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Ap =1,
The operator A is a compact linear operator

n(x,y,t) =10 (% ¥i, £), M={(x;, ¥;), t=1,...,P}
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Nee = VI (gh(x, y)Vn)

The initial conditions:

(1)

= @o(x,5); =0

n,_, = ey Ne| (2)
The boundary conditions: (3)

0

—Tl =0 on the solid

an

boundary
= _, c?0?n

—Vn—ny +ﬁ| r=0  onthe open

boundary

n(x, Yy, t) =m0 (X ¥i, £), M{(x;, ¥;), 1=1,...,P} (4)

the water elevation above the
mean level

n(x,y,t)

the initial sea surface
displacement
c(x,y) = \/gh(x,y) the wave phase

velocity
the gravity acceleration

p(x,y) €Q

g
h(x,y)

0= {(x,y) €1(00,1;) x (0,1,)]} the tsunami
Qco source area

the depth of the ocean

No(x;, i t) the observed tsunami waveform




1. Methodology / the r-solution method

=2 singular system of compact operator A : (v;,u;, s;)
v;, u; are the left and the right singular vectors,
{s;} are its singular values, i — oo,s; — 0

S1 ... :
—) Ail o Siﬁi; i.e. A = UZVT , 2= ( S2 )

+ _ S . _
Q(x,y) = Yi2q @ Ssi 2 v;, S;i/(g,u;) - 0,i > oo, z—data error

r-solution

o1 (x,y) = VE1B.(UT7,)

i= r (770""’3 ul)
e .

[r] (x, J’) o

l




2. The aIgorithm/Discrete inverse problem

P(x,y) = Z Z Cmn sm—x sm—y Z Z Cmn®Pmn (X, Y)

m=1n= m=1n=

= [0, ll] x [0, lz] C = {Cmn}zlz:f}?:fv ’ ﬁo = {no(xp;}’p; tj)}' ,p=1,...,P; j=1,..N;

Ac = ﬁo
The matrix A: (P X Nt) X (M X N),' 1]|t=0 = Pmn;
A=UzvT
r- solution &[r] _ };zl(no:‘)-m’ 7,

Sk
r = max{k:— > d}
S1




2.The numerical simulation includes the following steps:

1) First, the matrix A is numerically computed by solving the forward
problem with every spatial harmonic
{opontm=1,.. M;n=1,..,N as a source.

2) Further, the standard SVD procedure is applied.
The singular system A:(v;,u; s;) is obtained

3) Setting the parameter d one can determine a possible value

Sk
r = max{k:— > d}
S1

4) Computing the coefficients {c,,,,}
5) Computing the r-solution

" (x,y)

6) Computing the marigrams at the points corresponding to the
recorders of the observation system and at the predetermined
points of the calculation domain
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2. Perynapusauua onepatopa B 4aHHOM C/ly4ae OCyLLeCTBAAETCA NyTeM Cy}KeHUA onepaTtopa Ha
NoANPOCTPAHCTBO, ABNAIOLLEECA IMHENHO 060/104KOM ero r NnepBbiX NPaBbIX CUHTYNAPHbIX BEKTOPOB.
Tem cambiM NOANPOCTPAHCTBO, B KOTOPOM ULLLETCA peLleHune, BbiIbupaeTca Ha OCHOBe aHa/In3a CBOMCTB
CUHTYNAPHOrO CMEeKTpa onepaTopa, KoTopbie ONpeaenaArTCca CUCTEMOI HabaoaeHna n 6atumeTpuen.

HeusBecTHaa pyHKUMA @ (X, Y) uweTca B BuAe KOHEYHOro otTpeska paga ®ypbe no NpoCcTPaHCTBEHHbIM
rapMoHUKam ¢ Heu3BeCcTHbIMU KoappuumeHTamu. OT KonnyecTBa rapMOHUK 3aBUCUT KaK BpemMs
BbIYMCNAEHMUA MATPULbl ONepaTopa NPAMON 3a4a4n, KOTopas NPeACcTaBaAAeT C060i OTKAMKMU Ha KaXKAyIo
rapMOHMKY B KaXKA01 TOUKe cucTemMbl HabatoaeHus, Tak u pesyabTaTt UHBEPCUU B LLIeIOM.

B pabote nccnenoBanncb CTPYKTypa NpaBbiX CUHIYNIAPHbIX BEKTOPOB NOYyYeHHOM MaTpULbl U BAUAHUA
yceyeHua SVD Ha BOCCTaHOB/IEHME FAPMOHUK B 3aBUCMMOCTU OT UX HOMEPOB. YCTAHOB/IEHO, YTO NpwU
NPOEKTUPOBAHUMU BbICOKOYACTOTHbIE rAPMOHMKM N/1I0X0 BOCCTAaHAB/IMBAIOTCA, MOABAAIOTCA
AOMNONHUTENbHbIE OCLUUNNALUK, A NPU Aa/IbHEULLEM YMEHbLUEHUU I - 3TU ABJIEHUA YCU/INBAIOTCA U, KaK
cnepcTBue NOABAAIOTCA apTedaKTbl B peLueHuu.

