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Synthetic tsunamis along the Israeli coast

By Josnua TOBIAS AND MICHAEL STIASSNIE*

Department of Civil and Environmental Engineering, Technion—Israel Institute
of Technology, Haifa 32000, Israel

The new mathematical model for tsunami evolution by Tobias & Stiassnie (Tobias &
Stiassnie 2011 J. Geophys. Res. Oceans 116, C06026) is used to derive a synthetic tsunami
database for the southern part of the Eastern Mediterranean coast. Information about
coastal tsunami amplitudes, half-periods, currents and inundation levels is presented.

Keywords: tsunami; water waves; Israeli coast

1. Tsunami sources and coastal target sites

The main tsunami sources that threaten the Israeli coast are earthquakes at the
Crete—Hellenic arc and Cypriot arc ruptures. Tsunami parameters at 17 coastal
sites from Beirut in the north to Alexandria in the south (including three sites
in Lebanon, seven in Israel, two in Gaza and five in Egypt) are considered. The
tsunami sources and the coastal locations are shown in figure 1.

2. The idealized model for tsunami study

The main features of the idealized model for tsunami evolution are given
below. The complete derivation and its theoretical consequences can be found
in Tobias & Stiassnie [1].

The initial disturbance of the free surface, 14, at time ¢t =0, is given by

na(r,0) = noe™ "/, (2.1)

where 71y and a are the initial maximal amplitude and lateral extent of the
disturbance, respectively, and r is the radial distance from the source of the
initial disturbance (located above the earthquake epicentre).

For an ocean of constant depth H, the evolution of the flow field (2.1) in time
is well known, and is given in Leblond & Mysak [2, §50] by

noa?

na(r,t) = J ke_(k“)2/4jg(kr) cos(Qt) dk. (2.2)
0
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Figure 1. Map of tsunami sources and coastal locations.

In (2.2), Jy is the zero-order Bessel function of the first kind, and the frequency
Q is related to the wavenumber £ through the linear dispersion relationship:

Q? = gk tanh(kH). (2.3)

It is assumed that the open ocean extends from the source of the tsunami at » =0
to the edge of the continental shelf at r= L.
The depth h of the continental shelf is assumed to vary linearly according to

L+1—
h(T) = —hﬂ( —i_l T) s
The evolution of the tsunami on the continental shelf is modelled by the linear
shallow-water equation (see Dean & Dalrymple [3]):

azns ans d ans
A%k h
32 ot~ Jor ( ar

n (2.5), the water depth h is given by (2.4), 7, is the free-surface elevation on
the continental shelf, and A is a friction coefficient.

The solution of (2.5) is required to be finite at the shoreline, r =L + [, for all
time, and to be compatible with the deep-sea solution (2.2) at the edge of the
continental-shelf:

L<r<L+l (2.4)

), L<r<L+I. (2.5)

ns(L,t) =k H(t)na(L, t). (2.6a)

In (2.6a), H(t) is the Heaviside step function, and «; is the transmission coefficient
of long waves over an abrupt depth change, from a depth of H to a depth of Ay,
given by
2
Kp = ————— (2.60)
ho/ H

(see Dean & Dalrymple [3]).
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The solution for the continental-shelf region is obtained as follows:

— A Fourier transform from the time domain to the frequency domain is
applied to equations (2.2) and (2.5). The Fourier transform leads to a
Bessel equation in r, which has to be solved in [L, L + [].

— One of the Bessel functions (Yj) is omitted owing to the requirement
of boundness at r=L 4+ [. The coefficient in front of the other Bessel
function () is calculated using the transformed boundary condition, (2.2)
and (2.6a).

