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Doppler Effect Observed on the Recorded Strong Ground Motions in Iran and Turkey

1. Introduction

The strong motion data in Iran and Turkey are being
gathered in the national networks since 1975. The
Iranian strong motion records are recorded in the
national network operated by BHRC (Building and
Housing Research Center) and installed in different
cities and villages throughout the country. As it is
outlined before [4], this network first consisted of
Kinemetrics SMA-1 analog instruments (1975-1989),
which are complemented by SSA-2 digital instruments
after the Manjil earthquake of 1990. By the end of
October 2001, the number of the instruments and
obtained three component records were reported to
be more than 1500 and 3500, respectively. The stations
are mainly installed within the cities or villages for easy
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acceleration, their distance to the fault and the magnitude of the
earthquakes. They show, in some cases, the directivity effects based on
the multiple corner frequencies observable on the Fourier spectra of
the acceleration and displacement time-histories. The cases for which
the records are available in the beginning and the end of the rupture,
were studied to show the possible differentiation of rupture and rise
times, according to the azimuthal positions of the recording stations
relative to the rupture locations. The displacement pulses (width and
amplitude) are different accordingly; for instance the greatest
displacement pulses of Tabas record, obtained in Tabas earthquake of
16 September 1978, Mw7.4, are representative  for a position in which
the rupture front is approaching towards the recording site. Different
studied cases in Zagros and Central Iran, as well as the records of
the Turkey earthquakes (that are obtained in the nearest distances
to the fault) of 17 August 1999 (Kocaeli, Mw7.4) and 12 November
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operation and maintenance. A catalogue of corrected
records (until 1997) for which the source parameters
and the causing earthquakes are known is already
published in Bard et al [4].

The first Turkish strong motion instruments were
installed in 1973. Since that date, the Turkish strong
motion network has grown considerably. The first
instruments were of Kinemetrics SMA-1 type and
the first recording in the epicentral region of an
earthquake was obtained in Denizli from the 19 August
1976 earthquake (mb5.0, SW Turkey) [6]. These
data are presented on the Internet since 1998 by
the “General Directorate of Disaster Affairs, GDDA”.
These records belong to the National Strong Motion
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Network that is the largest network operator in
Turkey. The other available data from the Internet,
are those of the Bogazici University (Kandili
Observatory, Istanbul) relating to the Izmit (Kocaeli)
earthquake of 17 August 1999 (Mw7.4, CMT solution
by Harvard, Seismology website, 2000m [21]). The
total number of records (three component
accelerograms) which were available for this study
were more than 400.

Most of the available records are obtained in the
hypocentral distances greater than 30km. The greater
earthquakes (magnitudes greater than 6.0) and the
hypo-central distances less than 30km could be the
candidate for the near fault effects (the directivity
effects, the presence of two corner frequencies
instead of one, the existence of an important
trapezoid shape on the displacement time-histories
and the presence of high amplitude low frequency
horizontal motions [14]). The records with mentioned
conditions are very few in the strong motion databases
of Iran and Turkey. The quality of the recordings
imposes another limitation to select and investigate
the records; the analog records contain important
long period noises, due to the insufficient instability
of data-logger. Investigating the directivity effects
depends mostly on the existence of the records in
different directions of the fault rupture, especially in
the positions of the beginning and the termination of
the rupture. This situation was available only in very
few cases in the databases of Iran and Turkey, (mainly
in the Tabas 1978 earthquake in Iran and Kocaeli
and Duzce -Kaynasli- 1999 earthquakes in Turkey).
The explained conditions above show different
limitations existed for the present study.

In the present paper, the theory of the basic model
is explained first. The criteria to select the strong
motions to be studied are then discussed. The selected
records are introduced further. The results are then
placed in the article. The conclusions and the
suggestions for the following studies come finally.

