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Uvod
* motivace
« prehled zakladnich vztaht
* priblizeni vypocetni metody
* pouzité pristroje
» modely zdroje zemétreseni Tohoku 2011
 porovnani namérenych a modelovych spekter pro stanici GOPE
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Motivace

* Vlastni kmity poskytuji nezavislou informaci o zdroji a procesu zemétreseni.

» Velikost deformace zavisi na velikosti zdroje budicim viny, avSak periody jsou dany
materialovymi parametry jednotlivych téles.

* Pro vycisleni frekvenci a vlastnich funkci pouzivame primou numerickou metodu, kdy
diskretizaci okrajové ulohy pouzitim konecné diferencniho schématu s pseudospektralni
presnosti prevedeme soustavu obycejnych diferencialnich rovnic na maticovy vlastni problém.

* Periody zakladnich médd jsou vyrazné delSi nez povrchovych vin, ze kterych se bézné velikost
zemétreseni urcuje.

» Mame k dispozici "mistni" data z Geodetické observatore na Pecném.

* Pro jednu stanici nelze sestavit obracenou Ulohu, mdzeme vsak otestovat kvalitu model{ zdroje
urCenych z povrchovych a prostorovych vin.
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Fig. 1. Earthquakes with moments My = 3.5 x 10?® dyn cm recorded in the past 70
years. Note the absence of very large events between 1964 (Alaska) and 2004 (Suma-
tra). Moment estimates of the latter refer to the CMT catalog, and to values published
by Stein and Okal (2005) (solid dot; 50) and Tsai et al.(2005) (open circle; T). N shows
the reassessment of the 1964 Alaska source by Nettles et al. (2005). The stars on the
horizontal axis illustrate progress in seismic instrumentation. Vertical labels simi-
larly identify Richter's (1935) introduction of the concept of magnitude, as well as
milestones in information technology. The shaded band corresponds to the advent
of plate tectonics.

ABSTRACT

The great December 2004 Sumatra-Andaman earthquake was the first “giant” or “extreme” (moment
magnitude My, = 9) earthquake recorded by broadband digital seismometers whose data were rapidly
available to investigators worldwide. As a result, analysis of the earth's longest period normal modes
became a primary tool for studying the earthquake, rather than an elegant afterthought. The mode data
provided the first evidence that the earthquake was much larger (My, = 9.3) than initially inferred from
surface wave data and involved slip on a much longer fault than initially inferred from body wave data.
These observations in turn yielded important insight into the likely recurrence of similar earthquakes and
the resulting tsunamis both on the segment of the trench that ruptured and on neighboring segments.
The normal mode data are more numerous and much higher quality than previously available. They thus
provide the first direct evidence for effects that had been theoretically predicted, such as the control of
the splitting pattern by receiver latitude and the splitting of torsional modes. They similarly yield better
results for mode properties such as the attenuation of the longest period radial modes, found in agreement
with existing models of intrinsic Earth attenuation.

© 2009 Elsevier B.V. All rights reserved.
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Obecna soustava parcialnich diferencialnich rovnic

Hydrostaticka rovnovaha

= pohybova rovnice: VoTo+ fo=0

» Poissonova rovnice: Apg—47Gpo =0

To - predpéti dané Cauchyovym tenzorem napéti
fo - referencni sila predepsana: fo = —poVeo

Po - referencni hustota télesa
¥0 - pocatecCni gravitacni potencial
(& - Newtonova gravitaCni konstanta

PDR pro posunuti a prirtistkové veliciny — Lagrange-Euler{v pristup

Vo1 —poVo+ V- (pou)Veg—Vi(pgVy - u)
V- (V; + '—’lﬁ(_?p()u) =
AV -ul + {V’u + (Vu)'l} =
. - posunuti
¢ - prirstkovy gravitacni potencial

T - prirlstkovy tenzor napéti
A and 1 - Laméovy parametry télesa

£0
0
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Du , .
T —m pohybova rovnice
ot-

—— M Poissonova rovnice

—# reologicky vztah




Soustava obycejnych diferencialnich rovnic

Sféroidalni posunuti je popsano dvéma radialnimi funkcemi:
u(r) =3 |Uu(m)SSV (W, 0) + Vi) S (0, o)

Prir@stkovy potencial je dan jednou funkci:

n

B(r) = ZFR.(I')Y-QI(?!}- ©)

Tri obyCejné diferencialni rovnice druhého fadu:

fourierovska frekvence:

. uhlové Cislo
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Maticova reprezentace

Obecna maticova rovnice reprezentujici tfi obycejné diferencialni rovnice 2. radu:

A(r) -y + B(r) -y + C(r) y = —w’D(r) -y y = (U, Vi, F)

Pro diskretizaci je pouzito schéma s pseudospektralni presnosti. Obecnou maticovou rovnici
zapiSeme ve tvaru:

M
Z 3‘} —I_ng‘}—i_((}?‘} y‘}__w ZD(W?‘} JJ

Serazenim rovnic ve vSech vrstvach do matice P na spravné misto dostaneme:

(P—" -R) yo_ly

wz

P a R jsou tzv. témer blokové diagonaini matice.

