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ENERGY OF SEISMIC WAVES RADIATED BY FINITE
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ABSTRACT. We used amethod. which allowed determined energy radiated in seismic
waves from a seisinogram recorded at one station only. ln present work we compared
how the results can differ if final sonrce was neglected and replaced by a point source.
The investigation was performed by munnerical experitients. To be able to evaluate
synthetic seismogriuns we developed a suitable model of the kinematic finite cirenla
sonrce. We investigated the inflnence of take—off angle. distance. rake and rupture
velocity. We found that omitting a finite source can affects a flinal seismiic energy. but
the difference is less than an order of magnitnde. The influeace of the take-off angle
was found to be the most significant. the influence of ather investigated parameters
(distance. rake. Tupture velocity) is of less iportance. The dependency of determined
energy on take-off angle is monotonous in general. however some irregularities for S

WAVeS energy were o iscovered.

IKEYWORDS: Seisinic energy determination, finite cireular sonroe.

|. INTRODUCTION

In my previous works I detenntied the energy radiated in seisimie waves for real
earthigquakes from seisinograms recorded at ouly one seisinic station (KolAr.
1994a; b). At those
the results can differ if a final sonrce (circular sonrce 1 our case) 1s consider. The
problen is studied

The energy was calculated
icvn (1910), later used and modilied several thnes, e.g. by Boatwright (1980). Let
me brietly describe the method: first, the energy flow i a point of observation (i.e.
at
eran. Then we move from the station 1o the sour
path eflect (geometrical
on focal spliere tn one particular direction. Under the assummption of a source type
we can then
as a sin of energies radiated i all directions: in other words. the energy flux is in-
tegrated over the whole focal sphere. The influence of the radiation patteri. source
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type. etc. nust be considered. The method can be described by the formmnia

A ((F)*Y (0:p)  ptes .
.= < > d ; / (v(a, 1)) dt . (1)
A (Fo(v, ) (K7)° i,

where E stands for energy, ¢ for 7 or S wave and o, 1s the wave velocity, F7 (1. )
is the value of the radiation
the ray

)

of (F*(w. ,o)).') over the whole foeal sphere (value of <(F"‘) > IS given
and
the
boundaries), A is the absorption factor. N7 is the conversion coeflicient of the
free surface,
and 1., determine
that
works properly only if the energy fhix is calenlated frotn records of direct wiaves
(P and/or ). Formula (1) incorporates all importaut influences, which aflect
seistie waves during their generation and propagation. The velocity v(a 1) st
be naturally a real ground velocity
must be corrected if necessary.
source. The method allows us in principle to calenlate the toral energy radiated in
selsiic waves
liowever, many other information
sonrce location, source type and mechanism. efe.).

The present. work deals witli ouly one particular problem of the nethod: -
g t
influence of a finite seismic sonrce
results given by Boatwright (1980). Present stady shows how the valiue of calen-
lated seistic energy radiated
waves are generat
was perforined by using mmerical simmlations and we supposed a cirenlar type
a finite sonrce. Synthetic seisniograim
for various points of observations and for various valies ol investiga
(take—off angle. dist rake). Then the selsmic energies
were det Le.
asstimption of a point seismic source model. The relative changes of seismic en-
ergy cansed by nncorrected influence of a finite seismic sonree were observed i
dependence on the mvestigated parameters.

The calculations were performed for synt
vestigated paraineters ree and a station. diameters of a
finite source ete.) were spired by real

(Koldr, 1992: 1994a; bh).
2. FiINtTE Sounrcr MoDEL

For the calenlation of syuthetic seismograms [ assimimed a planar circular sonrce off




ENERGY OF SEtsMic Waves RADIATED BY FINITE CIRCULAR SOURCE ... '

double=couple type. Such sonrce is widely nsed for modelling of simall earthqiakes
— see ez, Antonim (1987). The finite sonrce was

of point sub=sources or. iu fact. the final seismogranm was calenlated as a s of
seismogratus radiated by individnal point sub-sonrces. For the caleulation we Lave
to be able evaluate course ol displacetient

quoted also as sub=STF) iu every poiut of the sonrce, we have to also prescribed
soniehow distribntion of sub—sources on the fanlt.

