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Tsunami Model: COMCOT

(Cornell Multi-grid Coupled Tsunami Model)

COMCOT: A Tsunami Modeling Package

Tsunami Generation

COMCOT (Cornell Multi-grid Coupled Tsunami Model) is a tsunami modeling package,

capable of simulating the entire lifespan of a tsunami, from its generation, propagation and

runup/rundown in coastal regions.

¢ Governing Equations

COMCOT was developed based on Shallow Water Equations (SWE) in Spherical
Coordinates (Eq.0I) and Cartesian Coordinates (Eg.02). In the equations. ¢ denotes free surface

elevation; P and Q are volume flux in x and y direction (P=hu. Q=hv): ¢ and y stand for

longitude and latitude. respectively.
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Eq.01 SWE in Spherical Coord.
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Eq.02 SWE in Cartesian Coord.
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Capable of simulating the entire lifespan of a tsunami,
from its generation, propagation and runup/rundown
on coastal regions

A numerical model which solves nonlinear shallow
water equation (SWE).

On both/either Spherical or Cartesian coordinate
system.

Using nested grid to solve multi-scale problems.

Moving-boundary for inundation calculation
Parallelized

e Moving Boundary Scheme

Moving boundary scheme was also introduced in COMCOT to model the run-up and
run-down. The instant "shoreline" is defined as the interface between a dry grid and wet grid

and volume flux normal to the interface is assigned to zero.

— t=(n+1)At

Fig.02 Moving Boundary Scheme 2
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(1). Widely validated

Soliton runup:
Synolakis (1986, 1987)

Very accurate results can be seen.

Run-up “alidation. COMCOT vs EXP {Synolakis, 1987). a/h,=0.0183
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Figure 2: Time evelution of H =0.0185 initial wave over a sloping beach with cot, 3 = 19.85 from

= 25 to 65 with 10 increments. Constant depth-segment starts at Xo = 19.85. While markers show

experimental results of Synoclakis (1886, 1987), sclid lines show nenlinear analytical sclution of Synclakis
(1986, 1987) Experimental data is provided from ¢ = 30 to 70 with 10 increments.
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e (2). Stable and Fast - Parallelized by ASGC, COMCOT now is

able to use all the mutli-core CPU resources

( We tested COMCOT on a new 32-core server in NTU, Singapore. A case
used to be done in 30 minutes can be finished in 2 minutes on the new

machine. )



2011 Tohoku earthquake and tsunami

March 11, 2011 Tsunami Event: Observed Water Heights and Computed Tsunami Travel Times
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2011 Tohoku earthquake and tsunami

We spent about 20 mins to prepare, or wait
for, the fault parameters

COMCOT spent about 1 min to finish the
tsunami simulation from Japan to Taiwan.

It is about real-time simulation

COMCOT predicted that the tsunami wave
height was about 12 cm offshore Taiwan.

Field data also showed about 12 cm.
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Disaster pictures are constantly
repeated in the media

http://majikphil3.blogspot.tw/2011/04/what-
is-chance-of-big-one-in-tokyo.html
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ncluding the Nuclear Disaster

15



People in Taiwan wanted to know...

 Will we encounter the same tsunami disaster?
e Can our buildings against the tsunamis?

e |s our government prepared for the tsunami
nazard mitigation?

* How about the safety of our nuclear power
olants?




Tsunami Sources of
18 Trench and 4 Fault Segments
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Tsunami Source
Characterization for Western
Pacific Subduction Zones: A
Preliminary Report

USGS1 Tsunami Subduction
Source Working Group

BOTTOM LINE
Hazard appraisal key:
> High

- Intermediate
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Recently the USGS issued a report assessing the potential risk as a tsunami source
along the entire Pacific seduction zones. One highly risk zone is identified along the
Manila (Luzon) trench, where the Eurasian plate is actively subducting eastward
underneath the Luzon volcanic arc on the Philippine Sea plate.




