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S - WAVE ATTENUATION IN NORTHERN GREECE

P. Hatzidimitriou*

ABSTRACT

The attenuation of shear waves in the crust is estimated, for frequencies
between 1.5 to 12.0 Hz by applying a single station method based on the rate
of decay of the S to coda waves amplitude ratio with distance. The data used
come from local earthquakes that occurred in the Thessaloniki area in northern
Greece during the period 1983-1989 and recorded by the telemetered network of
the Geophysical Laboratory of the University of Thessaloniki. The esimated Q.
values are very close to the coda Q values estimated for the same area using
the S to S single scattering model for lapse times between 30 to 100 sec but
they are higher than the coda Q of earlier times (10 to 30 sec). The estimated
Q, is found to be strongly frequency dependent, proportional to £°°!, which is
very close to that of the coda Q. These results suggest that coda Q is a good
measure of the S wave Q and that both scattering and anelastic attenuation are
important with neither completely dominating in the area of northern Greece.

ZYNOYH

TNy nopoUoa epyadio unodoy(fetal o nap&yoviag noldtntag Q_ twv S kupuktwev
o010 PAoLd yix ouxvétntieg petaéd 1.5 Hz kot 12.0 Hz. H MéBodSog nmovu £papudoINKE
Baoiletxl o010 pUuBud eAA&TWONG ME TNV andCTOON TOU AOYOU TDU QUOUNT LKOU NMA&TOUC
Twv S KUPATWVY IPOC 10 QaouxT kO NA&TOC Twv KUPKTWV oup&c. Xpnotponotindnkoav
Sedouéva TomLKOV OfLopdv Tng negptddou 1983-1989 nou kataypdenkav omd TO
tnAgpetpLlkd dixktuo Tou Epyaotnpiov TewpuolkAG Tou [laveniotnuiou @gcoaiov (KnG.
OL TLpég Tou Q nou unodoyliotnkav Pploxkovial o ovppwvio pe Tu TLREG Q mov
unoAoy({otnkav and 1o KUHATA oUp&g Yia Xpdvoug petaél 30sec kat 100sec yix 1nv
{(dtx meptoxd, HE 1OV £QXAPUOYH TOU HOVIEAOU NG GNARG OontoBod iaonopds, oAAK
glval uPnAdtepeg and 1L¢ TLPEG ToU Q mov vnodoylotnkav and 1a XUPATx oupd&g OF
XP6voug pnetady l0sec xal 30sec. Bpednke eniong 611 ot TLPEG TOU Q efapTdVINL
and 1n ouxvétnta £, avéiroya ue £°° , nov Bploketal o ovppwvio ue 1nv e€&&ptnon
annd In ouxvéInia ToU Q Twv KUPNATWwV oupd¢. And 1o napondve cupnepoxivetol 611 0
nop&yoviag noldéintag Q nov npokuntel and 1o xUuata oupds exepdlet 1nv andofeon
Twv S KUP&Twv Kol eniong 611 n andéofeon Adyw dLoonop&s kxt 11 £vdoyevnAG andofeon
ouveLlopépouv 1O (dLo otnv OALKR andéoBeon Twv S KUP&IwvV OInv HOEQLOXH 101G
BopeLag EAN&SQC.

EIZATQTH - INTRODUCTION

The attenuation of seismic waves, expressed by the inverse of the quality
factor (Q?'), 1is one of the most important geophysical parameters which
characterizes the materials through which the seismic waves propagate. There
are two basic methods of measuring the attenuation of seismic waves, namely by
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using the direct waves or the coda waves of the seismograms. Aki (1969), Aki
and Chouet (1975) and Sato (1977) interpreted the coda waves as single
backscattered S- to S- waves from heterogeneities in the crust and upper
mantle. Since then, the rate of time decay of coda waves amplitude has been
widely used (Herraiz and Espinoza, 1987) for the estimation of the coda
attenuation (Q_'). The equality of Q and S-wave Q (Q,) estimated from direct
waves or Lg waves has been reported in some studies (Rautian and Khalturin,
1978; Aki, 1980a; Herrmann, 1980; Roecker et al., 1982; Campillo et al., 1985).
This observational result states that the use of coda waves is the easiest way
to estimate Q_(Nonelo-Casanova and Lee, 1991). However there is still some
ambiguity of how the apparent attenuation inferred from coda waves is related
to the attenuation of the direct S waves and what is the relative contribution
of scattering attenuation and intrinsic attenuation to the coda and S wave
attenuation (Frankel and Wennergerg, 1987; Sato, 1990; Frankel, 1991).

