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Abstract. This study presents the results of probabilistic known active structures. On the other hand, usually for the
seismic hazard (PSH) deaggregation for 5 %-damped 0.2 andommon case of a site, high-frequency hazard is dominated
1.0 s spectral accelerations, corresponding to mean return péy frequent local earthquakes and low-frequency hazard is
riods (MRPs) of 50, and 475 yr for Tehran city. The aim of dominated by large magnitude earthquakes over a wide range
this paper is to quantify the dominant events that have theof distances, therefore the selection of a unique earthquake
most contribution on ground-motion exceedance from thescenario does not guarantee an equal seismic protection for
above mentioned hazard levels. The scenario earthquakes aifee site under analysis (Sousa and Costa, 2009). In order to
characterized by bins of magnitud&/}, source-to-site dis- derive a seismic scenario consistent with the results of PSHA
tance R), and epsilond). The results reveal that for Tehran for a site and determine the relative contribution of events to
city, the hazard is mainly controlled by local seismicity. Gen- the overall seismic hazard, the concept of deaggregation was
erally, as the spectral acceleration period increase, the contrintroduced. The deaggregation process separates the contri-
bution of larger and more distant scenario earthquakes to thbutions to the mean annual rate of exceedance (MRE) of a
overall seismic hazard increase. specific ground-motion value at a site due to scenarios of
given magnitudeM, distancer, and, ofteng, the ground-
motion error term. The value is defined as the number of
standard deviations by which the (logarithmic) ground mo-
1 Introduction tion generated by a giveM-R pair deviates from the me-
dian value estimated by a prediction equation (Barani et al.,
One of the advantages of probabilistic seismic hazard asses9009). The seismic hazard deaggregation process has been
ment (PSHA) is that it allows computation of the mean an- performed by Bernreuter (1992) for the first time, and follow-
nual rate of exceedance at a particular site based on aggréng this study, deaggregation methods and applications were
gated hazard of all possible range of magnitudes from potenaxtensively discussed and improved by Chapman (1995),
tial seismic sources, occurring at many different source-to4\jcGuire (1995), Cramer and Petersen (1996), Bazzurro
site distances. This integrating nature of PSHA leads to losgngq Cornell (1999), Harmsen et al. (1999), Sokolov (2000),
the concept of a single event threat for the site (McGuire,armsen (2001), Harmsen and Frankel (2001), Montilla et
1995). The so-called dominant events (Bazzurro and Cory. (2002), Halchuk and Adams (2004), etc.
nell, 1999) or design earthquakes (McGuire, 1995) are re- |n order to perform deaggregation of seismic hazard for
quired to evaluate many characteristics of the ground mo-Tenran city, probabilistic seismic hazard assessment is eval-
tion such as dynamic time history analysis, duration, nonstayated for the study area encompassed by 49 SESdngi-
tionary of motion and critical pulses (Cramer and Peterseny,ges and 34-3 latitudes. Selecting this area allows to get
1996). Design earthquakes can be chosen based on determigyolved in assessments and calculations all of the elements

cal event reported, and its best guessed location derived from
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Fig. 1. Main active faults, main stress directions and representative focal mechanisms in the study area. Thick line indicates the border of
seismotectonic provinces.

Tehran with highly dense population (about 8.5 million peo-2 Tectonic setting
ple) and political and economic centralization has not ex-
perienced a damaging earthquake since 1830, although it ihe active deformation of the Iranian plateau, as a tectoni-
located in an active seismic zone and surrounded by activeally active part of Alpine-Himalayan tectonic belt, is con-
faults with evidence of historical destructive earthquakes.trolled by the Arabian—Eurasian convergence. Shortening is
The major aim of this study is the deaggregation of the haz-accommodated by distributed faulting and it makes regions
ard results in terms of magnitude, distance and epsilon, tavith different seismotectonic features. The study area cov-
investigate earthquake occurrences that have the most corrs the Alborz in the north and northern part of Central Iran
tribution to the resulting ground-motion hazard in Tehran.in the south (Fig. 1). The Alborz is a narrow mountain-
In this regard, 20 area seismic sources are delineated in theus area of approximately 100 km wide, curving along the
study region and the quantified hazard values in terms of th&South Caspian Sea. The mean elevation of the Alborz de-
peak ground acceleration (PGA) over bedrock, are mappedreases fromt-3000 m above the mean sea level in the in-
for 63 % and 10 % probabilities of exceedance in 50 years omer belt to—28 m at the Caspian Sea shoreline in the north,
grid intervals of 0.2, using the attenuation relation of Boore and to approximately-1500 m north of Central Iran in the
and Atkinson (2008) NGA. Then, based on obtained resultsorth of Tehran (JICA and CEST, 2000). Despite the rel-
of PSHA, deaggregation of the hazard is performed in termsatively high elevation of Alborz Mountains, the Bougure
of magnitude—distance pairs, and epsilon for Tehran city. anomaly has very small negative values and the crustal thick-
ness is less than 35 km along the Caspian coast; therefore, it
must be considered as mountains without root whose uplift
is due to thrusting of allochthonous masses over each other
in a compressional tectonic regime (Dehghani and Makris,
1983). Fault plane solutions of earthquakes in the study