The source model hiere described is inspired by the work of Madariaga (1976),
namely by fignre 3 of guoted work. The sub—sources are distribiuted inside the
cirenlar fanlt
that there is a grid point in the centre ol the cirele see Pig. 1o The density of
the grid (thie distance 1 between two closest point sonrees) is given as the fraction
of the radins of the circle. All snb—sources are ol the same mechanisim (ie. the
sante strike. dip, rake) and the sine shape ol the sub source time Tinetion but with
different starting thmes, anplitudes and durations in general. The rupture process
starts at the centre of the circle and spreads in all directions with the same raptare
velocity v When the rupture front reaches a sub-sonrce. the sub sonrce starts to
radiate with a prescribed sub=sonrce time function. When the rupture front arrives
at the fault horder. it rellects hack and retiurns to the centre as a stopping front. A
schematic example of thme variation of a displacement conrse on the fanlt is given
in Fig. 2.

The sub=source time function s designed in the following
ship (displaceient) correspond to the rectangular conrse of sub-—source tirne funetion
— wee Fig. 3. curves a. b 'To obtain smoother course of the sub STE we nsed
curve . whicliis described as one period of sin” 1. instead of rectangular one. The
corresponding conrse of the ship s o Fig. 3. corve
is used as a sub-sonrce t.
sith—source is fully determined
and an amplitude, The amphitude 13 corresponds to the maxinnn value of the <hp
velocity at a sub=sonrce. The maximm amplitude 3,
fn direction to the borders of the source the amplitude B decrease according to the

formmla

- ‘)
/J:H”(l—i) . (2a)
"
where s s the distance ol the sub-source from the centre and a i~ the final sonrce
radins. T'he time of duration
rupture
oy observed at point .S, generated by

16} g (1= v fdy . .
sin~ (——-J—r-—i) F (e Pat) for ty <1 <A1y
(2D)

() otherwise .

where dy v and g, are actual values for d. v and 2 for the particnlar sub-sonree
b and point of observation S,,. The final seismograan in Sy, is then given as a s
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rake

The seisto-

1. The model of the finite circular sonrce.
grams are ohserved at points S, which are specified

by distance d and take—ofl angle . The sub—sounrces

FIGURE

(marked by arrows) arve plotted liere only 1 a part

of the fanlt.

gure: rake = 15°; the poiut

the rectangular grid (dotted lines) with a distance of
sub=sonrces I = a/3. where « 1s the cirele radins. s s
the distance of a sub—source fromn the origin, d, ;. is the

distance of a sub=sonrce k from point S, (v = 1).

of selsiograms

(2¢)

wy, = § 1k
A.

Formula (2b) is only valid for unbonnded homogeneous isotropic miedia (see below).
Tlie seisinograins st be integrated hefore energy evalual
(1) (to convert displacement into velocity).

Performed tests
tion of sub=STF given as {4, = 1, — t; produced a rather syinmetric signal of the
finite source (the
angles canused by thie finite source were rather sinall and synimetric — see exainples

in Figs. 4a. h). To emphlasise the
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OIS,

FIGURE 2. A schiematic example of the thne dependence of dis-
placement on the circular fanlt. A section along radins
a is plotted
[ = 0 in the centre. The rupture f
fault. border at time [ = 10 and at the same time it
trns
centre at thne = 15: the fignre therefore
the liealing process is two thnes shorter than the rap-
ture process (c.[. formmla 3). Awmplitades of the dis-
placetnent
formula 2a. Notice that for this schematic example
sitnpler ship conrse given i Fig. 3 curve o was nsed.
instead of a simooth one given by

was arbitrarily shortened according to the formmnla

I TN T
S 1.5 o rr

<

where {; = s/v,.. An example of the modification can he seen i Figs. Ha. b,
Notice that the modification ol the time duration (fornmla 3) also ronghly corre-
sponds to the forumla for the relation hetween source radius a and corner frequency
fo (or period tquy. respectively) given e.g. by Bruue (1970) or Autonini (1987). The
formmla is N
L 2..‘77:g‘ . (1)
2n f.