The scope of the present paper is to estimate the attenuation of S-waves for
different frequencies using local earthquake data from the Thessaloniki area,
northern Greece. We applied the single station method based on the rate of
decay of the S- to coda waves amplitude ratio over distance for different
frequencies (Aki and Chouet, 1975; Rautian and Khalturin, 1978, aki, 1980a).
For the same region the coda attenuation Q' , has been estimated (Hatzidimitriou,
1993a) for frequencies between 1.5 and 12.0 Hz and lapse times between 1l0sec
and 100sec using the single S to S backscattering model of Aki and Chouet
{1975) and a comparison is made between Q ' and Q, ' values.

AEAOMENA KAI MEGOAOEL ANAAYLHL - DATA AND METHOD OF ANALYSIS
The absolute value of the Fourier transformA_(w) for direct S-waves can be
written as

As(co)=S(c.>,e)R(co,e)D'1 exp (-wD/2Q_u) (1)

where S(w,0) represents the source spectrum, 6 is the source receiver
direction, R(w,9) is the site effect at the receiver, D is the source-receiver
distance, & is the velocity of wave propagation and Q_ is the S-wave transmission
Q (Aki, 1980a).

According to the single S to S backscattering model proposed for the
generation of coda waves (aki, 1969; Aki and Chouet, 1975) the spectral
amplitude A (w,t), for lapse times t greater than about twice the S-wave travel
time (Rautian and Khalturin, 1978) can be written as

A_(0,t)=S_(0)R(w)C(w,t) (2)

where S_(w) and R{w) are the source factor and the site effect at the
receiver, respectively, and C(w,t) depends on frequncy and lapse time and is
independent of the source-receiver distance and direction.

From equations (1) and (2), after averaging over many events which lie in
a distance range (D-AD,D+AD) and keeping the time t, that coda wave amplitude
is measured the same for all the events we get

<1n{DAs(m)/Ac(m)}> = a - bD (3)

D+4AD

where13=w/2QsU and <x> means the average over D+AD . Thus we can estimate Q,
from a least squares fit of (3).

The major assumption in the above formulation is that averaging over many
events at different azimuths in a distance range diminishes both the radiation
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pattern and the directionally dependent
site effects (aki, 1980a; Roecker et al.,
1982).

The data used in the present study
come from local earthquakes recorded by
the telemetered network which is operated
by the Geophysical Laboratory of the
University of Thessaloniki at northern
Greece. The network started its operation
in 1981 and the data we used cover the
period 1983-1989. During that time the
network had eight stations, all of them
located on unweathered crystaline rocks,
each one equipped with one vertical and

4PN

two horizontal short period (1 Hz, S-13
25 Teledyne Geotech) seismometers. The
signals from all stations are transmitted
Fig. 1: Map showing the seismolo- via telephone lines to the central station
gical stations of the of Thessaloniki, (THE), digitized at 50
network (triangles) and the gamples/second and the detected events
epicenters of the events .y, gtored on magnetic tapes by a PDP 11/

{circles) used 1in the . R

. . 34 for later off-line processing.
estimation of Q_ from the i

SOH records. The seismograms of all the well located
X . X&ptne tev otradudv tou events (more than one thousand
SiktUou (povpx tpiveva) xoai earthguakes) were visually examined to
Twv entxévipwyv twv oeiopdv  find un clipped records and to check

Sedopéva twv omoiwv xeNoLuo-
moLR8nxkay yia 1oV unoloyiopd
tou Q and eyypapég Ort10
otafudé SOH.

whether there were any recording problems
such as noise, missed recordings,
overlapping (a second earthguake at the
coda of the first one) or early cut off

‘the seismogram recording was terminated too early to have well developed coda
raves) .

