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The purpose of this dissertation is to provide the means for contingency planners 

for regional earthquake risk mitigation to systematically determine how much to spend 

on mitigation versus post-event reconstruction and to prioritize alternative mitigation 

and reconstruction options.  

This dissertation is organized into three chapters. The focus of chapter one is the 

development of a method to estimate earthquake hazard for use in regional loss 

estimation. The method includes formulation of a linear program that selects a small 

subset of earthquake scenarios from a library of such events and estimates hazard-

consistent annual occurrence probabilities so that their combined effect on the region 

of interest approximates that described by r-year return period for all possible events. 

The method is reproducible, computationally tractable, and results in earthquake 

scenarios, which are easily understood. We apply it to the identification of earthquake 

scenarios for Tehran, Iran. 

The second chapter develops an optimization model to help highly seismically 

active developing countries decide: (1) How much should be spent on pre-earthquake 

mitigation versus waiting until after an event and paying for reconstruction or simply 

not rebuilding damaged buildings?; (2) Which buildings should be mitigated and 

how?; and (3) Which buildings should be reconstructed and how? It extends 

previously developed optimization models to consider the particular issues that arise in 

such countries. First, the model allows for the possibility that some damaged buildings 



 

  

will not be reconstructed immediately and keeps track of any lost building inventory. 

Second, it allows the set of possible mitigation alternatives to be both the upgrade of a 

particular structural type or a change in the structural type. Third, the model relaxes 

the assumption that all buildings should be reconstructed to their pre-earthquake 

condition. Finally, it includes as one objective minimizing the chance of an extremely 

high death toll in any one earthquake as well as minimizing the average annual death 

toll across earthquakes. This chapter incorporates the results from the first chapter into 

a case study analysis for Tehran, Iran 

The focus of the third chapter is the introduction of equity into this type of 

analysis. 
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CHAPTER1  IDENTIFICATION OF HAZARD-CONSISTENT PROBABILISTIC 

EARTHQUAKE SCENARIOS FOR REGIONAL LOSS ESTIMATION 

 

1.1 INTRODUCTION   

This paper describes a regional earthquake hazard assessment method for use in 

loss estimation. It was developed especially for situations in which the desired output 

is probability of exceedence vs. loss curves for every site in a region (or r-year return 

period maps), computational demands are of concern, and the spatial coherence of 

individual earthquake scenarios is desirable. Computation may be of particular 

concern: (1) when computationally intensive analyses are conducted following the 

hazard analysis, as when one estimates damage to lifeline network for each possible 

earthquake scenario, then estimates service restoration times for each damage scenario 

(e.g., in ¢aĵnan et al. 2006), or (2) when loss estimation must be repeated many times, 

as when evaluating the relative benefits of many mitigation alternatives (e.g., in Dodo 

et al. 2005). Retaining coherent individual earthquake scenarios can be desirable 

because they are easy for stakeholders to understand (e.g., Anderson 1997) and they 

capture the spatial correlation of ground motion across a region.  

The method presented herein is a new formulation of the hazard-consistent 

probabilistic scenario approach introduced by Chang et al. (2000). It similarly involves 

selecting a relatively small subset of all possible earthquakes and adjusting their 

annual occurrence probabilities so that each of the reduced set of events represents all 

events ñlike that oneò in terms of the frequency and distribution of ground motion it 

causes, and together the reduced set of events represents the total regional seismic 

hazard. However, the method introduced in this paper is novel in three key ways. For 

the first time, it uses a constrained optimization formulation to estimate the adjusted 

hazard-consistent occurrence probabilities for the reduced set of events. Unlike 

previous versions of the hazard-consistent probabilistic scenario method, this 



 

 2 

formulation guarantees the minimum possible error between the regional hazard as 

estimated by the reduced set and by a full probabilistic seismic hazard analysis. It also 

allows the optimization to determine which events should be included rather than 

forcing the user to identify the reduced set of events a priori, without a full 

understanding of the implications of the choice in terms of accuracy and computation. 