— The inverse Fourier transform, from the frequency domain to the time
domain, is applied. The integral over frequency is calculated using the
Cauchy residue theorem, to obtain for ¢ > 0:

2 oo _ 2
ns(r, £) = 200 J dk kexp( ka) ) Jo(kL)
0
oi0t om0t
X |: 5 By(r, Q) + 5 By(r,—Q) — Q(r,t,k):|, (2.7a)
where
73 _
Bo(r.w) = Jo(2¢/(w 1wA)l('L +1—7)/gho) (2.70)
Jo(21y/(w? —iwA)/ gho)
and
it
5 By(r, Q) +c.c., for t <0,
Q(r,t, k)= il 00 aie
-5 By(r,Q) + ;e Bj(r,Q)+c.c., fort>0,
(2.7¢)
with
Bi(r, @)= — L0
2/ (ghoo/12) — A2
Jo(aj/(L+1—1)/1) it Sy
X @) exp (5\/(9%01]./[2) A2)
1 1
X + ,
Johoa?/2) — 42 =20 114 [(ghoa?/2) — A +20 +i4
j=1,2,... (2.7d)

where J; is the first-order Bessel function of the first kind, and «; are the
positive zeros of Jy, i.e. Jy(e;) =0,0; > 0.

The integration over k in either (2.2) or (2.7a) is carried out numerically using
MATLAB. The routine used, QUADGK, is based on the adaptive Gauss—Kronrod

quadrature method and is recommended for calculation of oscillatory integrals.
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Numerical experimentation revealed that setting the upper bound of the sum
in (2.7a) to 100 provides a stable result.

The energy loss over the continental-shelf region has two main components:
(i) loss due to bottom friction and (ii) loss due to energy leaking back into the
deep sea.

It turns out that the second component is significantly larger than the first.
Using the reflection coefficient, given in Dean & Dalrymple [3],

K :—VH/hU_l (2.8)
r /—H/h{)—kl’ .

and comparing it to the wave damping of progressive waves, due to the effect of
an ‘artificial’ bottom friction, over a distance of 2/, and simplifying, gives

gho In(k ")
on [T "

The initial amplitude 79 (m) and lateral extent a (km) are calculated using
equations for slip displacement D (m), and rupture area A (km?) given by Wells &
Coppersmith [4]:

log,, D=0.63M — 4.45 (2.10a)

and
log,, A =0.82M — 2.87, (2.100)

where M is the moment magnitude of the earthquake.

The following assumptions give the relationship between the earthquake
parameters given by Wells & Coppersmith [4] and the tsunami parameters
required for the model calculation:

10=0.7D, (2.11a)

assuming an average dip angle of about 45°, and

a= (éy/?, (2.11b)

™

which is consistent with the lower bound of equation (2.3) in Levin & Nosov [5].

The idealized model provides an analytical solution, based on five input
parameters: (i) M-—the moment magnitude of the earthquake; (ii) L—
the distance of the target site from the epicentre; (iii) H—the average depth of
the deep sea; (iv) hp—the depth of the continental shelf at its edge; and (v) I—the
width of the continental shelf.

Various numerical models using different approximations of the full
hydrodynamic problem have been used to tackle the tsunami phenomenon. For
details, the reader is referred to the recent book of Levin & Nosov [5].

Two recent papers, Madsen et al. [6] and Constantin & Henry [7], which
have questioned the relevance of the solitary wave paradigm for tsunamis, have
encouraged us to investigate the quality of the results produced by linearized
tsunami models (see also Hammack & Segur [8]).

A few rather encouraging comparisons with field measurements, during the
2004 Sumatra—Andaman tsunami, are reported in Tobias & Stiassnie [1]. In this

Phil. Trans. R. Soc. A (2012)


http://rsta.royalsocietypublishing.org/

Downloaded from rsta.royalsocietypublishing.org on March 21, 2012

Synthetic tsunamis along Israeli coast 1681

(a) 3.0
2.5

2.0

1.5
n

1.0 -

Salamon et al.
[9] (runup)
® Hamouda [11]

O Idealized model

=)}

®) 12+
10 £ T—
8 £ HH—
no6+ HHL
44 HHHI
2+ —HHHI
Oi‘—‘tﬁ‘dﬁﬁﬁ el Rl I~ B
2lo| 2| »E| o szl S)e
HIEIEIRIER: <|&| |2
HRME S EEE
® Thio [10] zl |3 = 2|R|8
@ <
0O Idealized model 1l21314ls516l71819l0l11112113114l15l16117

Figure 2. Tsunami amplitude n (m); comparison between different models for (a¢) M =7.8
earthquake at the Cypriot arc and (b) M = 8.9 earthquake at the Crete—Hellenic arc.

paper, we concentrate on the Eastern Mediterranean, and compare our findings
with results of more elaborate numerical models.

