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AbstratLarge data sets of vertial and horizontal seismograms from the Pai� NorthwestSeismi Network, Northern California Seismi Network, and Berkeley Digital SeismiNetwork were used to study the high frequeny (0.25-16 Hz) ground motion har-ateristis in Washington-Oregon, northern, and entral California. I have split thedata set of entral California into eastern and western parts to investigate regionalvariations of ground motion parameters. I performed regressions of Fourier veloityspetra and peak �ltered ground veloities to obtain the propagation, exitation, andsite terms.The regression results for the propagation term show a simpler from of geomet-rial spreading in entral east California ompared to other regions. For northernCalifornia this term shows a rapid derease of amplitude with distane espeiallyfor frequenies higher than 4 Hz. The propagation term for the Pai� Northwestand entral west California show a typial trend of attenuation with some e�ets ofsuperritial reetions.For the Pai� Northwest, the best model that �ts the observation is expressedby Q(f) = 280 f 0:55. The geometrial spreading is r�1:2 for a distane range of 40to 70 km. For other distane ranges the derease of amplitude is less rapid. Theentral east California and entral west California results are parameterized withQ(f) = 280 f 0:50 and Q(f) = 250 f 0:30 respetively. The northern California resultsare not easy to model and require using a frequeny dependent � and geometrialspreading. The average model for two frequeny ranges is Q(f) = 210 f 0:50. Thegeometrial spreading e�et for the frequenies higher than 4 Hz is very strong atdistanes less than 70 km.The exitation terms were modeled using the Brune's soure model. An averagestress drop (��) of 30 bars was obtained for the Pai� Northwest. The northern1



California average value for stress drop is 90 bars. The observations of entral eastCalifornia were modeled with a stress drop of 45 bars while the best �t for the westernpart required �� = 125 bars.The wide range of the values obtained for Q, g(r), and ��, indiates that theground motion parameters of a spei� region may not be used for another region.For example, using the stress drops of entral California may overestimate the groundmotion level preditions in the Pai� Northwest.Regional attenuation relationships an be developed using small earthquake datawhih are available in many regions. These relationships reet the regional wavepropagation harateristis and give more aurate results in seismi hazard analysis.
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Chapter 1IntrodutionEngineering seismology deals mostly with strong ground motions from earth-quakes. These are the motions apable of a�eting people, strutures and the en-vironment. Evaluation of these e�ets requires a quantitative desription of strongground motion (Kramer , 1996). The results of suh quanti�ations are used in seismihazard assessment to mitigate the e�ets of damaging earthquakes. Seismi hazardanalysis begins with determining and quantifying all potential seismi soures in thestudy area. The wave propagation (attenuation) properties are then used to estimatethe level of ground motion at a partiular distane from the omposite of all soures(Kramer , 1996; Reiter , 1991). A spei� attenuation relationship is needed for eahregion beause di�erent regions have di�erent wave propagation harateristis. Thesoure saling parameters suh as stress drop are also di�erent in di�erent tetonienvironments (Kanamori and Anderson, 1975).A large number of attenuation relationships, based on the regression analysis ofstrong ground motion data, have been proposed for di�erent regions. Availabilityof suÆient strong ground motion data has been a big limitation for deriving thepreditive relationships in many parts of the world inluding the United States, be-ause these data are only available in plaes whih have both large earthquakes andsuÆient numbers of strong motion seismographs. A di�erent approah has beentaken for regression of small earthquakes to onstrain high frequeny ground motion.This approah haraterizes wave propagation by analyzing small earthquake mo-tions and then uses the random vibration theory (RVT) to estimate peak motions forlarge earthquakes (Herrmann and Malagnini , 2005). Unlike strong ground motionreords, data from small earthquakes are available for many parts of US where loalseismi networks operate there. Pai� Northwest and Northern California are good1



examples of regions with dense loal seismi networks and large numbers of smallearthquakes. Signi�ant ground motion levels are expeted in the Pai� Northwestand surrounding areas from a possible future (North Ameria-Juan de Fua) sub-dution zone earthquake. Many parts of northern and entral California have highprobability of ourrene of large earthquakes in future. Studies in these regions havefoused on suh possible large earthquakes and their resultant strong ground motionsin Casadia (Atkinson, 1995).While some ground motion studies of the U.S. Casadia region have foused onthe Washington-Oregon region, no detailed study of ground motion saling has beendone for the northernmost part of the California. Studies for Washington-Oregon haveused data sets with a sparse distribution of seismi stations. The motivation of thisstudy is to haraterize wave propagation and soure spetra in Washington-Oregon,northern and entral California to provide the state-of-the-art ground motion salingfor use in seismi hazard analysis. I will use short period and 3-omponent broadbanddigital seismograms of Pai� Northwest Seismi Network (PNSN), Northern Cali-fornia Seismi Network (NCSN), and Berkeley Digital Seismi Network (BDSN) toestimate the exitation, propagation, and site terms in the frequeny range of 0.25-16Hz. To do this I will use a regression tehnique and the results will be interpretedin terms of a preditive model to estimate the soure and propagation parameters.All three networks have thousands of digital waveforms from small, moderate, and afew large earthquakes of the study areas, whih provide an exellent data set for thisstudy. I will also use the oda normalization method (Frankel et al., 1990) to havean independent estimate of the propagation term and to ompare with the regressionresults. The urrent hazard maps of the study regions use the attenuation relation-ships based on regression of a sparse strong motion data set. My results an be usedin future hazard maps sine they over a wide range of frequenies and distanes,some of whih were not overed by previous studies due to poor overage and limitedfrequeny range of strong ground motion instruments.
2



Chapter 2Review of Related Literature2.1 Earthquakes in Pai� NorthwestThe Casadia subdution zone is the onvergent boundary between Juan de Fuaand North Amerian plates. This zone extends from southwestern British Columbia tonorthern California. It is one of the major soures of earthquakes in the Pai� North-west (Figure 2.1). These earthquakes our in the Benio� zone and shallow rust. ThePai� Northwest Seismi Network loates more than 1000 earthquakes with magni-tude 1 and larger eah year (http://wwww.pnsn.org/ INFO-GENERAL/faq.html).Subdution zone (interplate) earthquakes an have large magnitudes. Geologialstudies in the Casadia subdution zone show that large interplate earthquakes in thePai� Northwest have a reurrene interval of 400{600 years and that the last greatearthquake ourred about 300 years ago (http://wwww.pnsn. org/HAZARDS/CASCADIA/asadia-zone.html). Some examples of signi�ant shallow rustal earthquakesin Washington-Oregon are: the 1962 north of Portland, the 1981 Mount St. Helen'sseismi zone, and the 1997 Bremerton. All three events had magnitudes about 5-5.5(http://wwww.dnr.wa.gov /geology/hazards/equakes.html).The Benio� zone earthquakes are also alled intraplate earthquakes beause theyour inside the subdution plate and not at the plate boundary. The largest ofthe reorded Benio� zone events in the Pai� Northwest in the last entury werethe M=7.1 Olympia earthquake in 1949, the M=6.5 Seattle-Taomma earthquake in1965, and the M=5.1 Sastop earthquake in 1999. The M=6.8 Nisqually, Washingtonearthquake in 2001 was the �rst major seismi event of the region in this entury. Itourred in the Wadati-Benio� zone of the Juan de Fua plate at a depth of 51 km3
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Figure 2.1: Tetoni map of Casadia subdution zone and California.beneath the Puget Sound region.2.1.1 Nisqually earthquakeOn February 28, 2001 a signi�ant (Mw=6.8) earthquake ourred in the PugetSound area of western Washington. The USGS loated the event at 47.1ÆN and122.72ÆW at a 51 km depth. It produed ground shaking over a wide area and auseddamage in the ities of Olympia, Seattle, and Taoma. The maximum reordedground aeleration was 0.3 g (www.nei.usgs.gov/neis/eq depot/2001/eq 010228/).4



The earthquake had a normal, dip-slip mehanism. Bending of subduting plate insubdution zones auses the normal faulting in subdution zones. Juan de Fua isa young plate with a moderate rate of onvergene whih indiates that the Cas-adia subdution zone has a warm slab environment (Choy and Kirby , 1994). TheNisqually earthquake was an unusual event ompared to other deep events of thesame magnitude in the Pouget Sound region. It had a low stress drop and lakedhigh frequeny energy. Furthermore , the Nisqually earthquake was followed by onlya few aftershoks.2.2 Earthquakes in northern and entral Califor-niaThe San Andreas and Hayward faults are two major faults in northern and en-tral California. The San Andreas fault is the main boundary between the Pai�plate and North Ameria plate (Figure 2.1). The Berkeley Digital Seismi Networkand the Northern California Seismi Network reord a large number of earthquakesin California eah year. The earthquake reord history of California goes bak to1769 when an earthquake happened near Los Angeles (http://nei.usgs.gov/neis/states/alifornia/alifornia his tory.html). The 1906 San Fransiso earthquake (esti-mated MW=7.8) was one of the most destrutive events in the California. It ruptureda branh of the San Andreas fault. Several other large events have struk di�erentparts of California whih have aused extensive damage and loss of lives. The mostnotable reent events inlude: the 1989 Loma Prieta earthquake (Mw=6.9), the 2003San Simeon earthquake (Mw=6.5), and the 2004 Park�eld earthquake (Mw=6.0).2.3 Previous ground motion studiesPrevious ground motion studies in the world inluding the Pai� Northwest andCalifornia have foused on evaluation of soure, propagation and site e�ets fromobserved earthquake data. Estimation of soure, propagation, and site e�ets has5



been performed using linear regression and nonlinear inversion of observed groundmotion data from earthquakes (Andrews, 1982, 1986; Boatwright et al., 1991; Chinand Aki , 1991; Moya et al., 2000; Herrmann and Malagnini , 2005). Most of thesekinds of ground motion studies have used diret P - and S-wave data. The separabilityand trade-o� between di�erent e�ets are still an ative area in seismologial researh.Coda waves have also been used to estimate the soure, path, and site e�ets. Aki(1969) and Aki and Chouet (1975) used seismi oda to study the soure and pathe�ets from small loal earthquakes. Coda waves are very useful when the diretphases are saturated on the seismogram. Sine they sample the whole medium inwhih they propagate, oda waves an be used to derive an average of the mediumproperties. Beause of this property, unlike the diret phases, there is no need forpath orretion for oda waves.While some studies involve empirial regressions, more attempts have been re-ently made toward using model-based or parametri inversions. Model-based pre-ditions also use parametri models to represent soure and propagation e�ets. Thestohasti method is a model based simulation tehnique, whih is widely used inengineering seismology (Boore, 1983; Boore et al., 1992a; Atkinson and Boore, 1997;Gregor et al., 2002).2.3.1 Earthquake soure salingThe Brune point soure model (Brune, 1970) has been widely used in earthquakesoure saling. The omega-squared Brune point soure model is haraterized by astress drop parameter and seismi moment. The Brune model, however, has somesimplifying assumptions and neglets �nite fault e�ets (Haddon, 1996). Boatwrightand Choy (1992) observed that the spetra of large earthquakes depart from the pre-ditions of Brune point soure model. Atkinson (1993) introdued an empirial two-orner Brune soure model for the earthquake soure spetrum. A �nite fault modelwas then used to haraterize some ground motion features of large earthquakes suhas long duration and diretivity (Silva et al., 1990; Silva and Stark , 1992; Atkinsonand Silva, 1997). 6



The Brune point soure model has been used to estimate the stress drop fromearthquake spetra. Choy and Boatwright (1990) reported a dynami stress drop of51 bars for the Loma Prieta earthquake. Dewberry and Crosson (1995) used S-odaamplitudes for soure saling and moment estimation of Pai� Northwest earth-quakes. They inferred an average stress drop of 32 bars for the region. Atkinson andSilva (1997) used a stohasti �nite fault model to redue the disrepany betweenobserved soure spetra and the Brune model predition. They observed a dereaseof stress drop with inreasing magnitude for California earthquakes assuming a pointsoure model and stated that the apparent derease may indiate a saturation e�etdue to point soure distane rather than atual stress on the fault.In most studies the soure spetra are empirially derived using a linear regressiontehnique. Non-linear inversion methods are also used to derive soure spetra. Moyaet al. (2000) used a geneti algorithm tehnique and obtained a range of stress dropsfrom 10 to 100 bar for some aftershoks of the 1995 Kobe, Japan, earthquake assuminga Brune soure model. The idea of an average onstant stress drop (Kanamori andAnderson, 1975) is under debate. For example, the moderate shallow earthquakesof California are more onsistent with an average stress drop of 100 bars (Atkinsonand Silva, 1997, 2000), while shallow Casadia events are reported to have a lowerstress drop (Atkinson, 1995). In a reent study Malagnini et al. (2004) estimated thedynami stress drop for some regional earthquakes reorded by the seismi network ofeastern Alps and onluded that events in that region show a non-onstant dynamistress drop. They attributed the di�erene in stress drops to the di�erene in rupturedynamis between small and large events.2.3.2 AttenuationAttenuation relationships express a ground motion parameter (veloity, aelera-tion, et.), as a funtion of earthquake magnitude and distane from epienter. Pro-posed relationships inlude some other parameters suh as loal site e�ets and foalmehanisms. An attenuation relationship is one of the important inputs of a seismihazard assessment proedure (Cornell , 1968; Reiter , 1991; Kramer , 1996).7