Finally, it clarifies the magnitude and distribution of errors so that the user can make 

informed decisions about the tradeoff between computational savings and introduction 

of errors. In a case study for Tehran, Iran, with 8 earthquakes, the method provides 

unbiased results with errors that are small enough for most practical uses. The method 

is described and illustrated for earthquakes, but it can easily be adapted for hurricanes 

and other hazards.  

Available earthquake hazard assessment methods are compared in the next section. 

The new formulation and a case study application for Tehran, Iran are then described. 

The paper concludes with a summary of the methodôs strengths and limitations. 

1.2 EARTHQUAKE  HAZARD  ASSESSMENT FOR USE IN  REGIONAL  LOSS 

ESTIMATION  

This section summarizes available earthquake hazard assessment methods in terms 

of their potential to be used in regional loss estimation: (1) individual scenarios, (2) 

probabilistic seismic hazard assessment (PSHA), (3) deaggregated PSHA, (4) Monte 

Carlo simulation, and (5) hazard-consistent probabilistic scenarios (HCPS). Except for 

the first, they all incorporate the effects of all possible events and their occurrence 

probabilities and result in r-year return period maps of loss for a region (as opposed to 

a single site). Crowley and Bommer (2006) provides a helpful overview of the first 

four of these methods.  
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1.2.1 Individual Scenarios  

In what is often called the deterministic approach, one particular scenario event is 

specified and losses are estimated conditional on occurrence of that scenario. 

Magnitude, location, and perhaps other parameters typically define a scenario. Ground 

motion is estimated using the median or median plus one standard deviation point in 

the attenuation relation. Scenario ground motion and loss maps provide a coherent 

story of what might happen in a particular future earthquake, and thus can be 

invaluable for communication with stakeholders. Compared to PSHA, focusing on one 

or a few individual earthquake scenarios allows estimation of more ground motion 

characteristics that can be important in seismic design, such as duration or full 

acceleration time histories. However, for many decisions, such as insurance portfolio 

planning or regional mitigation resource allocation, it is important to consider all 

possible future earthquakes because what is an optimal decision under the occurrence 

of one earthquake might be completely ineffective if a different earthquake occurs. In 

those cases, loss exceedence curves or r-year return period maps can be useful. 

1.2.2 Probabilistic Seismic Hazard Analysis 

In probabilistic seismic hazard analysis (PSHA), the effects of all possible 

earthquakes with different sizes, occurring at different locations with different 

probabilities of occurrence are integrated to determine the probability of exceeding 

different levels of ground motion (e.g., peak ground acceleration) at a site of interest 

during a specified period of time (e.g., Reiter 1990). For a single site, the hazard curve 

derived from PSHA can be convolved with exposure and vulnerability information to 

obtain a loss exceedence curve (see Bazzurro and Luco 2005 for the formulation). 

When considering multiple sites, however, the situation is complicated because 

correlation among ground motions at the different sites must be considered. FEMA 

366 applies the single-site PSHA approach to every site in a region independently 
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without considering spatial correlation in the ground motion (FEMA 2001). Crowley 

and Bommer (2006) compare that approach to simulation for a case study in Turkey, 

demonstrating how this application of PSHA works for a single site, but overestimates 

the loss exceedence curve when applied to multiple sites. As they explain, the PSHA 

method effectively treats all ground motion variability as inter-event (earthquake-to-

earthquake) variability, whereas most of it is actually intra-event (spatial) variability. 

In other words, it assumes that ground motions at different sites are perfectly 

correlated. The ground motion associated with a particular exceedence probability at 

one site, and the ground motion associated with the same exceedence probability at 

another site do not necessarily occur together; PSHA-based loss estimation assumes 

they do. It is theoretically possible to extend the PSHA formulation to estimate losses 

while accounting for spatial correlation, but it is difficult in practice. Rhoades and 

McVerry (2001) extend PSHA to estimate the joint ground motion hazard at multiple 

sites. Wesson and Perkins (2001) provide a method to estimate the mean and variance 

(although not the entire distribution) of losses to a portfolio. 