Nat. Hazards Earth Syst. Sci., 13, 67%88 2013 www.nat-hazards-earth-syst-sci.net/13/679/2013/



F. Abdi et al.: Ground-motion scenarios consistent with PSH deaggregation for Tehran 681

Table 1. Beginning year of complete reporting of earthquakes in the Alborz-Azerbaijan and Central-East Iran seismotectonic
provinces (Mirzaei et al., 1997a).

Province 4.0cMs<45 45<Ms<50 50<Ms<5b5 55<Ms<6.0 6.0<Msg
Alborz-Azerbaijan 1975 1945 1900 1900 1860
Central-East Iran 1975 1955 1955 1900 1900

Table 2. Ms—myp, relationships for Alborz-Azerbaijan and Central- and then seismicity parameters in each source will be deter-
East Iran seismotectonic provinces (Mirzaei et al., 1997a). mined. For regions with insufficient earthquake data, seis-
micity studies in potential seismic sources using the tradi-
tional method brings a noticeable uncertainty into results.
To overcome such shortcomings, the traditional method has
been modified by Shi et al. (1992); therefore, inhomogeneity
of seismicity in time and space could properly be regarded.
In this study, the modified methodology of PSHA is ap-
region indicate both thrust and strike-slip faulting, though plled.. Three major ste;ps o.f modified method are (Shi et al.,
the thrust faulting is prominent (Fig. 1). Because the Alborz 1992; Shabani and Mirzaei, 2007)
seems to be rootless, it is probable that many active faults are 1 delineation of seismotectonic provinces and evaluation
present in the basement rocks and do not necessarily have  of seismicity parametersh(value, annual mean oc-
surface expressions (JICA and CEST, 2000). Based onrecent  cyrrence rate), and maximum possible magnitude,
global positioning system (GPS) studies, the rate of north— 37y in each seismotectonic province;
south shortening throughout the Alborz i« 8 mmyr-1, and
the left-lateral shear of the overall belt occurs at a rate of 2. determination of potential seismic sources; estimation

Province Ms — myp relationships

Alborz-Azerbaijan Mg=2.01mp—5.28
Central-East Iran  Ms=2.00my, — 5.28

Magnitude range

40<mp<6.2
41<mp<6.2

4+ 2mmyr1 (Vernant et al., 2004a).
Central Iran as a part of the Central-East Iran seismo-
tectonic province is located in the south of the Alborz and

of Mpnaxin the potential seismic sources and evaluation
of spatial distribution function for each magnitude in-
terval in each potential seismic source; and

forms a range-and-basin system with a lower altitude than
the Alborz, with active mountain-bordering thrust and some
long strike-slip faults (JICA and CEST, 2000). Central Iran
has much in common with Alborz in its structure and his-
tory; thus the sedimentary record is so similar in the two
regions that many rock-unit names of Paleozoic, Mesozoic
and Tertiary formations can be applied in both the Alborz Seismotectonic province is defined as an area that under the
and a large part of Central Iran (Stocklin, 1974). In addition, present-day geodynamic regimes has a comparable tectonic
both regions were folded and faulted with similar intensity setting and unified seismicity pattern (Ye et al., 1995; Mirzaei
by the Alpine diastrophism in Tertiary time (Stocklin, 1974; et al., 1998). According to Mirzaei et al. (1998), territory of
Mirzaei et al., 1998). The north part of Central Iran in the |ran can be divided into five major seismotectonic provinces
vicinity of the Alborz approximately follows the trend of the based on all available geophysical, geological, tectonic and
Alborz and shows strong tectonic activity with surface de- earthquake data. The study area is mainly located in the
formation during both historic and present time. In general, Alborz-Azerbaijan seismotectonic province in the north, and
active faults in Central Iran are parallel to regional structuresa small part of the Central-East Iran seismotectonic province
and are related to the overall northeasterly-directed compresn south (Fig. 1).