Many researhers in the past have used the regression of available strong mo-tion data sets from earthquakes to empirially derive attenuation relationships foruse in seismi hazard studies. Campbell (1981) used worldwide data to predit anattenuation relationship for the mean peak horizontal aeleration (PHA):lnPHA(g) = �4:141 + 0:868M � 1:09 ln[R + 0:606 exp(0:7M)℄ (2.1)He used magnitude 5.0 to 7.7 earthquakes for sites with maximum distane of 50 kmfrom the earthquake. As more data beame available, the attenuation relationshipsbeame more re�ned. Campbell and Bozorgnia (1994) used worldwide aelerogramsfrom earthquakes of moment magnitude 4.7 to 8.1 to develop a new attenuation rela-tionship. Their preditive relationship inluded some parameters to aount for theearthquake mehanism and site onditions. Those parameters however, were onstantnumbers. Boore et al. (1992a) derived a relationship for western North Ameria usingearthquakes of magnitude 5.0 to 7.7. Toro et al. (1995) developed a relationship foreastern North Ameria. Joyner and Boore (1998) derived a relationship for peak hor-izontal veloity (PHV). Most of those relationships were derived for loal distanesusing strong ground motion data of earthquakes with magnitudes larger than 4.5. Asa result these types of relationships were developed for only a few regions of the USand the world. One solution to the problem was to apply a world-wide-based rela-tionship to another spei� region. Atkinson and Boore (2003) used a large globaldata set of subdution zone earthquakes to derive empirial ground motion relationsand onluded that applying the results of their study to a spei� region is not welljusti�ed.Using small earthquake motions in the regions where enough strong motion dataare not available is useful to study wave propagation properties and regional attenua-tion. The results then an be used with random vibration theory to predit the peakmotions from large earthquakes (Herrmann and Malagnini , 2005). The proedureinludes the regression of ground motion data for eah frequeny in the frequenyband of interest to yield the exitation, propagation, and the site terms. The results8



an be interpreted using a theoretial model to estimate soure and propagation pa-rameters. The methodology whih was �rst developed for New Madrid, Missouri,was then applied to some other regions of the US and the world for strong motionsaling. Jeon (2003) applied the methodology to the Utah region. Malagnini et al.(2000b) used the same tehnique for data from Germany. The same method was usedto onstrain high frequeny ground motion in southern California, Appennines, Italy,and entral Mexio (Malagnini et al., 2000a; Ortega, 2000; Raoof et al., 1999).The oda normalization method (Aki , 1980; Frankel et al., 1990; Sato and Fehler ,2000) has been used to study the attenuation of shear waves. At a single station,the method whih removes the e�et of the soure, the instrument, and the siteampli�ation, is useful where the instrument response is not available or orret.The method an ombine data from many earthquakes to �nd a stable estimate ofattenuation.2.3.3 Site e�etsDi�erent soil types have di�erent responses to the ground motion from earth-quakes. Compared to the hard rok and sti� soils, softer soils usually amplify theground motion from earthquakes (Kramer , 1996; Stiedl et al., 1996). The e�et ofampli�ation at a site due to the surfae geology and subsurfae struture should beonsidered in ground motion evaluation at that site. To estimate the site ampli�a-tion at a site, usually a nearby rok site is used as the referene site. In this methodit is assumed that referene rok site has a at response of unit amplitude (or anegligible response) so that it doesn't distort the inoming signal (King and Tuker ,1984; Field and Jaob, 1995). Other authors, however, pointed out that rok sitesan disturb the seismi waves in some frequeny ranges and the assumption of themethod is not always valid (Stiedl et al., 1996; Moya et al., 2000). Rok sites and softsoil sites an also deamplify the amplitude of the seismi waves. Ampli�ation anddeampli�ation due to surfae geology of a partiular site is a omplex phenomenonwhih also depends on the frequeny and the level of the ground motion.Signi�ant ampli�ation of seismi waves was observed during the 1985 Mihoan,9



Mexio (Singh et al., 1988), 1988 Armenian (Borherdt et al., 1989), and 1989 LomaPrieta earthquakes (Hough et al., 1990). Study of strutural damage aused by thoseevents showed that loal site e�ets are more important than previously assumed, andthat assessing the e�ets of the sedimentary deposits (ampli�ation) is very importantin the earthquake resistant design of ritial failities.Field and Jaob (1995) reviewed several methods of site-response estimation. Thespetral ratio method (Borherdt , 1970) is the most ommon method in whih thespetrum at the site of interest is divided by the spetrum at a nearby hard rok(referene) site. The method gives a good estimate of site response if the two siteshave similar soure and path e�ets and if the referene site has a negligible response.Reeiver funtion type estimates are another method of site response estimation inwhih one takes the horizontal to vertial omponent ratios of the shear wave spetrum(Langston, 1979; Lermo et al., 1993). Andrews (1986) applied a generalized inversionapproah to simultaneously solve for the soure and site terms. The non-referene-sitemethods, suh as the reeiver funtion type method, are useful in regions that do nothave good referene sites.Spetral ratios of oda amplitudes have also provided reliable estimates of sitee�ets. The site ampli�ation for oda waves is assumed to be the same as thediret S-waves. This was �rst demonstrated by Tsujiura (1978) who showed thatoda amplitude ratios between two sites are omparable with their S-wave amplituderatios. Sine then many researhers have used the same tehnique to estimate S-wavesite ampli�ations using oda waves (Phillips and Aki , 1986;Mayeda et al., 1991; Katoet al., 1995).2.4 Parameterization and modeling of strong groundmotionAki (1967) derived a theoretial saling law for the seismi spetrum based ona disloation model (Haskell , 1964) of the seismi soure. The similarity assump-10



tion in Aki's work implied a onstant stress drop model. Brune (1970) modeled anearthquake soure by applying a stress pulse to the disloation surfae negleting thefault propagation e�ets. Aki's saling (based on the Haskell's kinemati disloationmodel) and the Brune's dynami model have been used by many seismologists forearthquake ground motion predition (Boore, 2003).Stohasti modeling of strong ground motion (MGuire and Hanks, 1980; Hanksand MGuire, 1981; Boore, 1983) is widely used in engineering seismology. It om-bines the seismologial models of predited seismi amplitude spetrum with randomproesses based on the fat that large parts of observed strong motions on the seismo-gram are random and inoherent. Using the stohasti method, the ground motion ata site an be obtained by either time domain simulations or estimates of peak motions(using random vibration theory) for a given amplitude spetrum (Boore, 1983, 2003).In summary, deriving empirial preditive relationships for seismi wave attenua-tion requires a large data set of strong motion from moderate to large earthquakes.Those data sets are not available for many regions beause of low seismi ativity andpoor distribution of seismi stations. Applying a relationship developed for a spe-i� region to another region may overestimate or underestimate the ground motionlevel. This is also true for stress drop, sine the stress drops derived from data in aregion may signi�antly di�er from those of another region. Large data sets of loallyreorded small earthquakes in plaes with dense distribution of seismi stations anbe used to haraterize the soure, propagation, and site terms. The results an bemodeled to estimate the soure and propagation parameters suh as stress drop andseismi Q. Sine the seismi networks in the study areas have both short period andbroad band instruments, the study results an over a wide frequeny range.
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Chapter 3Theory and Method3.1 Earthquake soure modelsStress drop is the most important parameter in the faulting proess during anearthquake. It is de�ned as the di�erene between the stress at a point on thefault before and after the earthquake (Lay and Wallae, 1995). Stress drop an bedetermined from the seismi spetrum. Models of seismi soure spetrum inludekinemati and dynami models.3.1.1 Haskell's model{retangular faultA simple kinemati model of a retangular fault was developed by Haskell (1964).Slip (�u) propagates only along the length L with a onstant veloity. Frature anbe modeled either as unilateral or bilateral. The displaement amplitude spetrumbased on the Haskell's model onsists of a at part at low frequenies and a dereasing(!�2) part after a ertain orner frequeny. The soure time funtion in ithe Haskell'smodel inludes a rise time; the amplitude spetrum shape is a ombined e�et of thesoure dimensions and the rise time. Finite dimension of the soure and rise timehave been validated by studying the observed spetra of seismi soures (Aki , 1967;Lay and Wallae, 1995; Udias, 1999).3.1.2 Brune's model{irular faultBrune (1970) developed a simple model of an extended irular seismi soureknown as the Brune's model. Brune's model onsists of a irular fault in a homoge-neous material. An initial stress �0 is applied to the fault surfae instantaneously so12



there is no frature propagation and after time t1 stress reahes a new value �1. So�� = �0 � �1. The shear pulse generates a propagating shear wave. The diretionof propagation is perpendiular to the fault plane. The stress pulse at a distane x isde�ned as (Udias, 1999) ��(x; t) = ��H(t� x� ) ; (3.1)where � is the shear-wave propagation veloity and H(t) is the Heaviside unit stepfuntion. At time t, the shear wave pulse will propagate a distane �t into themedium. So the instantaneous strain is" = u(t)�t = ���� � ; (3.2)and the shear displaement u(t) = ���t� (3.3)The Fourier transform of (3.3) isU(!) = Z 10 ���tei!t� dt = �����!2 ; (3.4)It is obvious from (3.3) that partile veloity _u(t) is diretly proportional to the stressdrop: _u(t) = ��(�=�). This indiates that when �� is onstant, _u(t) should alsobe onstant and independent of earthquake. The fault propagation is negleted inBrune's model. In fat the rupture propagates with veloity vr whih results in aredued partile veloity instead.The far �eld soure spetrum predited by Brune's model isU(!) = ���� 1!2 + b2 ; (3.5)where b = 2:33�=a and a is the radius of the fault. Equation (3.5) does not inludethe radiation pattern and distane e�ets. Like the Haskell's model the spetrum(3.5) has a at part at low frequenies and dereases as !�2 at higher frequenies.Fault dimensions are usually obtained from the spetra of S waves. For this13



purpose, the Brune's irular model is a good approximation for small to moderateearthquakes. For larger earthquakes whih the length of the fault is larger than thewidth, the Haskell's model is a better approximation (Udias, 1999).3.1.3 Stress drop and fault dimensionsStress drop for an earthquake an be estimated if the seismi moment and thefault dimensions have already been measured for that earthquake. For a irularfault of radius R �� = 716M0R3 ; (3.6)for a retangular strike-slip fault with length L and width w�� = 2� M0w2L ; (3.7)and for a retangular dip-slip fault�� = 4(�+ �)�(�+ 2�) M0w2L = 83� M0w2L ; (3.8)where the last equation assumes � = �.If fault dimensions are known by another method this proess is straightforward.For large earthquakes the fault dimensions may be determined from the aftershokarea. For smaller earthquakes it is harder to measure the fault dimensions and asmall error in fault length or fault radius will result a big error in stress drop (Layand Wallae, 1995; Stein and Wysession, 2003). The fault dimensions an also bemeasured from spetrum of the seismi waves by identifying the orner frequenyand then estimating the rupture time of the earthquake. The produt of the rupturetime and the rupture veloity yields the fault dimension. The rupture veloity andthe fault geometry however, should be assumed in this method and again a smallunertainty in the rupture time will result a large unertainty in the stress drop. Insome ases identifying the orner frequeny from the spetrum is not easy beause offree surfae and site e�ets. For shallow earthquakes, later arriving reetions overlap14



and give a spetrum di�erent from the soure pulse (Langston, 1978). Ampli�ationof some frequenies due to site e�ets an also hide the real orner frequeny of thespetrum (Moya et al., 2000).3.2 Ground motion spetrumIn a simple medium, the aeleration spetrum of horizontally polarized shearwaves (Boore, 1983) at a distane R from the soure isA(!) = CM0S(!; !)P (!; !m) e�!R=2Q�R ; (3.9)where C is a onstant, M0 is the seismi moment, P (!; !m) is a high ut �lter, ande�!R=2Q�R is the path term. The onstant C is given byC = R�� : FS : PRTITN4���3 : (3.10)R�� is the radiation pattern, FS is the free surfae ampli�ation, PRTITN aountsfor partitioning of energy into two horizontal omponents, � is the density and � isthe shear wave veloity. The (aeleration) soure spetrum, S(!; !) (Brune, 1970)is given by S(!; !) = !21 + (!=!)2 : (3.11)The high ut �lter P aounts for the sharp derease in aeleration spetrum aftera uto� frequeny !m and has the following formP (!; !m) = [1 + (!=!m)2s℄�1=2 ; (3.12)where s ontrols the deay rate at high frequenies. Sine both Q and P (!; !m)redue high frequenies, only one of these terms appears.Seismi moment M0 and orner frequeny f{ two parameters that ontrol the
15



spetra of di�erent earthquakes{ are related through the following equationf = 4:9� 106�(��=M0) (3.13)where f is in Hertz, � is in km/se, �� is in bars and M0 is in dyne-m (Brune,1970).3.3 Stohasti modelingGround motions at a site an be obtained by either time domain simulation orestimates of peak motions using random vibration theory for a given spetrum ofmotion (Boore, 2003). For a spei�ed amplitude spetrum it is possible to generatea time series whose spetrum mathes the spei�ed one using the stohasti method.MGuire and Hanks (1980) and Hanks and MGuire (1981) ombined the seismolog-ial models of radiated spetra with the onept that high frequeny ground motionis random in nature. They used Parseval's theorem to predit the rms aeleration(arms) and then related this rms value to the peak ground aeleration (arms), usingthe results from random vibration theory.3.3.1 Time domain modelingIn the stohasti approah the ground motion is modeled as bandlimited �niteduration white Gaussian noise (Hanks and MGuire, 1981; Boore, 1983). The timedomain simulation begins with the generation of a windowed time series of Gaussiannoise with zero mean. The variane should be hosen in a way that the averagespetral amplitude of the noise will be equal to one. The noise is generated for aduration whih is given by the duration of the motion. The spetrum of the noise isthen multiplied by the spei�ed spetrum and then will be transformed bak into thetime domain to give the �nal time series. Boore (2003) mentions that the order ofwindowing and �ltering of white noise is important. If the �ltering is done �rst, thelong period part of the motion will be distorted. In pratie the simulation is repeated16



many times and the average of all simulated spetra's is omputed. So the essentialinputs of the stohasti method are the spetrum and the duration of the groundmotion. A Brune !2 soure model (equation 3.11) is usually used in simulations.The e�ets of all other parameters (3.9), are then applied to the simulated spetrum.De�ning the duration of motion may require �tting the observed duration to a linearinterpolation funtion.3.3.2 Random vibration theoryRandom vibration theory (RVT) is used to estimate the peak motion (amax, vmax,et) from the spetral shape and duration of motion as a faster alternative to timedomain simulation. It provides an estimate of the ratio of peak motion (amax) to rmsmotion (arms). Cartwright and Longuet-Higgins (1956), (CLH), derived the equationsfor the ratio of peak to rms motion.The rms aeleration (arms) an be obtained from the integral of the squaredaeleration spetrum using the Parseval's theoremZ 1�1 ja(t)j2 dt = 12� Z 1�1 jA(!)j2 d!; (3.14)where a(t) is the aeleration time history and A(!) is its Fourier amplitude spetrum.Assuming that the most signi�ant motion ours in the shear wave arrival windowand that spetral amplitudes will be ut o� at f = fmax (Hanks, 1979) by anelastiattenuation Z Td0 ja(t)j2 dt = 22� Z 2�fmax2�f0 jA(!)j2 d!; (3.15)where t = 0 orresponds to the shear wave arrival (R=�) and Td is the duration ofthe shear wave signal. The rms aeleration is thenarms � � 1Td Z Td0 ja(t)j2 dt �1=2 : (3.16)Assuming that A(!) = 
0(2�f0)2 f0 � f � fmax17