2. Theory of the Basic Model: the γ−ω Model

Haskell [11] has already proposed a simple source
model for the estimation of high frequency ground
motions. Aki [1] and Brune [5, 6] explain the simple
seismic source models. In this model, the far field
displacement spectrum is characterized by a flat level

0Ω  proportional to oM  at long periods, a corner
frequency cf  proportional to inverse of the source
dimension, and a high frequency spectral decay in the
form of .)/( γ−

cff  Taking the γ  values as 2 or 3, we
have the -square or -cube model, respectively

(  is the angular frequency in radians per second,
equal to  Hanks [13] has shown that with a
ω-square model, for which the acceleration spectra
will be flat after the corner frequency,  the high
frequency decay may be explained by the attenuation
caused by the path effects. The more complicated
ω-cube model [1], as a dynamic model, shows that
the rupture nucleation generates high frequency
energy, which is proportional to  As proposed
by Hanks [12], the displacement spectra may be
represented by

γ
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Where 0Ω  is the value of the flat part of the
displacement spectrum, proportional to the seismic
moment; .oM  For far-field S-waves, due to a double
couple source embedded in an elastic, homogeneous,
isotropic bounded medium, we have
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Where β  is the shear wave velocity of the  medium;
 is the density of elastic medium; around (2.8 x 103)

kg/m3,  is the hypocentral distance, '
  

R ϕθ  is the
double couple radiation pattern for SH or SV waves
(about 0.6 in average), Fs is the free space amplifi-
cation factor (to be taken equal to 2 for the vertical
incidence of the waves, and less than 2 for the local
events).

The value of the flat part of the acceleration
spectrum, ,0 A  may be related to 0Ω  with =0 A

.. 2
0 c  ωΩ
Lay and Wallace [14] have shown that Doppler

effects could be observed in the presence of two
corner frequencies, where fc1 is equal to cT/2  ( cT is
the  rupture time or apparent rupture duration) and
fc 2 is equal to rT/2  ( rT  is the rise time). Other evidence
for such effects is the great displacement pulses
with lowest rupture time in one end of the fault which
places in front of the rupture propagation, and the
lowest displacement pulse with the greatest rupture
duration in the position of rupture initiation [2, 18].
Decanini et al [8] has shown that for the near-fault
recorded motions for a given soil condition, the
forward rupture directivity cause the arrival of the
most part of the energy in a single large pulse of motion.
This can result in a severe ground motion at sites
towards which the fracture propagation progresses
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Figure 1.  The  location of the  selected  records in Iran. The
location  of  the Tabas  earthquake fault  rupture  is
shown.

[20, 16]. Such effects could be distinguished as well
based on the existence of the long period amplification
of the horizontal motions (comparing to the vertical
motions; especially in the direction normal to the fault
rupture). This later criteria is already observed in the
Tabas earthquake where great amplifications could be
observed on the horizontal motion in Tabas (placed in
front of the rupture propagation) comparing to the
vertical motions, especially for a site condition [22].
Decanini et al [8] indicate that the large energy demand
take place in the “near-field” region (distances less than
5km to the fault). However, the condition explained
by Aki and Richards [3] indicate a definition for the
“near-field” conditions that could be related to a fault
distance of about 30km to the fault, as well as different
wave-length properties of the consdered motion.

3. Selected Records

Ten three component records selected in this study
are assigned to the major events with the magnitudes
greater than Mw5.7 and in the source distances less
than 30km. Decanini et al [8] represent the strong
earthquakes as the events with magnitudes greater
than 6.5. As it is shown in Table (1), the number of
good quality records in Iran and Turkey which matches
with the mentioned criteria is limited to 10 records
(for the records obtained since 1975 until the end of
2000). It is notable that the signal to noise ratios are
estimated for all of the studied motions as well as the
H/V amplification ratio. The records with the signal to
noise ratios greater than 3.0 for the frequency band of
less than corner frequency (fc) and greater than
maximum frequency (fmax; that is placed at the end
of the flat part of the acceleration source spectra and
after which, these spectra dencay) are taken to be
reliable for the present study [23]. The H/V ratio is
estimated to assess the fundamental frequency band
for each record. When in the H/V spectral ratio, the
fundamental frequency was greater than 3 for the
frequency bands of greater than 15Hz, 5 to 15Hz, 2 to
5Hz, and less than 2Hz the site classes 1, 2, 3 and 4
are assigned, respectively [26].

Since the fault rupture directivity effect was aimed
to be investigated, it was tried to find the records to be
located at the different ends of the earthquake fault
ruptures. Having these records, it was possible to
observe the long period pulses on the displacement
time-histories at the end of rupture and the low
amplitude pulses with longer apparent duration at its
beginning. This situation, however, could be found
only for two records (obtained in Tabas and Deyhuk

Figure 2. The  fault  trace  of  the  17  August  1999   Kocaeli
 earthquake, and  the  Yarimca  and  Duzce  stations
 (modified   after   Kandily  Observatory  Web  Page,
 2000).