A rather reassuring quality check, in which the results of the idealized tsunami
model are compared with those of Salamon et al. [9], Thio [10] and Hamouda [11],
is provided in figure 2.

3. Tsunami calculations for the Israeli coast

The idealized model for tsunami study by Tobias & Stiassnie [1] is used to
calculate the tsunami amplitudes 7 and tsunami half-periods T for a wide range
of earthquake magnitudes M. These results, for M =6.5,6.6,...,8.2 in Cyprus,
and M =7.2,7.3,...,8.9 in Crete, are presented in tables 1 and 2.

Phil. Trans. R. Soc. A (2012)


http://rsta.royalsocietypublishing.org/

Downloaded from rsta.royalsocietypublishing.org on March 21, 2012

J. Tobias and M. Stiassnie

1682

€L°9 69°G ey Iy 99'¢ 90¢ L9¢  €€¢ 66T 9.1 ¢sT ST €T'T €0l ¢60 8L0 V90 PE0  vMpURXOlY LT
8T'0T 6.8 L&, L99 699 ¢V ¢y 0L Fee  8L¢  Gve <¢l'c 88T LST Gl 8¢l 80T 680 jedum@ 97
06'TT  9¢°0T 188 0LL L99 8LG 667 1€¥ 08¢ 6¢¢€ L8C €9C ¢ce 68T LT 69T 06T 90T pres uod 41
90°6 182 vL9 e8¢ L0¢ 667V 8L€  60€  68¢ 09¢ Oce 16T OLT  ¥PL O 6T 9T 00T €80  PAvV-P I VI
LY 607 ¢g'e  ¥oe ¢9c  9ce ¥l L9T 9T 9¢'T  OF'T  L60 €80 4.0 990 G0 190  G¥0 UsSHy-Td €1
997 a0y e 8¢ 6%¢ Ve V6T L9T  L¥T 6T O'T 660 ¥80 LLO L90 950 0590 PO Wmosezey gl
@€ oL 61°¢ v.L¢ Le&c¢c G0¢ LT csl  ¥ET  8U'T 00T 060 LL0  0L0 190 IS0 SP°0  OV'0  yuouwezeyn I
667 €L'¢ Tee Ll 8¢ 90¢ 64T 99T ¥&'T  8T'T 60T 060 6.0 1.0 090 @250 9¥'0 070 woEusy - 01
[gug 99°¢ ere  69¢ c¢g¢ 10¢c VLT 09T 62T  ST'T 660 880 G0 690 090 050 €V0 8€0 POpPUSYy 6
8¢V 19°¢ L0¢ 19¢ S¢e  ¥6T L9T  9¥'T 8T OI'T  L60 980 GL0 %90 LS0 190 F90 960 ATAY PL 8
(4583 6L°C Ove 90¢c LT ¢l 0T IT'T 80 980 ¥.L0 990 890 6V0 G700 660 €60 Lg0 rAURION L
0Ty 87'€ ¢6'¢ 9y'¢c 80¢ LLT €91 I€T  E€T'T 00T 980 LLO €90 690 <¢S0 VPO 9€0 I€0 BIIBSIRT) 9
(44 o'y GLe €' 8L¢  OFye L0c 8LT  LST 9¢°T 61T ¥O'T €60 640 0L0 ¢90 €50 S70 CJleH g
L07¢ QLT 0¢'T 6¢T IT'T 960 €80 €L0 690 ¥90 650 7190 S¥0 O0F0 €€0 8¢0 ¥¢0 120 eALIeRN i
9L°C 17e 9¢’¢ GI'c 00¢ 8LT L9T S€T ¢<¢I'l  L60 ¢80 ¢L0 090 7vS0 LvO0 6€0 <¢€0 820 1nog €
L3¢ 76T 89T  9¥'1T Lg'T OI'T 90T 660 €0 €80 ¥L0 990 %50 80 1¥0 G0 820 €C0 epres 4
68T 94T 6T L0T 880 €0 090 0¢0 TI¥VO ¥EO0 80 €0 610 ST0 €10 010 800 L00O maeg 1
6'8 €8 L8 98 g8 7’8 €8 '8 18 08 6L 8L L'L 9L gL V'L €L G'L nw