sional stress (JICA and CEST, 2000). Recent GPS data taken A uniform catalog of earthquakes containing historical and
from a station south of Pishva fault in northern Central Iran, instrumental events covering the period from 400 BC to 2010
in the study area, indicates northward and eastward velocitieg used. The earthquake database is mainly compiled from
with a rate of 11.6 and 2.8 mmy#t, respectively (Vernantet |SC and USGS/NEIC for the modern instrumental time pe-
al., 2004b). riod (1964—2010), and the catalog of earthquakes provided
by Ambraseys and Melville (1982) is the basic source of
parameters for the historical (before 1900) and early instru-
mental (1900-1963) time periods. According to Mirzaei et
al. (1997a), the years in which there was first complete re-
According to traditional methodology of PSHA (Cornell, porting of earthquakes in the Alborz and Central-East Iran
1968), at first, potential seismic sources should be delineatedeismotectonic provinces are given in Table 1. The catalog

3. dividing the interest region into a series of grid points
and assessment of seismic hazard for every grid point,
using characteristics of seismic activity in seismotec-
tonic provinces and potential seismic sources through
an earthquake ground-motion attenuation relationship.

3 Probabilistic seismic hazard assessment
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Table 3. Estimation of seismicity parameters from recorded earthquakes in the Alborz-Azerbaijan and Central-East Iran seismotectonic
provinces (Mirzaei et al., 1997b).

Province Uncertainty model B 230 Mmax
Alborz-Azerbaijan Soft bound .97+0.07 3786+4.24 807+0.67
Central-East Iran Soft bound .99+0.09 2793+4.00 7.88+0.81
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Fig. 2. Map of seismicity and seismic source zones of Tehran region (modified after Mirzaei et al., 1999).

of earthquakes has been made uniform using the relational. (1999). Seismic sources have been delimited mainly based
ships betwees andmy defined by Mirzaei et al. (1997a) on the fault extent, seismogenic crust (a part of the earth crust
for Alborz-Azerbaijan and Central-East Iran seismotectonicin which large earthquakes usually originate), and mecha-
provinces (Table 2). Since we encountered an incompletanism of earthquake faulting or a type of active faults. The es-
earthquake catalog in the study region, the procedures intimation of maximum magnitude in potential seismic source
troduced by Kijko and Sellevoll (1992), which permit incor- zones is usually according to the features of seismic activity
poration of magnitude uncertainty to estimate seismicity pa-and tectonic analogy. It implies that structures with analo-
rameters from incomplete data files, are applied to the unigous tectonic setting are capable of generating the same size
form catalog of earthquakes for estimating the seismicity pa-earthquakes, and absence of earthquake record for a struc-
rameters. Results of the estimation of seismicity parametersure is not evidence for absence of earthquake occurrence on
in the Alborz-Azerbaijan and Central-East Iran seismotec-it (Mirzaei et al., 1999).
tonic provinces are presented in Table 3. Generally, in seismic hazard analysis, annual mean oc-
Figure 2 shows epicenter distributions and potential seiscurrence rate of earthquakes in potential seismic sources is
mic source zones in Tehran region. A total of 20 area sourcesalculated by definite integration on magnitude—frequency
and their correspondind/max are chosen after Mirzaei et relation. This method cannot reflect spatial inhomogeneity
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Table 4. Spatial distribution functions for different magnitude intervals aMidaxin the potential seismic sources and background seismicity
sources of the study region. B.S.1 indicates background seismicity of Alborz province and B.S.2 indicates background seismicity of Central
Iran province.

Zone  Mmax 40<Ms<45 45<Ms<50 50<Mg<55 55<Ms<60 60<Ms<65 65<Ms<70 70<Ms<75

1 7.5 0.080 0.098 0.125
2 7.5 0.048 0.123 0.147
3 7.5 0.057 0.088 0.128
4 7.5 0.079 0.105 0.169
5 6.5 0.056

6 7.5 0.065 0.128 0.116
7 7.5 0.068 0.089 0.166
8 7.5 0.064 0.089 0.144
9 6.5 0.062

