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Abstract. Karymskoye caldera lake is a nearly circular 1 Introduction
body of water with a diameter of approximately 4 km and
a depth of up to 60m. The sublacustrine, Surtseyan-typetbout 25% of all the fatalities directly attributable to
eruption in the lake on 2-3 January 1996 included a serie¥olcanoes during the last 250years have been caused by
of underwater explosions. A field survey conducted thevolcanic tsunamisReget, 2000, both by eruptive processes
following summer showed signs of tsunami wave runup(€.9. 1883 Krakatau, 1937 Rabaul), or by collapses of
around the entire coastline of the lake, with a maximum ofvolcanic cones (e.g. lliwerung 1979, Paluweh 1928, Mount
29 m runup at the north shore near the source of the eruptiorMayuyama 1792). Volcanic explosions caused 25% of the
and 2-5m runup at locations on the east and south shore fafolcanic tsunamis reported for the four last centurlestter,
away from the source. 1981). They usually deposit small volumes of material
The tsunami has been simulated using the numerical long< 1 km®) compared to ignimbrites, caldera subsidences or
wave model COULWAVE, with input from reconstructed flank collapses (1-100 k¥pand travel shorter distances (
realistic pre-eruption bathymetry. The tsunami source wasP0km), but may generate deadly local tsunamis, especially
chosen as suggested by Mehaute(]_g?]) and Mirchina in relatively small, shallow bodies of water like bays
and Pelinovsky1988. The initial wave was prescribed by a or lakes. ~ Such events are known from case studies
parabolic shape depression with a radiustet 200m, and  in Kamchatka Belousov and Belousoy&001 Belousov
a height of 23 m at the rim of the parabola. Simulations were€t al, 2000 and in Nicaragua Rreundt et al. 2007,
conducted to show principle directions for wave propagation,2nd the possibility of producing an effective warning
wave speed and arrival time for the leading wave group asystem has been discusseBelotti et al, 2009. The
the shore, and the distribution of wave height throughout the2—3 January 1996 sublacustrine eruption and subsequent
lake. Estimated result for wave runup are of the same ordefsunamis that occurred in Karymskoye lake (Kamchatka,
of magnitude as field measurements, except near the sourddussia) represents a unique opportunity to model tsunamis
of the eruption and at a few locations where analysis showg€nerated by volcanic explosions.
significant wave breaking. Karymskoye lake is a nearly circular, bowl-like water
body, approximately 4km in diameter, having steep flanks
and a nearly flat bottom with depths of 50-62m (Fids.
and 2). A new, partly submerged crater, with an inner
diameter of 500-550 m, was formed by the 1996 eruption
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Fig. 1. Aerial photograph of Karymskoye caldera lake, taken from &

the North. The horse-shoe shaped structure in the northern part o
the lake is a partly submerged crater formed by the 1996 eruption
Photograph by A. Belousov, September 1996.
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Fig. 2. Bathymetry of Karymskoye lake, and topographic contours . 1
of the lake shore each 5m. Markers indicate location of runupbase surge travelling across the lake surface B25ms-

measurement sites (cyan, yellow, magenta, black) and of 91((_300|m in 48 S)'_ IOthIer W‘T,?(ke_r ext[))Iosions producsd ha
numerical wave gauges (green). single, near-vertical, column-like jet about 100-150 m high.
The column then collapsed back into the lake and generated
a subtle base surge.
Underwater explosions occurred every 4—12 min, with an
. average interval of 6 min. Considering that the eruption
Belousov and Belousov§2003 descnb(?d one_of the. lasted 10—20 h, 100-200 explosions may have occurred in the
strongest observed explosions as follows: a rapidly fsing| 1\ o during the eruptionBelousov and Belousoy2007.
g Sai)ésmv\(/)i?r:ihr;s:rf:ﬁ:ﬁ 2?'%’;;?358,[? ggg ;ndhipyt:o;f;t?sunamis periodically affected the shores and forced water
th(fn becomes unstable and is ier?:ed by G resgsoid .efrom the lake into the only outlet, the Karymskaya River,
of ovroclasts with gas and Waterp Initial v)éloc):/ii) of thes]ett%us forming lahars. The largest of the tsunamis occurred at
'etsp)i/s estimated ag 110 mk Sim.ultaneousl a )l:/)ore—like the end of the eruption. This may indicate that the explosions
J Y, a%hat took place near the end of the eruption were stronger