, and using the approximation that f0 = 1=Td, the rms aeleration beomesarms = 21=2(2�)2
0f 30 (fmax=f0)1=2; (3.17)where 
0 is the spetrum level at low frequenies. The result of (3.17) holds forfmax � f0. For the Brune saling �� = 106�R
0f 30 (Hanks and Thather , 1972),the substitution in (3.17) givesarms = 0:85 21=2(2�)2106 ���R �fmaxf0 �1=2 : (3.18)The fator 0.85 aounts for the ombined e�et of free surfae ampli�ation, parti-tioning of horizontal motion, and the radiation pattern (Hanks, 1979).Hanks and MGuire (1981) used an equation based on random vibration theory(Vanmarke and Lai , 1980) to predit the peak aeleration from the rms aelerationamaxarms = [2 ln(N)℄1=2; (3.19)where N is the number of extrema in the time interval T . Equation (3.19) is basedon an assumption that time series is stationary with unorrelated peaks. If ~f is thepredominant frequeny of the motion, in generalN = 2 ~fT: (3.20)Equation (3.19) is a valid approximation for large N . For smaller N , CLH equation6.8 gives an expression for the peak to rms ratio. Boore (1983) expanded the integrandof their integral in terms of binomial series and did a term by term integrationE(amax)arms =r�2 NXl=1 (�1)l+1 CNlpl �l; (3.21)where E(amax) is the expeted value of the largest extrema of aeleration and CNl
18



are the binomial oeÆients (= N !=l!(N � l)!). � is given by� = m2=(m0m4)1=2: (3.22)In fat � is a measure of the bandwidth of the spetrum. m's are the moments ofthe energy density spetrum, where the kth moment is de�ned asmk = 1� Z 10 !kjA(!)j2 d!: (3.23)CLH (1956) derived an asymptoti expression for large values of NE(amax)arms = [2 ln(N)℄1=2 + =[2 ln(N)℄1=2; (3.24)where  is the Euler's onstant (= 0.5772...). Equation (3.19) is the �rst term ofthis equation. If we have arms, we need T and N to use equation (3.24). The usualestimate of T is the inverse of the soure orner frequeny and N is estimated using(3.20) whih in turn needs the predominant frequeny ~f . The appropriate frequenywhen N is the number of extrema,(Boore, 1983, 2003), is given by~fe = 12� (m4=m2)1=2: (3.25)After hoosing the appropriate duration T , the relation between maximum amplitudesand rms amplitudes depends only on moments of ground motion spetrum. Boore(1983) ompared the ground motion measures predited by stohasti time domainmodeling and RVT. His results show that the two methods agree well for large N andthe RVT results departs from the time domain simulations for small values of N .
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3.4 Regression method3.4.1 General regression for peak �ltered motion or FourierveloityIn the frequeny domain observed ground motion an be onsidered as the mul-tipliation of independent soure, site, and path e�ets. The relationship is additivein the logarithmi sense, so the observed logarithm of ground motion, A(r; f), an bewritten as Aij(r; f) = Ei(rref ; f) + Sj(f) +D(rij; f): (3.26)where r is the hypoentral distane, f is the observed frequeny, i is the soureindex, j is the site index, rref is a referene distane, and E, S, and D are thesoure exitation, site, and distane (path) funtions. The propagation term D(r; f),an be modeled in terms of geometrial spreading g(r) and the frequeny dependentanelasti attenuation, Q(f). The term exitation is used here beause the regressionresults do not de�ne any of the soure parameters diretly. The funtion D(r) in(3.27) is approximated by pieewise linear segments with a ondition of ontinuity(Anderson and Lei , 1994; Harmsen, 1997). Using this interpolation funtion the D(r)is desribed in terms of the values at N nodes asD(r; f) = NXk=1 Lk(r)Dk: (3.27)where N is the number of nodes and Lk(r) is a linear interpolation funtion de�nedas Lk(r) = 8>>><>>>: r�rk�1rk�rk�1 : ifrk�1 � r � rk and 2 � k � nrk+1�rrk+1�rk : ifrk � r � rk+1 and 1 � k � n� 10 : otherwiseandDk � D(rk; f) are node values. TheN oeÆients are determined by the inversionof eah sampling frequeny. The nodes are hosen at 10, 20, 30, 40, 50, 75, 90, 105,120, 135, 150, 175, 200, 250, 300, 400, 500, 600, 700, 800, 900, and 1000 km. The20



ground motion regression model is thenAij(r; f) = Ei(rref ; f) + Sj(f) + NXk=1 Lk(r)Dk: (3.28)Having a set of observations of ground motion at di�erent stations we an onstrut amatrix form of (3.29). The system of equations an then be solved for the exitation,propagation, and site terms using a linear inversion. A damped least square methodwith a singular value deomposition (SVD) tehnique (Lawson and Hanson, 1974;Menke, 1989) an then be used if we add some onstraints to the system of equations.These onstraints make the inversion more stable by reduing the number of degreesof freedom. The onstraints used here are:� D(rref) = 0, where rref=40 km. The referene distane rref is seleted to be inthe range of the observed distanes. In this ase we interpolate within the dataset not extrapolate beyond it. It should be large enough to redue the e�etof soure depth error on the hypoentral distane and yet not so far that theMoho reetions ompliate the motions� Pj Sj(f) = 0 for seleted data hannels.� D(r) is smooth.Anderson and Lei (1994) used a linearity onstraint on D(r) by requiring the numer-ial seond derivative estimate to be zeroDl�1 � 2Dl +Dl+1 = 0. The e�etiveness of this onstraint an be judged by examining the regressionresiduals of �t as funtion of distane.Given the level of motion Ej(rref ; f) at rref = 40 km, The D(r; f) propagatesthat motion to the desired distane, r, and the site term adjusts that motion to apartiular physial loation. 21



The general regression is done for observed peak �ltered veloity and Fourierveloity data.3.4.2 Implementing general regressionThe following linear equation is used for the observed amplitude at a distanerk � r � rk+1 logAl(f) = Ei(f) + p Dk(f) + (1� p)Dk+1(f) + Sj(f) (3.29)for rk � r � rk+1: p � rk+1 � r0rk+1 � rkwhere l is the number of observations replaing ij, 1 � l � n, i is the number ofearthquakes, 1 � i � ne, k is the number of distane terms, 1 � k � m, and j is thenumber of sites, 1 � j � ns. The matrix form representation of (3.30) is thenA(n+m+1)�1 = B(n+m+1)�(ne+m+ns) M(ne+m+ns)�1; (3.30)where Al is the logarithm of the observed proessed peak values of the �ltered timehistories or Fourier spetra. The onstraints (setion 3.4.1) are applied to the systemof equations by adding rows in the matries. In the expanded matrix form, the rowsabove the �rst dotted lines are related to the data, the rows between �rst and seonddotted lines refers to the onstraint to the site terms, the rows between seond andthird dotted lines applied to the smoothing of the attenuation term, and the last rowis used to fore the referene distane at the proportional funtional to be zero.
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3.4.3 Coda normalization methodThe oda normalization tehnique an be used to estimate the soure, path andsite terms (Sato and Fehler , 2000). Aki (1980) used this tehnique to determine theshear wave Q in the rust. For a spei� event, this tehnique divides the amplitudeof the diret S Wave by the the amplitude of the S oda (Frankel et al., 1990). Theamplitude of the oda is omputed for a lapse time equal or greater than twie of thediret S arrival time. The spetral amplitude of the S wave at a spei� station isgiven by As(!; r) = R��I(!)S(!)G(!)r�e�!R=2Q� ; (3.31)where r is the hypoentral distane, R�� is the radiation pattern, � is the S waveveloity, I(!) is the instrument response, S(!) is the soure term, andG(!) representsthe site ampli�ation.  is the exponent of the geometrial spreading term.The oda wave amplitude spetrum an be expressed asAC(!; t) = I(!)S(!)G(!)C(!; t); (3.32)where C(!; t) represents the oda spetral amplitude deay and is alled the odaenvelope shape (Frankel et al., 1990). It is usually assumed that the site ampli�ationterms are the same for diret and oda (S) waves (Tsujiura, 1978). Furthermore, fora given region the oda level is independent of the soure reeiver distane (Rautianand Khalturin, 1978), after some lapse time. This means that we an use the sameoda level for a spei� earthquake in di�erent stations. Dividing (3.32) by(3.33) thenyieldsAs(!; r)=AC(!; t) = R��r�e�!r=2Q�=C(!; t) = D(r; !)� C(!; t): (3.33)The division removes the e�et of the soure and the instrument but not the radiationpattern. This method is useful in ases whih there are some unknown instrumentresponses or when the instrument response is not reliable. For eah frequeny thenormalized amplitude (3.34) an be plotted for di�erent earthquakes and di�erent24



stations. The normalized amplitude deays with distane and the deay an be mod-eled as a funtion of Q and geometrial spreading. This method needs enough odalength after twie the diret S arrival time. I will use a regression tehnique to de-rive the distane term based on the oda normalization method. This independentestimate of the distane term will then be ompared to the results from the generalregression of diret S waves.3.4.4 Implementing regression for oda normalizationThe equation (3.34) an be written asAnormalized(r; f) = As(r; f)AC(f; ts) : (3.34)taking the logarithm of both sides giveslogAnormalized(r; f) = D(r; f)� C(!; ts); (3.35)where C(!; ts) is the oda envelope that desribes the deay of oda with a referenelapse time ts. Combining (3.28) and (3.36) giveslog[Anormalized(r; f)℄ = LK(r) �Dk �+Lk+1(r) �Dk+1 � C(f; ts): (3.36)If we de�ne Ai(r) = log[Anormalized(r; f)℄, Equation (3.37) beomesAi(r) = p �Dj + (1� p) �D(j + 1)� C(f; ts): (3.37)For rk � r � rk + 1 A(n+m+1)�1 = G(n+m+1)�m �M(m)�1; (3.38)where n is the number of observations and m is the number of distane terms. Thesmoothness and D(rref ; f) = 0 onstraints will be added to the system of equations.The referene distane will be hosen to be 40 km for the same reasons mentioned25



before in setion (3.4.1).The equation (3.39) an be written as the following matrix form���������������������������������
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where dotted lines are inserted to separate the observation data from the onstraintentries. The onstraints will be used more e�etively by using the weight parameter w.Applying this tehnique, yields an initial D(r; !) whih is an independent, unbiasedestimate of the true D(r; !).3.5 Modeling the regression resultsThe regression is applied to eah proessed frequeny to yield the exitation, path,and site terms. The results then should be interpreted in terms of a theoretial modelto estimate the related parameters of eah term. An expression for the preditedFourier veloity spetra for frequeny f and distane r is�(r; f) = s(f;MW )g(r)e��fr=Q(f)�V (f)e��f�; (3.39)where �(r; f) is the Fourier veloity spetra, s(f;M) is the soure exitation as afuntion of moment magnitude, g(r) is the geometrial spreading funtion, Q(f) is26



the frequeny dependent quality fator whih equals Q0(f=1:0)�, Q0 is the qualityfator at 1.0 Hz, V (f) is a frequeny dependent site ampli�ation, and � ontrols sitedependent attenuation of high frequeny. The veloity spetra at a distane of 1 kmis de�ned as s(f;M) = CM02�f1 + (f=f)2), where M0 is the seismi moment, f is the soure orner frequeny, and C is aonstant (Boore, 1983).A omparison of regression parameters of (3.27) with this formula and applyingthe onstraints shows the assoiation:10E = s(f;M)g(rref)e��frref=Q(f)� V (f) e��f� ; (3.40)10D = g(r)e��fr=Q(f)�g(rref)e��frref=Q(f)� ; (3.41)10Si = V (f) e��f�V (f) e��f� ; (3.42)where V (f) e��f� is the network average of the site e�et. In general the geologialharateristis of the sites are not known well. To get around this problem an e�etive�, �eff , is de�ned for the omposite e�et of network average site ampli�ation bye��f�eff = V (f) e��f� : (3.43)If V (0) = 1, both sides of equation (3.44) approah 1.0. V (f) monotonially inreasesfrom 1.0 at low frequenies to a �xed high frequeny value, and sine we have a limitedfrequeny range to �t a logarithmi funtion, the equation (3.44) may need a onstantfator.By interpreting the regression results based on the theoretial model (3.40) andthe orresponding relationships (3.41-3.44), we haraterize the exitation term, E,as the network average motion at a referene distane for a given event, The D term27



as a funtion that propagates this motion to the hypoentral distane of interest,and the S as a term that relates a spei� site to the network average site response.It should be noted that the regression results are purely empirial and the forwardmodel does not predit absolute motions unless some independent alibration is used.Eah modeling involves the solving of the forward problem assuming some pa-rameters values (e.g. Q and �) using the stohasti method and �tting the modelbased term (D(r) in this ase) to the orresponding observed term. The proedureis repeated many times and the �nal value of parameters are seleted for the ase ofthe best �t. Visual �tting is usually done sine in most ases the parameters an befound without too muh e�ort. In some ases however, espeially when the numberof parameters inreases, the visual �tting beomes more diÆult and is not preferred.For the modeling part of this study, I use the geneti algorithm (GA) searh methodto �t the observed to the predited terms. I also use visual �tting in some ases foromparison purpose. GA is a global searh method that an overome loal minimaof the objetive funtion in many ases. It an be used for nonlinear inversion as wellas linear inversion problems.3.6 Error analysisSine the forward modeling using the stohasti method does not provide anyunertainty or error measurement on the estimated parameters suh as Q and stressdrop, some other methods need to be used for this purpose. I used a bootstraptehnique whih is a resampling method and is widely used for error estimation whensuh an estimate is not provided by the inversion or modeling. Resampling tehniquesan be designed in a way that do not require the usual assumptions about the dataprobability distribution. More importantly, these tehniques an be used to evaluatevarious statistial properties that an not be determined analytially (Tihelar andRu� , 1989).In a resampling tehnique like the bootstarp, the original data set is resampledwith replaement to form a large number of data sets and the multiple estimates of the28



model give information on model variane. A bootstrap resample is a random seletionof n data from n original data and sine the resampling is done with replaement, aertain element of the original data set may appear more than one in a new dataset. If �̂ ?i is an estimator of the statisti � alulated for the bootstrap resample i,the bootstrap estimate of standard deviation of � is�̂BOOT = " 1L� 1 LXi=1 (�̂ ?i � �)T (�̂ ?i � �)#1=2 ; (3.44)where � =PLi �̂ ?i =L (Efron and Tibshirani , 1994).3.7 The proedureI use large data sets of small to moderate rustal earthquakes in the Washington-Oregon, entral, and northern California to derive the exitation, propagation, andthe site terms for the de�ned frequeny and distane ranges. Geometrial spreadingand Q are determined by mathing the observed propagation term to the theoretialone and the stress drop is de�ned in the same way using the exitation term.� For eah study area the data (digital seismograms) are requested from thenetwork. The data preparation inludes previewing eah trae to disard thelipped, noisy, or otherwise bad waveforms, removing the instrument responseto form the veloity time history, and piking the P and S arrival times.� Eah trae is then bandpass �ltered at a enter frequeny, f. A highpassButterworth �lter with orner frequeny f=p2, followed by a lowpass �lterwith orner frequeny p2f. The enter frequenies are 0.25, 0.3, 0.5, 1, 2, 3,4, 6, 8, 10, 12, 14, and 16 Hz.� The signal duration is de�ned as the interval within whih the integral of �l-tered veloity squared following the S arrival hanges from 5% to 75% of themaximum. 29