Tsunami Sources of
18 Trench and 4 Fault Segments

18 Trench-type tsunami sources (T1~T18) 4 Fault-type tsunami sources ( T19~T22)

40 ; , : : : 6
S
35 I T20, Mw=7.5 | 4
) =79
. 151 Mt T14, Mw=8.7
30 H N : o i
— T, Mw=8.1 — T13, Mw=8.7 B 42
- )
» ] r'.’. -
Z 1 @ o T12, Mw-8.8 -
Q . * S—— . —
T2, Mw=8.2 f -
3 » T17, Mw=8.7 et
2 . \. . ~ 0E
® 20 ™ 13 Mo 54 5 [T18, Mw=8.5 |
- : SARcAGN R— T 7] I T11, Mw=8.7
S
T6. Mw—8.5 .
T4, Mw=8.6 | _ \\f/ |
b 10 T10, Mw=8.8
A T7. Mw—8.8 4
. ///(ﬁi:\\‘ R\\\ T9. Mw—8.6
/ T8, Mw=8.7 3 DY e
| 2 | | | | A " 6

130 135 140 145 150 155 160
Longitude (E)



Fault parameters:

1. Length: We consider the topography and geological conditions of
trenches and faults, and determine the maximum length based on the
uniformity of the geological structure.

2. Width: Reference to the world-class mega-earthquakes, the width is
determined.

3.  Mw and slip: After obtaining the length and width of the mega-
thrust, the area can be determined. Based on the seismic scaling law
(Yen and Ma, 2011), the earthquake magnitude (Mw) and slip can
be determined.

4.  Adopting the half-space homogenous elastic mode (o, 19%) t0
estimate the vertical displacement of the seafloor deformation and
the tsunami 1initial profile.

In practice, the size of a potential earthquake along a given subduction zone
could be limited only by the length along which a coherent rupture could take
place (Okal et al., 2011). This point was first illustrated by Ando (1975) in the
case of the Nankai Trough, and similar conclusions were reached in the
growing number of literatures (Nanayama et al., 2003; Cisternas et al., 2005;
Okal et al., 2006; Nelson et al., 2006).



Yen Y. T. and K. F. Ma (2011). Source-Scaling Relationship for M 4.6—8.9 Earthquakes,
Specifically for Earthquakes in the Collision Zone of Taiwan, Bull. Seismol. Soc. Am. 101,

h : seimogenic depth
B : scaling parameter related
to the effective fault width
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The scaling between

source parameters and

earthquake size

Tohoku v Assumed trench segmets

= Earthquake & faults

log(Le) (km)

log(We) (km)
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logZ =(1/3)log M, —4.84 (>10* Nm)
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logD, =(1/3)log M, —4.37

(Yen Y. T. and K. F. Ma, 2011)
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Fault plane

D D

daverage r

Asperity area = 20% total area a r
Asperity slip = 1.5 average slip

If we assume asperity slip = 1.5 times average
slip, to conserve M,, the residual slip is 0.875
times average slip.

MOZMQ"‘MY-,MO:/J'S'E
ﬂ'S'l—)zﬂ'Sa'Da+ﬂ'Sr'Dr
$,=02-5;S5.=08"5

thus D, =0875-D BRI (SEE  2011)

An asperity is a region on the fault rupture surface that has a large slip relative to

the average slip on the fault (Somerville et al., 1999). The slip is 1.5 or more times

larger than the average slip over the fault (Somerville et al., 1999; Asano and

Iwata, 2011) and the area is 20% of the total area (Pulido et al., 2004). 23
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Latitude (N}

Nested Grids
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Layer 1: 2 min (~3500m);

Layer 2: % min (~900m);

Layer 3: 1/8 min (~200m);

Layer 4: 1/128 min (~50m);

Layer 5: 1/512 min (~10m);

Layer 6: 1/2048 min (~2m); 25



Source of Bathymetry

ETOTO2: (2 arc min)

http://www.ngdc.noaa.gov/mgg/gdas/gd designagrid.
html >

GEBCO: (0.5 arc min)
http://www.gebco.net/data_and products/gridded ba

thymetry data/ o
NAVY

NCU: 40m DEM -

National Land Surveying and Mapping Center: 10m
DEM

Tai Power: 1m DEM




Simulation Results of Tsunamis from
18 Trench Segments
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T2 (Manila Trench 1)
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T3 (Manila Trench?2)