elevation of the water surface starts to propagate radially .
about 20-40mst.  Within ~ 15s from the beginning of ha.n those ofthe ma'”oi'ta%@e'o“so" and Belouso§(a00:l)
estimated that- 2 x 10°m® of tephra per explosion were

the explosion, the jets reach their maximum height of about_ . ; - 5
1km and then collapse back toward the lake to produce aemltted, corresponding to kinetic energy-e2x 10°2J.
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2 Review of theoretical background 3 Methods

An exact mathematical description of explosion-generated3.1 Field work

water waves is not available at the moment, and would in any

case be difficult to incorporate as initial condition for a long A survey of Karymskoye lake was conducted in September
wave, shallow water modelLe Mehaute(1971) suggested 1996. Wave runup was recorded at 23 locations around the
an empirical formula for waves at some distance from thelake, as shown in Fig2 (note that TS12 is absent from the
eruption, with initial water displacemeniand water velocity ~ records). The runup represents the difference in elevation

u given as between the highest lake level during the eruption and the
no[Z(r/R)z—l] . r<R level reached by the inundating wave (which was marked
n(r,0) = B by various material deposited by tsunami). Details can be

0 r>R found in Belousov and Belousovg2003). The runup data
u(r,0)=0 (1)  has mean value and standard deviation .6:75.9 m, with

respectively (see alsbe Méhaué and Wang1996. The a maximum of 29 m runup at the north shore near the source
formula fory includes the maximum surface elevatign the of the eruption, and 2-5 m runup at locations on the east and
characteristic radiug of the initial surface deformation, and South shore far away from the source.

the radial coordinate giving the distance from the source _ .

point. This formula was found to give the best agreement&2 Reconstruction of pre-eruption model area
between linear wave theory and experiments with low energ
(E ~2x 10°—3x 10'9J) under-water explosionMfrchina
and Pelinovsky1988.

The formula used by e Mehautg(1971) is not a suitable
initial condition for long wave models, because it prescribes
a discontinuity of the water level at= R. We have therefore
modified the formula for the free surface displacement

y'I'opographic maps of the area surrounding the lake are
available, both for the pre-eruption and post-eruption states,
but a pre-eruption bathymetry is not available. The digital
elevation model of the Karymskoye lake bathymetry and
shore region was constructed on a %7334 grid with grid
resolutionAx = Ay =2129m. A pre-eruption bathymetry
was reconstructed based on present day data, combining
no[2(r/R)?—1], r<R topographic data from the ASTER satellite with bathymetry
n(r,0) = no[z(r/R)Z_l]ePr(lfr/R)7 R<r<2R ) data obtained from a survey with an echo-sounder device
(“Eagle Seacharter” with integrated GPS). Topographic
0, r>2R changes associated with the eruption deposit were removed
where the factorP; decides the rate of decline in surface manually, with guidance from pre- and post-eruption aerial
elevation forr > R. In the simulations for small amplitude photographs (see Fi@). The pre-eruption bathymetry at
initial disturbance we have useg} = 2000, which results the location of the new crater was estimated by extrapolating
in a profile that is numerically equivalent to the Le Mehaute bathymetry data from the surrounding area into the region
profile. where the eruption deposits had been removed.
Le Mehautg(197]) estimated the maximum wave length,
group velocity, and amplitude in shallow water at a distance3.3 Numerical simulation
r from the eruption center as

Numerical simulations have been performed using the
)\,maX% 17R

2 COULWAVE model, which has been developed to simulate
~ el the evolution of fully nonlinear (wave amplitude to water
Vinax \/‘g>h|:1 6'8R2] ®) depth ratio of a/h ~ 1) long waves over a variable
~ 0drR2/ I bathymetry [ynett and Liy 2002 Lynett et al, 20029. The

