves through theirst waves in the time series near the wall are “onshore”
Fourier spectrum of the water oscillations on the wall. waves (trapped waves approach later), and thus the interval

We now consider the wave runup on the same planar beachf integration in Egs.13) or (14) should be bounded by the
with no vertical wall, assuming that the incident monochro- few first waves. The second limitation concerns the use of
matic wave has the same amplitud@v) as before. Inthis  the approximation of the nearshore bottom profile and the
case, the bounded (on the shore) solution to (5) is vertical wall as a planar beach with the same slope. Real
- . bathymetry near the wall can be approximated by the piece-
1(x, ) =2- A@) - Jo(©)- (D Jise linear function (fndjlu and Synolakis, 1998) or by a
Using (11) and (9) to eliminateA(w), we can calculate the power function (Didenkulova et al, 2009; Didenkulova and
wave field on a planar beach compared to the wave oscillaPelinovsky, 2010). It is evident that near-shore bathymetric
tion on the wall. In particular, the spectral amplitude of the features influence the runup process and may affect the re-

water oscillations on the shore is sults described above. Another limitation is the ignoring of
le)TH(l)(a)T) breaking effects in tsunami waves. Finally, the E4S) (or

70,0)= ——L2 " “H(L,w). (12) (14) contain linear approximation. However, as noted earlier,

2 the maximal runup height computed by linear and nonlinear

The expressionl?) can be considered the runup ratio for a theories is the same, suggesting that this last limitation is less
sine wave, which is discussed in Harbitz and Pedersen (1994jnportant. The appropriateness of these assumptions can be
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128'E 130'E 132°E 134°E 136'E 138°E 140°E 142°E —I 34°E 1 36°E 1 38°E 140°E
’ ’ | 46°N ' | '
Russia
44°N— B
o
i 4
42°N- Q/\ 205 -
40°N-— B
38°N- B
Japan
Fig. 2. Topography and bathymetry (contour unit: metre) of the
East (Japan) Sea. The 8 dots along the Korean coast indicate 36°N

beaches where comparisons between the observed and calculated

runup heights were made (see Fig. 6). Fig. 3. The location and initial water elevations of the 1993 event.

Solid and dashed lines indicate the positive and negative values,
respectively. The contour interval is 0.5 m.
tested through modeling historic events. In the next section
the developed analytical approach that will be used in estima-
tions of the 1993 tsunami runup heights in the East (Japan)
Sea. A general description of this event is given in (Choi et :
al., 1994, 2003). N

128'E 130°E 132°E 134°E 136°'E 138°E 140°E 142°E

3 Numerical model

A finite-difference model (Choi et al., 2003) was developed “™

to simulate the generation and propagation of the tsunami.
The numerical model uses the linear shallow-water equation*™ |
with a spherical coordinate system covering the East Sea are:
with mesh dimensions 9591118, a mesh size of 1 angular s |
min, and a 2-s time step (Fig. 2). The basic equations are \

8n+ 1 8P+ (0cosp) | = N
dt  Rcosp 1o} !
P h 0
S rg=o, s . | | |
dt  Rcosp 8)( Fig. 4. The distribution of maximum wave heights (cm) in the East
5 b3 (Japan) Sea for the 1993 tsunami.
99 ghn_ cp_y,
9t R ¢

In the equations above, and xy are latitude and longitude, Russian navigation charts and Korean hydrographic charts.
P and Q are discharge per unit width in the direction@f These data were used to produce a 1-min gridded topogra-
and y, respectivelyR is the radius of the earth, anflis the  phy and bathymetry dataset for the region (1Efto 143’ E
Coriolis parameter. longitude and 24N to 52° N latitudes) (Fig. 2) with a re-

We compiled all of the available topographic data with a fined 1 arc-second topography and bathymetry west of 135
digitisation of hydrographic charts, including Chinese andEast longitude (Choi et al., 2002b).

Nat. Hazards Earth Syst. Sci., 11, 7074 2011 www.nat-hazards-earth-syst-sci.net/11/707/2011/
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-3 F . - -
-4 L L n n

1.5hour 2.0 2.5 3.0 1.5hour 2.0 25 3.0

4 Chuam Beach Observed Runup : 1.77m Samchuk Beach Observed Runup : 2.15m
Water displacement on‘ the wall - Water displacement on‘ the wall -

3 H Water displacement on the shore — N |_|Water displacement on the shore — a

_3 — - - -
-4 L L L L

1.5hour 2.0 25 3.0 1.8hour 2.0 25 3.0

i Obunri Beach Observed Runup : 1.1m Gungchon Beach Observed Runup : 1.74m
Water displacement on‘ the wall - Water displacement on‘ the wall - :

3+ Water displacement on the shore — i |_|Water displacement on the shore — i

-2 |- . - .