Figure 3. The  fault  trace  of  the 12  November 1999  Duzce
 (Kaynasli) earthquake, and the locations of  Sakaraya,
 Duzce  and   Bolu  stations  (modified  after  Kandily
 Observatory Web Page).

stations) obtained in Tabas earthquake of 16 September
1978 (Mw7.4, Figure (1)) and two other couples
corresponding to the great earthquake of 1999 in
Turkey (Yarima and Duzce records in Kocaeli
earthquake of 17 August 1999; Figure (2), Mw7.4; and
Duzce and Bolu records in Duzce (Kaynasli)
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Figure 4. The Deyhuk record;  a) The filtered accelerogram,  b) The FFT of accelerations,  c) The displacement time-history and
d) The FFT of displacement,  where the fc1, fc2 and  fmax are shown in the figure.  The upper and lower figures are the
horizontal components and the middle one corresponds to the vertical component.

earthquake of 12 November 1999; Figure (3), Mw7.1,
based on Harward Seismology Website 2000). For
other selected records, unfortunately, there was no
pair to be compared in the case of one earthquake, but
they are selected because they matched with above
mentioned criteria. These records obtained in Abbar
(20 June 1990 earthquake, Mw7.4), Zanjiran (20 June
1994 earthquake, Mw5.9) and Karigh (28 February
1997 earthquake, Mw6.0) in Iran and in Sakaraya
(Adapazari, 11 November 1999 earthquake, Mw5.7)
in Turkey, Figures (1) and (3) and Table (1).

3.1. Sources of Uncertainties

The sources of uncertainties could be the quality of
recording (and/or digitization) of the accelerograms,
the lack of information on the geotechnical site
conditions, and the lack of the records nearby the
reactivated faults. It seems that having more records
with better qualities close to the capable faults, a more
precise study could be performed on the observed
motions in such conditions.

4. Results

Based on the performed processes on the selected data,
the results are presented herein for each of the records
and the comparisons are described in the discussions.
The strong motion specifications, the site class, the
applied filter, peak acceleration (after filtering) and the
observed intensity are presented in Table (1). The

earthquake source specifications (epicenter location,
Magnitude scales, and the values for different distance
definitions, focal depth and mechanisms) as well as
the corner and maximum frequencies and the values
of rise and rupture times are given in Table (1) for the
mentioned 10 selected records.

4.1. Fast  Fourier Transformation  of  Acceleration
  and Displacement for Filtered Records

The FFT’s of the accelerations and displacements
are plotted for the selected records of Deyhuk; Figure
(4), Tabas; Figure (5), Abbar; Figure (6), Zanjiran;
Figure (7), Karigh; Figure (8), Yarimca; Figure (9),
Duzce (17 August 1999 record; Figure (10)), Sakaraya;
Figure (11), Duzce (12 November 1999 record,
Figure (12), and Bolu, Figure (13)). The different
corner frequencies (fc1 and fc 2) and fmax are shown
in the mentioned figures. The first corner frequency
(fc1) for Tabas is higher than Deyhuk and
correspondingly rupture time in Tabas is lower,
Figures (4) and (5), Table (1). The rupture time
of  1sec for Zanjiran record, Figures (7b) and (7d),
Table (1), obtained in Zagros belt) is lower than the
values obtained in Alborz and Central Iran (Abbar,
Tabas, Deyhuk, Karigh, Table (1). The corner
frequencies and the rupture times are observed to be
the same for two recorded motions of Yarimca and
Duzce during the 17 August 1999 earthquake, which
were placed in two different sides of the fault
rupture, see Figure (2). Zare [24] has discussed the
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possibility of bilateral directivity effects in the
Kocaeli earthquake of 17 August 1999. Such effect
could be considered with the equal pulse shapes,
frequency contents and corner frequencies (and
therefore rupture times) in these two records in
opposite ends of the Kocaeli fault rupture. These are
the effects of the extended finite sources in the

Figure 6. The Abbar record;  a) the filtered accelerogram, b)  the  FFT of  accelerations, c) the  displacement time-history  and,
 d) the  FFT of displacement,  where the fc1, fc2  and fmax are shown in the figure. The upper and lower figures are the
horizontal components and the middle one corresponds to the vertical component.