a

FI1GURE 3. Shapes of the displacenment
fimetions;
one an amphtude. The carve a represents a simple
displacement
(/1) and the
sub=source time f
stoother v
sttb=sonrce time function

described as one period ol

Suppose for a moment. that corner frequency f. the highest frequency which
1s still ) L
decrease by spectrum fall-ofl’) depends on the longest. sub sonree thne function.
This sub=STIF is radiated by the cent o :
supposed to he inversely proportional to its time duration aud rg = 3.5 kinm/s (see
below). then the vahie of proportionality in for
approximately

The modification of 1,4, emphasized the
ol a synthetic
v and o (see the exauinples o Figs: dac b Hac b)) I this model of the finite
sotrce the sub-source situated at the centre radiates the
L) With a maxanunn amplitnde (13 = By). the sub—sources at the fault horder
radiate
Notice, that decay of aniplit
steep enongh to avoid an infinite increase of radiated energy, 1t should he stressed,
that t
case and there is no need to

For our model of sonrce we nsed very simple course of slip i the sonrce. However,
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0.1s
FIGURE da. An example of seismogram with non modified time dn-
ratiotr fg,,. H
459, distance = [0a. Tanlt radins o = 0.25 k. dis-
tance of point sonrces I = a/10. In FPig. 4a the take—ofl
angle v = 8325 P and S waves are narked.

0.1s

FIGURE 4bh. The same as m Fig. da. hut for the take-ofl angle

v =06.75"
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FiGURE Hha. The same as i Pig. 4a, but here the thime duration £,
in is wodified (shortened) according fornmla (3). Iere.
the take—off angle v = 83.25°. The signal shapes mo-
dification as well as time duration changes are evident
in comparison with Fig. 4a, b.
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FIGURE 5b. The samme as in Fig. 5Ha, but for the take-off angle
v =6.75°
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if required, it could be relatively situply replaced in t

courses, which were proposed e.g. hy Madaviaga (1976) or Boatwright (1980).
Figure 6 shows two exatuples of the source spectra. From the fignre it follows,

that corner frequency slightly depends on the take—off-angel and that fall off of

the spectra is about f=3 that is more than nsual value =% Problems with proper

spectra fall-off of model of finite sources were discnssed ¢ g. by Fujiwara and Irikura

(1991).

1.0e-07
[ms] "
— “.""-‘
— ‘\‘
Y
- .
.
.
B
— Y
Y
‘l
10e-08 |
-
1.0e-09 [=
10e-10 | 1 1 1111l | 1 11111l
1 10 1000
[Hz]

FIGURE 6. Awmplitude spectra ol 2 waves ol synthetic seisinograims
in Fig. 5. The spectnun of the E component of the

seistogram i Fig. ba (take-off angle v = 8:3.25¢ —
(ull line) and the spectrinn of the Z component of the
seismogram i Fig. 5h (v = 6.75° daslhied line).

Notice slight vartation of the corner frequency [, (forin
abont
which is about [=% for both spectra.

3. CALCULATIONS OF SEISMOGRANMS AND SEISMIC ENERGY

[u present study T anrinterested only in particular influence of i linite sonree and
[ am not interested in any other effects abont whicl | suppose that they are kuow
and i principle correctable. Therefore | can simplify calenlations and consider
only an nnbonnded isotropic homogeneons medinnm. Tn such a model the waves
from point sources are affected
depends ouly ou the distance hetween the sonrce aud a point of observation (see
formmla 2b). The values vp = 5.76 kin/s vp/ug = 1.65. 0 = 0.25 kinand v, = 0.90g
were used for calenlation. Particnlar values of rp. vp/eg and a which were used
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are taken over fronn a real situation i which seisinic energy was calculated for a set
of real events (Nolar. 1994h). However. I would presime thiat such values conld be
close or similar to the situation of tiany places with local events. The given relation
for v, is widely nsed — see e.g. Madariaga (1976): some other acceptable valiues of
. were also tested see below. The perfortued munerical tests sliowed that for
distance between points sonrces of which the final sonrce 15 composed, it s enongh
to put { = 0.1a (i.e. I = 0.025 ki tn onr case). I he value of 1is shorter (e, the
finite source is represented by larger nmmber of snb—sources). the final seismogratn
does not. change.