10 7.0 0.081 0.150

11 7.0 0.075 0.125

12 6.5 0.055

13 6.5 0.071

B.S.1 6.0 0.533 0.615 0.548 0.197

14 6.5 0.097 0.066

15 6.0 0.109

16 6.0 0.130

17 6.0 0.127

18 6.0 0.117

19 6.5 0.128 0.070

20 6.0 0.091

B.S.2 55 0.466 0.384 0.451

of seismicity and reveal a realistic activity rate of small given by Yan (1993) is used. In this method for the se-
and large-magnitude earthquakes in the potential seismitected factor ) and each magnitude intervah () in the
sources, especially for insufficient earthquake data. To ful-/-th potential source, a distribution coefficierW, «) is
fill this problem the concept of spatial distribution function assigned. Then in each seismotectonic province the distri-
for specified magnitude intervals has been introduced by Shbution coefficient is normalized to obtain the factor load
etal. (1992). In this method the annual mean occurrence rat(anmjk = Wlmjk/z Wim;k)- In next step, loads of control-
of earthquakes in a seismotectonic province should be alloling factors in each potential source are used to define total
cated to each magnitude interval in the corresponding potoad (Ri; = Y Qum;k)- Eventually the total load is normal-
tential seismic sources in order to properly reflect the in-ized in each province to obtain the spatial distribution func-
homogeneity of seismicity in time and space, and to avoidtion for the j-th magnitude interval in th&th potential seis-
the underestimation of a potential hazard of large magnitudamic sourcesﬁmj = le,-/z Rim;) (for more details of con-
earthquakes. Different kinds of seismological, tectonic, andtrolling factors and spatial distribution function calculation
geophysical data can be used to indicate the possible futursteps see Shabani and Mirzaei, 2007).
earthquake activities in the interest region, providing basis Table 4 showsax in potential seismic sources and spa-
for evaluation of spatial distribution function. In the study tial distribution function for different magnitude intervals.
region, four controlling factors (Shabani and Mirzaei, 2007) “Background earthquake” for each seismotectonic environ-
are considered for evaluation of the spatial distribution func-ment is considered. In the concept of background earth-
tion: quake (background seismicity), small and moderate-sized
earthquakes may occur in the defined area randomly. We
consider threshold magnitudes éfs=5.5 and 6.0 for
seismic sources; background seismicity of Central-East Iran and Alborz-
Azerbaijan seismotectonic provinces, respectively.

For thel-th potential seismic source in the seismotectonic
3. structural elements in potential seismic sources; province, the annual mean occurrence rate ofjtitle mag-

nitude interval is as follows (Gao, 1988; Shi et al., 1992;

1. the reliability of delineation of potential

2. tectonic setting of potential seismic sources;

4. characteristics of seismic activity in potential
seismic sources.

For calculation of spatial distribution function based on the
controlling factors, the method of equal weight summation
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Fig. 3. Probabilistic seismic hazard map of Tehran region for peak horizontal acceleration on firm-rock site conditions {aj &8&4.0 %
(b) probability of exceedance in 50 yr.

Mirzaei et al., 1997b): and Youngs, 2008; Idriss, 2008). The NGA database is
25.exp[—p (m; — Mmin) | Sh(0.58 A M) one of the largest databases of uniformly processed strong
Mom; = ! fim; (1) ground-motion recorded in shallow crustal earthquakes in

1 — exp[— B (Mmax— Mmin)]

active tectonic regions, including data recorded in the 1978
for Mmin <m; < Mmax,

Tabas and 1990 Manijil earthquake that occurred, respec-
wherei,; ,; andf; »; are the annual occurrence rate and spa-tively, in central-east Iran and Alborz-Azerbaijan seismotec-
tial distribution function of the-th magnitude interval inthe tonic provinces of Iran. Thus, these new equations might
I-th potential seismic source, respectively, anis the an-  also be applied as ground-motion prediction in other parts
nual mean occurrence rate of the seismotectonic provincepf the world with the similar tectonic environment, such as
B =0b1In 10 andb is theb value in the frequency—magnitude the region encompassing the Iranian plateau. Shoja-Taheri
relationship of the seismotectonic provineg;is the central et al. (2010) carried out a comprehensive study on compari-
value of thej-th magnitude interval; sh is the hyperbolic sine son of the three NGA equations (Boore and Atkinson, 2008;
function; AM is the width of magnitude interval; andmn Campbell and Bozorgnia, 2008; Chiou and Youngs, 2008) as
andMmax are the minimum magnitude that can affect the en-representative of all the NGA models, with the strong-motion
gineering site (usually/s = 4.0) and the maximum expected data recorded in Iran, and concluded that the three NGA
magnitude in the seismotectonic province, respectively. models are generally applicable to the presently available Ira-