1.2.3 Deaggregated PSHA 

Recognizing the benefits of scenario earthquakes, a great deal of research has 

focused on identifying one or a few design earthquakes that are compatible in some 

sense with a certain hazard level (e.g., Ishikawa and Kameda 1988, McGuire 1995, 

Bazzurro and Cornell 1999). (These design earthquakes are sometimes called ñhazard-

consistent,ò but with a different meaning than that used in this paper.) These efforts 

have aimed to identify a single or few design earthquakes that can provide a detailed 

representation of ground motion for seismic design. They have not been intended for 

use in estimating regional losses. Nevertheless, as Crowley and Bommer (2006) 

describe, it is theoretically possible to use deaggregated scenarios in regional 

earthquake loss estimation although it would require a large computational effort 
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because all contributing scenarios must be considered. Campbell and Seligson (2003), 

described below, can be considered a type of deaggregation approach. 

1.2.4 Monte Carlo Simulation 

Monte Carlo simulation (also called the walkthrough or event-based method) 

provides an alternate method for regional loss estimation that retains the ability to 

identify the contributions of specific earthquake events to the regional risk. It involves 

simulating the occurrence of many earthquakes in the region of interest (on the order 

of tens of thousands); estimating the losses caused by each earthquake; and using the 

resulting database of losses to calculate the loss-exceedence curves. Simulation has 

recently become more common (e.g., Crowley and Bommer 2006, Bazzurro and Luco 

2005, Ebel and Kafka 1999, Werner et al. 2006, and He 2006). There are many 

variations in the details of how each earthquake, its characteristics, and the resulting 

ground motion are simulated. For example, earthquakes may be simulated based on a 

historical earthquake catalogue; or by simulating location, magnitude, and other 

characteristics to create synthetic earthquakes. (It is interesting to note that simulation 

has long been the dominant approach for hurricanes since hurricane scenarios are not 

easily defined by just a couple parameters like magnitude and location, and therefore, 

a PSHA-based approach cannot be used for hurricane loss estimation.) 

This approach has the advantages of being straightforward conceptually; 

representing the spatial correlation among sites; and allowing explicit incorporation of 

temporal changes in hazard, exposure, vulnerability, or economic parameters (Jain and 

Davidson 2007, Taylor et al. 2001). Nevertheless, the simulation method can be 

computationally intensive, which may be problematic if the analysis must be repeated 

many times or if many analyses build on the initial hazard assessment. Werner et al. 

(2006) discusses post-sampling variance reduction techniques that can reduce the 

number of simulations required by a factor of three or more. 
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1.2.5 Hazard-Consistent Probabilistic Scenarios 

The hazard-consistent probabilistic scenario (HCPS) approach estimates losses the 

same way the simulation method does, but it offers a different way to identify the set 

of earthquakes that are simulated and their mean annual occurrence probabilities. A 

relatively small subset of all possible earthquakes is identified (on the order of tens), 

and the annual occurrence probability of each is adjusted so that each of the subset of 

events represents all events ñlike that oneò in terms of the frequency and distribution 

of ground motion it causes, and together the subset of events with their adjusted 

hazard-consistent occurrence probabilities represent the total regional hazard.  

Chang et al. (2000) first developed this approach and applied it in Southern 

California. Without explaining how exactly, they identified a set of 47 earthquakes. To 

estimate the hazard-consistent occurrence probability for each scenario, they tried to 

match the regional ground shaking produced by the reduced set of 47 earthquakes to 

that produced by a PSHA conducted with the full set of all possible earthquakes. 

Specifically, they matched several points on the hazard curve at a single location (Los 

Angeles city hall), and the 475-year ground motion at the centroids of 16 particular 

census tracts. Hazard-consistent occurrence probabilities were adjusted iteratively and 

manually until the match was considered to be within ñreasonable bounds.ò  

Campbell and Seligson (2003) provides a more objective, reproducible version of 

the HCPS method. They assume the reduced set of earthquakes is comprised of only 

maximum credible events (MCEs) with moment magnitude of at least 6.5. An 

application for Los Angeles included 17 scenarios. To estimate the adjusted hazard-

consistent occurrence probabilities for those reduced set earthquakes, they match 

system-wide average ground motion values (averaged over all grid points in the 

system of interest) one hazard bin at a time, where each bin k is an interval on a hazard 