Obdrzeli jsme pro sféroidalni kmity vlastni problém, kde matice P a R maji velikost 3MK'.




Anelasticita

Parametry modelu PREM jsou frekvencné zavislé:
-1
Sr(w) = 8ko + 2k0Qy; " In(w/wo)

5uu(w) = o + 2p0Q;; In(w/wo)

Q! = 201 /0 (koK) Q7" + (0K ,) Q3] dr

Posuny frekvenci jednotlivych médd zplsobené izotropni anelasticitou

dwa = 2wQ ™' In(w/wy)
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Linear amplitude (107'%ms™)

Vliv rotace a elipticity na spektrum

Vlastni kmity jsou Stépeny v disledku rotace, elipticity a lateralnich nehomogenit.
2
Sw., =w(a+bm+cm’), —n<m<n

b - zplsobeny Coriolisovou silou

Q C - zpUsobené elipticitou a rotacnimi efekty 1. a 2. fadu

082
0
m=-2 2
Spektrum 500 h zaznamu po zemétreseni na
1 - Sumatre 2004 ze zaznamu supravodivého
111 I gravimetru ve Strasbourgu, (Rosat et al., 2005).
N“A\ﬂww) AN 'l\mmwl\/”\/\v
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Vliv elipticity a rotace 1. radu

= 3(1 = k*X)(Q/wo)* + wp (v — wgT),

— X(Q/wﬁ)a C= —""Cb’o 2]‘3 ('U e ng).

parametr Stépeni zplsobeny Coriolosovou silou
a
x = k™? / p(V? 4+ 2kUV + W?) ridr
0

1. ¢len v a zplsobeny sférickou Casti odstredivého potencialu

2. ¢lenv @ a C zplsobeny asférickou Casti odstredivého potencialu a elipticitou
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Vliv rotace 2. radu

Mode Qfw, (X107%)  a(X1077) B(x10™% c(x107%) aep (X 1073%) @ (2/w,)? o, (2fw,)
(X10°%) (X103

o5 37.514 0.376 14.905 —-0.2671 0.102 0.238 0.686 —0.0973
R 24.773 0463 4.621 ~0.1179 0.152 0.074 0.490 ~-0.0614
oS 17.941 0.544 1.834 —0.0751 0.284 0.031 0.341 —-0.0278
o 13.816 0452 0.841 —0.0472 0.366 0.015 0.124 —~0.0092
.4 11.185 0.391 0407 -0.0331 0.423 0.006 —0.016 -0.0024
A 9.428 0.354 0.181 ~0.0252 0475 0.000 ~-0.119 0.0002
i 8.217 0.273 0.054 —-0.0196 0.526 —0.004 -0.261 0.0022
A 7.360 0.015 ~-0.014 ~0.0138 0.571 —-0.006 -0.571 0.0050
o 6.728 —1.008 ~0.040 ~0.0033 0.601 —0.007 ~1.627 0.0129
8y 6.237 17.075 -0.047 —0.1284 0.618 -0.008 16.438 —0.1145

S 5.836 2.655 ~0.045 —0.0241 0.627 —0.007 2.010 —0.0122

=
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Vliv rotace 2. radu

(05)
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Redlna odezva aparatury

Zrychleni bodu je dano pro
* rotacni

« elipticky

» anelasticky model

souctem jednotlivych multipletd:

a(x,t) = Z Apim () cos {nwg (1 +a+bm + ch) t} exp (—nYit)

nim

nW] - neperturbovana frekvence multipletu

nYl - Utlum multipletu

Koeficienty A,,;,», () dané:
» momentovym tenzorem (strike, dip, rake a skalarni seismicky moment)
* pozici zdroje a prijimace (epicentralni vzdalenost, azimut)

» vlastnimi funkcemi ve zdroji a na povrchu



Data z geodetické observatore Pecny

supravodivy gravimetr OSG-050

 vzorkovaci frekvence 1 Hz

 pouzito 137h zaznamu

« data obsahuji opravu na vliv slapt a variaci
atmosferického tlaku

Sirokopasmovy seismometr CMG-3TD

* 60m pod povrchem

* rozsah 50 Hz ~ 3mHz (6 min)

» vzorkovaci frekvence 4 Hz

* pouzito 137h zaznamu

* data neobsahuji opravu na vliv slapl a variaci
atmosferického tlaku




Oprava na atmosféricky tlak

Atmosféra ma na zaznam tize velky vliv: tvori az 10% slapového signalu

Predpoklad: vliv je jenom lokalni, dany predevsim hmotou v atmosfére, deformace
povrchu jenom maly vliv.