nmax ~ O.1noR*/ h r model is based on a set of weakly dispersive Boussinesg-
where ¢ =9.81ms2 is the acceleration due to gravity type equations, which is a suitable framework for studying
The relationship between the maximum initial surface the propagation and transformation of nonlinear long waves
displacement (in meters) and eruption energy (in Joule) camn fairly large computational domains. This particular model
be estimated as has previously been used in studies of tsunami waves from
no=2.4x 1072024 4 various sourcesl__g/nett and Liy 2002 Korycansky and

o Lynett, 2007 Geist et al. 2009, as well as for smaller
Based on predictions bBelousov and Belousov&2007) long wave phenomena such as ship wavesrsvik et al,

that the kinetic enezrgy of the Iargest_ explos?ons were °f2009ab). The original model has been modified by the
the orderE ~ 2 10'2J, the corresponding maximum initial 5, thors to include the initial conditions for an under-water
surface displacement according to Le Mehaute’s formula 'Sexplosion.

no=23.0m. The characteristic length scake=2000m
is determined by the radius of the caldera created by the
eruptions.

www.nat-hazards-earth-syst-sci.net/10/2359/2010/ Nat. Hazards Earth Syst. Sci., 1235852010
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Simulations were performed ons&x = Ay =10m grid, 5000 0.391
where data for the bathymetry was further refined by 0.044
interpolation. The total simulation time was 5 min, which is
sufficient time for the leading waves to propagate across the_ 2000 0.153
lake. A flow relaxation scheme was used on the boundaries% 0095
of the numerical domain to absorb any outgoing waves, but s 5,01 g
this was of little practical use due to the absence of open & 0.060 2
boundaries. Waves reaching the coastline were reflected bac 3 0.037 §
into the lake. g 2000 2

The numerical model became unstable for large values of & 0.023 =
no, and we were not able to run the model wiih= 23 m. e 1000l 0.015
Simulations have been performed with initial wave heights
of np=0.23m, 0.46m, and 2.3m. For the two first cases, 0.009
the leading wave group is expected to behave like linear 0 o = e TS5 =000 "0.006
waves, whereas weakly nonlinear effects can be expectec Distance west-east [m]

in the last case. The equivalence source function Ey. (
and formulas ) for maximum wave length, amplitude and

Fig. 4. Simulated maximum wave amplitude in Karymskoye lake

velocity are based on linear wave theory. during the 1996 eruption. The bathymetry is represented by dashed

The model of Le Mehaute as well as the COULWAVE
model can not be used for description of the real, strongly
nonlinear wave field at the center of the eruption, but the

lines, which are drawn at 10 m depth intervals.

numerical and theoretical results are expected to convergé Results

towards the realistic wave field with increasing distance

from the eruption center. That is why we have applied4.1 Linear waves

an equivalence source function that is good only for wave

description in the far field. In the case of Karymskoe lake, A simulation withno = 0.23 m was used for the linear wave
where the model area is bounded within a fairly small area, ittcase. Figure4 shows the maximum water elevation for

is difficult to make a clear distinction between the near field

each grid point throughout the lake. Only the maximum

and far field region. Therefore we also need to include theof the 3 leading waves have been included in the record, in

near field region in the simulations. In order to perform the
calculations without inducing too large numerical errors, we

order to avoid noise due to waves reflected from the shore,
and in order not to take into account short crested waves

first decrease the real wave amplitude by 100 times and ruthat are not accurately represented by the model equations.

the simulations for almost linear waves of small amplitude,

Note that color scale in Figd is logarithmic. A circular

and thereafter the same factor of 100 is multiplied back intofeature indicates the extension of the initial profile, and the
the wave amplitude before the estimated runup heights ar&aximum at the center of the circle is produced when the

calculated.

initial profile collapses. The wave amplitude is reduced

The procedure described above has obviously soméapidly as the waves propagate away from the source area,

limitation with respect to accuracy. We test the accuracy of

but increase again near shore due to wave shoaling. However,

the procedure in two ways. Firstly, we make a comparativethe runup height is only of the same order of magnitude
study between runup measurements and predictions based @ less than the wave amplitude at the source, and there
the simulations and a theoretical runup formula. The resultds generally no wave amplification in the basin. Wave

can be expected to deviate greatly for coastal regions close t

amplitude near the shore is shown in more detail in Bjg.

the eruption center, but the deviations should decrease witiwhich shows maximum water elevation at the 5m depth
increasing distance from the eruption center. Secondly, wesontour along the shore line. The strongest wave impact is

make a comparative study between simulated results usin

geen on the north and west shores.

different reduction factors (10, 50, and 100). The purpose of Figure 2 shows the location of the 91 numerical wave
this study is to ensure that the simulated results are not highlgauges used in the simulations, where the wave amplitude

sensitive to the scaling factor.