¥

BoccraHoBneHuUe
1-0M rapMmoHuUK
Nnpu pasHbIX r

Lagiycis T
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Pacuyemoi npamoli 3a0a4u nposoousucs

Ha FORTRAN kode Ha HP DL980 G7 cepsepe ¢
ucnons3zosaHuem 2-x no 10 sadep Intel Xeon E7-4870
npoyeccopos - 20 A0ep 8 yenom.



v=18; r=33; v123; k=77; d=0.007

Latitude (S), °

72 71.7
Longitude (W),°

qDTnLEx = ]NZ.()l;qornin}=-7ﬂ116

v=11; r=32; v12345; k=77; d=0.01
30 ;

31

Latitude (S), ©

32'?3 2 77

Longitude (W),°

Pmax=7.585; Pnin=-5.195;

v=19; r=36: v123; k=88; d=0.007
30 :

31

Latitude (S), °

3293 2 717

Longitude (W),°

Pmax =10.73; Qmin=-8.8;

v=98; r=36; v12345; k=88; d=0.01
30 :

31

Latitude (S), °

32'5}3 2 177

Longitude (W),°

Pmax= 9-01; @min=-6.25;

v=20; r=34: v123; k=88; d=0.01
30

31

Latitude (8S), °

32'93 72 717

Longitude (W),°
@_max=7.46; ¢_min=-6.2;
v123: v19(b)r=36;88; v18(r):r=38,77;

v123: v20(k)r=34,88;
v12345: v11(g)r=32;77; v98(m)r=36;88,;

10 20 30 40 50 60
numbers of singular values



32402
real data (black);
v12345: v11(77;0.007;m);; v98(88;0.01;-y);
v123: v18(77;0.007;r); v19(88;0.007;b);
v20(88;0.01;9g)

12;

Amplitude (sm)
o

32412
real data (black);
v12345: v11(77;0.007;m);; v98(88;0.01;-y);
v123: v18(77;0.007;r); v19(88;0.007;b);
v20(88;0.01;9)

12
AN
1S j \
&
[} / A
g 0 ) /N\\ ,/qu\// ~<
B L A
E \
< -6+ ‘
% 44 60 76 as
time (min)
12
E 6
2
)
S 0
=
=
]
32411
real data (black);
v12345: v11(77;0.007;m);; v98(88;0.01;-y);
v123: v18(77;0.007;r); v19(88;0.007;b);
v20(88;0.01;9)
6,
3
[ 7R
] o // \\A\ /& . -
2 A VRN T NSy e\
= -—</
£
< -3-
50 396 412 428 446
time (min)

RVARA TS

181 197 213

time (min) 6

[

32401
real data (black);
v12345: v11(77;0.007;m);; v98(88;0.01;-y);
v123: v18(77;0.007;r); v19(88;0.007;b);
v20(88;0.01;g)

/ \ LTS

= \77/’\\/2,/ A

” 98 114 130 148
time (min)
43413

real data (black);
v12345: v11(77;0.007;m);; v98(88;0.01;-y);
v123: v18(77;0.007;r); v19(88;0.007;b);
v20(88;0.01;9)

A4

Amplitude (sm)
o

1
w

1
&7
o

466 482 516

time (min)

498



@_max=1.959;
@_min=-0.67

600

(85W) (71W)

The location of receivers on direct and reflected rays corresponding

to the direction of the strongest variability of the dipole source have the
greatest effect for the inversion result.

As is shown in the numerical experiments, it is this set of receivers

that provides the best results of the inversion process.
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CpaBHeHMe HabnoAEHHbIX U

BOCCTAaHOBJ/IEHHbIX Mapeorpamm.

Cnepyet 0c060 noa4YepKHYTb XopoLuee
coBnageHue He TO/IbKO mapeorpamm,
y4yacCcTBOBaBLUMX B MHBEPCUU, HO U Mapeorpamm B
TouKax 6yes JAPT KoTopblie He UCnoab30BaaUChb
ANA peweHna obpaTHo 3agaun:
1) B MHBepcuM yyacTsoBaam gaHHble 1-0ro, 2- oro u
3-ero (uBer 3eneHblii) perMcTpaTopos, BOCCTAaHOBUAUCH
BCe mapeorpammbl, B TOM Yucne B 4-om v 5-om;
2) Ucnonb30BaNUCh AaHHbIE BCEX NATU PErncTpaTopos —

LBeT KpPacHbIif;

3) ) ucnonb3oBaNUCb AaHHbIE YETbIPEX PEruCTPaToOpPOB
(uBer cMHUIA) 6e3 paHHbIX 3-ero perucrparopa.
BoccraHoBneHuUe 3- eif mapeorpammbl HE NPOUCXOAMUT.
Ocob6an poab 3-ero JAPTa 06bAcHAETCA ero
pacnoioXeHuem Ha HanpaB/ieHUU Hanbonbluei
M3MEHYUBOCTU BOJIHbI, YTO CBA3AHO C KOHKPETHOM
6aTumeTpueit 061aCTU UCTOYHUKA.

CpaBHeHue rpadMKoB NO3BONAET FOBOPUTL 06
a[,eKBaTHOCTU NpeAasioXKEeHHOro NoAXoAa K
peweHuto 06paTHOI 3a4a4M BOCCTAHOB/IEHUA
MCTOYHMKA LyHaMM.
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Figure 5
Energy
propagation
patterns guided
by seafloor
topography
during the 2015
Chile tsunami.

Tang L., Titov V.V., Moore C., and Wei Y. (2016) Real-Time Assessment of the 16
September 2015 Chile Tsunami and Implications for Near-Field Forecast. Pure and
Applied Geophysics, 173, 369 - 367.
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5. Conclusion

The method proposed suppresses the instability due to the ill-posedness
of the problem. The characteristic features of the r-solution obtained are largely
determined by the underlying bathymetry and the observation system.

Analysis of the singular spectra of the matrix A makes possible to improve
the quality of the inversion by selecting the most informative set of the available
observation stations.

Based on the numerical experiments, we conclude that the method
presented provides a good matching in the observed and the calculated tsunami
waveforms.

Moreover, the algorithm provides a possibility to simultaneously restore
the tsunami source and the calculated tsunami waveforms even at the points,
where there are no observational data (There is no need to solve the wave
propagation problem once more).

The study of the singular vectors allows one to obtain the desired balance
with respect to the number of harmonics used.

22



Thank for your attention
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