(annual probability of exceedence vs. ground motion) curve. The average system-wide 
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hazard associated with bin k as given by a full PSHA is distributed among the MCEs 

that contribute significantly to it, in proportion to their contributions. That provides an 

annual occurrence probability for the MCE for each bin. The mean ground motion 

associated with each MCE and grid point is then adjusted so that the system-wide 

average value equals the average of the ground motion values in each bin k. This 

adjustment accounts for the fact that each scenario may not have been contributing to 

the bin k at its mean value (K. Campbell, personal communication, 2007). The result 

of this analysis is, for each bin k, a set of MCEs, each described by its soil-amplified 

ground motion map and its annual frequency. The set of scenarios may be different for 

each bin, which may be less intuitively appealing than one set of earthquakes, each 

with a single annual frequency. This method could also be considered a type of 

deaggregation method in which the deaggregation is done by earthquake, rather than 

separately by magnitude, distance, and epsilon as in the other methods mentioned in 

the Deaggregated PSHA section.  

Unlike the other HCPS methods (including the one presented in this paper), 

Campbell and Seligson (2003) in effect approximate the hazard curve as a step 

function, then match it perfectly. The effect of reducing the number of bins (and 

computation) on the resulting error is not clear. Further, because the match is based on 

a system-wide average, it is not clear how uniform the resulting errors are across the 

study region. 

In Lee et al. (2005), from an initial set of earthquakes based on all regional faults, 

the reduced set was determined such that they all caused at least a threshold level of 

ground motion in the study region and there were not multiple events with similar 

magnitudes and high correlation in ground motion they caused. For an analysis of a 

water supply system in Los Angeles, this process resulted in a set of 59 scenarios. An 

unconstrained optimization was conducted to estimate the hazard-consistent 
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occurrence probabilities for each of those 59 earthquakes (J. Lee, personal 

communication, 2006). An error function was defined to represent the difference, at a 

set of 56 distributed grid points, between the regional hazard estimated by the reduced 

set of events and that represented by the full PSHA. The error function was defined as 

the sum of errors when uncertainty in the ground motion prediction equation was and 

was not considered. For the former component, 5 points on the hazard curve were 

matched (for 10- to 2475-year return periods); for the latter, 19 points were. The errors 

calculated in each case were normalized so that they were weighted equally in the 

optimization. In all cases, the error for a particular grid point was defined as 

[ln(Pr/Pf)]
2
, where Pr and Pf are the annual exceedence probabilities for the reduced 

set and the full set of events, respectively (J. Lee, personal communication, 2006). The 

Pr are the values estimated by the optimization. The logarithm was used so that the 

points in the high exceedence probability range of the hazard curve did not have undue 

influence. The errors for the case without ground motion uncertainty were included 

because the users anticipated using only the mean attenuation relations when applying 

the reduced set of events. The optimization was solved using the variable metric 

method, which does not guarantee a global minimum.  

The HCPS approach has the advantages of including the contributions of 

earthquakes on all regional faults and preserving the coherence of particular scenarios 

(as compared to PSHA), while reducing the computational demands significantly 

compared to using a full historical or synthetic earthquake set. Spatial correlation is 

not explicitly addressed in any of the hazard-consistent probabilistic scenario methods 

(including the one in this paper). However, their ability to capture spatial correlation 

can be assumed to be somewhere between PSHA, which incorrectly assumes perfect 

correlation, and Monte Carlo simulation which, to the extent that it includes all 

possible earthquakes, does capture spatial correlation. Since the HCPS method is like 
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a simulation with a smaller set of carefully chosen earthquakes, they implicitly, 

partially capture spatial correlation. To some extent, including more earthquakes in the 

final reduced set is likely to lead to a better representation of the true spatial 

correlation, but the exact relationship between number of events and match to the true 

spatial correlation is unknown. Thus, a tradeoff exists between fully capturing spatial 

correlation but at a high computational cost with a full Monte Carlo simulation, and 

partially capturing spatial correlation with a lower computational cost with a HCPS 

method. The most appropriate choice of method will depend on the intended use. 

Further, all of these methods determine the reduced set of earthquakes and their 

associated hazard-consistent occurrence probabilities based on matching according to 

a single ground motion parameter (e.g., PGA), so the extent to which the reduced set 

accurately represents other ground motion parameters or collateral hazards like 

liquefaction, for example, remains unknown.  