Nat. Hazards Earth Syst. Sci., 10, 233969 2010

is recorded at each time step throughout the simulation.
Some gauges are located along lines radiating out from the
location of the eruption, while others are placed offshore
measurement sites for wave runup. The panels in Gag.

e show the depth along different lines, maximum wave
amplitude of the 3 leading waves at each wave gauge, the
maximum wave amplitude predicted by Le Mehaute’s theory
Egs. @), and the mean wave speed between wave gauges.
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Fig. 5. Maximum wave amplitude at the 5m isobath along the coast of Karymskoye lake. The location of the center of the source (crater) is
indicated by a black, dashed line.

The wave speed was estimated by detecting the passing of the Comparison between the theoretical prediction of wave
first wave trough at each wave gauge, as this measure is lessnplitude and the simulated result shows that there is a
influenced by wave-wave interaction than the wave peakssimilar trend in amplitude reduction with distance, but there
The comparison between theory and simulations seem to bis only a good quantitative match for waves propagating to
satisfactory along all radial directions, except in the case ofthe east (Fig6e). The results do not match near the eruption
westward wave propagation (Figa). source and in shallow water where waves are shoaling, but
Wave propagation along the westward line in F&a  this is expected since the theoretical prediction assume that
differs from the other records since this line is located in waves have propagated over a long distance in water of
shallow water close to the north shore. Note that the scaleonstant depth. However, the simulated and theoretical
for the wave amplitude in Fighais larger than for Figbb— results in Fig.6b—d are converging in the deep part of the
e, because the first point is located nearly at the edge ofake as the distance increases, indicating that a better match
the initial source. Waves propagating westward are highlybetween theory and simulations could be obtained in a larger
influenced by wave refraction due to the close proximity water basin.
to the north shore, and it is therefore not expected that the The wave speed of the leading wave group is up to
leading wave group propagates along the straight line forme@4 ms ! in the deepest part of the lake, and the first wave
by the wave gauges. This is also indicated by bigwhich trough reaches the south-east coast approximately 140 s after

show the Froude numbers the eruption. After an initial acceleration, the waves are seen
v to propagate afFr, =0.95—0.97 in the deep part of the
Fr,= Teh (5)  lake. By Le Mehaute’s theory we should havygax~ 1.7R =

340 m, and the Froude number for linear waves in water of
along each line of propagation, calculated from the estimatediepth/z = 60.0 m can be estimated as
wave speedd’ between wave gauges, the acceleration of 12
gravity g, and the local depth. The large values in Froude g, _ [tanr‘(Zn h/)“max)} 085 ©6)
number for westward propagating waves indicate that the " 27t h/Amax
leading wave group does not follow the line of wave gauges
but instead originate from further offshore. The large jumps
at the tails of the other Froude number records may als
indicate that the wave trough measure for wave speed i
inappropriate in shallow water when waves are shoaling.

‘which is significantly slower than the simulated results. A
ossible reason for the deviation between the theoretical and
imulated results may be that the source length sRails

Tot very large compared to the water depttand therefore

linear shallow water theory may not be well suited for this

problem.

www.nat-hazards-earth-syst-sci.net/10/2359/2010/ Nat. Hazards Earth Syst. Sci., 1235852010



2364
0 . : . -0.25
® ® Simulation |4
—108 A--A Theory
3 40.20
20
= 10.15
= —30f A
= -
= e :
2 B
_anl b i7 10.10
1 R e
------- ‘ Prere SIS ‘
=50 [
8 . +10.05
—60 F e
0 100 200 300 400 00 600 7og?
Distance [m]
Fig. 6a. Wave propagation in west direction.
0 : : : 0.08
H--® Simulation
Y -
_10k A-A Theory 10.07
40.06
—20
10.05
E 3
£ 10.04
(=%
a |
—40 10.03
50 10.02
40.01
760 F
| | | L | I | I 00
0 200 400 600 800 1000 1200 1400 1600 180
Distance [m]
Fig. 6b. Wave propagation in south-west direction.
0 . : : 0.08
| B @ Simulation
_10f A-A Theory  [10.07
; - T, 10.06
) P-- 1
20 '
S ) 40.05
= s
E b4
= ! 40.04
o
@
B
40.03
10.02
40.01
. : 0.00

1500 2000

Distance [m]

1000

Fig. 6¢c. Wave propagation in south direction.