For the estimation of A (0) and A_ (@) a time window of 256 points (5.12 sec)
as taken for the S-waves from the vertical components and the same window
ength, centered at time t=50sec from the origin time , was also taken for the
oda waves. The selected time windows were tappered by a 10% Hanning window,
surier transformed, corrected for instrument gain and the average was taken
ver octave frequency bands centered at 1.5, 3.0, 6.0 and 12.0 Hz. The time
:50sec for the estimation of the coda amplitude was chosen because at that
ipse time all the records had well developed coda waves above the noise level
fatzidimitriou 1993a). We avoided to calculate the coda amplitude at different
mes and then to extrapolate at a common time (Aki, 1980a) in order to avoid
lditional errors which would be introduced by this extrapolation.

Unfortunately, because of the low dynamic range of the network many records
re clipped and therefore the S-wave amplitude could not be determined. In
dition to that, the spatial distribution of the events for which the S to
da wave amplitude ratio was estimated was confined inside the network and
erefore only one station had good azimuthal coverage and the peripheral
ations were also lacking data at close distances. For these reasons Q_ values

re estimated only for the station, SOH, located in the center of the network

using data of 184 earthquakes. In Figure 1 we show the epicenters of these
thquakes (circles) , the seismological stations of the network (open

-angles) and statlonwngiity BiphaekkiGapgdede Thiudrealopmronitades of these
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events are between 2.0 and 3.5 ,
while the focal depths are between 8
and 20 km and the location errors
are all less than 3 Km. SCH is located
on unweatherd gneisses and a study
on the relative site amplification
based on the coda wave method
(Phillips and aki, 1986) showed no
amplification for frequencies between
1.5 and 12.0 Hz (Hatzidimitriou,
1993b).

Figure 2 shows the seismograms at
SOH of two events with M, magnitudes
of 2.8 and 2.4 and epicentral
distances of 39 and 58 Km,
respectively. The time is measured

Fig. 2: Seismograms at SOH of two events from the erthquake origin time. The
with M magnitudes of 2.8 and 2.4 horizontal bars show the time windows
and epicentral distances of 39 504 for the estimation of the S-
?zd mSeBas}f;?e areiieofntl‘éiiy'efgsqf;:: and coda wave spectral amplitudes.
origin time. The horizontal bars
show the time windows used for the RESULTS AND DISCUSSION
estimation of the S- and coda wave According to eq. 3, the natural
spectral amplitudes. logarithm of the ratio D.A_(w)/A_(w)

Zx. 2: Eyypapéc oto otad®ud SOH SUo ofLoudv was plotted versus hypocentral

ne pevédn M, 2.8 xai 2.4 xat
EMLKEVIPLKEG anoot&oetg 39 Km Kat
58 Km, aviiogrtoixx. O xpdvog
petpeitat and 10 Xpdvo yvéveong
TOoU OglopoU. Ot oplldVILEC YPOUHES
deixvouv TX nap&OuUpa nov
XPNOLHONO LABNKOV YL TOV UNoAoyLopd
TOU QUOUXTLKOU NAXTOUG TWV S KUPKTWV
KXl TWV KUHETWY OuUp&c.

distance D and averaged over a window
of 10 Xm with 50% overlapping. We
had no data for distances less than
10 Km while at epicentral distances
greater than 70 Km the data were
rejected in order to avoid the
refracted waves. Therefore the linear
regression according to (3) was
constrained between 10 and 70 Km. In Figure 3 we show the plots of <1n{DA_(w)/
A (@) }>,,, versus distance D for the four frequency bands. Vertical bars
indicate one standard deviation of the mean and the straight lines are the
least wquares fit to the data with slope equal to b. In Table 1 the calculated
values of the parameters a and b with their standard errors for each frequency
are given. The values of Q  have been estimated by Q = nf/bu, assuming the S-
wave velocity u=3.5 Km/sec. We see that the values of b do not change with
frequency, while the Q_values show a clear increase with frequency. A least
squares fit of the Q. values to the relation Q. =0 f", where £ is the frequency,
gave Q =85 and and=0.91.