<
o
o
2
©
o |

135
Longitude (E)




IV ERIERIE )

—
=
@
°
=
o
=

135
Longitude (E)




T5 (Manila Trench 4)
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T6 (Philippine Main 1)
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T7 (Philippine Main 2)
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T8 (Yap Trench)
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T9 (Mariana Trench 1)
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T10 (Mariana Trench 2)
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T11 (Mariana Trench 3)
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T13 (Izo-Bonin 1)
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T15 (Nankai Trench)
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T16 (Kyushu Trench)
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T18 (Ryukyu Trench 2)
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T19 (Hengchun Fault)
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T20 (Shanjiao Fault 1)
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T21 (Shanjiao Fault 2)
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T22 (Shanjiao Fault 1+2)
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T2 (Manila Trench 1) (Animation)
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T02, Inundation and Maximum Runup Height
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TO2, Nearshore Inundation and
Maximum Runup Height
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a grid/cloud-based Tsunami system

User Interface

ICOMCOT:
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(1) 2012 Invited Speech at UNESCO
(2) Interviewed by isgtw, London, UK

http://www.isgtw.org/feature/forecasting-wrath-tsunami
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Forecasting the
wrath of a tsunami
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'mmediately to the south-west of
Taiwan, is the South China Sea and
-he deep oceanic Manila trench.
Roughly every 10 years, the area
axperiences a moderate earthquake
‘under 6.9 on the Richter scale).
However, there has not been a
najor earthquake since the 1570s.
3PS data and global historical
ecords show that every 700 years
an earthquake of magnitude 9.0 is
ikely to strike the area. The region,
herefore, is due one relatively soon
'in terms of geological time frames)
| and if (or when ) a mega-sized one

inec atrika nennle livinn in tha
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22 Tsunami Sources to Taiwan

18 Trench-type tsunams sources (T1-T18) 4 Fault-type tsunami sources (T19-T22)

The spatial distribution of 18 trench-typed tsunami
sources (T1-T-18) and 4 fault-typed tsunami
sources (T19-T-22). The color bar indicates the
seafloor displacement of each tsunami source.Click
for large version. Image courtesy Simon Lin, ASGC,
from Tso-Ren Wu's paper.

COMCOT (Cornell Multi-grid Coupled
Tsunami Model) is a numerical
model that allows both simulation
and visualization of the whole
lifespan of a tsunami. It shows how
a wave will travel on the earth and
gives an estimate of its arrival time
and the level of run up on to dry
land. “The original research model
focuses on accuracy and not speed;
it took between 12 to 24 hours to
generate a result. But for the
system to be operational, COMCOT
needed to simulate a tsunami as
fast as real time propagation, from
hours to minutes,” says Wu.

Usually an operational system
sacrifices some level of accuracy,
but COMCOT allows both linear and
non-linear equations. “A linear
system speeds up the operation
and is accurate for the deep ocean,
but is not precise enough for the

near-shore region. When the wave approaches the shoreline its speed diminishes, and it
becomes thinner and taller so the curve can no longer be represented linearly. Most
tsunami systems ignore this part of the simulation but it is the most important to impact
on human life,” explains Wu. COMCOT integrates the spherical with a Cartesian coordinate
system, which is more accurate for near shore simulations.




Tsunami Impact Force

An overturned building (Chen, 2011) 58



(Chen » 2011)
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(Chen » 2011) 60
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Breaking wave modeling

We adopted the Splash3D numerical model to solve for the breaking wave
problems (Wu, 2004; Liu et al., 2005). This model solves 3-dimensional
incompressible flow with Navier-Stokes equations. The free-surface is tracked by
Volume-of-Fluid (VOF) method. The domain is discretized by finite volume
method (FVM). The turbulent effect is closed by large eddy simulation (LES) with

Smagorinsky model.

Incompressible continuity equation:
V-u=0

Navier-Stokes Equation

@+V-(uu):—lVP+lv-5+g+Fo

ot P P



Volume of Fluid (VOF) method

The fluid density is presented in fluid fraction, and the transport equation is used to
describe the fluid movement.