Nat. Hazards Earth Syst. Sci., 10, 233969 2010

T. Torsvik et al.: Numerical simulation of tsunami from volcanic eruption

Wave am

Wave am|

Wave am|

plitude [m]

plitude [m]

plitude [m]

30

20

10

o

30

20

10

=1

30

20

10

[$2]

Velocity [m/s]

Velocity [m/s]

Velocity [m/s]

0 v ; ‘ 0.08 130
H - E Simulation
—10} A--A Theory 10.07 .
122
10.06
—20 E*QU
1005 o @
= g ©
E 3 2| E
£ 10.04 815 =
=% £ 3}
[+7] o [s]
= o ©
—40 10.03 2 >
g—lO
i 10.02
15
H0.01
—60
0 500 1000 1500 2000 moo  soonC  C
Distance [m]
Fig. 6d. Wave propagation in south-east direction.
0 . . 0.08 130
_10b 0.07 Juz
0.06
—201 " A =
4 ’ E420
Sy 005 o =
= g =
E 3] 2| E
£ i 0.04 15 =
o ] £ o
[0} © o
[a} & =
003 2| =
3710
0.02
. e | e e T e S e ,5
H-® Simulation 40.01
—G0F a-a Theory
L L L L L L L 00 ,0
0 200 400 600 800 1000 1200 1400 160
Distance [m]
Fig. 6e.Wave propagation in east direction.
L |
0o
£
=
[=
[}
0 |
=
2
K —  west
— south-west
— south
B — south-east
: : i — east
0 500 000 T500 2000 2500 3000

Distance [m]

Fig. 6f. Froude numbers along wave gauge lines.

www.nat-hazards-earth-syst-sci.net/10/2359/2010/



T. Torsvik et al.: Numerical simulation of tsunami from volcanic eruption 2365

4.2 Comparison between results for differentyo 6

So far we have only considered results fgr=0.23m. In et
order to test to what extent the results are sensitive to the
initial wave amplitude, simulations have also been carried
out for np=0.46m and 2.3m. Figur@a and b shows a
comparison of the surface elevation at two wave gauges,
marked as WGA and WGB in Fi@, located at the north-
west and south-east end of the south-east line of wave
gauges. Results fagp =0.23 m, 0.46 m, and 2.3 m have been
scaled by 100, 50, and 10, respectively, to obtain comparable
results. The difference in initial wave amplitude does not
have any significant influence on characteristic features of
the leading wave group. Both the travel time and the group 8 ‘ i ‘ ‘

N . 0 50 100 150 200 250 300
structure is preserved, but the wave amplitude for= (a) Time (s}
2.3 m deviates slightly from the two other results. Although 15 : .
the nonlinear effects become larger with increasing wave — 1, =0.23 m (x100)
amplitude, nonlinear effects are likely to remain weak in the Lol| T =046 m (x50
long wave part of the wave spectrum, including specifically = 2.3 m (x10)
the waves in the leading wave group. Wave breaking is '
also likely to be an important factor, both near the wave
generating source and in the near shore region. However,
the source function used in the simulations is applicable to
linear waves far from the eruption center, and consequently
also far from the region near the eruption center where wave %[~
transformation due to wave breaking is most likely to occur.
Since the source function is partly empirical, this means that -10f
the effect of wave breaking is already parameterized within
the source function formulation. As a consequence, wave 15} = s =5 = i =0
predictions near the eruption site, where wave transformation(b) Time (s)

due to nonlinear effects is more pronounced, are not a?:_ - ) bet i ) ¢ surface displ ;
reliable as results for the far field. 1g. /. omparison petween ume series of surrace displacemen

for different values ofyg. Wave gauge location(a) WGA and
(b) WGB.