In the regions with high seismic activity, any seismic haz- nian dataset. Shoja-Taheri et al. (2010) also mentioned that
ard assessment needs a set of attenuation equations whittie NGA model of Boore and Atkinson (2008) is somewhat
could appropriately represent the variable parameters of thenore applicable for Iran than the other two models, since
strong motion in that region. For the Iranian plateau, theresome of the details on the near source effects in it (e.g., ef-
is a limited number of reliable strong ground-motion data fects of hanging wall and footwall, distance of the upper part
to perform a specific attenuation relationship, especially inof the fault rupture to the surface, and so on) are excluded.
the near-source areas of large earthquakes. For example theSeismic hazard assessment has been performed for a grid
Iranian strong-motion data have a total of only 4 recordingsof points with 0.2 interval in longitude and latitude in the
for magnitudes greater than 7.0 and distances less thastudy area. It is noteworthy that, we usgdvalues calcu-
30km (Shoja-Taheri et al., 2010). Due to this reason, ap4ated for seismotectonic provinces for each seismic source
plying worldwide attenuation models for similar tectonic en- delimited within them. PGAs over bedrock, for mean return
vironment is appropriate. We have adopted for this studyperiods (MRPs) of 50 and 475yr, have been estimated and
the attenuation relationship for rock{> 750ms™?) de-  seismic zoning maps of the Tehran region was determined us-
veloped by Boore and Atkinson NGA model (2008). The ing EZ-FRISK (version 7.43) computer program (Fig. 3).The
Next Generation Attenuation (NGA) project has resulted inresults show a good agreement with active faults and seis-
the publication of five new ground-motion models to pre- micity of the region. Sites with the highest level of PGA
dict PGA, PGV, and response spectral ordinates for peri-are mainly adaptable to potential seismic sources number 1,
ods 0.0 up to 10.0s (Abrahamson and Silva, 2008; Boore2, 7, 8, and 10. Within these seismic sources several large
and Atkinson, 2008; Campbell and Bozorgnia, 2008; Chiou

Nat. Hazards Earth Syst. Sci., 13, 67%88 2013 www.nat-hazards-earth-syst-sci.net/13/679/2013/



F. Abdi et al.: Ground-motion scenarios consistent with PSH deaggregation for Tehran 685

Table 5. M-R deaggregation results for 0.2 and 1.0 s spectral acceleration values corresponding to MRPs of 50 and 475 yr.

MRP (y7) Sa(0.2'9 Sa(1.09

Mean Mag. Modal Mag. Mean Dis. (km) Modal Dis. (km) Mean Mag. Modal Mag. Mean Dis. (km) Modal Dis. (km)
50 6.2 6.0-6.4 35 20-30 6.5 6.0-6.4 48 20-30
474 6.4 6.0-6.4 25 20-30 6.7 6.4-6.8 31 20-30

earthquakes are documented during historical and instrumergation, geographical deaggregation in terms of latitude and
tal time periods (Fig. 2). The maximum PGAs are estimatedlongitude) can be found in Bazzurro and Cornell (1999).
to be 0.3g and 0.12g for 475 and 50yr return periods, re- Usually, both mean and modal valuesMf R ande are
spectively. The Tehran city is placed in relatively high risk reported for identifying the dominant event, because each of
area, as well. Comparison of the seismic macrozonation hazhem has its advantages and disadvantages. The mean values
ard map of Iran, Standard 2800 (BHRC, 2005), with results(M, R andg) are defined unambiguously and do not depend
of this work shows good compatibility. Generally, as it is ob- on the bin size, but they may correspond to a scenario that is
vious from Fig. 3, the PGA value in the Alborz area is higher not realistic, if there are two or more sources with significant
than the Central Iran area. contribution to the hazard. The modal values represent the
most likely event that may induce the specified (or larger)
acceleration level at the site, but it should be mentioned that
these values depend on the dimension of the bins.
4 Seismic hazard deaggregation Figures 4a through d show thg-R deaggregation plots
of the 5%-damped linear elasti§,y(7) values at periods
PSH deaggregation is used to identify the distribution ofof 0.2 and 1.0s which correspond to MRPs of 50 and
earthquake scenarios that contribute to exceedance of a giveqv5 yr. The results of computed controlling earthquakes have
spectral acceleratiors§) level, in terms of magnitude),  been summarized in Table 5. The 505%0.2 s) hazard for
distance R), and the deviation parameter in the attenuationTehran (Fig. 4a) is controlled by almost nearby earthquakes
equation £). In other words, if a ground motion of amplitude of moderate magnitude. Larger and more distant events dom-
A occurs at the site of interest, certain magnitudes, distancespate theS,(1.0s) value for the same MRP. In particular,
and¢ values are more likely to have caused that amplitudescenario earthquakes ranging from a magnimTﬂe:G_z at
than others, and the deaggregation shows these relative cog = 35km for S5(0.2s), to a magnitudé/ = 6.5 at R =
tributions. Deaggregation results could change with the spec48 km for S4(1.0 s) has been determined to represent the rel-
tral ordinate and return period, thus more than one singleatively likely ground motion having a 63 % chance of being
event may dominate the hazard especially if multiple sourcesxceeded in 50yr. For less probable, extreme ground mo-
affect the hazard at the site. These results can provide usefiions with a 10 % chance of being exceeded in 50 yr, the sce-
information on better defining the design scenario and selectnario earthquakes ranging from a magnitide= 6.4 atR =
ing corresponding time histories for seismic design. In most25 km for S5(0.2 s), to a magnitud@/ = 6.7 at R = 31 km
cases, as the probability decreases, the hazard sources clo$gr S,(1.0s) are represented as dominant events (Figs. 4c
to the site dominate. Larger, more distant earthquakes conthrough d). It is worthwhile to mention again that a domi-
tribute more significantly to hazard for longer periods thannant event or a design earthquake is defined as a scenario
shorter periods (Halchuk and Adams, 2004). which has the most contribution to the mean annual rate of
Spectral acceleration of 5% dampirgy(7), whereT is  exceedance of hazard from a specified level. A “dominant
the period in seconds, has been calculated in order to perforravent” is not necessarily “the worst scenario” that can affect
deaggregation of the seismic hazard for Tehran city using thehe site, and it is obvious that because of the nature of the
EZ-FRISK (version 7.43) code. Bins of width 0.4 in magni- PSHA approach, no single event will ever be able to fully
tude, 10 km in distance, and 0.2drare selected. EZ-FRISK describe the seismic threat at the site.
code reports the deaggregation results in terms of probabil- Figure 5 shows the variation of mean and modal values
ity density function (PDF), which is obtained by dividing the of A, R, ande with spectral periods of 0.0, 0.2, 0.5, 1.0,
probability mass function (PMF) contribution of each bin by and 2.0s. The acceleration values deaggregated correspond
the bin’s size, thus the PDF representation is independent ofp MRPs of 50 yr (left-hand panels) and 475yr (right-hand
the bin’s amplitude (Bazzurro and Cornell, 1999). The haz-panels). As a comparison, modal values of both 2-D and 1-
ard can be simultaneously deaggregated in different types oy PDFs are displayed. We denote the mode of the 2-D dis-
bins. EZ-FRISK presents the result of seismic hazard deagtribution asMj.,, — Rj.,, while that of the 1-D one is in-
gregation in terms of 1-IM, R ande bins and 2-DM-R bins. dicated byM*, R*, ande*. For an MRP of 475yr, mean