mentioned events.
The double corner frequencies are observable for

the case of Abbar strong motions (Manjil earthquake)
as well Figures (6b) and (6d). This record could not
be compared with another strong motion to be obtained
in another end of the fault rupture (Abbar station was
located in one end of the Manjil earthquake fault

Figure 5. The Tabas record;  a) the filtered accelerogram, b) the FFT of accelerations, c) the displacement time-history and d) the
FFT of displacement, where the fc1, fc2 and fmax are shown in the figure. The upper and lower figures are the horizontal
components and the middle one corresponds to the vertical component.
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Figure 8. The Karigh  record;   a) the filtered accelerogram,  b) the FFT of  accelerations,  c) the displacement time-history and
d) the  FFT of displacement,  where the fc1, fc2 and fmax are  shown in the figure.  The upper and lower figures are the
horizontal components and the middle one corresponds to the vertical component.

rupture, see Figure (1). The Karigh accelerogram that
is recorded in 28 February 1997 earthquake in NW
Iran [25] was investigated as well but only one corner
frequency could be observed.

The values of  fmax do not show any systematic
change in the available studied records. The only great
change of  fmax values in different ends of the fault

rupture could be assigned to the case of Tabas and
Deyhuk, where the value of  fmax in Tabas has moved
more or less towards the lower frequencies (6Hz,
comparing to the  fmax observed for Deyhuk records;
11Hz). In the other case of a pair of records Duzce
(Kaynashli) earthquake of 12 November 1999; Duzce
and Bolu record), the same values of  fmax are more or

Figure 7. The Zanjiran record;  a) the filtered accelerogram, b) the FFT of accelerations, c)  the  displacement time-history  and
d)  the  FFT of displacement, where the fc1, fc2 and fmax are shown in the figure. The upper and lower figures are  the
horizontal components and the middle one corresponds to the vertical component.
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less evident. The variations of  fmax could be studied
having more data, due to the high frequency attenuation
of strong motions.

4.2. Waveform of the Displacement Time-Histories

The displacement time-histories (DTH) are obtained

based on the double integration of the acceleration
records. The greater pulses on Tabas DTH comparing
to that of Deyhuk could be taken as a pulse induced
by directivity effects, Figures (4) and (5). The   Abbar
DTH (Figure (6)) had no pair to be compared, because
no record obtained in the middle parts (Manjil; the

Figure 9. The Yarimca record;  a)  the filtered accelerogram, b)  the FFT of accelerations, c) the  displacement time-history and
d) the  FFT of  displacement,  where  the fc1, fc2 and fmax are shown in the figure. The upper and lower figures are  the
horizontal components and the middle one corresponds to the vertical component.

Figure 10. The Duzce record  (of 17/08/1999 earthquake);  a)  The filtered accelerogram,  b)  the FFT of accelerations,  c)  the
displacement time-history and  d)  the FFT of displacement, where the  fc1, fc2  and  fmax  are shown in the figure. The
upper and lower figures are the horizontal components and the middle one corresponds to the vertical component.
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Figure 12. The  Duzce  record (of 12/11/1999 earthquake);  a)  the  filtered  accelerogram, b) the  FFT of  accelerations, c)  the
displacement  time-history and  d) the FFT  of  displacement, where the fc1, fc2 and fmax are  shown  in the figure.  The
upper and lower figures are the horizontal components and the middle one corresponds to the vertical component.

instrument in Sefid-Rud dam was off at the time of
the Manjil earthquake, because of the lack of battery)
or in the other end of the Manjil earthquake fault. The
lack of information was similar for Zanjiran, Figure
(7) and Ardebil, Figure (8) earthquake records.

The great pulses in Yarimca and Duzce DTH’s-

Figures (9) and (10) - are similar (Kocaeli earthquake
of 17 August 1999). The Sakaraya (Adapazari) DTH’s
(Figure (11) of 11 November 1999 earthquake had no
pair nearby the fault, to be compared. For this case, it
was interesting to observe greater amplitude of
displacements on the first horizontal (north-south

Figure 11. The Sakaraya (Adapazari) record;  a) The filtered accelerogram, b) the FFT of accelerations, c) the displacement time-
history and d) the FFT of displacement, where the fc1, fc2 and fmax are shown in the figure. The upper and lower figures
are the horizontal components and the middle one corresponds to the vertical component.
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direction) relative to the second horizontal component
(on east-west direction). The DTH’s of Duzce and
Bolu (12 November 1999 earthquake, see Figures
(12) and (13)), indicate the greater displacements in
Duzce. This problem is discussed further in this
article.