Displacement (m)

— #, = 0.23 m (x100)
— 1, = 0.46 m (x50)
— 7, = 2.3 m(x10)

05F

0.0

Displacement (m)

4.3 Simulated wave amplitude, modeled and observed
wave runup

Table 1 includes the observed runup heights at different Results at locations of the largest wave runup (TS17,
locations around the coast of the lake, and data for the firsTS18, and TS22) deviate from the rest of the data points.
wave arriving at numerical wave gauges at offshore locationsThese locations are on the north-west and north part
close to where runup was measured. No suitable offshor@f the shore, near the source of the eruption. Highly
point was found for TS19, since the waves most likely nonlinear waves moving at an oblique angle along a steep
propagated along the shore to this point. A source functiorcoastline may attain unusually large amplitudes at the point
with initial maximum wave height ofyg = 0.23m was  of reflection at the shore. This effect has been studied
used in the simulations. A comparison between measureéxtensively for solitary waves, where it has been found that
runup data and simulated maximum offshore wave amplitudéVlach stem reflection, due to nonlinear interaction between
shows that the former is larger than the latter by a factorthe incident and reflected wave, can lead to amplitude
of approximately 300. An amplification factor of 100 is amplification of up to 4 times the incident wave amplitude
expected by the use of an equally reduced initial wave(Miles, 1977 Peterson et 3l2003. A similar type of process
height at the source. These results indicate that there is amay occur at the coast near the eruption center, which would
additional amplification factor of approximately 3, which account for the large runup heights found at the locations
can be considered as a typical factor for the ratio betweeS17, TS18, TS19 and TS22.

wave runup and offshore wave amplitude. In the following A rough estimate for wave runup can be calculated
analysis, an estimate of wave runup based on the simulatedsing analytical formulas derived from nonlinear shallow
results is obtained by using the theoretical formulas for wavewater theory for sine wave runup on a beach of constant
runup. slope Pelinovsky 1982 Pelinovsky and Mazovyal992

www.nat-hazards-earth-syst-sci.net/10/2359/2010/ Nat. Hazards Earth Syst. Sci., 1235852010
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Table 1. Comparison between measured runup and simulated data.

Location Depth(hg) Distance(Lq) Simulated data Breaking (Br) Runup height
Period Amplitude Modeled Measured

TS1 6.36m 120m  12.7s 0.021m 181.5 204m 6.2m
TS2 4.36m 120m  17.2s 0.025m 236.7 23.0m 7.6m
TS3 9.71m 110m  11.8s 0.020m 64.5 17.4m 5.8m
TS4 19.81m 140m  19.9s 0.012m 3.9 7.6m 5.8m
TS5 13.37m 90m  23.9s 0.010m 1.6 5.1m 4.3m
TS6 9.21m 90m 17.9s 0.013m 10.1 8.4m 3.3m
TS7 13.17m 80m 18.6s 0.017m 4.0 9.3m 4.3m
TS8 15.50m 100m  18.7s 0.011m 3.1 6.4m 1.9m
TS9 6.10m 120m  26.6s 0.012m 17.9 8.1m 24m
TS10 21.47m 90m  23.8s 0.016m 0.9 51m 3.8m
TS11 10.85m 40m  21.3s 0.017m 0.8 6.4m 4.8m
TS13 22.71m 90m  18.5s 0.008 m 0.8 4.1m 4.3m
TS14 11.36m 90m 224s 0.019m 5.2 10.4m 6.2m
TS15 13.66 m 80m 22.0s 0.021m 3.0 10.5m 6.2m
TS16 11.08 m 80m 14.6s 0.020m 12.7 129m 9.0m
TS17 9.15m 130m  19.8s 0.022m 33.8 16.3m 14.0m
TS18 8.37m 140m  13.8s 0.026m 144.7 245m 19.0m
TS19 - - - - - - 29.0m
TS20 8.91m 60m 22.0s 0.012m 2.2 5.8m 4.3m
TS21 9.24m 40m  26.9s 0.017m 0.6 6.0m 4.7m
TS22 6.31m 110m  19.4s 0.020m 49.1 15.1m 10.0m
TS23 - - - - - - 6.2m
TS24 7.58m 120m  16.9s 0.030m 85.5 18.3m 4.8m