� Peak �ltered veloity following the S arrival and the RMS Fourier veloityspetra of the waveform within the duration window between frequenies f=p2and p2f are omputed. The general regression (3.4.1) is performed on thesetwo data sets to yield the exitation, path, and site terms for peak �lteredveloity and Fourier veloity at eah enter frequeny.� RMS signal level as funtion of time is omputed. The regression of oda waves(3.4.3) is performed on this data set.� Fourier veloity D(r) (derived from the regression) is �tted in terms of g(r) andQ(f) and then the g(r) and Q(f) hoie is used to re�ne the duration (T (r))values by �tting the D(r) for the �ltered peak veloity (setion 3.5).� Fitting the exitation term in terms of stress drop using the previously derivedg(r) and Q(f).� Error estimation of derived parameters from the modeling.I follow the same sequene for eah data set and ompare the results of di�erentregions. The results and their impliations for seismi hazard is disussed at the end.
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Chapter 4DataStudy areas in this study inlude: Washington-Oregon, Northern California, andCentral California regions. Eah region has a large data set of small to moderateearthquakes.4.1 Washington-OregonThe study area in the Washington-Oregon ranges from 42ÆN to 49ÆN in latitudeand from -117Æ to -125Æ in longitude (Fig. 4.1).
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Figure 4.1: Map of earthquakes (irles) and PNSN stations (triangles) inWashington-Oregon.The data set inludes more than 4000 waveforms from 250 earthquakes (M � 3.0)31



whih ourred during 1993-2003. The data are provided by the Pai� NorthwestSeismi Network (PNSN). The PNSN operates more than 100 short period and somebroadband stations in the area. PNSN data is used to study earthquake hazard inthe Pai� Northwest, volani eruptions of Mount St. Helen's, and to determinethe loation of faults and volani magma hambers (www.pnsn.org). Crustal earth-quakes are the primary fous of this study but there might be some deeper Benio�zone earthquakes in the data set.4.2 Northern CaliforniaThe Northern California study area ranges from 37ÆN to 42ÆN in latitude andfrom -119Æ to -124Æ in longitude. The data set from Northern California seisminetwork (NCSN) and Berkeley Digital Seismi Network (BK) inludes more than1900 waveforms from 240 earthquakes (M � 3.0) from 1995 to 2005 (Fig. 4.2).
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Figure 4.2: Map of earthquakes for this study (irles), NC short period (triangles),and BK broadband (squares) stations in northern California.Reording hannels and their sampling frequenies for the BK and NC networks32



are given in Table 4.1.Sensor Channels Rate (samples/se) Sampling ModeBroadband seismometer BHE, BHN, BHZ 20 ContinuousBroadband seismometer HHE, HHN, HHZ 80 ContinuousShort-period seismometer EHE, EHN, EHZ 100 ContinuousTable 4.1: Reording hannels of BK and NCSN networks.
4.3 Central CaliforniaThe map of entral California study area is shown in Fig. 4.3. Two distint lustersof earthquakes an be seen from the map. Sine it is interesting to ompare the wavepropagation and soure parameters of the western and eastern parts, I deided tosplit the data set and study eah part separately.
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Figure 4.3: Map of earthquakes (this study) and the stations in entral California.Ellipses show the earthquakes for western and eastern parts of the the study area.The western part data set inlude 2660 waveforms from 230 earthquakes. Theeastern part data set onsists of 1850 waveforms from 240 earthquakes. the earth-quakes of both data sets ourred from 1995 to 2005 and have magnitudes equal toor larger than 3.0. 33



Chapter 5Ground motion saling inWashington-OregonThe data set of Washington-Oregon earthquakes (Fig. 5.1) are mostly vertialshort period seismograms whih over a distane range of up to 500 km. The obser-
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Figure 5.1: Map of stations (triangles) and events (stars) for this study in Pai�Northwest.vation distanes from the events for eah station should overlap with that of otherstations. This redues the trade o� between the site and the propagation terms inthe regression. Sine there are only a few broadband horizontals in the data set, Ihave done the regression and modeling of the whole data set and the vertial but notthe horizontal omponents. 34



5.1 Data ProessingThe oda analysis and regression is �rst done for the Fourier data. The sameproedure is then repeated for the bandpass �ltered data. The oda results are usedas an independent measurement for omparison purpose.5.1.1 Coda shapeFigure 5.2 shows the deay shape of the normalized oda at 1.0 Hz as a funtionof time. All the peak values are normalized to the value of oda at a referene level.A 256 point moving average window is applied to ompute the RMS average.
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Figure 5.2: Coda deay for 1.0 Hz data in the study area (See text for explanation).The blak lines in the �gure show the initial part of the seismogram before the Parrival, red lines between P and S arrivals, green lines the oda between ts and 2ts,and the blue lines are the stable oda after 2ts. The oda shape whih is empiriallydetermined from data is shown by the heavy red line. The red triangles and theblak irles represent the peak amplitude value and the normalized peak amplitudesrespetively. These values are used to estimate the propagation D(r) term from theoda. 35



5.1.2 Regression of Fourier veloity spetraFigure 5.3 shows the regression results for the propagation term, D(r), at frequen-ies 1.0 and 6.0 Hz on the Fourier veloity spetra. Top panels show the propagationestimated by oda normalization tehnique. The mid-panels show the D(r) from theoda and the regression analysis. The D(r) from the two methods are similar at dis-tanes less than 100 km. The lower panel show the regression residuals as a funtionof distane
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Figure 5.3: Regression results for 3 omponent Fourier veloity data at 1.0 and 6.0Hz. Top, oda estimate of D(r) using oda normalization method. Middle, odaand regression propagation funtions (D(r)). Bottom, �nal residual of the regressionanalysis.Figure 5.4 show the 3-omponent D(r) at di�erent frequenies obtained from theregression of the Fourier veloity data. The urves are orreted for r�1:0 to emphasizethe departure from r�1:0 geometrial spreading. The referene Distane at 40 km isused to normalize the D(r; f) (setion 3.4.1). The horizontal dashed line representsthe r�1:0 trend. 36



The results for the 0.25, 0.3, and 0.5 Hz show a di�erent trend from other frequen-ies. These lowest three frequenies may have been a�eted by the frequeny noise,sine we use an estimate of duration in the time domain within whih the Fourierspetra is omputed. The noise in the signal impairs the duration estimation.
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distane: T = LXl=1 TlNl(r); (5.1)where N is the distane nodes. For large earthquakes the soure duration may be-ome omparable or larger than the propagation duration. For smaller earthquakesthe propagation duration beomes muh larger than the soure duration at largerdistanes. The model �ts and measured durations are shown in Fig. 5.5 for 0.3, 2.0,3.0, and 6.0 Hz. The distane dependent duration is estimated using an L1 normminimization tehnique.
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disarding the outliers. The results for vertial and ombined 3 omponent (All) datais shown in Table 5.1. Measured durationsDistane (km) Z (se) All (se)0.00 0.0 0.010.00 2.20 1.9040.00 5.45 5.2080.00 6.45 7.25100.00 7.90 8.05150.00 8.10 9.50200.00 9.15 9.60250.00 10.30 11.25300.00 13.50 15.80400.00 15.50 16.10500.00 17.40 18.90Table 5.1: Ground motion durations in Pai� Northwest measured from bandpass�ltered data. Z is the vertial and All is the ombined 3-omponent data.5.1.4 Regression of bandpass �ltered veloityCompared to the Fourier veloity data, the bandpass �ltered data are the betterdata set and the result of the regression is more robust for them. Table 5.2 showsthe number of observations for eah (3-omponent) data set. The number of obser-Number of observationsFrequeny (Hz) Peak veloity Fourier Veloity0.25 1629 5140.50 2899 14151.00 3661 24122.00 3772 31304.00 3791 32976.00 3795 32068.00 3792 313610.00 3771 293614.00 2915 177916.00 2823 1525Table 5.2: Number of observations in regressions of bandpass �ltered and Fourierveloity data in Pai� Northwest.vations (data points used in regression) for the Fourier data is less than the bandpass�ltered data beause of the low signal-to-noise ratio. The program will rejet thewaveforms with a low signal-to-noise ratio. Figure 5.6 shows the regression results39



for D(r) at frequenies 1.0 and 6.0 Hz on the bandpass �ltered data. Compared to
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Figure 5.6: Regression results for 3 omponent bandpass �ltered data at 1.0 and 6.0Hz. Top, oda estimate of D(r) using oda normalization method. Middle, oda andregression propagation funtions. Bottom, �nal residual of the regression analysis.the Fourier data (Fig. 5.3), the regression results on bandpass �ltered data show abetter agreement with the oda normalization estimate of D(r). The same regressionresults are shown in Table 5.3 with the errors and number of observations. Table5.3 shows the regression results for 1.0 and 6.0 Hz. The �rst and sixth olumns arethe frequeny values. The seond and seventh olumns are the hypoentral distane.The D(r; f) term is shown in the third and eighth olumns and the assoiated errorsestimates are given in the fourth and ninth olumns. The �fth and tenth olumnsare the number of observations. The number of observations is larger in the distanerange of 75 to 300 km. The error estimates are higher for the distanes with the lowernumber of observations.Figure 5.7 shows the 3`-omponent D(r) at di�erent frequenies obtained fromthe regression of bandpass �ltered data. Like Fig. 5.4 the urves are orreted forr�1 geometrial spreading and the referene distane at 40 km is used to normalize40



Pai� Northwest bandpass �ltered D(r)f (Hz) r (km) D(r; f) � Nobs f (Hz) r (km) D(r; f) � Nobs1.0 10 0.773 0.503E-01 26.10 6.0 10 0.890 0.473E-01 42.671.0 20 0.415 0.335E-01 70.54 6.0 20 0.493 0.315E-01 100.671.0 40 0.000 0.303E-05 48.95 6.0 40 0.000 0.309E-05 62.601.0 75 -0.419 0.262E-01 261.93 6.0 75 -0.444 0.258E-01 273.381.0 105 -0.510 0.298E-01 367.75 6.0 105 -0.501 0.290E-01 376.791.0 150 -0.622 0.303E-01 351.26 6.0 150 -0.759 0.295E-01 352.661.0 200 -0.739 0.318E-01 453.70 6.0 200 -0.944 0.310E-01 462.391.0 300 -1.125 0.405E-01 159.05 6.0 300 -1.532 0.402E-01 158.121.0 400 -1.396 0.541E-01 57.22 6.0 400 -2.010 0.543E-01 55.6961.0 500 -1.652 0.799E-01 8.65 6.0 500 -2.497 0.809E-01 8.65Table 5.3: Attenuation funtion at 1.0 and 6.0 Hz for 3 omponent bandpass �ltereddata in the Pai� Northwest.D(r; f). The lowest frequeny results in this �gure show a similar trend with respetto the higher frequenies in the distanes more than 100 km, but they are morea�eted by low frequeny noise.
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Figure 5.7: The redued attenuation funtion D(r; f) obtained from the regression ofthe 3 omponent bandpass �ltered data at frequenies 0.25-16 Hz.Modeling the result of the regression depends on whether we use the results oflower frequenies (0.25 -0.5 Hz) or not. In the modeling I have given a lower weightto them but in most ases I did not use them. When ontaminated by noise, the41



lower frequeny observations an highly a�et the modeling results and give wrongestimates of the parameters.5.2 Parameterization and modelingThe parameterization is required to interpret and model the regression results.The interpretation of regression terms are given by Equations 3.41 to 3.43. First,the veloity Fourier spetra D(r; f) is modeled using equation 3.41 by speifying g(r)and Q(f). The spei�ed Q(f) and g(r) are then used with the T (r; f) to make RVTpreditions of the bandpass �ltered D(r; f). The parameters for Fourier veloity andbandpass �ltered D(r; f) should be onsistent with eah other.The next step is the parameterization of E(r; f) term for small earthquakes usingequation 3.42. This step relies on the previously determined Q(f) and g(r) andnetwork average site e�et. In this step an average � is de�ned. Finally the observedE(r; f) of larger events with known moment magnitudes will be modeled for absolutesaling of ground motion.5.2.1 Propagation parametersThe D(r; f) term is a funtion of geometrial spreading g(r) and attenuationQ(f).The simple forward model for D(r; f) is presented as the multipliation of g and Q.the geometrial spreading g(r) is de�ned as rn where r is the hypoentral distane.Attenuation Q(f) is de�ned as Q(f) = Q0(f=f0)� ; (5.2)where f0 = 1:0 Hz and � is the frequeny dependent exponent that ontrols theattenuation separation of di�erent frequenies. If � is 0, Q will be onstant and thespatial attenuation (exp��fr=Q(f)� term in 3.40) is strongly frequeny dependent inwhih ase high frequenies are attenuated more than low frequenies. If � is 1, Q(f)will be strongly frequeny dependent and spatial attenuation will be the same at42



di�erent frequenies.5.2.2 Parameterization of Fourier veloity spetraI used both visual �tting and geneti algorithm (GA) to model the regressionresults. In most ases the estimates of parameters are very lose for the two methods.For some data sets however, the visual �tting has not been so easy and I relied onthe results of GA. For eah distane and frequeny I de�ne the mis�t between theobserved and modeled D(r) ase = 1N vuut NdXj NfXi wi(Dtij �Doij)2 (5.3)where Dt is the theoretial D(r), Do is the observed D(r), wi is the weight fordi�erent frequenies, and Nd, Nf , and N are the number of distanes, frequeniesand total observations respetively. The weighting fator is neessary beause the lowfrequeny data are highly a�eted by noise and need to be given a lower weight withrespet to the higher frequenies. In some ases I have also given a lower weight tothe highest frequenies than to intermediate frequenies.GA modeling starts with produing an initial population of parameters. Thebounds for parameters should be given in the GA input �les. For eah model (aspei� ombination of parameters) D(r; f) is �rst omputed using the stohastimethod (RVT for peak motions) and then the mis�t is alulated using (5.3). Themodels with lower mis�ts have more hane to be seleted or, in other words, theyappear more than other models. This means that for the next generation one modelmay appear twie but another model may not appear at all. The reprodution ofthe models is done with the ross over operation. To avoid loal minima in theproblem the mutation is done whih doesn't allow an early onvergene. The proessis repeated for the next generations of the models. The di�erent parameters used inGA modeling of Fourier veloity D(r; f) are shown in Table 5.4. For a few number ofparameters the method onverges very fast if the number of models is high in the GA43



input. This means that for a large number of models we don't need a large number ofgenerations. Figure 5.8 shows the residuals of the GA �t for the Fourier D(r; f) forGA modeling of Fourier D(r)parameter lower bound upper boundn -1.5 0.6Q 100 800� 0.1 1.0number of generations = 50number of models = 50Table 5.4: GA modeling parameters for 3 omponent Fourier veloity D(r) in thePai� Northwest.di�erent generations. In this ase for eight parameters (Q, �, and 5 di�erent n) theresiduals derease very rapidly and 20 generation will be enough to get the result.
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Figure 5.9: (a) observed (olored) and modeled (blak) 3-omponent Fourier veloityattenuation funtion for 0.25-16 Hz in the Pai� Northwest (b) The residuals of themodel �t to the observed D(r; f).shows the residuals of the model �t using GA. The residuals for the 0.25, 0.3, and0.Hz are high. The model �t is good for all other frequenies . The �nal propagationparameters are Q0 = 280, � = 0:55, and
g(r) = 8>>>>>>>>><>>>>>>>>>:

r�1:0 r < 40kmr�1:2 40 < r < 70 kmr0:3 70 < r < 100 kmr�0:7 100 < r < 200 kmr�0:9 r > 200 km45