Unlike the method presented in this paper, (1) none of these three hazard-

consistent probabilistic scenario methods guarantees the minimum possible error 

between the regional hazard as estimated by the reduced set and by a full probabilistic 

seismic hazard analysis, (2) all require the user to identify the reduced set of events a 

priori , without a full understanding of the implications of the choice in terms of 

accuracy and computation, and (3) none explores the effect of modeling decisions on 

the resulting error or the implications of the resulting error for subsequent loss 

estimation or other analyses. 

1.3 METHOD  

1.3.1 Overall Method 

The method we developed for characterizing earthquake hazard for use in regional 

loss estimation includes three main steps: (1) Identify a set of candidate earthquakes, 

(2) select a reduced set of earthquakes from the candidate set, and (3) determine 
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hazard-consistent annual occurrence probabilities for each earthquake in the reduced 

set. In the first step, the goal is to identify a candidate set of earthquakes such that each 

is physically realistic, and together they cover the study region and the full range of 

possible ground shaking intensity, so that a subset of them can adequately match the 

ñtrueò regional hazard. Candidate events may include historical, maximum credible, or 

user-defined earthquakes; or area sources. Note that unlike a full PSHA in which it is 

critical to include all possible sources, in the HCPS approach, if a possible source is 

omitted, it just means that it will be unavailable for selection in the final reduced set. 

Only a small number are selected for the reduced set anyway. If the errors obtained 

from the analysis are acceptably small, the user can conclude that the candidate set 

was adequate; if not, the candidate set could be expanded and the analysis redone. 

An optimization model accomplishes the second and third steps together so as to 

make the regional hazard estimated by the earthquakes in the reduced set match the 

ñtrueò regional hazard as well as possible (Figure  1-1). Regional hazard is represented 

by the hazard curves (annual probability of exceedence vs. ground shaking) for all 

control points in the study region, or equivalently, a set of r-year return period ground 

shaking maps. Ground shaking can be in terms of any scalar metric, such as peak 

ground acceleration (PGA) or spectral acceleration at period T (Sa(T)). In the case 

study, we use PGA in g. Control points may be census zone centroids, evenly-spaced 

grid points, locations of key facilities of interest, or any other user-specified locations 

in the study region. The ñtrueò regional hazard is assumed to be that determined by a 

full probabilistic seismic hazard analysis or Monte Carlo simulation, as represented by 

a set of r-year return period maps. The hazard curve at each control point is 

approximated by the points associated with those r-year return periods (Figure  1-1). 

The set of control point-return period combinations are the matching points.  
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Figure  1-1 Schematic defining errors between ñtrueò and reduced set hazard curves 

for control point i 

1.3.2 Optimization Model Formulation  

The objective of the optimization is to minimize the sum of the errors, over all 

control points and return periods, between points on the ñtrueò hazard curves and the 

corresponding points on hazard curves developed with the reduced set of earthquakes 

and hazard-consistent annual occurrence probabilities (Figure  1-1): 

 
1 1

( )
M R

ir ir

i r

Min e e+ -

= =

+ää  (1.1) 

where +ire  and -ire  are the errors resulting from overestimating and underestimating, 

respectively, the ñtrueò hazard curve for return period r at control point i. The error +ire  

is positive if the ñtrueò value is overestimated and zero otherwise; -

ire  is positive if the 

ñtrueò value is underestimated and zero otherwise. 

Suppose Pj is the hazard-consistent annual occurrence probability for earthquake 

(1, )j NÍ , N is the number of candidate earthquakes, Yi,r is the ground shaking from 

the ñtrueò hazard curve for return period r at control point i, and yi,j is the ground 

shaking at control point i caused by earthquake j. The following constraint defines the 

error terms, for each control point-return period combination, as the difference 
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between the ñtrueò annual exceedence probability, 1/r, and the annual exceedence 

probability estimated using the reduced set of earthquakes: 

 , , , ,

1

1
{ * ( )} ,

N

j i j i r i r i r

j

P P y Y e e i r
r

+ -

=

² - + = "ä  (1.2) 

If c is the annual probability that no earthquake occurs and the probability of two 

or more earthquakes in a unit time is negligible compared to the probability of only 

one, we can assume the sum of no earthquake and all possible earthquakes equals one:  

 
1

1
N

j

j

P c
=

+ =ä  (1.3) 

Finally, the probability of earthquake j must be between 0 and Pmax, where 

0¢Pmax¢1, and the errors must be nonnegative.  

 max0 jP P j¢ ¢ " (1.4) 

 , 0 ,ir ire e i r+ -² "  (1.5) 

One would typically assume Pmax=1, but if desired, the user can specify a Pmax<1. 