The Q_ values found in the present study using the single station method are
in good agreement with the Q values estimated from strong motion accelerograms
of earthquakes occurred in this area, using the spectral decay of the log
spectrum (Hatzidimitriou et al. 1993}. These strong motion Q values are
between 82 and 364, for epicentral distances between 16 and 119 Km and have
been estimated for the frequency range between 4 and 10 Hz by assuming that Q
is frequency independent.

The attenuation coefficient ¢ = w/2Qu has been estimated by Papazachos
(1992) by inverting a large amount of macroseismic data and modeling the
anisotropic radiati@akpsPiebhke Ottepassos’cd UMb é cankeriag®.0.@or the whole area
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3:

Bx. 3:

Plots of the average of natural logarithm
of S to coda amplitude ratio multiplied
by the source-receiver distance D, versus
distance, for frequencies 1.5, 3.0, 6.0,
and 12.0 Hz. Vertical bars indicate one
standard deviation of the mean and the
straight lines are the least squares
fit to the data.

Xaptoyp&enon ToOVU
yivopévou 1n¢ andéotaong
TOU QAOPXTLKOU NA&TOUG Twv S KUP&TLV
npo¢ TO QUoOPATLKS NAKTOC Twv KUp&Twv
oupkg, o€ ouv&ptnon We tnv andéotoon D,
via ouxvétnteg 1.5, 3.0, 6.0 xot 12.0
Hz. O xataxkbpupeg ypappég Seixvouv 1nv
Tunikfy andxkAionand 1o péco oGpo. Ot
eubeieg ypappég €xouv vumoAoyiLotel pe
1 RéEBodo Twv gAaxioTwev TETpAYOVLV.

AoyapiBpou TtToUVU
eni 1o Adyou

of Greece was found equal to
0.0026 If we assume that
the macroseismic field
represents S waves at
frequencies between 1 and 2
Hz we get Q between 344 and

690. These values are
considerably higher than the
Q. values obtained in the
present study . However, the

use of macroseismic data
involves much larger
epicentral distances than 70
Km which was the maximum
distance in this study and
therefore the high Q values
obtained by the macroseismic
field may represent the
average Q of the crust and
the upper parts of the mantle.

For the same area and using
the same data, Hatzidimitriou
(1993a) estimated the coda Q
values by applying the single
backscattering model of aki
and Chouet (1975) for the
frequency bands of 1.5, 3.0,
6.0 and 12.0 Hz, and for lapse
time windows of 10-20sec, 15-
30sec, 20-45sec, 30-60sec and
50-100sec. In Figure 4 we
plotted these Q ' values for

different lapse times and the Q * values estimated in the present study, versus
frequency. As we can see from this plot the Q ' values are very similar with

Table 1: Values of a and b in eq. 3 with their standard errors. The values of Q_have
been estimated by Qs=nf/bu, assuming the S-wave velocity vu=3.5 Km/sec.

Frequency a b (Km?) Q,
1.5 Hz 7.143%0.076 0.0117+0.0018 115+18
3.0 Hz 7.41520.071 0.0110+£0.0016 244+36
6.0 Hz 7.557x0.098 0.0113+0.0023 477+96
12.0 Hz 7.524+0.067 0.0143+0.0016 75583

the Q_* values estimated for the longer lapse times between 30 and 100 sec but
there is considerable discrepancy between the two at the short lapse time range
10 to 30 sec.

