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[1] A recently déveloped codz magnitude methodology
was apphied to selected hroadband stations in Turkey for the
purpose of testing the codz method in 2 large, latemlly
complex region, As found in other, albeit smaller regions,
coda envelope amplinide measurements are significantly less
vanable than distance-corrected direct wave measurements
(L. L, and surface waves) by roughly a factor 3-to-4.
Despite strong lateral crustal heterogeneity in Turkey, we
found that the reeion could be adequately modeled assuming
a simple |-I¥ madially svmmemc path correction. Afier
calibrating the stations ISP, ISKB, and MALT for local and
regicnal distances, ‘single-station  moment-magnimuds
estimates (M) derived from the coda spectra were in
excellent agreemem with those determined from muli-
station waveform modebng mversions, exhibiting a daa
standard deviation of 0.17. Though the calibration was
validated using large events, the results of the calibration will
extend M, estimates to significantly smaller evenis which
could not otherwise be waveform modeled. The successiul
application of the method s remarkable considering the
sipnificant latéral complexity in Turkev and the simple
assumptions used in the coda method.  WDEY TERMS:
7205 Seismology: Continenta] crust (1242) 7215 Seismology:
Earthquake parameters; 7219 Seismology: Nuclear explosion
sgismology. Citation: Eken. T.. K. Mayveda, A. Hofstetter,
B Gok. G. Orgili, and N. Turkelli (20041, An application of the
code methodology for momcnt-rats spectra using broadband
stations in Turkey. Geoplys. Res. Lo, 31, LI1GGD, doiz10.1602%
FAGLOTIATT,

1. Introduction

[z2] Local and regional coda envelopes are generally
thought to be composed of scattered waves that sample
some volume surrounding the earthquake source. The first
and simplest model to describe the coda was the single-
scattering model of Ak [1969] where the volume sampled is
zn ellipsoid with the siation and source at the foci. A
number of observational studies have shown that the vol-
ume-averaging of the coda waves samples the entire focal
sphere and renders them virmually insensitive to any source
radiation pattern effect, in conirast to direct waves [e.g. A5,
1969; Ad7 and Chouet, 1973:; Raurian and Khalturin, 19781
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Since the earliest studies on coda, advances in the theores-
teal background of coda generation and empirical observa-
tions have been the subject of extensive study during the
tast several decades and is reviewed thoroughly by Sate and
Feliler [1998].

5] Maveda and Walrer [1996] studied the seismic source
parameters such as enerey, moment, and apparent stress
drop by using amplitude mepsurements detived from nar-
mowhand coda envelopes for earthaquakes in the western
United States. More recenily Maveda er al. [2003] devel-
oped 2 completely empincal calibration miethod for obtain-
ing siable seismic source momentrate spectra derived from
local and regional coda envelopes using broadband stations.
Their empirical method accounts for path, S-to-coda transfer
funetion, site effect, and any distance-dependent changes in
codza envelope shape for frequencies ranging between (.02
and 8.0 Hz

[2] In the current study we apply the method of Mayeda
er al. [2003] to the large and tectonically complex region of
Turkey, a laterally heterogeneous region that experiences
intensive seismic activity [e.g. Bozhurt. 2001: Barka and
Kadinsky-Cade, 1988], responsible for numerous destmac-
tive <carthquakes. Howsver, since the method assumes =
simple 1-D radially symmetric path correction, this sudy
region was a4 good test of the hypothesis that the coda
averages over lateral crustal complexity as well as source
heterogeneity (c.2., source radistion pattern and directivity).