-3 | 4 - .
-4 L L L L

1.5hour 2.0 25 3.0 1.5hour 2.0 25 3.0

i Hosan Beach Observed Runup : 1.38m Bugu Beach Observed Runup : 2.57m
Water displacement on the wall - Water displacement on the wall -

3+ Water displacement on the shore — _ |_|Water displacement on the shore — _

Gangmun Beach

Observed Runup : 1.87m

Water displacement on the wall

|_|Water displacement on the shore

Jungdongjin Beach

Observed Runup : 2.01m

Water displacement on the wall
|_|Water displacement on the shore

1.5hour 2.0

25 3.0

1.5hour 2.0

25 3.0

711

Fig. 5. Computed time series of water displacement on the vertical wall (dashed line) and on shore (solid line). The observed runup heights
are shown by a dashed-dotted line.
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Table 1. Fault parameters of the 1993 Hokkaido earthquake.

NCN) ECE) hekm) 6() 8¢) () Lkm) W(km) U(m)

42.10 139.30 5 163 60 105 245 25 12.00
42.34 139.25 5 175 60 105 30 25 2.50
43.13 139.40 10 188 35 80 90 25 571

126730F 129'008 129'30F 130°00F 130°30E 1317 00F direction of the tsunami’s propagation. We can infer that the
) direction of the tsunami wave’s propagation was slightly af-
}\ fected by bathymetry, because the general direction of prop-
A agation was to the north and to the Russian coasts. This
movement focused the tsunami’s energy away from the east-
ern edge of the East (Japan) Sea and the mid-eastern coast of

\ 3 Korea.

38°30'N

38°00N
/,

Chuam | Samchuk

éj‘o{x’ 4 The distribution of tsunami runup heights along the

37°30N

| Chuam & Samchuk.Bead—:\f _____________________________ B
Db e, | eastern Korean coast

Cungchon Beach '\ o @
y I

>
Hosan Beach s - - - -|- - 8--Q------- X

Bugu Beach' -~ - | -~ ----8------ 9 77777 x The tsunami that occurred on 12 July 1993 was well doc-
\ | umented along the eastern Korean coast (Choi et al., 1994;
\ ! Choi et al., 2002a). These observations were used to check
Obsenvation X the accuracy of the combined model. Figure 5 displays the

{ Water displacement on the wall O

p | Waterdsplacement on the shore O time series of the water displacement along the vertical wall
‘ 2 () as computed by the finite-difference model (dashed line).The
b displacement of the water on the shore (solid line) was cal-
A culated using the integral in EdL4) for the coastal locations
shown in Fig. 6. The amplification factor of the tsunami

Fig. 6. Comparison of the computed and observed runup heights ojwayes nearshore is approximately 2 to 2.2. The observed
the eastern Korean coast. maximal runup heights in these locations are given by num-
bers and by dash-point lines. The computations and obser-

The Hokkaido-Nansei-Oki earthquake occurred atyations agree well at all except two (the Hosan and Bugu
13:17 UTC on 12 July 1993. The eplcentl’e Of th|S eal’th- Beaches) Of the e|ght Coasta| |ocati0ns_

quake was in the East (Japan) Sea at 48,8139.2 E,
about 15-30km off the small offshore island of Okushiri
along the west coast of Hokkaido (Fig. 3). The magnitude5 Conclusions

of the earthquake was 7.8. Over 230 people were Killed, o . .
and a majority of deaths were caused by the tsunamiCombining 2-D numerical models and 1-D analytical runup
Property losses were approximately $600 million. For theth€ory, we proposed a novel and rapid method for forecasting
1993 Hokkaido tsunami, the fault parameters suggested bSUnami runups on the coasts. In the first step, the 2-D nu-
Takahashi et al. (1994) are in Table 1. Hérés fault length, merical simulations of_ tsu_nam| generation and propag:_’:l_tlon
W is fault width, U is dislocation, ; is focal depthd is are performed assuming |mperme§1ble bou_ndary conditions
strike angle s is dip angle and is slip angle. The initial of a 5-10 m depth at the last sea points (equivalent to a wall).
surface profile at the source was determined by the method hen the time series of the water oscillations on the wall are
of Manshinha and Smylie (1971). used to calculate the runup heights using the analytical inte-
The boundary conditions near the coast are “no-flux”: thedral expression following from 1-D theory. The accuracy of
normal component of the particle velocity or flow discharge Fh|s approach was validated against the historic tsu_nam| evept
to the boundary is zero, corresponding to a vertical wall at" the East (Japan) Sea; the observed runup heights are in
the last sea points. close agreement with the predicted values. We have demon-
We previously used this numerical shallow-water model in strgted that the proposeq approach is amore reasonaple and
our earlier studies of tsunami waves in the East (Japan) Se@‘p_Id method of fqrecastlng than complicated co_astal inun-
(Choi et al., 2002a, 2003) dation models. This new method can also be applied to other

regions.

37°00N

36°30N

36°00'N

Figure 4 shows the distribution of the maximum water el-
evations in the East Sea for the 1993 tsunami and the general
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