As mentioned before in the previous setions the parameterization using visual �ttingor GA modeling does not provide error measurements. I have used a bootstrapmethod throughout this study to estimate the error bounds of the parameters. Thebootstrap method an be applied in several ways. A more reliable approah is torandomly resample the original data set, apply the regression and then model theregression results. For my large data sets this approah takes a long time sine everyregression ould take from half to one hour. Then for eah regression result theGA modeling is run (with 50 models and generations for example) to get a set ofparameters. In my ase eah GA run took 5-8 hours. Computing a bootstrap with200 runs of GA the required running time will be very long unless a luster is used.Instead, I took another approah and started the proedure from the results of theregressions. I randomly resampled the regression results within the error bounds of theresults and used GA for the modeling of the observations. This latter approah takes amuh shorter time. The data an be resampled within 1� or 2� but resampling within2� may overestimate the errors of the estimated parameters. For the whole study Idid the resampling within 1� of the regression results for both D(r; f) and E(r; f)terms. Table 5.5 shows the bootstrap mean and error estimates of the propagationparameters. the parameters of the best model are also shown in the seond olumnfor omparison.Bootstrap and best model results-Fourier D(r)parameter best model bootstrap mean bootstrap �Q0 280 311 38� 0.55 0.57 0.06n1 -1.0 -1.01 0.09n2 -1.2 -1.09 0.08n3 0.3 0.185 0.07n4 -0.7 -0.95 0.09n5 -0.9 -0.75 0.06number of GA runs = 100No. of models in eah run = 50Table 5.5: Bootstrap error estimate of modeled propagation parameters for FourierD(r; f) in the Pai� Northwest.Note that the mean of eah parameter is not the same as that of the best model.Di�erent ns are the power of r (in geometrial spreading funtion, g(r)) at �ve di�er-46



ent distanes. Based on the results I peak the best model value for eah parameter andthe � from the bootstrap as the related error. I used 1� as the error so Q0 = 280�38and � = 0:55� 0:06.5.2.3 Parameterization of bandpass �ltered veloityThe same proedure has been used for parameterization of bandpass �lteredD(r; f). In this part the previously determined Q, �, and n (from the Fourier do-main) are used with the ground motion durations for �tting the time domain D(r; f)using RVT. During the modeling the parameter values and durations may need tobe hanged for the best �t. The �nal values of parameters may be di�erent for theFourier and time domain sine the D(r; f) values are di�erent for the two domains.For this study the modeling of the time domain (bandpass �ltered) D(r; f) are themost important beause they are obtained from the regression of the better and themore reliable data set. But in any ase the parameterization of the Fourier domainis done �rst. For the best model Q0 = 280, � = 0:55 and
g(r) = 8>>>>>>>>><>>>>>>>>>:

r�1:0 r < 40kmr�1:3 40 < r < 70 kmr0:5 70 < r < 100 kmr�0:6 100 < r < 200 kmr�0:9 r > 200 kmThe geometrial spreading is di�erent in some distane ranges from the Fourier do-main results. For distane range of 70 to 100 km there are strong reetions fromMoho and a positive exponent is needed for the r. In both Fourier and time domainsthe visual and GA modeling results are very lose but I have only shown the GAresults.Figure 5.10 shows the modeling of the 3-omponent bandpass �ltered D(r; f). Idid not model the 0.25, 0.3, and 0.5 Hz frequenies beause the residuals at thesefrequenies were high (like Fourier domain) and even with giving lower weights they47
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Figure 5.10: (a) observed (olored) and modeled (blak) 3-omponent bandpass �l-tered veloity attenuation funtion for 0.25-16 Hz in the Pai� Northwest (b) Theresiduals of the model �t to the observed D(r; f) for 1.0-16 Hz.a�eted the results for other frequenies. The plots of modeled D(r; f) for thoselowest frequenies in Figure 5.10 are based on the results of higher frequenies. Theresiduals are low for distanes up to 300 km for frequenies 1.0-16.0 Hz.Table 5.6 shows the bootstrap mean and standard deviations of the modeledpropagation parameters of bandpass D(r; f). The last olumn in the Table 5.6 showsthe best model values and related errors. I have hosen the best model values not thebootstrap means beause the best model values are obtained from the observed not48



Bootstrap and best model results-All bandpass D(r)parameter best model bootstrap mean bootstrap � seleted valueQ0 280 296 34 280 � 34� 0.55 0.54 0.05 0.55 � 0.05n1 -1.0 -1.01 0.09 -1.0 � 0.09n2 -1.3 -1.19 0.07 -1.3 � 0.07n3 0.5 0.55 0.09 0.4 � 0.09n4 -0.6 -0.85 0.08 -0.6 � 0.08n5 -0.9 -1.01 0.07 -0.9 � 0.07number of GA runs for bootstrap = 100No. of models in eah run = 50Table 5.6: Bootstrap error estimate of modeled propagation parameters for 3 ompo-nent bandpass D(r; f) in the Pai� Northwest.the perturbed data.There is a strong trade o� between Q0 and � and between Q(f) and g(r) so noneof the determined parameters are unique. Figure 5.11 shows the trade o� between Q0and � for a �xed r�1:0 geometrial spreading. The mis�ts (Eq. 5.3) in the Figure 5.11
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Figure 5.11: Trade o� between Q0 and �. A �xed r�1:0 geometrial spreading is usedin the parameterization.are obtained by 1270 runs of GA (1270 di�erent ombination ofQ0 and �) for modelingthe observed D(r; f) using RVT. The r�1:0 geometrial spreading is used to show thetrade o� between Q0 and �. The use of a �xed geometrial spreading will dereasethe degrees of freedom and hene the trade o� to some extent. Numerial analysis49



of rustal wave propagation (Wang and Herrmann, 1980) and empirial studies ofground motion attenuation (Campbell , 1991) however, show that a varying exponentof geometrial spreading in di�erent distanes is well justi�ed.Sine more than 90% of the PNW data are vertial short periods, I have onlyused 3-omponent (all waveforms) and vertial omponent analysis. The horizontaldata did not form a good data set for a regression analysis. Figure 5.12 showsthe regression results for vertial omponent data at 1.0 and 6.0 Hz. In the middle
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Figure 5.12: Regression results for vertial bandpass �ltered data at 1.0 and 6.0 Hz.Top, oda estimate of D(r) using oda normalization method. Middle, oda andregression propagation funtions (D(r)). Bottom, �nal residuals of the regressionanalysis.panel of the �gure the obtained D(r; f) by oda normalization method and regressionare ompared. Usually the agreement are good between two method for frequenies1-10 Hz. The oda are more a�eted by noise and I only model the results of theregression. But the oda estimate of D(r; f) provide a good estimate for omparisonpurpose. Figure 5.13 shows the observed and modeled vertial omponent bandpass50



�ltered D(r; f). The lower panel shows the residual of �t. As in Figure 5.10 I modeledthe frequenies 1-16 Hz and residuals shown are for that frequeny range. For the-Z

101 102 103

H y p o c e n t r a l  D i s t a n c e  ( k m )

-0
.5

0
-0

.2
5

0
.0

0

D
(r

) 
(O

b
s

 -
 P

r
e

d
)

0
.2

5
0

.5
0

101 102 103

H y p o c e n t r a l  D i s t a n c e  ( k m )

-0
.5

0
-0

.2
5

0
.0

0

D
(r

) 
(O

b
s

 -
 P

r
e

d
)

0
.2

5
0

.5
0

101 102 103

H y p o c e n t r a l  D i s t a n c e  ( k m )

-0
.5

0
-0

.2
5

0
.0

0

D
(r

) 
(O

b
s

 -
 P

r
e

d
)

0
.2

5
0

.5
0

101 102 103

H y p o c e n t r a l  D i s t a n c e  ( k m )

-0
.5

0
-0

.2
5

0
.0

0

D
(r

) 
(O

b
s

 -
 P

r
e

d
)

0
.2

5
0

.5
0

101 102 103

H y p o c e n t r a l  D i s t a n c e  ( k m )

-0
.5

0
-0

.2
5

0
.0

0

D
(r

) 
(O

b
s

 -
 P

r
e

d
)

0
.2

5
0

.5
0

101 102 103

H y p o c e n t r a l  D i s t a n c e  ( k m )

-0
.5

0
-0

.2
5

0
.0

0

D
(r

) 
(O

b
s

 -
 P

r
e

d
)

0
.2

5
0

.5
0

101 102 103

H y p o c e n t r a l  D i s t a n c e  ( k m )

-0
.5

0
-0

.2
5

0
.0

0

D
(r

) 
(O

b
s

 -
 P

r
e

d
)

0
.2

5
0

.5
0

101 102 103

H y p o c e n t r a l  D i s t a n c e  ( k m )

-0
.5

0
-0

.2
5

0
.0

0

D
(r

) 
(O

b
s

 -
 P

r
e

d
)

0
.2

5
0

.5
0

101 102 103

H y p o c e n t r a l  D i s t a n c e  ( k m )

-0
.5

0
-0

.2
5

0
.0

0

D
(r

) 
(O

b
s

 -
 P

r
e

d
)

0
.2

5
0

.5
0

101 102 103

H y p o c e n t r a l  D i s t a n c e  ( k m )

-0
.5

0
-0

.2
5

0
.0

0

D
(r

) 
(O

b
s

 -
 P

r
e

d
)

0
.2

5
0

.5
0 1 2 3

-2
.0

0
-1

.5
0

-1
.0

0
-0

.5
0

lo
g

(r
/r

r
e

f)
+

D
(r

)
0

.0
0

0
.5

0
1

.0
0

0 . 2 5
0 . 3 0
0 . 5 0
1 . 0 0
2 . 0 0
3 . 0 0
4 . 0 0
6 . 0 0
8 . 0 0
1 0 . 0  
1 2 . 0  
1 4 . 0  
1 6 . 0  

f n ( H z )PNW
B a n d  P a s s  D ( r )  f o r  f n

1 2 3

-2
.0

0
-1

.5
0

-1
.0

0
-0

.5
0

lo
g

(r
/r

r
e

f)
+

D
(r

)
0

.0
0

0
.5

0
1

.0
0

0 . 2 5
0 . 3 0
0 . 5 0
1 . 0 0
2 . 0 0
3 . 0 0
4 . 0 0
6 . 0 0
8 . 0 0
1 0 . 0  
1 2 . 0  
1 4 . 0  
1 6 . 0  

f n ( H z )PNW
B a n d  P a s s  D ( r )  f o r  f n

( b )

Z

( a )
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di�erent from the 3-omponent results. The di�erenes an be attributed to thedi�erent measured durations (Table 5.1) and di�erent number of observations foreah data set whih results in di�erent regression results. The best model for theZ-omponent yields Q0 = 290, � = 0:50, and
g(r) = 8>>>>>>>>><>>>>>>>>>:

r�1:0 r < 40kmr�1:2 40 < r < 70 kmr0:2 70 < r < 100 kmr�0:7 100 < r < 200 kmr�0:8 r > 200 kmThe error analysis results and the �nal seleted values for eah parameter are shownin Table 5.8. The errors for the Z-omponent are somewhat larger than all (3-Bootstrap and best model results-Z bandpass D(r)parameter best model bootstrap mean bootstrap � seleted valueQ0 290 310 41 290 � 41� 0.50 0.48 0.06 0.50 � 0.06n1 -1.0 -1.18 0.09 -1.0 � 0.09n2 -1.2 -1.01 0.11 -1.2 � 0.11n3 0.2 0.32 0.095 0.2 � 0.095n4 -0.7 -0.82 0.08 -0.7 � 0.08n5 -0.8 -0.98 0.09 -0.8 � 0.09number of GA runs for bootstrap = 100No. of models in eah run = 50Table 5.7: Bootstrap error estimate of modeled propagation parameters for vertialomponent bandpass D(r; f) in the Pai� Northwest.omponent) data. The 3-omponent data inludes some horizontal seismograms andtherefore is a more omplete data set. The distane and frequeny overage for 3-omponent data set is better than that of the Z-omponent. So the regression resultfor the 3-omponent data might be a more robust solution with smaller error. In allstudy area I will use the results of the 3-omponent data as the �nal solution. Forexample I will use a value of 280 � 34 for Q0 in the Pai� Northwest based on themodeling results of 3 omponent bandpass �ltered D(r; f).One the propagation parameters are determined the exitation at the referene52



distane of 40 km will be modeled using the values of Q0, �, and n.5.2.4 Parameterization of bandpass �ltered ExitationThe exitation at 40 km obtained from the regression will be modeled using Equa-tion 3.41. The most important parameter in the exitation modeling is the stress drop.The value of � is also needed for this parameterization. I used an !�2 Brune souremodel and previously determined attenuation funtion (setion 5.2.3) with RVT toprodue theoretial exitations. Usually � is �rst de�ned by �tting some small eventsand stress drop is obtained by �tting the observed exitations of a number of eventswith known moment magnitude. Figure 5.14 shows the observed and a set of theo-retial exitations for the 3-omponent bandpass �ltered data. The blak urves showthe observed exitations from the regression and the red urves are the theoretialones for moment magnitudes 3.0-6.0.
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TheredurvesintheFigure5.14areomputedassumingastressdropanda�
valuesandtheywerenot�ttedtotheobservedones.Theresultsofatualmodeling
isshowninFigure5.15.Inthis�gurethefrequenyaxisisalsologarithmi.The
smallboxesintherightsidearethemomentmagnitudesoftheoretialurves.The
boxesattheleftsidearethemomentmagnitudeoftheseletedeventswiththeir
observedexitationareshownbydottedblueurves.Ihaveused6eventswith
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Figure5.15:Exitationat40kmfor3-omponentbandpass�ltereddatainthePai�
Northwest.Blakurvesareobservedexitations.Redurvesarethetheoretial
urvesforeventswithmomentmagnitudes3.0to6.0.Bluedottedurvesarethe
observedexitationsofseletedeventswithknownmomentmagnitudes.
knownmomentmagnitudesof3.4,4.0,4.3,5.0,and5.8andmodeledtheirexitation
simultaneouslytoobtainthevaluesof��and�.Thebestmodelsgives��=30
barsand�eff =0:045se.