P +V-(p,U)= Pn +ua'0m +va'0m +Wa'0m =0
ot ot OX oy 0z
0
P = Z fmp m 0.00 0.00 oy \.30 0.00 0.00
m
af 0.00 0.00 %.83 0.83 0.00 0.00
v f)=0
ot \
0.00 0.28 1.00 1.00 0.28 0.00
Piecewise linear interface —— ~N
calculation (PLIC) 0.78 0.94 1.00 1.00 0.94 0.78
N - X p — Cp — O
1.00 1.00 1.00 1.00 1.00 1.00
F(Cp) :Vtr(Cp)_ fp*V =0




Partial-Cell treatment

Ve = (1 - fsolid )‘v’ =0V

a(eaf”‘)+v-(9fmv)=0

t
V
(98( )+V-(H\N):—ng+gV-f+Qg +OF,

ot P P

If a cell contains partial volume of solid material, the flow solver has to deal with
it. Cell faces are defined either to be entirely closed, or not. Cell faces are “closed”
only if at least one of the two immediately neighboring cells is entirely occupied
by solid material. If the cell faces are “closed”, the face velocity of the cell is set
to zero, and the face pressure is no longer calculated in the pressure solution. On
the other hand, if any face between two cells, containing at least a partial cell
volume of fluid, is “open”, the code solves the velocities and pressure gradients.



DEM topography module and COMCOT boundary coupling module

DEM topography module

The real topography can be easily constructed in the Splash3D by using PCT.

Example of DEM topography module

0

Topography of Toce River Valley Dam-
break BenchMark problem.
Dx=dy=0.05 m, dz=0.01m.
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LES (Large Eddy Simulation) Filtering

A low-pass filtering operation is performed so that the resulting filtered velocity can
be adequately resolved on a relatively coarse grid.

1.0 .Jr 5
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E Lo :

A
Fig. 13.2. Upper curves: a sample of the velocity field U{x) and the corresponding
filtered field U(x) (bold linc), using the Gaussian filter with A =~ 0.35. Lower curves:

s Fig. 13.1. Filters G(r): box filter, dushed line: Gaussian filter, solid line; sharp spectral
the residual field +/'(x) and the fillered residual field #'(x) {bold line).

filter, dot dashed line.

A : the filter width

7 : the radius



Filtered Conservation Equations

* Continuity equation: [8&

e Conservation of Momentum:

kK. ==

the anisotropic residual-stress tensor is:

r __ R 2
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Smagorinsky Model

([ — — )
r OU; | 8Uj B r
Tij — — VU, i — —2Vt Slj
oX;  OX
) = 5 — 68 : Smagorinsky length scale
Vt — € S S — <CSA> S C; :Smagorinsky coefficient

— 1/2 A filter width
S — (ZS ij S ij ) : the characteristic filtered rate of strain
A

= (Ax, X AX, x Ax,) "
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Force (N)
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Velocity (m/s)
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Setup of the Benchmark Problem

This model shall be easily setup for numerical simulation, and be able to represent the
interaction between a bore and a structure array. Moreover, the quantity of dissipated
energy shall be easily identified. We focus the comparison on the free-surface kinematics.
After the validation, the numerical model can be used to study the real-scale tsunami
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Validation on the Free-Surface

s (e)

Fig (e) ~ Fig (1) show the free-surface comparisons. Blue indicates the
perspective free-surface profile from the numerical simulation. The free-
surface profile is overlapped with the experimental snapshots taken by ; ; :
the high-speed camera. After sudden-removal of the gate, the bore soon o (f)
develops into a plunging wave (Fig (f)). The plunging wave collapses b =4
after the first bounce (Fig (g)). When the bore with strong turbulence
encounters the cylinder array, splashing waves can be observed (Fig (h)).
Finally, the bore reaches the maximum runup height and gets reflected
back from the sloping beach (Fig (1)). The free-surface profile predicted
by the numerical model is very close to the experimental data. This
indicates that the 3D VOF-LES model is able to describe the complex
flow field, even when the complex breaking wave presents. After the
validation, this model will be used to simulate the real-scale problem on
the south-western coast of Taiwan. The result will be presented in the
near future.
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(w) z