A detailed review of different deaggregation representationsmagnitude and distance tend to increase with period. This
(PDF and PMF) and procedures (1-D, 2-D and 3-D deaggre-
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Fig. 4. Magnitude—distance deaggregation in 0.2 and 1.0 s, for two hazard levels, 63 % and 10 % probability of exceedance in 50 yr at Tehran.

trend was expected due to the fact that increasing of theMRP increases. For an MRP of 50 yr, the dominant ground
mean and modal magnitude and distance with increasing remotions are within 0.5—-0.70 of the median, while for an
sponse period is a general behavior for uni-modal deaggregaVRP of 475 yr, they are within 1.4-1.30.

tion plots (Harmsen et al., 1999). Unliké andR, the modal

values seem the same constant value for some spectral peri-

ods. Although it should be noticed that the modal values areb  Conclusions

the central values of th#f, R, ande bins used in the calcu-

lations; for exampleR* = 25 km means thak* can change PSHA was evaluated for an area encompassed by 49.%-54
in range of 20 to 30km. An ana|ogous behavior can be ObJongitudeS and 34-3'N latitudes in order to perform seis-
served analyzing variation of mean and modal magnitude andnic hazard deaggregation for Tehran city. Generally, the
distance values for an MRP of 50yr. Generally; ,, and ~ trend of the deaggregation results with spectral periogl (
R}, are lower than or equal ta* and R*, and show more ~ Shows that the mean rate of exceeding long-period spec-
stability with increasing period. For an MRP of 475 yr, vari- tral accelerations is controlled by earthquakes that are larger
ation of R is slightly with period and diagrams of mean and in size and farther from the site than those dominating the
modal distances seem close together. On the contrary, the eXXGA and short-period spectral acceleration hazard. It was
istence of large difference between mean and modal valued!so observed that the larger the MRP, the greater the contri-
of R for an MRP of 50yr, especially for periods of greater bution from closer and higher magnitude events and, as the
than 0.5s reveals that more than one seismic source zond4RP increases, both the mean and modal values tehd
contribute significantly to the site hazard for those spectraft© increase. Particularly, since Tehran is located in a high-
periods (Montilla et al., 2002). Analyzingbehavior reveals ~ Seismicity region, nearby seismicity (20-30 km) has often the

that both mean and modal valuessatend to increase as the Major contribution to the hazard. For an MRP of 50yr, con-
trolling earthquakes have the magnitude range between 6 and

Nat. Hazards Earth Syst. Sci., 13, 67%88 2013 www.nat-hazards-earth-syst-sci.net/13/679/2013/
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Fig. 5. Variation of mean and modal values &, R, ande with spectral period for Tehran. “STDV” in the label on the y-axis of the charts
at the bottom of the figure stands for standard deviation.