Theobtainedparametersarebasedontheassumptionthatstressdropisindepen-
dentofthesouresizeforaspei�region.Soregardlessofthenumberofeventsthat
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are modeled at one time and what magnitude they have, the result will be a onstantstress drop. Table 5.8 shows the result of the error analysis for the modeling of theFig. 5.15. The bootstrap mean is very lose to the best model value. The errors fromBootstrap and best model results- bandpass E(40; f)parameter best model bootstrap mean bootstrap � seleted value�� [bars℄ 30 27 9 30 � 9�eff [se℄ 0.045 0.042 0.009 0.045 � 0.009number of GA runs for bootstrap = 100No. of models in eah run = 50Table 5.8: Bootstrap error estimate of modeled exitation at 40 km for 3-omponentbandpass E(r; f) in the Pai� Northwest.the bootstrap are also small. The residuals of the �t for most of the events are alsoin an aeptable range (Fig. 5.16). For the six seleted events with known moment
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Figure 5.16: Residuals of the �t for the 3-omponent bandpass �ltered exitation at40 km for the 6 events of the Fig. 5.15.magnitude (blue urves Fig. 5.15) the modeling residuals onverged very fast. Fig-ure 5.17 shows the residuals of the �t for di�erent generations. In general Modelingthe exitation is harder than the propagation, D(r), term. The assumption of a on-stant stress drop and using Brune's point soure model are partially responsible forthe problems in �tting the exitation term. In this ase the six seleted events ould�t well and they overed a range of magnitudes good enough for modeling. In someases using the 2 orner Brune's model may improve the �tting of the model to theobserved. For the PNW however, it was not neessary to do this.55
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Figure 5.17: Residuals of eah generation for 3-omponent bandpass �ltered exitationat 40 km for the 6 events of the Fig. 5.15.To further investigate the validity of a onstant drop in the PNW region, I havedone another modeling in whih I tried to separately �t the exitation terms forsome the events (with known moment magnitude) in the data set. In the modelingeah event has a di�erent stress drop and �. Among the events I seleted 25 eventswith omputed exitation terms. The moment magnitude of those events have beenomputed by the sta� of the College of Oeani and Atmospheri Sienes, OregonState University (http://quakes.oe.orst.edu/moment tensor). The moment tensorsolutions are available for events from 1994 to 1998. The events whih I have usedhave moment magnitudes from 3.4 to 5.8. The summarized results of modeling ofthe individual events are shown in the table 5.9. For 2 events from the total of 25Stress drop and �-PNWparameter min value max value mean standard deviation�� [bars℄ 10 91 31 24� [se℄ 0.0071 0.09 0.048 0.03Table 5.9: Mean and standard deviation of stress drop and � for 23 events with knownmoment magnitudes in the Pai� Northwest. Brune's soure model is used for allevents. 56



the omputed stress drops were very high (270 and 315 bars). The exitation termshad errors larger than other similar events and smaller number of observations. Sinemore than 90% of the events had stress drops less than 100 bars, I exluded thosetwo events from the omputations. A more reliable estimate would be possible ifthere were more events with known moment magnitudes. The results of Table 5.9shows that the mean of the stress drop and � for the 23 events are very lose to theresult of the simultaneous modeling using only 6 events. The standard deviations ofboth parameters however, are very high for the 23 events, almost omparable to theparameter's values.Figure 5.18 shows the result of this modeling using the GA algorithm. The left
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Figure 5.18: (left) Stress drop versus � for 23 events with known moment magnitudesin the Pai� Northwest. (right) Stress drop for eah event. For eah event theexitation terms has been modeled separately.�gure shows stress drop versus �. There is no orrelation between the two parameters.The right �gure shows the stress drop for eah event whih ranges from 10 to 90 bars.It seems reasonable to pik the mean � and use it as a �xed parameter to estimatestress drop from the exitation terms in the Pai� Northwest (as done in modelingof Fig. 5.15). Using the simultaneous modeling of 6 events and individual modelingof 23 events I will selet a onstant stress drop of 30 bars for the Pai� Northwestregion. Conlusion of a onstant stress drop should be based on the results of studying57



more events. Statistially, 23 events are not enough to onlude a onstant or nononstant stress drop. But some other studies in the Casadia and Pai� Northwestalso reported a similar average value for the stress drop (Atkinson, 1995; Dewberryand Crosson, 1995).5.2.5 Site termsThe e�et of site is very important on ground motions. The parameter � whihappears in 3.41 and 3.43 (exitation and site) is used to aount for the deay ofhigh frequeny motions. I don't model the site terms in this study. The parameters� however, determined in the previous setion with the modeling of the exitationterm.Figure 5.19 shows the site terms from the regression results on vertial and 3-omponent bandpass �ltered veloity.
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Figure 5.19: Inverted vertial (left) and 3-omponent (right) site terms for the PNSNnetwork sites.Figure 5.20 shows the individual horizontal to vertial site term ratios and theiraverage. Correlating the site terms and H=V ratios with the geologial onditionsneeds a detailed knowledge of the shallow geology at eah site.5.2.6 Attenuation and stress drop omparisonsAtkinson (1995) and Dewberry and Crosson (1995) reported an average value of 30and 32 bars for stress drop in the Casadia and Pai� Northwest regions. Atkinson58
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set does not have any earthquakes from British Columbia and Atkinson's data setdoes not inlude any event from southern Washington and Oregon. The propagationpaths for the two studies therefore are di�erent. I did not divide my data set intoshallow and deep data instead I did a regression for the whole data set. My data havesome deep events too but most of the events are rustal earthquakes and the goal ofthis study is to analyze those events. And �nally I did not use an r�1 geometrialspreading. The regression results for the propagation term (D(r; f)) required a moreompliated form of geometrial spreading (5.2.3).
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Chapter 6Ground motion saling in northernCaliforniaThe data set of northern California earthquakes (Fig. 6.1) are vertial short periodand 3-omponent broad band seismograms whih over a distane range of up to 350km. The data set I used for this study area was from the NCSN and BK networks.
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Figure 6.1: Map of stations (triangles) and events (stars) for this study in northernCalifornia.Most of the seismograms were ut after the S�wave arrival. I used the EVTFASToption to get the data from the networks. Using this option the requested data willnot have enough oda length in time beause they are used for the loation purpose.So the oda analysis results are not good for this data set. Beside this problem thedata quality for most of the stations and earthquakes were not good. So I ouldn'tdo a omplete analysis (as for PNW) of the data set. In this hapter I will show the61



results of those parts of data proessing whih I think are reliable but they are stilla�eted by the low quality of the data. The 3-omponent bandpass �ltered data werethe best among the other and I will show the results for these part of the proesseddata.6.1 Regression of bandpass �ltered dataFigure 6.2 shows the regression results for propagation term, D(r), at frequenies1.0 and 6.0 Hz on the 3-omponent bandpass �ltered data. Top panels show thepropagation term estimated by oda normalization tehnique. The mid-panels showthe D(r) from the oda and the regression analysis.
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of observation required for a stable solution is between 2000-2500. For the smallernumber of observations in this kind of study, the results of the regression should beused arefully. Figure 6.4 shows the 3-omponent D(r) obtained from the regressionNumber of observationsFrequeny (Hz) Peak veloity Fourier Veloity0.25 627 1230.50 1409 5711.00 1751 10452.00 1798 14574.00 1793 15866.00 1781 15328.00 1767 142610.00 1731 124714.00 1338 74216.00 1212 614Table 6.1: Number of observations in regressions of bandpass �ltered and Fourierveloity data in northern California.of bandpass data at di�erent frequenies. The urves are orreted for the r�1 geo-
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metrial spreading. The attenuation is very strong for the higher frequenies. Thelower frequeny results are a�eted by the noise and therefore are not reliable. Theresults of the regression on the Z-omponent bandpass �ltered data are shown in theFigure 6.5 for 1.0 to 16.0 Hz
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6.2 Parameterization of bandpass �ltered veloityI tried to model the D(r; f) in both the time and Fourier domain and for dif-ferent omponents. Beause of the low quality of the data I ould only model the3-omponent bandpass D(r; f) in a reliable way. The modeling of Z-omponent givessimilar results but with higher residuals. For the 3-omponent bandpass D(r; f), oneattenuation funtion alone an not �t the whole frequeny range (Fig. 6.6). The ol-
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Figure 6.6: (a) observed (olored) and modeled (blak) 3-omponent bandpass velo-ity attenuation funtion for 0.25-16 Hz in the northern California (b) The residualsof the model �t to the observed D(r; f). 66



ored and blak urves represent the observed and the modeled D(r; f) respetively.The residuals of the �t for eah frequeny in the bottom panel. The residuals for thefrequenies 1.0-4.0 Hz are very high. The residuals for the frequenies 6.0-16.0 Hzare small. The lowest frequeny range 0.25-0.50 have been given a low weight andtheir residuals are not onsidered to be important. Many di�erent runs of GA anddi�erent models of visual �tting gave the same results: One frequeny range �ts wellbut the other have high residuals. The total residuals from GA were also very high.To get around this problem (assuming that 3-omponent bandpass D(r; f) from theregression are aeptable), I modeled the D(r; f) using two sets of di�erent attenu-ation funtions for the two frequeny ranges 1-4 Hz and 6-16 Hz. Table 6.2 showsthe modeling results of the 3-omponent bandpass D(r; f) using two di�erent sets ofparametersModeling bandpass D(r; f)- northern CaliforniaParameter Frequeny (1-4 Hz) Frequeny (6-16 Hz)Q0 210 � 40 210 � 40� 0.55 � 0.10 0.50 � 0.10g(r) r�1:0 r < 40 kmr�0:8 40 < r < 70 kmr�0:6 70 < r < 100 kmr�0:5 r > 100 km r�1:3 r < 40kmr�1:5 40 < r < 70 kmr�1:2 70 < r < 100 kmr�0:8 r > 100 kmTable 6.2: Intrinsi attenuation and geometrial spreading parameters derived bymodeling 3-omponent bandpass D(r; f) in the northern California.The best models for the two frequeny ranges have been obtained using GA mod-eling and were tested by visual �tting. The errors of Q0 and � are omputed usingthe bootstrap method. The geometrial spreading for the frequeny range 6-16 Hzare muh stronger. The Q0 values are less than the Pai� Northwest. The residualfor both frequeny groups are low after this modeling.Boatwright et al. (2003) analyzed peak ground veloity and peak ground aelera-tion from moderate and large earthquakes in northern California. Their results showthat for r >100 km, a simple r�n geometrial spreading an not �t the attenuationof peak motions. They instead used a ombination of power law (r�n) and an expo-nential funtion as exp(��r). My results are similar to their results in having higher67



attenuationduetogeometrialspreading.Theirresultshowever,showhigheratten-
uationatdistaneslargerthan100kmwhileIobtainedstronge�etofgeometrial
spreadingatsmallerdistanes.Ihavealsodi�erentresultsfortwofrequenygroups.
TheirstudyareainludessomepartsoftheentralCaliforniabutIhavestritlystud-
iedthenorthernmostpart.Thosedi�erenesmaybethereasoningettingdi�erent
results.TheirvaluesforQ0 and�arelosetomyresultsandmoreimportantlyboth
studiesshowunusualstrongattenuationinnorthernCalifornia.
6.3Parameterizationofbandpass�lteredexita-

tionTheresultsoftheexitationmodelingfor3-omponentdatasetisshowninFig-
ure6.7.Theredurvesomputedusingthebestmodelresultsbysimultaneous
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Figure6.7:Exitationat40kmfor3-omponentbandpass�ltereddatainthenorth-
ernCalifornia.Blakurvesareobservedexitations.Redurvesarethetheoretial
urvesforeventswithmomentmagnitudes3.0to6.0.Bluedottedurvesarethe
observedexitationsof10seletedeventswithknownmomentmagnitudesfrom3.8
to5.5.
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�tting of 10 events with known moment magnitudes from 3.8 to 5.5. Using the previ-ously determined attenuation funtion the best model yields �� = 90� 30 bars and� = 0:04� 0:01 se. The omputed error for the stress drop is high. The residuals ofthe �t are also larger than those of the Pai� Northwest (Fig. 6.8). In summary the
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Figure 6.8: Residuals of the �t for the 3-omponent bandpass �ltered exitation at40 km for the 10 events of the Fig. 6.7.northern California results show a strong e�et of geometrial spreading and lower Qompared to the Pai� Northwest. I did not ompute the stress drop for eah event.I just modeled the exitation term assuming a onstant stress drop. The omputedstress drop (90 � 30 bars) is in the range of average stress drop of 70 to 100 bars forCalifornia (Atkinson, 1995).
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Chapter 7Ground motion saling in entralCaliforniaThe study area of entral California is shown in Figure 7.1. There are two distintareas of seismiity in entral California. For this reason I have divided the data setinto entral east and entral west parts. Studying the di�erenes in regional wavepropagation are important and interesting. Two ellipses in the �gure show the data
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Figure 7.1: Map of stations and events (irles) for this study in entral California.Triangles represent short period vertial stations and squares represent 3-omponentbroad band stations.for eah part. The Bay area is loated in the entral west part of this study. I havedone the regression analysis and parameterization for eah part.70



7.1 Ground motion saling in entral east Califor-niaThe good quality data set for the eastern part inluded 1850 seismogram from 240earthquakes. The data set has both vertial short period and 3-omponent broadbandseismograms. The analysis has been done for the Fourier veloity and bandpass�ltered data.7.1.1 Regression and modeling of Fourier veloity dataFigure 7.2 shows the regression results for the propagation term, D(r), at frequen-ies 1.0 and 6.0 Hz on the Fourier veloity data. Top panels show the propagation

101 102 103

HYPOCENTRAL DISTANCE (Km)

-1
.0

0
0

.0
0

F
IN

A
L

 R
E

S
ID

U
A

L
1

.0
0

 1HZ

 

101 102 103

-2
.0

0
0

.0
0

M
e

a
n

 D
(r

) 2
.0

0

 C E C A L  -  F o u r i e r  V e l o c i t y Coda

Regression

101 102 103

-2
.0

0
0

.0
0

D
(r

)
2

.0
0

 R a w  D ( r )

Coda

101 102 103

HYPOCENTRAL DISTANCE (Km)

-1
.0

0

 6HZ

 

101 102 103

-2
.0

0

 C E C A L  -  F o u r i e r  V e l o c i t y Coda

Regression

101 102 103

-2
.0

0

 R a w  D ( r )

Coda

Figure 7.2: Regression results for 3 omponent Fourier veloity data at 1.0 and 6.0Hz. Top, oda estimate of D(r) using oda normalization method. Middle, odaand regression propagation funtions, D(r). Bottom, �nal residual of the regressionanalysis. 71



estimated by oda normalization tehnique. The mid-panels show the D(r) from theoda and the regression analysis. The lower panels are the �nal residuals of the re-gression analysis. The two estimates of D(r) agree in the distanes with enough datapoints. Figure 7.3 shows the 3-omponent D(r) at di�erent frequenies obtainedfrom the regression of the Fourier veloity data. The attenuation pattern is very dif-
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GA modeling of Fourier D(r)parameter lower bound upper boundn -1.5 0.6Q 100 800� 0.1 1.0number of generations = 50number of models = 50Table 7.1: GA modeling parameters for 3 omponent Fourier veloity D(r) in theentral California.sions. I have �rst used a simple r�1 for all distanes but it required a Q0 value of380 for the best �t. This value of Q0 seems to be high for the California so I deidedto use a more omplex form of geometrial spreading for the entral east California.But this form of g(r) is still simpler than those of the Pai� Northwest and entralCalifornia. The modeling results using a di�erent geometrial spreading yields Q0=290, � = 0:59, and g(r) = 8>>><>>>: r�1:0 r < 40 kmr�0:7 40 < r < 100 kmr�0:4 r > 100 kmThe results of error analysis for this modeling is shown in the Table 7.2. I have used3 di�erent g(r) at 3 distanes. The bootstrap mean for Q0 is onsiderably higher thebest model value. The results of the bootstrap depends on the original data and themodel we use in our analysis. I will use the results of bandpass �ltered veloity sineit is the better data set.Bootstrap and best model results-Fourier D(r)parameter best model bootstrap mean bootstrap �Q0 290 360 41� 0.59 0.67 0.08n1 -1.0 -1.01 0.09n2 -0.8 -1.09 0.08n3 -0.5 -0.98 0.07number of GA runs = 100No. of models in eah run = 50Table 7.2: Bootstrap error estimate of modeled propagation parameters for FourierD(r; f) in the entral east California.Figure 7.4 shows the observed and modeled 3-omponent Fourier veloity D(r; f).73