While the probabilities estimated by the model for each earthquake are really for all 

ñearthquakes like that oneò and not the probability of a single event, it may be 

awkward to explain a very large value of Pj. Hence, it may be desirable to include a 

limit significantly less than one. Including an arbitrary limit Pmax<1 may result in a 

worse match between the reduced set and ñtrueò hazard because it adds an additional 

constraint. It will also tend to increase the number of earthquakes identified by the 

model, which may be undesirable because the larger the set of earthquakes the more 

computation is required in subsequent analyses. The value of Pmax is the userôs 

decision and should depend on the particular analysis. In the case study, we conduct 

the analysis with Pmax equal to 0.05 and 1 and compare the solutions.  

The optimization model is a linear program in which the objective function is 

given in Expression (1.1) and the constraints are given in Expressions (1.2) to (1.5). 

The model determines the hazard-consistent annual occurrence probability Pj for every 
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earthquake j in the candidate set. If Pj=0, earthquake j is not included in the reduced 

set of earthquakes. It also provides the errors, +rie ,  and -rie , , for each control point i and 

return period r, so the user can see how big the errors are and how they are distributed.  

1.4 CASE STUDY  

This section presents a case study application of the model for Tehran, the capital, 

and political and economic center of Iran. Tehran is located at the foot of the Alborz 

Mountains, which form part of the Alps-Himalayan Orogenic Zone. It is a highly 

seismic area surrounded by many active faults. Tehranôs population has exploded in 

recent decades, growing from 1.0 to 7.0 million from 1950 to 2000 (UN 2002).  

1.4.1 Input Data 

The optimization model requires as input: (1) a candidate set of earthquakes, (2) 

the ñtrueò ground shaking Yi,r associated with each control point i and return period r; 

(3) the probability that candidate earthquake j will cause ground shaking greater than 

or equal to Yi,r at control point i, , ,( )i j i rP y Y² , for every i-j-r combination; (4) the 

annual probability of no earthquake, c; and if desired, (5) the user-defined maximum 

allowable occurrence probability, Pmax, of each earthquake j. For the case study, the 

candidate set of earthquakes was based on an earthquake catalogue developed as part 

of a microzoning study of the Greater Tehran Area conducted by the Japan 

Cooperation International Agency (JICA) for the government of Iran (JICA et al. 

2000). The JICA database includes 6,114 historical events from 734 to 1999. For each, 

the database contains the latitude and longitude of the epicenter, date, and magnitude 

in Mw (which were converted to Ms, assuming Ms=Mw+0.1).  

The Yi,r, , ,( )i j i rP y Y² , and c values were based on a probabilistic seismic hazard 

analysis of Tehran by Amiri et al. (2003). In that study, the authors compiled a 

catalogue of historical and instrumental events in a 200 km radius of Tehran, from the 

4
th
 century BC to 1999. The logic tree method was used to integrate two methods of 
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estimating seismicity parameters, and three attenuation relationships. Kijko (2000) and 

Tavakoli (1996), considered appropriate for regions in which there is substantial 

uncertainty in the earthquake catalogue, were used to estimate seismicity parameters. 

Because of uncertainty in the catalogue, specific earthquakes could not be related to 

specific sources, so both studies determined a single set of seismicity parameters for 

the Tehran study region. The attenuation relationships were based on Iranian (Ramazi 

1999), regional (Ambraseys and Bommer 1991), and global (Sarma and Srbulov 1996) 

earthquake catalogues. Seismic hazard assessment was conducted for 132 evenly 

spaced grid points in Tehran using SEISRISK III software (Bender and Perkins 1987). 