5. Discussion

The earthquake of Tabas (16/06/1978, central Iran),
Kocaeli (17/08/1999, Mw7.4 Marmara Sea region,
NW Turkey) and Kaynasli (12/11/1999, Mw7.1, Bolu
area, NW Turkey) are selected to be discussed. This
selection was based on the availability of a pair of
records obtained in opposite ends of the earthquake
fault rupture.

The FFT of  the  amplitudes displacements are
compared  for  different components of  Tabas
and Deyhuk  records  in Figure (14). The  greater
amplitudes  for Tabas  record is  evident, while
the  fc1 and fc2 are placed in different frequencies
(this figure  should  be compared  with Figures
(4) and (5)). Tabas  was  much  closer  to  the
active part of the   rupture  than  Deyhuk,  and
the   rupture   propagation   towards  Tabas   is
supported by the observed  much higher  fc1  in
this  station. The displacements for the first 20
seconds of the DTH’s in Tabas and  Deyhuk  are
compared  however  in  Figure  (15).  A  great

difference  is  observable  between   these  two
records;  the  evident  greater  amplitudes  and
even the trapezoid type pulses in about 16 to 18
seconds correspond to Tabas DTH. This could
be interpreted to the rupture directivity towards
the Tabas, during the Tabas earthquake.
The  FFT of the amplitude of displacements for
different  components of  Yarimca  and  Duzce
records are compared in Figure (16). The shapes
of  these  spectra  are  more  or  less similar  in
different  frequencies. This  similarity could be
followed in the waveform of  the  DTH’s of  these
two records, see Figure (17). This is suggested
to  be  related  to  the  bilateral directivity in the
Kocaeli earthquake. According to Tibi et al [21],
the rupture velocity is taken to be  4.5km/sec in
the  Kocaeli earthquake. Based on the estimated
rupture times for the Kocaeli earthquake in this
paper, this would result to the rupture lengths of
about  36km  for  Kocaeli earthquake. It can not
be related to the 125km observed total  ruptures
length during  the  mentioned earthquake, but it
may  correspond  to  the  rupture length of one
part of  the  total  fault segments. This could be
justified in Figure (10), in which the displacement
record  of  the  Kocaeli earthquake  recorded in
Ducze  station  is  shown. The trapezoid shapes
are  evident  both  for  P  and  S  waves, which

Figure 13. The Bolu record;  a) The filtered accelerogram, b) the FFT of accelerations, c) the displacement time-history and d) the
FFT  of  displacement, where the fc1, fc2  and  fmax  are  shown  in  the  figure. The upper and lower figures are  the
horizontal components and the middle one corresponds to the vertical component.
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means  that  this station  could record only part
of  the total  rupture (maybe  the  eastern most
part  only).  The  corner frequency  fc1 of 0.25Hz
indicates  that  the  S  wave  dominates  in  the
spectrum. However the displacement estimated
in  Yarimca  (Figure (9)) is more  complicated,
which  is  probably  to  be  dominated by the S
wave as well.
The FFT of the amplitudes of displacements in
Duzce  and   Bolu  records  are  compared  for
different components in Figure (18). The level
of  the  Fourier  amplitude  of displacements in
Duzce shows greater values than that  of  Bolu
(it  should  be  compared with Figures (12) and
(13)). The wave forms of DTH’s for  these  two
locations  are  compared in Figure (19), where
the   difference   is  evident  especially  for  the
horizontal components; the displacements were
greater  in  Duzce,  but  the  rupture  time  was
found to be shorter in Bolu. Based on a rupture
velocity of 2km/sec  for  Duzce earthquake [21]
the  rupture  lengths of 48km and 24km for the
rupture  time  estimations  in  Bolu  and Duzce,
could  be  found,   respectively,  which  seems
however  to  be  reasonable  according  to  the
observed fault  segment. Tibi et al  [21] believe
on a bilateral  directivity for  the  Duzce  earth-
quake as well. Refering to the Duzce (Kaynasli)
fault  rupture  location Figure (3),  it seems that
Duzce was not  in a location to be in front of the
rupture  propagation. It is probable  that Duzce
was  located  outside  of  the  development  of
rupture  front,  but  the  long  period pulses are
indicative  for a directivity  effect,  probably  in
the middle parts of the fault. However, Milkereit
et al [19] represent an epicenter location much
closer  to  the  Duzce station, and according to
their estimation, the rupture is started at a depth
of about 12.5km and propagated bilaterally both
towards the  east  and  west  and  from greater
to  shallower  depths. Therefore  the directivity
effects should be observed at Duzce station, as
well.  This  problem can be  investigated in the
future.