The residual of 1.0 Hz is high for this modeling. Frequenies 0.25, and 0.3 Hz have
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Figure 7.4: (a) Observed (olored) and modeled (blak) 3-omponent Fourier veloityattenuation funtion for 0.25-16 Hz in the entral east California (b) The residuals ofthe model �t to the observed D(r; f).also high residuals at distanes larger than 200 km. For the modeling of the bandpassdata I have given a small weight to the lower frequenies to get the results of thebest model based more on higher frequenies. The results of vertial and horizontalomponent for the Fourier domain are not good enough for modeling. The ombined3-omponent data set however, an be modeled in both domains.74



7.1.2 Regression and modeling of bandpass �ltered dataFigure 7.5 shows the regression results for propagation term, D(r), at frequenies1.0 and 6.0 Hz on the bandpass �ltered data. In general the oda and regression
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Figure 7.5: Regression results for 3 omponent bandpass �ltered data at 1.0 and 6.0Hz. Top, oda estimate of D(r) using oda normalization method. Middle, odaand regression propagation funtions, D(r). Bottom, �nal residual of the regressionanalysis.estimates of D(r) in here agree better than the Fourier veloity data. I got the sameresults for other frequenies whih are not shown in here. The regression derived D(r)for both domains show the same features (exept for lower frequenies) with a littledi�erene in the amplitude. This is true for the ase when the Fourier data are nota�eted by noise. The vertial and short period data are not very similar in di�erentdomains.Figure 7.6 show the 3-omponent D(r) at di�erent frequenies obtained from75



the regression of the Fourier veloity data. Comparing this �gure with Figure 7.3
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Figure 7.6: The redued attenuation funtion D(r; f) obtained from the regressionon the 3 omponent bandpass �ltered data at frequenies 0.25-16 Hz.(Fourier data) shows that for distanes higher than 40 km, the attenuation funtionsare similar. The only di�erene is that for Fourier data the higher frequenies aremore apart whih means higher values of � is needed for modeling.Figure 7.7 shows regression derived horizontal and vertial omponent D(r) atdi�erent frequenies. The D(r) urves of the horizontal omponent for higher fre-quenies are separated from the lower frequenies. The modeling of this urves isnot easy sine it needs a frequeny dependent � and maybe di�erent geometrialspreading. It is likely that the data set is not good enough for a regression on asingle omponent like horizontal or vertial. In fat the number of observations (datapoints) is not so high for entral east California and beause of this problem I deidedto model only the 3-omponent data in both domains to get more robust results.Figure 7.8 shows the measured and model �t durations at frequenies 0.3, 2.0, 3.076
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Figure 7.9: (a) Observed (olored) and modeled (blak) 3-omponent bandpass �l-tered veloity attenuation funtion for 0.25-16 Hz in the entral east California (b)The residuals of the model �t to the observed D(r; f) for 1.0-16 Hz.estimated errors for Q0 and � are 36 and 0.09 respetively. The estimated error forthe geometrial spreading power is 0.095 at all distanes. So Q0 = 280 � 36 and� = 0:50� 0:09 are the �nal seleted values for the entral east California.Using the modeled attenuation parameters I have modeled the 3-omponent ex-itation term in this region. Figure 7.10 shows the observed and modeled exitationterms. A simultaneous modeling has been done for 11 events with known momentmagnitudes from 3.6 to 5.5 using a onstant stress drop model. The parameters of79
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Figure7.10:Exitationat40kmfor3-omponentbandpass�ltereddataintheentral
eastCalifornia.Blakurvesareobservedexitations.Redurvesarethetheoretial
urvesforeventswithmomentmagnitudes3.0to6.0.Blueandgreendottedurves
aretheobservedexitationsof11seletedeventswithknownmomentmagnitudes
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thebestmodelare��=15�7barsand�=0:028�0:008se.Theresidualsofthe
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Figure 7.11: Residuals of the �t for the 3-omponent bandpass �ltered exitation at40 km for the 11 events of the Fig. 7.10.onstant stress drop. The results of this modeling give �� = 24 bars and � = 0:034se. In the next step I modeled the exitation terms for eah event. The result ofthis modeling is shown in Figure 7.12 in whih � is plotted versus the stress dropsfor 43 events. The results of the modeling in Figure 7.12 show that the individual
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0.012 se for �. The standard deviation of stress drops is high and omparable tothe mean. Although there is no strong orrelation between �� and � in Figure 7.12,in fat these two parameters trades o� with eah other (Boore et al., 1992b). I alsotried to use a �x � and repeated the modeling using � = 0:045 for all events. thisvalue is the mean value of 43 di�erent �s (Fig. 7.12). Figure 7.13 shows stress dropversus moment magnitude for two di�erent ase of variable and �xed �. In both ases
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Bootstrap and best model results for �� and �No. of events used best model result bootstrap�� (bars) � (se) �� (mean and std) � (mean and std)11 (onst. ��) 15 0.028 19� 7 0:036� 0:00843 (onst. ��) 24 0.034 30� 12 0:029� 0:00943 (non-onst. ��) Ave: 44� 32 Ave: 0:045� 0:012 - -43 (non-onst. ��) Ave: 36� 26 0.045 (�xed) - -Table 7.3: Best model and error analysis results of stress drop and � for 43 eventswith known moment magnitudes in the entral east California. Brune's soure modelis used for all events.45� 20 bars for stress drop in my study area of entral California.7.2 Ground motion saling in entral west Califor-niaThe left luster of earthquakes in Figure 7.1 shows the earthquakes that I haveused to study the ground motion saling in the entral west California. The data setinludes 2660 good quality waveforms. The number of horizontal omponents in thisRegion is greater than for the entral east California. The entral west data set isbetter in general; It also overs smaller distane ranges and has more observationsompared to the entral east data set.7.2.1 Regression and modeling of Fourier veloity dataFigure 7.15 shows the regression results for propagation term,D(r), at frequenies1.0 and 6.0 Hz on the Fourier veloity data. Compared to the results of the samefrequeny for the entral east (Fig. 7.2), The oda and regression results agree well inall distanes. There are also more data points in the distanes less than 40 km. Thedata over a distane range up to 300 km.I have modeled the Fourier veloity D(r) to obtain the propagation parameters.The same parameter bounds of other regions have been used in parameterizationsand the same proedure has been repeated in here by starting from the 3-omponentFourier veloity data. The best model parameters for D(r) are Q0 = 250, � = 0:30,84
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Figure 7.16: (a) Observed (olor) and modeled (blak) 3-omponent Fourier veloityattenuation funtion for 0.25-16 Hz in the entral west California (b) The residualsof the model �t to the observed D(r; f).of California (Raoof et al., 1999; Benz et al., 1997). As mentioned before, Q0 tradeso� with � and my � values are smaller. Raoof et al. (1999) obtained Q(f) = 180f 0:45for southern California using the regression of 3-omponent veloity data. Benz et al.(1997) obtained Q(f) = 187f 0:56 for southern and entral California by studying Lgattenuation in the ontinental US. 86



7.2.2 Regression and modeling of bandpass �ltered dataFigure 7.17 shows the regression results for propagation term,D(r), at frequenies1.0 and 6.0 Hz on the bandpass �ltered veloity data. There is almost a perfet
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Figure 7.17: Regression results for 3 omponent bandpass �ltered veloity data at1.0 and 6.0 Hz. Top, oda estimate of D(r) using oda normalization method. Mid-dle, oda and regression propagation funtions, D(r). Bottom, �nal residual of theregression analysis.agreement between the oda normalization and the regression results. This mathan be seen up to 300 km. The urves have been extrapolated beyond that distanesine there are no data points for distanes more than 300 km.The same parameters used for the modeling the Fourier veloity D(r), an maththe band pass �ltered D(r) too, exept that the g(r) terms are a little di�erentbetween the two domains. . I have used the same Q0 and � of Fourier D(r) andobtained the geometrial spreading term from modeling. I have done this beauseotherwise the resultant Q0 values would be high (around 300) and � would be small87



(0.25 - 0.28) for the best model. Although the ombined Q0f � would be an aeptablevalue, I kept the Q0 to be onstant (= 250) beause the value of Q0 = 300 seemsto be high for the California region. Figure 7.18 shows the observed and modeled3-omponent bandpass �ltered veloity D(r; f). Table 7.4 shows the best model and
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Figure 7.18: (a) Observed (olored) and modeled (blak) 3-omponent bandpass �l-tered veloity attenuation funtion for 0.25-16 Hz in the entral west California (b)The residuals of the model �t to the observed D(r; f).error analysis results of the propagation parameters for bandpass �ltered D(r). The88



Bootstrap and best model results-All bandpass D(r)parameter best model bootstrap mean bootstrap � seleted valueQ0 250 276 19 260 � 19� 0.30 0.32 0.05 0.35 � 0.05n1 -1.3 -1.3 0.11 -1.3 � 0.11n2 -1.0 -1.1 0.09 -1.0 � 0.09n3 0.1 0.2 0.02 0.1 � 0.02n4 -0.5 -0.56 0.06 -0.5 � 0.06n5 -0.95 -1.01 0.08 -1.01 � 0.08number of GA runs for bootstrap = 100No. of models in eah run = 50Table 7.4: Bootstrap error estimate of modeled propagation parameters for 3 ompo-nent bandpass D(r; f) in the entral wets California.ns are the geometrial spreading exponents at di�erent distanes. The �nal seletedvalues are Q(f) = 250+19�19f 0:30�0:05 and
g(r) = 8>>>>>>>>><>>>>>>>>>:

r(�1:3�0:11) r < 40 kmr(�1:0�0:09) 40 < r < 60 kmr(0:1�0:02) 60 < r < 90 kmr(�0:5�0:06) 90 < r < 150 kmr(�0:95�0:08) r > 150 kmFor the entral west California data set I feel more on�dent about the results of theombined horizontal and vertial (3-omponent) data set. This was true for otherregions of my study area too beause 3-omponent data set provide a better distaneand frequeny overage than a single omponent data alone. To see the e�et of theattenuation I have also done the regression and modeling for vertial and horizontalomponents in the entral west data set. The best model for the bandpass �lteredvertial omponent data gives Q0 = 260, � = 0:30 and
g(r) = 8>>>>>>>>><>>>>>>>>>:

r�1:3 r < 40 kmr�1:2 40 < r < 60 kmr0:0 60 < r < 90 kmr�0:5 90 < r < 150 kmr�0:6 r > 150 km89



The geometrial spreading terms are a little di�erent from the 3-omponent results.The di�erenes arises beause the D(r) terms for di�erent omponents are not thesame. Figure 7.19 shows the results of modeling the bandpass D(r) for vertialomponent data. The horizontal omponent was modeled with the same values of Q0
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Figure 7.19: (a) Observed (olored) and modeled (blak) vertial omponent bandpass�ltered veloity attenuation funtion for 0.25-16 Hz in the entral west California (b)The residuals of the model �t to the observed D(r; f).and � (250 and 0.30). Figure 7.20 shows the observed and modeledD(r) for horizontalomponent data. The residuals are valid up to 300 km beause the observationsexist only up to 300 km as an be seen from the bottom panel of Fig. 7.17. The90



observed D(r) urves have been extrapolated for distanes larger than 300 km inentral west California and their modeling for these larger distanes is not so realisti.The residuals for the distanes up to 300 km are small for vertial, horizontal, and3-omponent data. Using the propagation parameters I have modeled the exitation
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Figure 7.20: (a) Observed (olor) and modeled (blak) horizontal omponent band-pass �ltered veloity attenuation funtion for 0.25-16 Hz in the entral west California(b) The residuals of the model �t to the observed D(r; f).terms for 3-omponent bandpass �ltered data. As usual I started with modeling afew events with known moment magnitudes using a onstant stress drop and � forall. For this step I used 15 events with known moment magnitudes from 3.5 to 6.5.91



Theresidualsofthe�tareshowninFigure7.22forsomeofthemodeledexitations.
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Figure7.21:Exitationat40kmfor3-omponentbandpass�ltereddataintheentral
westCalifornia.Blakurvesareobservedexitations.Redurvesarethetheoretial
urvesforeventswithmomentmagnitudes3.0to6.5.Blueandgreendottedurves
aretheobservedexitationsof15seletedeventswithknownmomentmagnitudes
from3.5to6.5.Thesmallboxesintheleftshowthemomentmagnitudeofgreen
dottedurves.
Mostoftheresidualsarelargeatfrequenieslessthan1.0Hz.Forsomeeventsthe
higherfrequeniesalsohavelargeresiduals.UsingthepreviouslydeterminedQ0 and
�,thebestmodelgives��=110barsand�=0:035se.Thehighresidualsimply
thatthemodelisnotappropriateatleastforthelowerfrequenies.Theobtained
stressdropisonsiderablylargerthantheaverageestimatedvaluefortheentral
eastCalifornia(45-50bars)inthisstudy.Ihavedonethesameomputationsasthe
entraleastCaliforniatoobtaindi�erentestimatesofstressdrop.FirstImodeled
theexitationtermsfor49eventswithknownmomentmagnitudes.Usingaonstant
stressdropforalleventsthebestmodelgives��=124barsand�=0:026se.In
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Figure 7.22: Residuals of the �t for the 3-omponent bandpass �ltered exitation at40 km for the 15 events of the Fig. 7.21.the next step I have done the same modeling while letting eah event has a di�erentstress drop and �. The results are shown in Figure 7.23 in whih � for eah event isplotted versus the stress drop.
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the mean � and repeat the modeling while � is �xed. I did the modeling with a �xedvalue of 0.03 se for � to obtain the stress drops of the same 49 events. Stress dropsfor two di�erent ases of variable and �xed � are plotted against moment magnitudein Figure 7.24. For the �xed � ase the standard deviation and mean of the stress
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Figure 7.24: (left) Stress drop versus moment magnitude for 49 events in the entralwest California. Eah event has a di�erent � (Fig. 7.23). (right) Same as left but a�xed value of 0.03 for � was used in the modeling.drop are 215 and 150 respetively. Compared to the results of the variable � (leftpanel) the �xed � model shows more satter in the stress drop results. Using a �xed� a few events have stress drops equal to or greater than 500 bars. This results ina larger mean and standard deviation. The �nal modeling was done to obtain theerror of eah estimated stress drop. The error and the mean were omputed from100 simulations for eah single event. The means of 100 runs are not neessarily thesame as the best model result for eah event. The average stress drop and standarddeviation for events from this omputation are 202 and 111 bars respetively. Theindividual error estimates are shown in Figure 7.25 for 39 events. From the 49 eventsof Figure 7.24, 10 events had high residuals in modeling and therefore were exludedin error estimation of individual stress drops. In fat stress drops higher than 300bars are high and may not be not realisti. If I exlude events with stress drops higherthan 400 bars (whih also have high residuals in modeling), the average and mean94
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Figure 7.25: Estimated errors of stress drops for 39 events in entral west Califor-nia. Eah individual event has been modeled using a Brune point soure model. Abootstrap analysis has been done for eah event. The stress drop values are the meanvalues of eah bootstrap. The average of all stress drops is 202 bars.stress drop for the rest of the events will be 142 and 86 bars. This result is loser tothe result of the modeling all events with a onstant stress drop and �.The results of this part are summarized in Table 7.5. The �rst row of the resultsshow the estimated parameters obtained from modeling of 15 events using a onstantstress drop (Fig. 7.21). Seond row shows the same results obtained from modelingof 49 events using a onstant stress drop model. The results of the third row wereobtained by modeling eah event separately in whih every event have di�erent stressdrop and �. The results of stress drop and � for this ase are shown as the mean andstandard deviation of all omputed values. Individual results are shown in Figure 7.24.The bootstrap results for this ase are shown in Figure 7.25. The fourth row is thesame as �rst row exept that I used a �xed �. The individual results are shown in95