OIR OTUL[[OH—9191))

LLT €41 ¢e’l  ¢I'l 660 980 F¥LO0 990 LS50 6V0 SP0 660 ¢&0 80 G0 6’0 8I'0  GI'0  BLpURXSY LT
vL'C LEC 90¢ 6LT PST €T LT'T 660 680 9.0 890 090 7190 ¢€¥0 0¥0 G0 060 GC0 yefumq 91
LTV 19°€¢ e 89¢ 9¢¢ ¢€c¢ 9LT 6¢1T ¥€T  9T'T <01 060 G0 0L0 €90 ¥vs0 S0 LEO preg1od 4T
1c°¢ 6L°C ¢v'e 0I'c 08T 8¢T 8T 6I'T ¥OT ¢60 LLO 0L0 €90 990 S0 9€0 T1€0 Lg0O PAvVPUd 71
[qae 16'T 99T ¢yl S¢T 60T G660 €80 ¥LO0 €90 990 1¢0  ¥PO  LE0 060  ¥E0 00 LTO USHV-TH €1
Ve 981 ¢l Iy 0T L0T 160 ¢80 690 ¢90 990 Ly0 860 G0 ¢€0 L0 €0 610 ymosezey gl
90°C 6L°T geT  €e1T 9T 10T 880 LL0 890 990 <¢¢0  LyO  OVO  €€0 920 €0 020  LTO0  UMouwezen 7
91'c 181 97T 81T ¢l V0T €0 8.0 1.0 ¢90 190 Ly0 €¥0 L&0 160 920 0c0 910 uopqysy - 0l
9I'c L8'T €T Il gl L0T ¢60 180 <¢L0 090 ¥§0  6V0 €0 9¢°0 660 €0 610 910 POpPUSY 6
91'¢C 18T €T  6€1T ¢¢cT 90T ¢60 6L0 TL0 090 €90 80 €F0  9¢0 660 €0 610 910 ATAY 8L 8
0L'T w1 gl L0T ¢60 080 890 190 €50 PO IFO L&O 160  9¢0 10 610 910 VIO eAuRION L
G0°c LL'T ¢¢'l 606’1  VI'L 860 980 ¢L0 990 Ls0 VYO VPO OVO ¥EO0 660 €0 8I'0 VIO BOLRSORT) 9
G0'¢ 09°¢ 8¢¢ 8T 89T 6VT 9T €I'T 860 080 G20 890 830 L¥0 L&O €0 620 GC0 TP H 4
8¢'1 11T ¢l 960 P80 PLO F¥90 €90 LyO 660 €60 060 9¢0 ¢c0 LTO VIO €10 IT0 eArrereN i
v'e 60°C LTy yer 90T 060 640 890 490 ¢g'0 9’0 660 €0  9¢0 ¥¢0 160 810 1nog €
9T L6971 9T €T ST'T 10T ¢80 ¢L0 650 ¢¢0 S0 L&0  T€0 620 920 €0 6T0  CT0 eples 4
G0'T 88°0 ¢L0 090 090 <¢¥0 <€0 6c0 P¥CO 0C0 LTO VIO <¢I'0 OI'0 800 L00 L00 900 g 1

¢'8 18 08 6L 8L L'L 9L gL V'L €L ¢l 1L 02 6’9 89 L9 99 g9 nw
oxe jourd£n)
'SOPNYTUSeU SYenbI[)Ies SNOLIRA 0) SNP SUOTIRIO] [R)sR0D LT 10J ()  sepnjrjduwre rwreunsy, ‘T o[qR],