The points ol observation S, were sitnated along the ares with radius [ = 100,
40a and 60a (i.e. 2.5, 10.0 and 5.0 ki in onr case). Seismograms were caleulated
for twenty receivers regilarly spread ot on the are inone quadrant (ie. for take off
angles 1 from 2.25° to 87.75° with step 4.57). The augle v is measured fronn the
perpendicular line to the plane of the finite sonrce (see Fig. ). Then energies were
caleulated from all synthetic seisiograms by fornmla (1) e polnt sonree
is assthined. Since an unbounded isotropic homogeneons medinn is supposed. the
coefficients A and A are unit and coeflicient ¢ s simply inversely proportional 1o
the distance d.

Let e miake a few comments on the properties of this ource:r the final signal.
of course, 1s not monochromatic, however. the distamces d given above can he also
expressed 1 wave length Ay which correspouds to the Tength of S wave radiated by
the sub=source sitnated i the centre of the sonrce. The sub-sonwrce i the sonree
centre has the longest sub=source time function. .. maximal valie of £, The
distances d are about 6.6 Ao, 26.6 Ao and 40.0 Ao, Shorter distances o cannot be
nsed as for them the P and S waves are not separated and omr inethod ol energy
calenlation cannot be nsed then. The chauge of distance o changes also the ratio
of d/a. which can be also nuderstood as a chauge of radins a for constant distance
: the conclusions about the calenlated energy are then similar.

Despite of tny atternpt. T was not able to deterniine the radiated energy by an
analytical fortn. This, the total radiated energy (which is used for cotmparison with
the energy determined by formmla 1) is evalnated by monerical integration over the
all spliere. Nevertheless, by numerical experiments it was discovered that the total
radiated energy depeuds ou square of miaxinn central aplitnde 33 and on eube
of source radins @ for onr odel of the linite cirenlar sonrce. Purther | found ont
that scalar selsmic moment A ol our sonrce is proportional to square of sonrce
radins @ As total radiated energy is proportional to . it follows theu that 1he

energy is proportional to a A/,

4. RESULTS

Tlie 1uflnence of several parameters were tested in the conrse ol caleulations of
seismic energy from seismogranns radiated by a linite seismie sonvee: the resnlts are
given 1 this section aud plotted in fignres 710, The curves i the fignres always
show relative chianges of seisimic energy versus take—ofl angel . "Uhe value of rotal
P wave energy really radiated hy the finite source was chosen as an nunit (remeniber,
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FiGure 7. Test of the inflnence of the rupture velocity e, In the fignre,
relative seistnie energies of P and .S waves (in logarithimice
scale) versus take—oll angle 1/ are plotted. Values v, = 0.7¢g
(dashed lines) and v = 0.90cq (fall Tines) were nsed: cner-
gies were normalized by the valne of 2 waves energy which
was detertined hy nurnerical integration. For each valne
of the rupture velocity two lines are plotted for distances
d = 10a and 40a: rake = 30°. The fignre shows that resnlts
are practically independent on the valiue of the rupture ve-
locity: the only exception (energy for small take-oll angles
vore = 09es and distance o = 10a) quickly vanishes with

increasing distance .

that this value was obtained hy wmerical integration of cnergy density ol P2 waves
all over the sphere). The curves of 12 and S energies also show their nnatnal ratio.

Influence of rupture velocity: for the rmpture velocity o, value v = 0904
was accepted (see Sec. 3). however. the acceptable values ol v can lie in the mter-
val 0.7 =095, (Madariaga, 1976). Thns the valnes 0.7, and 0.9, were nsed for
calenlations and the resnlts were cotnpared. The result of the test s given in g 7
and shows that the value of the rupture velocity practically does not influence the
caleulated energy. Therefore. for further calenlations only valie v, = 0904 was
nsed.  As the test showed that the energy dependence on the r. s weak. other
valies from the acceptable interval were not tested.