2. Data

[s] The Kandilli Observatory and Earthquake Research
Institute (KOERI), Bogarici University. operales a nation-
wide seismic nerwork for monitoring the seismic activity in
and around Turkey. Magninde caleulation plays an impor-
tant role in KOFERDs acovites and currently they report
duration magnitude (M), local magnitude (M} ), and moment
mamitude (M), In this study, we calibrated thres broadband
stations, ISKB, ISP, and MALT (Figure 1) for coda-denved
moment magnitudes, M {codz) and compare agamst mde-
pendent moments: We selected over 250 earthquakes
recorded at three broadband stations, spanning & disiance
range of roughly 30 w 1400 km thar generally samples the
entire country of Turkey (Figure 1). The majoriiy of fhese
evenis were used to calibrate the coda envelope shapes
and derive path correcnons. OFf these. 88 events had inde-
pendent seismic moment estimates that were previousky
derived from long-period waveform modeling. Approxi-
mately 15 of these events were used 10 derive frequency-
dependemnt sits and S-<to-coda tmmsfer function comections
that transformed the paih-corrected coda spectra to an
absolute scale. The remaining events were used 1o validate
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Figure 3. a) Synthetic envelopes at 0.1-0.2 Hz at equal
mtervals ranging: between 30 and 300 km using the coda
shape and velocity values listed in Table 1 and a source of
umity: Motice that the envelope levels are not the same due
to changes m the coda shepe parameters as a function of
distance; b} Same as {a) but after distance cornections were
applied, Notige thar the calibrated symthetics have the same
behavior as the observed data in Figure 2,

narrowband envelope in our datasel, mw coda amphimdes
were determined by generating synthetics at the appropriate
distance and using & source of unitv then DC shifting using
an L-| nonm fo fit the observed envelope. The amount of the
DC shift is the non-dimensionzl rew coda amplitade. Next,
we use the following empirical equation for coda path
correciion of Mayeda et al. [2003].

Pirif)= '| A 5_r_',!?3'rr"-:_| ()

Using common recordings at each station pair, we then gnd
searched over py and p» and tsbulated the interstation scatter
for each frequency band. The choice of fequency-
dependent path comection for the entine region was based
upon the path parameters py and ps which gave the lowest
average interstation standard deviation between station pairs
{see Table 1) With path perameters determined, we can
mensform the syntheties: in Figure 3a o path-comrected
envelopes that also zccount for the distant-dependent bias.
The resultant calibrared synthetics exhibit similar coda
envelope levels imespective of distance (e.g.. Figure 3b), in
good agreement with the example daiz shown in Figure 2.
After applving the disiance correciions to all the raw coda
amplitudes we checked the consistency of ‘distance-
comected coda amplitude measurements for common events
observed at g station pair. In general, the miersiation
standard deviation ranged between 0.07 and 0.13 (e,
Figure 4b) whereas the scatter for distance-corrected L. and
surface waves resulied in an interstation scatter of 0.27-
045, roughly a factor of 3-t0-L Targer (e.g., Figure da),
These results confirm cur mitial hypothiesis that the coda
can effectively aversge over the effects of both source and
path heterogeneity,

4. Results

[¥] Although the coda amplitudes are carmected for
frequency-dependent path effects. they ill camy the S-to-
coda transfer function a5 well &= site effects and must be
removed in order to obmin'a moment-rate spectrum that has
absolute units (e.z.. dvnecm) We used the moment cali-
bration and empincal Green's function procedure outlined
by Maveda et al. [2003]. which uses o handful of indepen-
dently derived seismic moment= o tis the low frequency
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Figure 4. 1) Distance-corrected direct waves for common
events at station ISKB ‘and ISP for the 0.1-0.2 Hz band
uzing the formulation of Streer er af. [1973] where crtical
distance 13 100 km, 7y = 0.5 and @ = 100; b) Dislance-
correctad coda amplitudes for roughly the same events a5 in
{a) where the standard devizafion is a factor of 4 umes
smaller. The total number of events is denoted a3 Num and
o is the data standard deviation. MNote that the smail DC
offset is'a resuli of relative site effect between the two
SIEHOHS.

(f = ~0.7 Hz) coda amplinedes 10 an absolute scale and
smaller evenls as empirical Green’s functions to derive
comections for the higher frequencies. In our case, we chose
foughly 15 events that had independent moment estimates
moging between 39 <= M, < 6.5 tw derive the “site-
trensfer” corrections (Le., combined site effect and S-to-
coda transfer funciion corrections, see Table 1), Next, we
applied the path and site-transfer comrections to:all the mw
coila amplitude-data 10 form moment-rate spectra. Figure 3a
demonstrates the consistency between the ¢oda-denved
source spectra for earthquakes recorded at the three siations.