Phil. Trans. R. Soc. A (2012)


http://rsta.royalsocietypublishing.org/

Downloaded from rsta.royalsocietypublishing.org on March 21, 2012

1683

Synthetic tsunamis along Israeli coast

11 11 0T 0T 6 6 8 L g 4 ¥ € € 4
0¢ 6T LT 91 VI €1 1T 6 8 9 g i € €
12 0¢ 8T 91 VI ¢l 1T 8 2 g g i € €
6T 8T L1 qT €T ¢l 0T 8 L g ¥ v € €
€1 ¢l 1T 0T 91 gt VI 1T 6 9 9 i ¥ v
91 qr ! 4! €1 1T 0T 6 L 9 g ¥ € i
4! €T €T €T ¢l 0T 0t 6 L g g i € i
€1 €T 4! ¢l 1T 1T 6 8 9 g 4 € ¥ €
¢l ¢l 11 11 11 6 6 8 9 g ¥ i € i
9¢ ¢l 11 0t 0t 6 6 L 9 g ¥ i € €
¢l 0T 6 8 6 6 6 L 9 g g i € €
6T 6T 0¢ 6 8 L L L 9 4 ¥ v € €
¢l 1T 1T 1T 0T 6 6 L 9 g ¥ i € €
0T 6 8 8 9 9 9 9 g 9 9 9 L v
6 6 0t 6 0T 6 0T 11 11 g ¥ € € €
0T 6 8 9 L 9 9 L 9 9 L L € €
€1 1T 1T 0t 6 8 L L 9 9 g g ¥ ¥
9'8 a8 7’8 €8 [ '8 8 6°L 8L L. 9L G'L i €L 4
0T 6 6 L L g g i € 4 € € 14 4
a1 4! 4! 1T 6 8 9 g ¥ € € € 14 [4
vi 71 11 0T 11 9 9 9 € 4 € € [4 4
4! €l 1T 0T 8 L g i i € € 4 14 €
! ¢l 0T 8 2 g ¥ ¥ € € 14 4 € €
11 11 6 6 L g g ¥ € € € 4 4 4
1T 0T 6 L L g i ¥ € 4 14 4 € [4
0T 6 6 L 9 g ¥ € € € [4 4 [4 4
0T 6 8 L 9 g € ¥ € 4 14 4 14 4
0T 6 8 L 9 g i ¥ € € 14 4 14 4
9 9 8 L 9 g g ¥ € 4 [4 € [4 4
8 8 8 9 9 g i i € € 14 4 14 4
6 8 8 L 9 g i ¥ € 4 14 4 14 [4
9 g 9 9 L 9 9 L € 4 [4 4 [4 4
0T 0t 1T 1T g ¥ € v € 4 14 € 14 4
9 L 9 9 2 L 8 L € € € 4 14 4
L L 9 9 g ¥ ¥ € € € [4 4 [4 4
6°L 8L L. 9L gL VL €L (9 T4 0L 69 89 L9 99 g

NN MMM AN ™

CANNNNNNNNNNNNNNN NN

RLIPURXI[Y L1
yedumn( 971
preg yodq qT
Pav-P Id i
USUV-TH eT
INOos eZRY) 71
[Iou ezer) 1T
UOeNYSY 0T
popusy
AIAY 8T,
vAURION
BOIRSOR))
ejleH
RALIRURN
mog

epreg
mieg

w

OIe DIUS[[P—9101))
RLIPURXO[Y L1
yedum(J 9T
pregs 104 QT
Pav-e Igd i
REISAAIC eT
INOos eZERx) 1
}I0U ezer) 1T
UoPHYSy 0T
pPopusy
AIAY 8L
vAURION
BIIRSIR))
®jleH
RALIRIRN
mog

epreg
IRy

w

ore jorrdA)