the left panel of Figure 7.24Bootstrap and best model results for �� and �No. of events used best model result bootstrap�� (bars) � (se) �� (mean and std) � (mean and std)15 (onst. ��) 110 0.035 160� 46 0:039� 0:0149 (onst. ��) 124 0.026 130� 34 0:036� 0:00949 (non-onst. ��) Ave: 190� 115 Ave: 0:029� 0:013 - -49 (non-onst. ��) Ave: 215� 150 0.030 (�xed) - -Table 7.5: Best model and error analysis results of stress drop and � for 49 eventswith known moment magnitudes in the entral west California. Brune's soure modelis used for all events.The results of the di�erent modelings show that the stress drop is higher than 100bars. Based on the results the �nal seleted average values are �� = 125� 35 barsand � = 0:035� 0:01 se.7.3 Statistial tests on regression resultsIt is always important to do some statistial tests on the regression or inversionresults. A least square tehnique has been used in the regression of observed groundmotions throughout this study. Solving an inversion problem by least squares assumesa Gaussian distribution of errors. Outliers in the data an ause the error distributionsto deviate from a Gaussian one. Figure 7.26 shows histogram plots of regressionresiduals for entral west California data at 6 di�erent frequenies. The histogramsare very lose to the normal in appearane and means are very lose to zero. Ihave done the test of normality in two ways. In the �rst method I used Chi-Squaregoodness of �t test. This test is applied to binned data in whih the data range isdivided into k subintervals. The number of data points in eah subinterval is ountedand the empirial histogram is then ompared with the theoretial PDF (Gaussian inhere). The formula for the Chi-Square statisti is�2 = kXi=1 (ei � oi)2ei � �2k�1�nep96
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Figure 7.26: Histograms of 3-omponent regression residuals in entral west Californiaat 0.25, 0.3, 1.0, 2.0, 10.0, and 16.0 Hz.where ei is the expeted number of data points in ell i, oi is the atual number ofdata points in ell i, and k � 1�nep is the Chi-Square degrees of freedom where nepis the number of estimated parameters. This test is sensitive to the hoie of bins.Usually k > 5 is seleted but with a large number of data points di�erent hoiesof k should be tested. I have used k = 10 in the omputations. The number ofestimated parameters are two sine we estimate mean and standard deviation. So forthe hoie of k=10, we will have k� 1�nep=7. For a test on�dene level, �, we will�nd the value of �21��;k�1�nep from the table. For our hoie of k = 10 and � = 0:05,�20:95;7 = 14:07. If the result of the test from the above formula is smaller than theChi-Square table value, we an assume that the distribution of our data set is normal.The Chi-Square test on the regression residuals showed than none of the residuals fordi�erent frequenies have normal distribution. I tried di�erent number of subintervalssine the Chi-Square test is very sensitive to this number. For some hoies of k, theChi-Square test results were lose to the table value (14.07). The results of this teston the 3-omponent regression residuals in the entral west California are shown in97



Table 7.6. The mean and skewness for eah frequeny are also shown in the table.Statistial test results on regression residualsFreq. (Hz) No. Obs. Mean Skewness �2 value0.25 1031 8.0970E-04 0.1670 1150.30 1179 -2.110E-05 -0.343 600.50 1662 1.3300E-04 -0.949 711.00 2104 6.8500E-04 -1.368 1082.00 2236 -1.470E-05 -0.552 383.00 1374 -5.900E-06 -0.341 414.00 2404 -2.120E-05 -0.230 496.00 1926 -1.700E-05 -0.179 418.00 1932 -1.700E-05 -0.172 4610.00 1931 -4.800E-06 -0.123 5112.00 1819 -7.600E-06 -0.113 5114.00 1809 -1.600E-05 -0.069 3216.00 1780 -1.300E-05 0.1270 31Table 7.6: Mean, skewness, and Chi-Square test results for the regression residuals ofbandpass �ltered data in entral west California. The number of subintervals for thetest is 10.The �2 value (k=10), for all frequenies is larger than the �20:95;7 value (14.07) fromthe table. It means that the residuals do not have a normal distribution for thishoie of k. The number of observations (seond olumn) are large for all frequenies.The usual hoies of k may not be good for large number of samples. The histogramsshow that residual distributions may not be far from the normal. I repeated the testwith randomly seleting 100 samples from the residuals. For 1000 tests of randomlyseleted samples the mean and standard deviation of �2 values were 13.5 and 7.8 for0.25 Hz frequeny. This variability of results for di�erent values of k indiates thatthe normality test should not be judged by Chi-Square test alone and some othertests should be used as well.In the seond approah I used quantile-quantile (Q-Q) plots (Jain, 1991) whih is away to visually test if a data set has a spei� distribution. This plot has been shownin Figure 7.27 for the regression residuals at frequenies 0.25, 0.30, 1.0, 2.0, 10.0,and 16.0 Hz. In this plot the atual residuals of the inversion are plotted againstthose expeted for a Gaussian distribution. The quantile of the residuals (vertialaxis) are just the ordered residuals. If the distribution of residuals is Gaussian,the Q-Q plot should look like a straight line. The Q-Q plots show that at some98
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regressions and modeling show that in fat there are variations from one region to an-other region. Figure 7.28 shows the regression derived D(r) for the 4 di�erent regionsof this study. Among the di�erent regions, northern California shows a strong e�et
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Figure 7.28: Regression derived D(r) for 3-omponent bandpass �ltered data in (a)Pai� Northwest, (b) northern California, () entral west California, and (d) entraleast California.of geometrial spreading. In fat modeling the D(r) term for northern Californiarequires using a frequeny dependent geometrial spreading and �. The entral eastCalifornia shows a smoother form of D(r) ompared to other regions and a simplerform of geometrial spreading an be used to model the observations in this region.100



The modeling results for D(r) are shown in Table 7.7. The mean values of Q0 variesfrom 210 to 280 between the di�erent regions. The values for � hange from 0.30 inthe entral west California to 0.55 in the Pai� Northwest. The range of both � andQ0 values indiate that the variation of the propagation parameters is important.Wave propagation parametersPai� Northwest C. East California C. West CaliforniaQ(f) = 280+34�34f0:55�0:05 Q(f) = 280+36�36f0:50�0:09 Q(f) = 250+19�19f0:30�0:05g(r) = 8>>>><>>>>: r�1:0 r < 40 kmr�1:2 40 < r < 70 kmr0:5 70 < r < 100 kmr�0:7 100 < r < 200 kmr�0:9 r > 200 km r�1:0 r < 40 kmr�0:8 40 < r < 100 kmr�0:5 r > 100 km r�1:3 r < 40 kmr�1:0 40 < r < 60 kmr0:1 60 < r < 90 kmr�0:5 90 < r < 150 kmr�0:90 r > 150 kmNorthern Californiaf = 1� 13 Hz f = 1� 4 Hz f = 6� 13 HzQ(f) = 210+40�40f0:50�0:1 r�1:0 r < 40 kmr�0:8 40 < r < 70 kmr�0:6 70 < r < 100 kmr�0:5 r > 100 km r�1:3 r < 40kmr�1:5 40 < r < 70 kmr�1:2 70 < r < 100 kmr�0:8 r > 100 kmTable 7.7: Summary of wave propagation parameters for 4 di�erent regions of thisstudy.The soure saling parameters for all the regions are shown in Table 7.8. Theaverage values of stress drop hange from 30 bars in the Pai� Northwest to 125bars in the entral California. The obtained values for the entral east Californiaare muh smaller than those of entral west. It should be emphasized that for eahregion, the soure saling results are tied to the orresponding propagation model ofthe region (table 7.7). Soure saling parametersParameter Pai� Northwest N. California CE. California CW. California�� [bars℄ 30� 9 90� 30 45� 15 125� 35� [se℄ 0:05� 0:009 0:04� 0:01 0:036� 0:008 0:035� 0:01Table 7.8: Summary of soure saling parameters for 4 di�erent regions of this study.101



Chapter 8Disussion and ConlusionsI have studied regional ground motion saling in the Pai� Northwest, northern,and entral California. The data set for eah region onsisted of vertial short-periodand 3-omponent broadband seismograms. I obtained the results for the frequenyrange of 0.25-16 Hz and distanes 20-500 km. In this study I have proessed thedata in the frequeny and time domain. For the time domain the data are bandpass�ltered within narrow frequeny bands to obtain the peak motions.I used oda normalization and the regression methods to obtain exitation, prop-agation, and site terms from the amplitudes of the observed strong motions. Thederived propagation and exitation terms are modeled to obtain the attenuation andsoure parameters. The oda normalization results are used for omparison with theregression results. The two methods agreed well when there were suÆient numberof observations for both methods but in general the regression tehnique providedbetter results.The D(r) term shows a smoother form in the entral east California ompared toother regions. For northern California,D(r) shows a rapid derease of amplitude withdistane espeially for frequenies higher than 4 Hz. The D(r) term for the Pai�Northwest and entral west California show a typial trend of attenuation with somee�ets of superritial reetions from the Moho.I modeled the observations of D(r) using visual and geneti algorithm (GA) meth-ods. The visual method is faster and an be used if the number of parameters arelimited. It is also good to obtain a rough estimate of parameters using only a fewruns. For the larger number of parameters the visual method beomes harder to useunless we keep some of the parameters onstant. GA is good for these ases andsearhes the parameter spae in a better way.102



By modeling the D(r; f) I found Q(f) = 280 f 0:55 for the Pai� Northwest.The residuals of the �t are small for this model. The geometrial spreading for thisregion onsists of a 5 segment funtion. Strong superritial reetions requires r0:5parameterization in the distane range of 70-100 km for the best �t. The best modelfor the entral east California gives Q(f) = 280 f 0:50 whih is very lose to Q(f) forthe Pai� Northwest. The geometrial spreading is muh simpler in this region. Thegeometrial spreading exponents are -1.0, -0.8, and -0.5 for distanes less than 40km, between 40 and 100 km, and larger than 100 km respetively. The entral westCalifornia best model has Q(f) = 250 f 0:30 and a 5 segment geometrial spreadingfuntion.I ould not model the D(r; f) for the northern California as I did for the otherregions. The spei� shape of this term for northern California required using afrequeny dependent � and frequeny dependent geometrial spreading. For the fre-queny range of 1-4 Hz, Q(f) = 210 f 0:55 and for 6-13 Hz, Q(f) = 210 f 0:55. Thehange in � from one frequeny range to another is not that large but the di�erenesin geometrial spreading are profound. The 6-13 Hz geometrial spreading are muhstronger (Table 7.7).The Q values obtained in this study are in the range of the values obtained forwestern north Ameria by some previous studies (Baqer and Mithell , 1998). TheQ0 values of this study however, are a little di�erent from some other studies ofwave attenuation (Raoof et al., 1999; Boatwright et al., 2003). These di�erenes areexpeted sine di�erent frequeny ranges and di�erent methods of Q measurementwill give di�erent results. Spei� regions analyzed may also be a reason for thesedi�erenes (Shi et al., 1996). Boatwright et al. (2003) studied the data from northernand some parts of entral California. I have done separate studies for northern andentral California.Sine in most studies Q0 and � are determined together, we have to onsider thetrade-o� between these two parameters. This trade-o� preludes obtaining a uniquesolution of either of parameters. So in omparing di�erent studies, the ombined e�etof Q0 and � should be onsidered although the e�et of � for higher frequenies is103



stronger. Among the four regions studied here, the rapid amplitude derease of higherfrequenies in northern California is notieable. The results for three other regionsdoesn't show suh a strong e�et of geometrial spreading. The Q0 value is alsosmaller (210) in northern California. Boatwright et al. (2003) analyzed peak groundaeleration and veloity data from northern California and some parts of entralCalifornia and observed strong geometrial spreading e�et in distanes larger than100 km.The trade-o� between g(r) and Q(f) is also important and should be onsidered.Some studies assume g(r) = r�1:0 for the all distanes and solve for Q(f). For someappliations (seismi hazard) the ombined e�et of g(r) and Q is important and thetrade-o� does not pose a problem. Many empirial attenuation relationships havebeen developed to use in seismi hazard studies. Those relationships express theground motion amplitude as a funtion of magnitude and distane. The deay formof amplitude is the ombined e�et of the Q and g(r).I have modeled the exitation terms using the previously determined D(r). I haveused a Brune point soure model with RVT to obtain the stress drop parameter and�. I modeled the exitation terms in two ways: using a few events with a onstantstress drop and using all events with known moment magnitudes while eah eventhas a di�erent stress drop parameter. I have also repeated the modeling with a �xedvalue of � for the seond method. But in eah ase I have seleted an average valuefor the parameters. The values of � vary from 0.03 to 0.05 between di�erent regions.An average value of 30 bars is obtained for the Pai� Northwest. The model �t isgenerally good and residuals are not large. The northern California average value is90 bars. The best estimates for entral east and entral west California are 45 and125 bars respetively. For both regions of entral California the residuals are high forthe frequenies less than 1.0 Hz. Using the three di�erent stress drops, the averagevalue for the whole study area of California is 70 bars. The individual stress dropsfor entral east and entral west California show muh satter ranging from 10 to afew hundred bars. In making the averages, I exluded a few events in the entralwest California with very high stress drops and high residuals of modeling. Beause104



of large spread in stress drops of entral west California, using an average value maynot be justi�ed and a onstant stress drop value should not be used.The unertainties in the results are also important. The errors obtained for thestress drops are high for some of the events. The errors on onstant stress drops aresmaller. Sine estimating the stress drops is not easy in general and they also dependon the prede�ned Q(f) values, the modeling results for Q(f) are more robust.The values of Q0 obtained in this study ranges from 210 to 280. The averagestress drops hange from 30 bars in the Pai� Northwest to 125 in entral westCalifornia. These ranges of parameters indiate that the ground motion parametersof a spei� region may not be used for another region. For example using the stressdrops of entral California may overestimate the ground motion level preditions inthe Pai� Northwest.
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