In our case study, the control points were taken as the centroids of the 3,070 

census zones in Tehran. We selected the 198 events from the JICA catalogue for 

which 4ÒMs<6 and DÒ200 km, or MsÓ6 and DÒ500 km, where D is the epicentral 

distance from the center of Tehran. Other earthquakes are not expected to cause 

significant ground shaking in Tehran, and thus were not considered. To ensure 

coverage of higher intensity ground shaking, we included an additional 8 earthquakes 

that Amiri et al. (2003) identified as the maximum earthquakes associated with the 8 

main faults near Tehran. Figure  1-2 shows the locations of the 198 events from the 

JICA historical database and the 8 faults identified by Amiri et al. (2003). The 8 faults 

with their maximum magnitudes are (Amiri et al. 2003): Mosha 7.5, North Tehran 6.9, 

Niavaran 6.0, North Rey 6.1, South Rey 6.2, Kahrizak 6.6, Garmsar 6.9, and Pishva 

6.5. Fault locations were obtained from the JICA et al. (2000) study. The ground 

shaking values Yi,r were obtained by digitizing 475-year and 950-year return period 

PGA maps from Amiri et al. (2003). 

Since these were the only return period maps available, only r=475 and r=950 

were considered. This means the hazard curves at each census zone is approximated 
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by two points. If we had access to the complete PSHA, more return periods could 

easily be considered, providing a better description of the hazard. 

 

Figure  1-2 Earthquakes included in the candidate set of events, 198 epicenters and 

MCEs for 8 faults 

Following Amiri et al. (2003), a logic tree approach was used to calculate the 

probability that each candidate earthquake j would cause ground shaking greater than 

or equal to Yi,r at census zone i, , ,( )i j i rP y Y² , for every i-j-r combination. The Ramazi 

(1999), Ambraseys and Bommer (1991), and Sarma and Srbulov (1996) attenuation 

relationships were each applied and a weighted average of the values was used, where 

the weights were, from Amiri et al. (2003), 0.4, 0.35, and 0.25, respectively. 

Specifically, we used the hard site equation in Ramazi (1999), Eq. 7 in Ambraseys and 

Bommer (1991), and Eq. 6 in Sarma and Srbulov (1996). In Ramazi (1999), since no 

distribution was specified, based on the form of the equation, we assumed that ln(ah) is 
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normally distributed with a mean of ln(ah) and standard deviation of 0.62 (estimated to 

be similar to the distribution in the other two relations).  

The annual probability of no earthquake occurring that would affect the study 

region, c, was taken to be one minus the annual probability of an earthquake with 

MsÓ4 within 200 km of Tehran. From Amiri et al. (2003), c=0.505. We ran the 

analysis for two possible values of Pmax (0.05 and 1) to see the effect of imposing that 

constraint.  

1.4.2 Errors in terms of PGA 

The errors in the model formulations are defined in terms of probabilities (vertical 

differences between the curves in Figure  1-1, +

rie ,  and -rie , , but it is easier to interpret 

errors defined in terms of the ground shaking parameter, PGA (horizontal differences 

in Figure  1-1, ,i rf + and ,i rf -. To translate the probability error for census zone i and 

return period r into the associated PGA error, we first use the reduced set of 

earthquakes to develop a new hazard curve for each census zone (as in Figure  1-1). 

This is done by calculating the annual probability of exceeding each PGA value, y, in 

the range of interest as ,

reduced set

* ( )j i j

j

P P y y
Í

²ä , where Pj is the optimization-

estimated annual occurrence probability for earthquake j and ,( )i jP y y²  are 

calculated using the logic tree approach described in the Input Data section. 

Interpolating on the hazard curve, we then find the reduced set estimated PGA 

associated with return period r, and compare it to the ñtrueò PGA, ,i rY , for census zone 

i and return period r. To facilitate interpretation, results are presented in terms of PGA 

errors. 