Influence of distance: the influence ol the distance o was tested. As presented
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F1GURE 8. Test of the mtluence of the distance o. In the tignre, relative
seisinic energies (in logarithimic scale) of S waves (full lines)
and of P waves (dashed lines) versus take—off angle 1/ are
plotted.  Values n, = 0.9vg and rake = 30° were used.
The curves correspond to distances d = 10a, 40a and 60a.
The figure shows that the dilferences for varions vahies of
distance d are none or small. The only exception is the
energy of .S waves for valies of take-off augle i/ close to zero.
The perforied tests showed that this anowalous hehaviour
vanished if the distance o increased. Values of energies in
figure were normalized (asin Fig. 7) by the valie of P waves

energy.

above, the values d = 10a, 40a and 60a were used. The perforied tests showed
that in general the distance changes did not have au imnportant influence on seisniic
energy (see Fig. 8). The anomaly of energy for the take—oll angle close to 0° 1s not
very nmportaut; it occurs only for simall distance d. and gnick ly vanishes with its
increase.

Intfiuence of vake: the last parameter under the test was rake. It was considered
from the interval of 0°=90° (other valies are comnplementary to this interval). The

° and at places with anomalons behavionr even shorter (e.g.

step was maxiimn H
22). There are no changes in the (relative) seisinic euergy for most vahies ol the
interval, however, there is again an exception. For values of rake close to zero (i.e.

double—couple oriented approximately in the direction of the plane in which points
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FIGURE 9. Aun example of anomalous beliavionr of the (relative) seisiic
energy of S waves (full lines). lu the figure, relative seisiic
energies for distances d = [0a, 40a and 60a for rake = 0°
are plotted. The figure shows that there is an anomalons
behaviour of .S waves energies in the interval ol t he take-off
angle of 40°-50°. The greatest valies of the aunomaly cor-
responds to smaller distances . the valie of the anomaly
never exceed a range in which other values of the relative
energy lie. For the energy of P waves (dashed lines) no
anoinalies are observed. Values of energies tu figure were
normalized (as in Fig. 7) by the valiue of I” waves euergy.

of observation
waves for some take-off
example for different d is given m Fig. 9. Tests showed that auplitudes of the
anomaly increased if the distance o was simall and decreased with increasing rake.
The dependence of the anomaly on the paraeter rake i1s shown i Fig. 10.

The method of deterinatio
required knowlecdge of plenty of information and of conrse the result precision de-
pends on the reliability of these knowledge. Judging according to our experience
witli real earthquake processing (Nolar, 1992: 1994a: h). we suppose that
t
termination of radiated energy is perforied. lu other
corrected all other influences (inchided i formmla 1), 1.e. if we know all the nec-
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FiGure 10. Comparison of the inflnence of the parianeter rube on the
anotalous behavionr ol the energyv. The curves are plotted
for distance d = 10a and for rake = 00, 2957 10, 15",
There is no anomaly for 2 waves encrgy (dashed line). For
S wave energy (full lines) there is an anowaly Tor fake —off
angles v from interval 407 - 602 The anomalies do not ex-
ceed an order ol magnitude and their amplitudes decrease
with increasing rake. For rake = 159 the curve is already
practically monotonons. Valiues of energies i figure were
normalized (as i Fig. 7) by the value of 12 waves energy.

essary information. Unfortunately. it s probably not a very cotnnon case for real
data. Moreover, to perforim such a correction we must know or snppose the diameter
of finite source in addition to all others required mlormation.