[e] “We wvalidate our source calibration by comparng
against independent seistmic moment cstimates of roughly
70 earthguakes {~4.0 < M, < 7.4) that generally sampled
the sntire country of Turkey (see Figure 1). In addition to
seismic moment tensors performed in this study, we also
wok estimates from Crgald and Akzar [2001] as well as
those from the Harvard CMT catzlog. For events recorded at
multiple stations, their coda-based source specima were
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Figure 5. a) Examples of coda-derived source spectra
compuied at stations ISP, ISKB. and MALT. We note that
for those evenrs with multple station reeordings, their
source specira are quite similar between the stations:
b} Single-station coda-derived moment magnitudes agree
with the long-period waveform modeled estimates with
data standard devianion of 0.17.
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The main objective of the project is to calibrate IMS stations in the Eastern
Mediterranean Region using coda envelope measurements to obtain a stable
regional magnitude.

During the project, a recently developed magnitude methodology based on
coda envelope amplitudes was applied to selected broadband stations in Turkey in
order to test the coda method in a large and laterally complex région. Previous studies
(e.g., Mayeda and Walter, 1996; Malagnini ef al., 2003, Morasca e al., 2003, Mayeda
et al, 2003) which examined smaller and tectonically more stable regions has
indicated that coda envelope amplitude measurements significantly showed 3 or 4
times less variation than the distance-corrected direct wave measurements (i.., L, and
surface waves). Even though Turkey has a strong lateral crustal heterogeneity, we
found that the region could be adequately modeled assuming a simple 1-D, radially
symmetric path correction for 10 narrow frequency bands ranging between 0.02 to 2
Hz. We selected over 250 earthquakes recorded at three broadband stations, spanning
a distance range roughly 30 to 1400 km that generally samples the entire country of
Turkey (Figure 1). After the path comections, we calibrated the stations, ISP, [SKB,
and MALT for local and regional distances, using a handful of independently derived
seismic moments to tie the low frequency (f < ~0.7 Hz) coda amplitudes to an
absolute scale and smaller events as empirical Green's functions to derive corrections
for the higher frequencies. In this step, roughly 15 events that had independent
moment estimates ranging between 3.9 < Mw < 6.5 were chosen in order to derive the
“site-transfer” corrections (ie., combined site effect and S-to-coda transfer function
corrections). Next, we applied our findings from the path and site-transfer corrections
to all the raw coda amplitude data to form moment-rate spectra. Figure 2 presents a
good example that shows the consistency between the coda-derived source spectra for
earthquakes recorded at the three stations. The source calibration results were
validated by comparing them against independent seismic moment estimates of
roughly 70 earthquakes (~4.0 < Mw < 7.4). In addition to seismic moment tensors
performed in a part of the project, we also made use of the estimates from Orgiilii and
Aktar (2001) as well as those from the Harvard CMT catalog. For events recorded at
multiple stations, their coda-based source spectra were almost identical, which
confirms the path and site corrections used in the project. We used the low frequency
levels of source spectra in determining the seismic moment values by averaging the
measurements of the two lowest frequencies. The moment magnitudes, Mw (coda),
were then estimated through the following equation,




Mw = 2/3log10(Mo) — 10.73 (Hanks and Kanamori, 1979)

Figure 3 explains well that the single-station Mw(coda) estimates are in excellent
agreement with Mw(waveform), with a2 data standard deviation of only 0.17
magnitude units. As a final validation, we have also computed Mw(coda) of several
recent earthquakes (Figure 1) and the results agree very well with waveform- modeled
rc;;hs using the long-period waveform modeling approach of Dreger and Helmberger
(1993).

In fact, our results at the end of the project are indicating a successful application
of the empirical coda methodology to a broad and tectonically complex region such as
Turkey. The followings are the main results:

4) A radially symmetric attenuation model is consistent with the region for the
frequencies between 0.02 to 2.0-Hz despite the lateral tectonic complexity;

b) Coda-derived moment magnitudes, Mw(coda) obtained from a only one
station shows a good agreement with agrees with multi-station inversions for
Mw;

c) Compared to the direct wave measurements, coda envelope amplitude
measurements are distributed in less variation by roughly a factor 3-to-4:

d) The current calibration parameters can be used in estimating Mwicoda) for
events that are too small 1o be waveform modeled as well as events with poor
station coverage.