Didenkulova et al.2007. Based on the simulated results 25 . 5

in Tablel, runup height can be estimated using _ TS2o A

T$1 ~
AR=21 A\/2Lo/A 7) %20- TS24, 2 //’
Ts3® e

whereAR is the runup height4 is the wave amplitude at the % 15} o t/

offshore reference point (wave gauge), amplified by a factor g ° //

100, Lo is the distance from the offshore reference point to € 10} . F

the shore, and. is the corresponding wave length for the =2 °° o .7

record calculated through wave peri@d The results are = st s ;,’

given as modeled runup height in Taldleand are shown in o P

the scatter diagram Fig. 0 525 . . . .

Most of the modeled data are of the same order of 0 5 10 15 20 25

magnitude as the measured runup. The dashed line represent
equivalence between modeled and measured results. Most

of the data lie on a line parallel to the equivalence line, butFig. 8. Scatter diagram for measured and modeled wave runup.

the model overestimates the runup height compared to the
measured data by 2-5m. There are four outliers in the scatter
diagram, from measurement sites TS1-TS3, and TS24.

Runup measurement [m]

> ; ) IBhat wave breaking occur if Bf 1, and larger values indicate

order to understand the physics behind these outliers, Wen4¢ the waves start to break further offshore. It follows from

look at the breaking parameter Br, given by Eq. ) that the breaking parameter Br is proportional to the
An /27 Lo\ 2 runup heightAr and, therefore, waves of larger amplitude

R (4mwLo : .

Br:—( > break sooner. Figur® shows estimated and measured
g \ Tho runup, and breaking parameter at different locations. The

where hg is the depth at the offshore reference point breaking parameter is exceptionally large at seven locations:

(Didenkulova et al.2007). The breaking parameter indicates TS1-TS3, TS17, TS18, TS22, and TS24. Among these

(8)
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locations, three are in the immediate vicinity of the source Comparison between runup measurements and simulated
(TS17, TS18, and TS22), where the breaking most likelywave amplitude offshore measurement sites show a clear
occurs directly at the shore. Wave breaking is likely to be correlation for locations far from the eruption center. The
a significant factor for the remaining four locations (TS1- present model setup does not capture nonlinear effects
TS3, and TS24), which may explain the large discrepanciedelieved to be particularly important in the coastal region
between measured and modeled results at these pointaear the eruption site. Estimated results for wave runup are
Figure10show beach profiles included in the runup analysis, of the same order of magnitude as measurements, except near
indicating both measured and modeled runup heights, fothe source of the eruption and at a few locations where the
locations where the analysis indicate that wave breaking wasnalysis shows significant wave breaking.

not a significant factor. Considering all these parameters, such simulations are
suitable for assessing tsunami hazards related to volcanic
explosions. Many lakes and sea bays over the world are
of volcanic origin or partly occupied by recent eruptive

Waves generated by the sublacustrine, Surtseyan-typdents: and their shores are often densely populated.
tsunamis are commonly neglected in volcanic

eruption in Karymskoye caldera lake on 2—-3 January 19%Surpr|3|ngly, . -IJ= -
have been examined by numerical simulations using a lond!2Zards scenarii and the present contributions may help in
wave Boussinesg-type model. The simulated maximumlntroducmg t_sunamls in future studies on volcanic hazard
wave amplitude distribution for the leading waves (F4y. assessment in lacustrine and sea bay environments.

is generally consistent with measured runup data (EQj.

along the coast of the lake. Due to numerical stability

considerations, simulations were performed with reducedAcknowledgementsThis research was conducted with support
wave amplitudefo = 0.23 m), making the simulated waves rom ANR (French National Research Agency) project 08-
essentially linear. The wave speed of the leading wave groudCJC'OO42 “Vitesss — Volcano-Induced Tsunamis: numErical

is limited by the local water depth, and reach a maximum>mulations and Sedimentary Signature”.  Didenkulova and
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reduction as waves propagate away from the eruptiorReviewed by: C. Waythomas and F. Maeno
center, but the simulated waves are generally larger than
the theoretical predictions, except for eastward propagation
where there is good agreement between theoretical angeaferences
simulated results. However, the theoretical and simulated
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