6.4. Events with magnitude ranging from 6.4 to 6.8 have thegave to this research. We are also grateful to Farid Fadavi, Behzad
most contribution to the hazard for an MRP of 475yr and Borumand, Anne Brekerbohm, and Anja Krzykowski for their kind
periods longer than 0.2 s, while the smaller magnitude ranghelp.

ing from 6 to 6.4 are dominant for shorter periods and PGA.

Regarding deaggregation results it could be concluded thadited by: B. D. Malamud

events with most contribution to corresponding hazard leveldieviewed by: J. A Pakz and S. Harmsen

are affected by the potential seismic sources number 6 and

7, although geographic deaggregation is necessary for deter-

mining more precisely. References

Abrahamson, N. A. and Silva, W. J.: Summary of the Abraham-
AcknowledgementsThe authors would like to thank editor and son & Silva NGA Ground-Motion Relations, Earthq. Spectra, 24,
referees for their detailed reviews and very useful comments and 67-97, 2008.
suggestions, which improved the manuscript. The authors thank thémbraseys, N. N. and Melville, C. P.: A History of Persian Earth-
Institute of Geophysics of the University of Tehran for the help it  quakes, Cambridge University Press, Cambridge, 219 pp., 1982.

www.nat-hazards-earth-syst-sci.net/13/679/2013/ Nat. Hazards Earth Syst. Sci., 13, 6688-2013



688 F. Abdi et al.: Ground-motion scenarios consistent with PSH deaggregation for Tehran

Barani, S., Spallarossa, D., and Bazzuro, P.: Disaggregation of prob- 1992.
abilistic ground-motion hazard in Italy, B. Seismol. Soc. Am., 99, McGuire, R. K.: Probabilistic seismic hazard analysis and design

2638-2661, 2009. earthquakes: closing the loop, B. Seismol. Soc. Am., 85, 1275
Bazzurro, P. and Cornell, C. A.: Disaggregation of seismic hazard, 1284, 1995.
B. Seismol. Soc. Am., 89, 501-520, 1999. Mirzaei, N., Gao, M., and Chen, Y. T.: A uniform catalog of earth-

Bernreuter, D. L.: Determining the controlling earthquake from  quakes for seismic hazard assessmentin Iran, Acta Seismol. Sin.,
probabilistic hazards for the proposed Appendix B, Lawrence 10, 713-726, 1997a.

Livermore National Laboratory Report UCRL-JC-111964, Liv- Mirzaei, N., Gao, M., and Chen, Y. T.: Seismicity in major seis-
ermore, California, 1992. motectonic provinces of Iran, Earthquake Research in China, 11,

Boore, D. M. and Atkinson, G. M.: Ground-motion prediction equa-  351-361, 1997bh.
tions for the average horizontal 99 component of PGA, PGV, andMirzaei, N., Gao, M., and Chen, Y. T.: Seismic source regionaliza-
5%-damped PSA at spectral periods between 0.01s and 10.0s, tion for seismic zoning of Iran: major seismotectonic provinces,
Earthq. Spectra, 24, 99-138, 2008. Journal of Earthquake Prediction Research, 7, 465—495, 1998.

BHRC: Building and Housing Research Center: Iranian Code ofMirzaei, N., Gao, M., and Chen, Y. T.: Delineation of potential seis-
Practice for Seismic Resistant Design of Buildings, publication  mic sources for seismic zoning of Iran, J. Seismol., 3, 17-30,
PNS-253, 3rd ed., 135 pp., 2005, (in Persian). 1999.

Campbell, K. W. and Bozorgnia, Y.: NGA ground motion model Montilla, J. A., Casado, C. L., and Romero, J. H.: Deaggregation in
for the geometric mean horizontal 139 component of PGA, PGV, magnitude, distance, and azimuth in the South and West of the
PGD and 5% damped linear elastic response spectra for periods Iberian Peninsula, B. Seismol. Soc. Am., 92, 2177-2185, 2002.
ranging from 0.01 to 10s, Earthq. Spectra, 24, 139-172, 2008. Shabani, E. and Mirzaei, N.: Probabilistic Seismic Hazard As-

Chapman, M. C.: A probabilistic approach for ground motion selec- sessment of the Kermanshah-Sanandaj Region of Western Iran,
tion for engineering design, B. Seismol. Soc. Am., 85, 937-942, Earthq. Spectra, 23, 175-197, 2007.