1.4.3 Results 

The linear optimization model was solved using AMPL software, with CPLEX by 

ILOG, for both Pmax=1.0 (Model1.0) and Pmax=0.05 (Model0.05). We first present results 

for Model1.0, then compare them to Model0.05 results. Figure  1-3 shows the historical 
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earthquakes selected in one or both models, and Table  1-1 lists the hazard-consistent 

annual occurrence probability Pj estimated for each. Eight of the 206 candidate 

earthquakes were selected in Model1.0, with two having large hazard-consistent 

occurrence probabilities of 0.34 and 0.12. (Note that Pj does not represent the 

occurrence probability of a single real earthquake, but rather all earthquakes ñlike that 

one,ò so it should not necessarily be of the same magnitude as typically seen.)   

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure  1-3 Earthquakes selected in Model0.5 and/or Model1.0 with earthquake number 

or fault name 

Figure  1-4 and Figure  1-5 show the geographic distribution of 475-year and 950-

year PGAs, respectively, estimated with the Model1.0 reduced earthquake set. 

Figure  1-6 and Figure  1-7 show the Model1.0 errors (reduced set PGA minus ñtrueò 

PGA) for 475 and 950 years, respectively, which indicate no discernible geographic 

pattern. (Figures are in UTM-WGS84, Zone 39N.) 
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Table  1-1 Earthquakes selected in each model run with corresponding Pj values 

EQ ID or fault 

name 

Magnitude Pj for Model1.0 Pj for 

Model0.05 

1 7.1 0.1241 0.0500 

2 7.0 0.0001 0.0003 

7 7.7 0.0025 ð 

15 7.1 0.0112 0.0290 

23 7.6 ð 0.0500 

24 6.4 0.3425 0.0500 

34 6.6 ð 0.0500 

35 7.0 ð 0.0500 

54 5.4 ð 0.0500 

62 6.7 ð 0.0484 

87 4.1 0.0064 0.0083 

Garmsar MCE 6.9 ð 0.0500 

Kahrizak MCE 6.6 0.0037 0.0037 

North Tehran 

MCE 

6.9 0.0044 0.0057 

Pishva MCE 6.5 ð 0.0500 

 

 

 

Figure  1-4 Model1.0 reduced set PGA (g) for 475-year return period 
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Figure  1-5 Model1.0 reduced set PGA (g) for 950-year return period 

 

 

Figure  1-6 Model1.0 error for 475-year return period 
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Figure  1-7 Model1.0 error for 950-year return period 

Figure  1-8 shows a histogram of the errors for Model1.0, with one observation for 

each return period-census zone. Since PGA is typically modeled as having a 

lognormal probability distribution, Figure  1-8 is in terms of ln(reduced set PGA) ï 

ln(ñtrueò PGA). With a mean of 0.006, median of -0.001, and positive skew of 1.1, 

Figure  1-8 shows an approximately normal distribution with little bias and small errors 

in general. There is no statistically significant difference in the errors by return period 

and no outliers of concern. In terms of PGA, both the expected value and median error 

are 0.003g (or 1%), 84% of errors are within ±0.02g, and 95% of errors are within 

±0.04g. In practical terms, for this case study, the errors are not large enough to affect 

damage and loss estimations, and will be dominated by the uncertainty in other aspects 

of loss estimation. 
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Figure  1-8 Histogram of errors (ln(reduced set PGA) minus ln(ñtrueò PGA)) for 

Model1.0 

To understand why the selected earthquakes were chosen and how each 

contributes to matching the ñtrueò hazard, we define the contribution of earthquake j 

to matching the ñtrueò hazard associated with census zone i and return period r as:   

 
, ,
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j i j i r

j J

P P y Y

P P y Y
Í

²

²ä
 (1.6) 

 

where Jr is the reduced set of earthquakes. The contributions vary greatly by census 

zone and return period, with a few earthquakes contributing much more than the 

others. If we average the contributions over all census zones and both return periods, 

the eight earthquakes contribute 44% (MCE on North Tehran fault), 19% (MCE on 

Kahrizak fault), 13% (earthquake 7), 12% (earthquake 24), 6% (earthquake 1), 3% 

(earthquake 15), 2% (earthquake 2) and 2% (earthquake 87), respectively. 

Figure  1-9shows the geographic distribution of contribution for the MCE on the North 

Tehran fault for the 475-year return period. Notice that this earthquake contributes 

significantly to the match in most of the region except the south.  
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