. CONCLUSION

From the performed munerical tests 1t follows, that the neglecting ol influence
of finite seistuic source can allected the determined seismic energy. However. the
differences are within an order ol magnitinde. The iutlience of fake—off angle was
found as the most affective among tested parameters. Other nvestigated paratne-
ters (distance and rake) have less importance: there is almost no influence ol ruplure
veloeily. The depeudency of deterinined encrgy on lake—of] angle 1s monotonons iu

general. however some irregnlarities for S waves energy were discovered.
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The by—product of the work s a sinple kinematics model of a fintte circular
(double—=couple) seisinic sonutce. which conld be also simtable for some other fu-
ture calenlations. It has been found out that some properties ol our souree model
(namely spectrumn fall-off) do not meet fully the general demands on a final sonrce
model. This effect is consequence of our extremely simple course of slip on the
fault area. If necessary. model can be completed by miore sophisticated displace-

nent courses designed by others anthors (see above).
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ENERGIE SEISMICKYCH VLN VYZARENYClI
KONECNYM ZDROJEM — NUMERICKY PRISTUP

Petr KOLAR

Pouzivane tietodin, kterd nmozije nréeni energie vvzarend v oseisinickveh vi-
nich ze seisimograni zaznameuaného ponze na jedné stanici. Tato metodika byla
navrzena Golicynem (1915) a modilikovina Boatwrightem (1980). V'Y pocetr je za-
lozen na tegract (kvadriatn) ziznanm rvehlosti, krery je nasledne opraven o vlhiv
prostredi. vyzarovacl charakteristikn zdroje. atd. Tntegraci takto urcend hustoty
tokn energie pres {fokalni sférn pak ziskiviame celkovon vyzarenon cnergii.

Jiz diive Jsime provadeli vypocty energie pomoci teto metody pro vybrané jevy
ze zapadoceské zemetresné oblasti (Koldr, 1992 1994a: b). V' predkladané prici se

zaméhenme pouze na jeden aspekt metody a porovonavaime. jak se nréend cnergie
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nuize lisit, jesthze pri vypoctu zanedbaie konecnost zdroje a nahiradine jej zdro-
Jentt bodovym. Problém byl zkomndan poroct mmmerickyel experimenti. Abychom
byl schopm kounstruovat prislusné syntetické seismogramy, navrlhili jsime jedunonchy
kinematicky model koneénuého seisinického zdroje. NAs zdroje je rovinny krihovy
a Je tvoren superpozici pravidelné rozimistényeli bodovyelr sub—zdrojn typi dvo-
Jitého dipohi. Navrhli jsime rovnez casovon funkei zdroje a prithelr procesu trhani
ua zlonm.

Pri vypoétech, jsime postupovali nisledovne: spocetli jsine syutetické seisimo-
gramy generované nami navrzenyin konecuyin zdrojem. 7 téchto seisinogramm jsine
pak (za predpokladn bodového zdroje) urcovah seisinickon energii vvse zininénon
metodon. Takto ziskanou hodnotu energie jsine porovnavali se spriavonon hodno-
ton energie. ktera byla urcena primou integracl viech seistmogramn vyzarenych
kouneéuymi zdrojernn. Vopribehu prace jsine sledovali vliv bl vijelrodu paprskn ze
zdroje, vzddlenostt, rake—u a rychlosti 1rhdni na celkovou hodnotn nréené energie.
Znstili Jswe, ze zanedbani konecného zdroje nmze ovliviit hodnotn urcené ene rgie.
rozdily jsonvsak mensi nez jeden rad. VIiv hodnoty wiblu vgehodu se nkizal jako nej-
vyznamneési, vliv hodnot ostatnich zkowmanydr paranetrn (tj. ezddlenosti, vake —u,
rychloste trhdni) je mensi. Zavislost nréené encrgie na iiblu vijehodu je vieobecné
mono touni. avsak objevili jsime nekolik neregularnosti pro 5 viny.

Ke stanoveni energie seisuiickyeh vin pomoel pouzité nietody staci ponze jeden
setsmogrant, je véak mutuo it k dispozici nimohio dalsich adajn (o prostiedi, mecha-
nisimin zdroje, atd.). Pri praktickéin poziti metody json ¢asto tyto nezhytné adaje
zndy pouze priblizné. Sondime. a to i ua zaklade nasi drive)si zkusenosti se zpra-
covanim realnych dat, ze vzliledem k témto nepresnostern a chybim minze it ko-
rekee viivi konecnélio zdroje vizinam pouze pi veli detailning nrcovani seisimické
energie, které ale nebude pro redlnd data pravdepodobné prilis ¢asto prakticky rea-

lizovatelné.