1995. Shi, Z., Yan, J., and Gao, M.: Research on the principle and method-

Chiou, B. and Youngs, R. R.: An NGA model for the average hor-  ology of seismic zonation- results of the trial in North China,
izontal component of peak ground motion and response spectra, Acta Seismol. Sin., 5, 305-314, 1992.

Earthq. Spectra, 24, 173-216, 2008. Shoja-Taheri, J., Naserieh, S., and Hadi, G.: A Test of the Applica-
Cornell, C. A.: Engineering seismic risk analysis, B. Seismol. Soc. bility of NGA Models to the Strong Ground-Motion Data in the
Am., 58, 1583-1606, 1968. Iranian Plateau, J. Earthq. Eng., 14, 278-292, 2010.

Cramer, C. H. and Petersen, M. D.: Predominant seismic sourc&okolov, V. Y.: Hazard-consistent ground motions: Generation on
distance and magnitude maps for Los Angeles, Orange, and Ven- the basis of uniform hazard Fourier spectra, B. Seismol. Soc.
tura counties, California, B. Seismol. Soc. Am., 86, 1645-1649, Am., 90, 1010-1027, 2000.

1996. Sousa, M. L. and Costa, A. C.: Ground motion scenarios consistent

Dehghani, G. A. and Makris, J.: The gravity field and crustal struc-  with probabilistic seismic hazard disaggregation analysis, Appli-
ture of Iran, in: Geodynamic Project (Geotraverse) in Iran, Geo- cation to Mainland Portugal, B. Earthq. Eng., 7, 127-147, 2009.

logical Survey of Iran, Rep, 51, 51-67, 1983. Stocklin, J.: Northern Iran: Alborz Mountains, in: Mesozoic-
Gao, M.: Discussion on annual occurrence rates, Developments in Cenozoic Orogenic Belts, edited by: Spencer, A. M., Geol. Soc.
World Seismology, 1, 1-5, 1988 (in Chinese). Lond., Spec. Pub. 4, 212-237, 1974.

Halchuk, S. and Adams, J.: Deaggregation of seismic hazard foMernant, P., Nilforoushan, F., @y, J., Bayer, R., Djamour, Y.,
selected Canadian cities, 13th World Conf. on Earthquake Engi- Masson, F., Nankali, H., Ritz, J. F.,Sedighi, M., and Tavakoli, F.:
neering, Vancouver, Canada, 2470, 1-6 August 2004. Deciphering oblique shortening of central Alborz in Iran using

Harmsen, S.: Mean and Modalin the Deaggregation of Proba- geodetic data, Earth Planet. Sci. Lett., 223, 177-185, 2004a.
bilistic Ground Motion, B. Seismol. Soc. Am., 91, 1537-1552, Vernant, P., Nilforoushan, F., Hatzfeld, D., Abbassi, M., Vigny, C.,
2001. Masson, F., Nankali, H., Martinod, J.,Ashitiani, A., Bayer, R.,

Harmsen, S. and Frankel, A.: Geographic deaggregation of seismic Tavakoli, F., and Chéry, J.: Present-day crustal deformation and
hazard in the United States, B. Seismol. Soc. Am., 91, 13-26, plate kinematics in Middle East constrained by GPS measure-
2001. ments in Iran and northern Oman, Geophys. J. Int., 157, 381—

Harmsen, S., Perkins, D., and Frankel, A.: Deaggregation of proba- 398, 2004b.
bilistic ground motions in the central and eastern United States,Yan, J.: Principals and methods to determine spatial distribution
B. Seismol. Soc. Am., 89, 1-13, 1999. function, Proceedings, PRC/USSR Workshop on Geodynamics

Idriss, I. M.: An NGA empirical model for estimating the horizontal and Seismic Risk Assessment, Beijing, China, 159-167, 1993.
spectral values generated by shallow crustal earthquakes, Earthyfe, H., Chen, G., and Zhou, Q.: Study on the intraplate potential
Spectra, 24, 217-242, 2008. seismic sources for seismic zonation and engineering seismic

JICA (Japan International Cooperation Agency), and CEST (Cen- hazard analysis in continental areas, Continental Earthquakes,
tre for Earthquake and Environmental Studies of Tehran, Tehran IASPEI publication series for the IDNDR, 3, 473-478, 1995.
Municipality): The Study on Seismic Microzoning of the Greater
Tehran Area in The Islamic Republic of Iran, Final report, 2000.

Kijko, A. and Sellevoll, M. A.: Estimation of earthquake hazard
parameters from incomplete data files, Part Il: Incorporation of
magnitude heterogeneity, B. Seismol. Soc. Am., 82, 120-134,

Nat. Hazards Earth Syst. Sci., 13, 67%88 2013 www.nat-hazards-earth-syst-sci.net/13/679/2013/