dano empiricky: 0.3uGal/hPa ~ 0.4 pGal/hPa

-->> tato hodnota je pro jednotlivé stanice jina, navic je frekvencné zavisla
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Amplitudové spektrum vertikalniho zrychleni supravodivého gravimetru (SG) a Sirokopasmového
seismometru (BB) z 68h resp. 137h zaznamu, po aplikaci Hannova filtru.
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HannQv filtr
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HannQv filtr
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Modely bodového zdroje

Global CMT Project Moment Tensor Solution USGS Centroid Moment Solution

Strike=187, Dip=14, Slip=68,

Strike=203, Dip=10, Slip=88, Mo=4.5%10**22Nm

Mo= 5.31"10**22Nm

USGS WPhase Moment Solution ||.,. I., ’

W-faze — dlouhoperiodicka vina (100-1000s) prichazejici
pred povrchovymi vinamy spole¢né s P-vinami S
(pro velmi silné jevy umoznuje rychly odhad magnituda,

které byva prostorovymi vinami podcenovano)

Strike=193, Dip=14, Slip=81, M0=3.9*10**22Nm

.
P

._\\.




Modely koneCneho zdroje

42°N

* inverze provedena z 38 vybranych teleseismickych P- a
SH-vIn

40°N

* dip 9°, strike 201°
« trhlina Sifici se z epicentra severnim i jiznim smérem

agN |

 délka zlomu 400 km

» maximalni skluz do 30 m

38°N

Dol « sloZeny z 252 subzdrojfi, Mo=5.39*10**22Nm
-
000

i

138°E 140"E | 12"E 144°E S1nke= 201 dleg
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Modely koneCného zdroje

* inverze provedena z 53 vybranych teleseismickych P- a
SH-vin a 54 dlouhoperiodickych S-vin

s

* dip 10°, strike 198°

-‘"-V_(""-"

« trhlina Sifici se z epicentra severnim i jiznim smérem

 délka zlomu ~ 300 km

« maximalni skluz pres 50 m

* slozeny z 37050 subzdroj, Mo=5.75%10**22Nm

Strike = 198 deg

q

-200 -100 0 100 200

Depth km

0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 5500

Guangfu Shao, Xiangyu Li, Chen Ji, UCSB, Takahiro Maeda, NIED



Regeni riznymi metodami davaji rzné vysledky napf. v dasledku:
» predpokladané geometrie zlomu

* parametrizace

* epicentralni rozlozeni stanic

» frekvencniho rozsahu zpracovanych vinovych poli

« strukturniho modelu
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Data & vypocty pro GOPE
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Data & vypocty pro GOPE
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Data & vypocty pro GOPE
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Data & vypocty pro GOPE
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Relativni shoda pro zakladni mody

source model 0So0 0S2 053 0S4 0S5 056 057 059 total
PS1 0.987 0.970 0.870 0.963 0.966 0.938 0.936 0.943 0.996
PS2 0.729 0.693 0.620 0.845 0.794 0.885 0.966 0.906 0.807
PS3 0.945 0.902 0.849 0.966 0.996 0.927 0.871 0.902 0.998
FS1 0.885 0919 0.996 0.858 0.892 0.822 0.767 0.765 0.873
FS2 0911 0.875 0.777 0.952 0.909 0.996 0.946 0.951 0.930

Table 1.

1 —

The relative agreement between the synthetic calculations and the data for the fundamental clearly isolated modes defined by

Js; Agdf = [, Amdf

/arfif

Agdf , where Ay, is the amplitude spectrum of models, A is the amplitude spectrum of the gravity data

and & f is the frequency width of the mode. The last column shows the relative fit after integration over all eight chosen modes.
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Rozlozeni stanic pro dalsi syntetické vypocty
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Zaver

Modely zdroje ziskané z povrchovych vin generuji signal, ktery je v podstaté v dobré
shodé s daty namérenymi na stanici GOPE. Jedna se tedy o jinou situaci nez v
pripadé zemetreseni Sumatra-Andaman 2004, kdy bylo z analyzy vlastnich kmitd
magnitudo nutné zvysit.

 Konecny model zdroje se v syntetickych datech vyznamné neliSi od bodovych zdrojt
ani na blizkych stanicich, protoze asperita, kde doslo k velkému skluzu, je prekvapive
mala.

* Pro dalSi porovnani kvality studovanych modeld zdroje a pro pripadnou formulaci
a reseni obracené Ulohy je potreba porovnani dat na veétsim poctu stanic.

« Je potreba otestovat do jak vysokych frekvenci se mlizeme metodou dostat.
--->>vypocet povrchovych vin modalni sumaci