The dependence of the coda Q on the lapse time has been observed in many
studies (Rautian and Khalturin 1978; Roecker et al., 1982; Gagnepain-Beyneix,
1987; Kvamme and Havskov,1989; Ibanez et al., 1990). This dependence has been
attributed to the change from single scattering to multiple scattering as time
increases (Gao et al., 1983), to an increase of Q with depth (Roecker et al.,
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1982; Pulli, 1984), to changes in the modal
content of coda with lapse time (Phillips and
Aki, 1986), to incorrect or time-variable
geometrical spreading coefficient (Wang and

- Herrmann, 1988) or to an increase of the wave
< velocity with depth (Herak, 1991). The discrepancy
observed in Figure 4 between the shear wave
attenuation and the coda attenuation for very
g : e . short times supports the interpretation that
= Frequency (H2)"° the lapse time dependence of the Q_ values is
mostly due to a real increase of Q with depth
. since the early coda sample the shallower and
Fig. 4: Plots of t.he Q. more attenuative parts of the crust while at
values for different X ; R
lapse times and the later times the sampling volume increases and
Q! values estimated thus the estimated Q, values approach the Q
in the present study values which represent the whole crust.
versus frequency. The similarity of apparent Q! of S-waves or
zx. 4: Xaptoypdenon Twv Tipdv

Lg waves with Q' determined by the single

Q" mou unoloviotnkav
andé 1ta KUpata oupdg
via didpopa napddupa
xpdvev and 1o xpdvo
YEVEONG TOU OfFLOuoU
KAl TV Tipdv Ttou Q*
MOU UNOAOYIiOTNKAV OInVv
napovoa gpyaclia oe
cuvapInon ne n
ouxvoéInta.

scattering method, in agreement with the results
of the present study, has been noted in several
other cases (Rautian and Khalturin, 1978;
Herrmann, 1980, Aki, 1980a, Roecker et al.,
1982,; Rovelli, 1982; Campillo et al., 1985).
In these studies the detailed lapse time
dependence of coda Q has not been presented but
in general the Q  values were derived for times
later than 10 to 30 sec. However, Q! values
obtained from the first arrivals of seismic pulses in seismograms should
represent the total attenuation caused both by scattering and intrinsic losses
(Frankel and Wennerberg, 1987; Gao et al. 1993) in contrast with the attenuation
deduced from the coda waves. Finite difference simulation results (Frankel and
Wennerberg, 1987; Frankel, 1989), laboratory experiments (Matsunami, 1991)
and analytic results (Shang and Gao, 1988) have shown that coda Q! should be
identical or very close to the intrinsic attenuation. Thus it seems that there
is a discrepancy between theoretical predictions and observations (Sato,
1990) . Mayeda et al., (1992) calculated the expected QC'1 by fitting the single
scattering formula of Aki and Chouet (1975) to theoretical codas obtained by
using the integral equation of Zeng et al., (1991). The theoretical Qc‘1 were
very close to the intrinsic attenuation but the observed QC‘1 values were
intermediate between the total Q! and the theoretical Qc‘l. This discrepancy
was attributed to a depth dependent intrinsic Q that increases with depth which
causes the observed attenuation deduced from the coda waves to be closer to the
total attenuation than to the intrinsic attenuation, even in strong scattering
environments.

Observations have shown that Q. is frequency dependent proportional to f*,
where n is between 0.5 and 0.9, in high frequencies from 1 to 30 Hz (Fedotov
and Boldyrev, 1969; Aki, 1980; Console and Rovelli, 1981; Sato, 1990), so the
value of 0.91 found for northern Greece is in very good agreement with these
studies and further supports the applicability of the method which we used for
the estimation of the Q of shear waves. Additionaly, the frequncy dependence
of the 9 values is similar with that of the coda Q (Hatzidimitriou, 1993a). For
lapse times between 10-20sec Q_ show a frequncy dependence proportional to £
and for the other time windows proportional to f£°7°.The similarity in the
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frequency dependence of the Q. and Q. values as the one observed here has been
also reported in other regions (Aki, 1980; Roecker et al., 1982; Rovelli et
al., 1988) and support the concept that coda waves are generated by the S to
S scattering and that the attenuation mechanism for coda waves is similar to
that of the direct S waves (Aki, 1980b). The results obtained in the present
study suggest that both scattering and anelastic attenuation are important,
with neither completely dominating (Dainty and Toksoz, 1977; Dainty et al.,
1987) and that the relation between scattering and anelastic attenuation in
the coda is a complex one.
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