AN IO O -0 D

AN FLOO -0

‘sopnjrugenr ayenbi)res SNOLIRA 0) 9P SUOIIRIO[ [@)se0D AT I0J (uru) 7, spolrod-jrey] Twreunsy, °g o[qe],

Phil. Trans. R. Soc. A (2012)


http://rsta.royalsocietypublishing.org/

Downloaded from rsta.royalsocietypublishing.org on March 21, 2012

1684 J. Tobias and M. Stiassnie

Table 3. Numerical values of the parameters u; (m) and 8; (m) for the Gumble distribution given
in equation (4.1).

u (m) 8 (m)
1 Beirut —1.694 0.262
2 Saida —3.140 0.500
3 Sour —2.966 0.536
4 Nahariya —2.004 0.328
5 Haifa —2.914 0.597
6 Caesarea —2.283 0.438
7 Netanya —2.071 0.379
8 Tel Aviv —2.261 0.453
9 Ashdod —2.137 0.446
10 Ashkelon —1.994 0.434
11 Gaza north —1.914 0.421
12 Gaza south —1.916 0.439
13 El-Arish —1.896 0.438
14 Bir el-Abd —2.516 0.696
15 Port Said —3.422 0.928
16 Dumyat —2.803 0.767
17 Alexandria —1.864 0.494

Note that the tsunami amplitude is defined as the extreme deviation from
the mean sea surface (either elevation or depression); and that the tsunami half-
period is defined as the time difference between the arrival of the above-mentioned
extreme, either crest or trough, and the arrival of the following trough or crest,
respectively.

The tsunami speed at the coast, u, can be estimated from

u=./gn. (3.1)

An estimate for inundation level above the mean sea level, H, can be
calculated from

H=157. (3.2)

4. Long-term tsunami estimates

In order to assess the tsunami amplitudes for different return periods, one
needs some information regarding the return periods of the magnitudes of the
earthquakes. From table 4 in Thio [10], the return periods for M =7 and 8 at
Cyprus are 1000 and 10000 years, respectively. Based on the upper left entry of
fig. 6 in Tsapanos [12], the return periods for M =7.9 and 8.3 at Crete are also
1000 and 10000 years, respectively.

Assuming a first-type Gumble distribution for both the earthquake magnitudes
and the coastal tsunami amplitudes results in the following equation for the
tsunami amplitude n; (m), at the i=1,2,...,17 location, as a function of the
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Figure 3. Tsunami amplitude 7 (m) along the Israeli coast for different return periods: (a) 500 years,
1000 years; (b) 2000 years, 5000 years; and (¢) 10000 years, 20 000 years.

return period fy (year):

mi(t) = p; — B:In(=In(1 — 1)) (4.1)

(see Gumbel [13]).

The values of u; (m) and 8; (m) are given in table 3.

A bar-diagram presentation of the coastal tsunami amplitudes for the return
periods tg =500, 1000, 2000, 5000, 10000 and 20000 years is given in figure 3.

From figure 3, one can see that the most sensitive locations to tsunami attacks,
sorted by country, are Sour in Lebanon, Haifa in Israel and Port Said in Egypt, for
which the obtained tsunami amplitudes n with a return period of 5000 years are
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Table 4. Data for 5000-year return period.

7 (m) T (min) u (ms™1) H (m)
Sour 1.5 9 3.8 2.2
Haifa 2.2 11 4.6 3.3
Port Said 4.5 14 6.7 6.7

1.5, 2.2 and 4.5 m, respectively. The tsunami half-periods T, the tsunami speed,

as

well as the inundation levels H, for these cases are given in table 4.

5. Concluding remarks

We have decided to use the term ‘synthetic tsunamis’ in order to stress the fact
that our calculations are based on a host of simplifying assumptions. The most
severe of them all seem to be the data of the earthquake magnitudes with return
periods of 1000 and 10000 years.

This research was supported by the Israel Science Foundation (Grant 63/09), and by the Israel
Ports Company. The research is part of a MSc thesis submitted by Joshua Tobias to the Graduate
School of the Technion—Israel Institute of Technology.
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