Time = 0.06067568 .
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Base maps is experiment snapshot ; Blue
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2010 Mentawai Earthquake and Tsunami

USGS Community Internet Intensity Map
KEPULAUAN MENTAWAI REGION, INDONESIA

1 . I nt rOd u Ct I O n Oct 25 2010 21:42:22 local 3.45415 100.1138E M7.7 Depth: 20 km 1D:usa00043nx

The October 2010 Sumatra earthquake was a
magnitude 7.7 Mw earthquake that occurred .
on 25 October 2010 off the western coast of
Sumatra, Indonesia at 21:42 local time (14:42
UTC). The earthquake occurred on the same
fault that produced the 2004 Indian Ocean
earthquake. It was widely felt across the
provinces of Bengkulu and West Sumatra and 5
resulted in a substantial localized tsunami that
struck the Mentawai Islands.

Many villages on the islands were affected by
the tsunami, which reached a height of 3 m

and swept as far as 600 m inland. The tsunami

O5'E 100°E

caused widespread destruction that displaced woener | 1 (I IV i |
sHakiNG |Motfelt Weak | Light |Moderate| Strong [Very strong Savers Violent| Exireme
more than 20,000 people and affected about DAMAGE | nore | none | none | Verylight | Light | Moderate |Modsrate/Heawy | Heawvy | V. Heawy
Frocessed: Mon Nov 8 05:47:47 2010
4,000 households. 435 people were reported to
have been killed, with over 100 more still AR R R B

missing.
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force  F(t) =C ,x0.5(pD)x (h+7(t)x j::)u(z,t)\u(z,t)\dz

Bending
moment

M (t) = C ,x0.5(pD)x (h+ (1)) x j::)u(z,t)\u(z,t)\(h+ 7)dz
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Discuss Three inclinations simulation Result
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flood depth (m)

Flood Depth Validation
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Time = 18.250 sec

Velocity Vector U
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3D Simulation

Domain Area: 1300*1100*32 m?
Cells: 65*55*32
Time: 800 sec

Isovolume Vect Mag / /\{ i k 180915
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Gauge Distribution
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e “In 1781 around the 4th to 5th month, 46th Qianlong year, the weather was fine.
Suddenly the sea roared like thunder. Giant wave appeared. Water rose for tens of
zhang high. Villagers nearby were submerged. They climbed upwards, expecting to die.
After a few quarters, it ebbed. People were swinging on top of bamboos, crying for
help.|One strong man jumped to ground, and helped others getting down. Gazing lands,
farmlands and gullies were full of leaping fishes. Villagers nearby rushed to collect by
baskets. It was heard that one woman was drown. The woman was fierce, and was not
filial to her parents in law. Except for the woman, everybody was survived. After
collecting the fishes and heading home, suddenly the sea roared again. Fishermen lost
their fishes. They sailed on top of bamboos on raft,Avatching their homes submerged

/ S

About 4~5m Second tsunami coming in About 1km far

About 230 years ago
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et was not far away from Tainan)

Latitude (N)

In 1782 May 22 (or 1682 December ?), strong earthquake shook the Taiwan (Tanian) and vyzvuzshee (??) and
caused severe damage, followed by tsunami waves, attacking the coastal area in the East-West direction.

“ Almost the whole island” was flooded by tsunami for over 120 km. Earthquake shaking and tsunami waves
lasted for 8 hours. Three big cities and 20 villages of the island were destroyed by an earthquake at first, and
then by the tsunami. After ebbing, the locations where the buildings stood remained only the debris. “There
were nobody left alive”. More than 40,000 inhabitants were killed. Lots of ships were destroyed or sunk. In the
places where some capes were swashed away, fresh slopes and coves appeared, and filled with water. Forts
Zealand (Anpin) and Pigchingi were washed away along with the hills on which they are located. (Perrgy, 1862c;
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Tsunami Boulders were found in Taiwan

Latitude {N)
Latitude (N)

119 120 121 122

21.85
Longitude (E) 120.65 120.7 120.75 120.8 120.85 120.9

Longitude (E)




Motivation-2
One of them presents a huge scour hole
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Isovolume Centz
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