Observations from the inter-station scatter of distance-corrected coda amplitudes
varied from 0.07 to 0.15 in a frequency range between 0.02 and 2.0-Hz, in good
agreement with results obtained from previous applications of the methodology to the
western United States, Ttalian Alps, and Dead Sea Rift regions (e.g.,, Mayeda and
Walter, 1996; Malagnini er al., 2003, Morasca ef al., 2003, Mayeda er al., 2003). We
obtained additional validation by computing source spectra of 4 recent large
earthquakes such as the Mw(coda) 6.3 Pialimiir earthquake on January 27, 2003; the
Mw(coda) 5.7 Urla earthquake on April 10, 2003; the 6.4 Bingdl earthquake on May
1, 2003; and the Mw(coda) 4.7 Bandirma earthquake on June 9, 2003. In figure 4,
coda-derived source spectra and moment magnitude, Mwi{coda) for Piliimiir
earthquake is given. Our plan is to incorporate these calibrations into a newly
developed SAC command that will automatically compute stable, single-station
estimates of coda-derived source spectra, moment, and radiated energy for use by
KOERL In addition, it is possible to extend the calibration to other broadband stations
in the region by simply deriving empirical site effect comections for the new stations
and using the path corrections and coda shape parameters from the current study.




Figure 1. Map shows locations of the events and the stations used in this study. The earthquakes with
gray circle were used in the coda calibration procedure. Red squares represent ground-truth
carthquakes for which we have independent moment magnitudes. Blue stars show recent earthquakes
used for further validation of the method.
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Figure 2. Coda-derived source spectra obtained at stations ISP, ISKB, and MALT. Note that the source
spectra of those events recorded at three stations are virtually similar,
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Figure 3. Single-station coda-derived moment magnitudes agree with the long-period waveform
modeled estimates with a data standard deviation of 0.17.

Figure 4. a) The location of the Piiliimilr earthquake (red star) |2
of January 27, 2003, recorded at stations ISP and [SKE. b)
Besultant coda based source spectra oblained at
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(diamonds) and ISKB (triangles). Similarity between spectra at different stations is important in terms

of showing the stability of coda methodology.




Activifies conducted during the project:

A workshop was held in Rome, ltaly between December 3, 2001 and
December 6, 2001. Dr. Niyazi Turkelli and Tuna Eken from KOERL Dr. Kevin

Mayeda from LLNL and Dr. Abraham Hofstetter from GII {Israel) attendead to the
workshop.

Tuna Eken from KOERI went to Tel Aviv (Israel) to work with one of the our
ROA collaborator (Dr. Abraham Hofstetter, Geophysical Institute of Israel - GII) for
the period January 21 — February 6, 2002. Dr. Hofstetter and Tuna Eken examined the
ISP and MALT broadband waveform data and they continued compilation of the
catalogues.

The codes were implemented and tested to the workstation at KOERI during
our ROA collaborators’ s visit to Istanbul on May 2002, to several data of selected
station pairs.

Dr. Kevin Mayeda one of the our ROA collaborator from LLNL invited Tuna
Eken from KOERI to the U.S.A. to work with him. Tuna Eken learned how to use
codes and complete whole process of the methodology between the dates August 177
2002 and September 207,

At the end of this collaboration, Dr. Kevin Mayeda and Tuna Eken also
presented the findings of their work through a poster at the September SRR meeting
in Florida, in 2002.

Dr. Gonea Orgulu from KOERI visited the LLNL from February 19, 2003 to
March 31, 2003 in order to study on moment magnitude estimations of the
earthquakes showing a broader epicentral distribution over Turkey.

Prof. Turkelli and Eken from KOERI with the ROA collaborators Dr. Mayeda
from LLNL and Dr. Hofstetter from GII participated in the EGS-AGU-EUG Joint
Assembly in Nice between the dates 6-11 April 2003 and presented a talk entitled “An
Application of the Coda Methodology for Moment-Rate Spectra Using Turkish Broad
Band Stations”.

Final results of the project were presented during the SRR meeting in Tucson,
Arizona in 2003.

Tuna Eken has completed and defended his master thesis successfully, entitled
“"An application of the coda methodology for moment-rate spectra using broadband
stations in Turkey” in KOERIT in June 2004,

A paper entitled “An application of the coda methodology for moment-rate
spectra using broadband stations in Turkey” was published in the Geophysical
Research Letters, vol.31, L11609, doi:10.1029/2004GL0O19627, 2004.