6. Conclusions

The present study has shown the importance of the
Doppler effects in the earthquakes occurred in the last
25 years in Iran and Turkey. The location of the cities
and the industrial localities nearby the border of the
mountains and plains (where there are the capable

places for quaternary and active faults) in these
countries impose an additional attention to be paid
to the source directivity problems in the seismic
resistant designs. The conclusions could be
summarized as follows:

This   study  showed   the   impression  of  the
rupture directivities on  the  corner frequencies
and   the  displacement  pulse  shapes  for   the
motions recorded  in different directions due to
the fault rupture. The records obtained  in front
of  the  rupture  developments  showed  shorter
apparent rupture  duration (rupture  time)  with
greater pulses, than those  located in the opposite
side.
The values of two corner frequencies for most
of the studied records indicate the variations of
rise   time   and  rupture  time  for  the  studied
records. The  second  corner  frequencies (and
correspondingly; the rise times) seems to be  less
stable  for  a  pair  of motions  obtained  in  the
opposite  sides  of  a  fault, but the first corner
frequency  (and  correspondingly;  the  rupture
times) show important differences.
The displacement pulses are different according
to  the   locality  of  the  obtained  motion;  the
motions   recorded   in   front  of   the  rupture
propagation  indicate greater pulses (sometimes
the  trapezoids) comparing to the opposite side
motions.

 For the  motions  recorded  in Turkey, the com-
parison of north-south and east-west horizontal
components of the records was possible. Among
the studied records, the  most  important differ-
ence  was observable  in  the  case  of Sakaraya
(Adapazari)   records   in   11 November  1999
earthquake  (with greater pulses on  the  north-
south direction). Other records  do not represent
any  important  difference  between  these  two
directions.

Based on the preformed study, the suggestions for
the continuation of researches on the  near  field strong
motions could be listed as follows:

More  dense  arrays should be installed around
the  major  active faults of the region. This can
provide  more  comprehensive  data  set  to  be
studied in the case of a great earthquake.
The sensors of  the horizontal two components
of  the installing instruments should be directed
either towards  the  north and the  east (or one
component  parallel to and  another one normal
to the fault direction).
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Figure 14. The FFT of displacements are compared for Tabas and Deyhuk records for different components: the upper and lower
 are  the  horizontal components and  the middle one is the  vertical  component  (the Deyhuk traces are shown with
 dashed lines).

Figure 15. The displacement time-histories are compared for Tabas and Deyhuk records for different components: the upper and
  lower are the horizontal components and the middle one is the vertical component (the Deyhuk traces are shown with
 dashed lines).
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Figure 16. The FFT of  displacements  are  compared for Yarimca and Duzce records for different components: the upper and
  lower are the horizontal components and the middle one is the vertical component (the Duzce traces are shown with
  dashed lines).

Figure 17. The displacement time-histories are compared for Yarimca and  Duzce records for different components: the upper
   and lower are the horizontal components and the middle one is the vertical component (the Duzce traces are shown
   in dashed lines).
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Figure 18. The FFT of displacements are compared for Duzce and Bolu records for different components: the upper and lower
   are the horizontal components and the middle one is the vertical component (the Bolu traces are shown with dashed
   lines).

Figure 19. The displacement time-histories are compared for Duzce and Bolu records for different  components: the upper and
 lower are the  horizontal components and the middle one is the vertical component (the Bolu  traces are shown with
 dashed lines).
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In the future  earthquake  resistant  designs for
the  engineering  purposes,  where  the  site  is
located  nearby  a  fault,  it  is suggested to  pay
attention to the near fault recorded motions.
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