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ABSTRACT 

Seismograms from 55 intermediate-depth Vrancea earthquakes (M=4.0-

7.1) recorded at 43 stations of an accelerometric network in Romania are used 

to derive source spectra and site amplification functions from S-waves in the 

frequency range 0.5-20 Hz with the generalized inversion technique (GIT) 

(Castro et al., 1990). Attenuation is taken into account using the non-

parametric attenuation functions derived by Oth et al. (2008) from the same 

dataset, and the attenuation-corrected data are then split into source and site 

contributions. The source spectra follow the ω-2-model (Brune, 1970, 1971) 

with high corner frequencies and a related Brune stress drop of the order of 

100 MPa. The site amplification functions are determined for both horizontal 

and vertical components separately. Contrary to wide-spread expectation the 

vertical component shows significant amplification effects at high frequencies. 

The H/Z ratios determined from the GIT results compare well with H/V ratios 

computed directly from the S-wave window of the accelerograms (Lermo and 

Chávez-García, 1993). The basic assumption for the determination of site 

effects from H/V ratios is that the vertical component is not or only little 

affected by site effects. For Vrancea earthquakes, this assumption is incorrect 

and consequently site effects should not be estimated from H/V ratios. The 

reason for this peculiar fact is the geometry of intermediate-depth seismicity 

that leads to almost vertical raypaths beneath the stations. 

INTRODUCTION 

The Vrancea seismogenic zone is located at the bend of the Carpathian mountain arc 

in Romania (Figure 1). Here, frequent and strong intermediate-depth earthquakes occur 
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within a narrowly confined focal volume (epicentral area approx. 30 × 70 km2, depth 

range 80-200 km). Four such events with magnitudes larger than 6.5 took place during the 

last century, and the two earthquakes on November 10th, 1940 (MW=7.7) and March 4th, 

1977 (MW=7.4) led to disastrous consequences, with more than 1500 fatalities on 

Romanian territory during the latter one (Cioflan et al., 2004). 

The severity of shaking due to an earthquake and, as a consequence, the estimated 

seismic hazard, depend on several factors, the most important of these being the radiation 

strength of the seismic source, the attenuation of the waves on their way from the source 

to the site of interest and the near-surface amplification. A common method to isolate 

these three contributions from each other in the Fourier amplitude spectra (FAS) of 

ground motion is the generalized inversion technique (GIT), first proposed by Andrews 

(1986). Castro et al. (1990) introduced a two-step inversion method, where, in the first 

step, the path effects (i.e. attenuation) are isolated in terms of frequency-dependent, non-

parametric attenuation functions and source and site effects are separated in the second 

one after correcting the spectra for the obtained attenuation characteristics. 

The GIT has been widely applied to crustal earthquake datasets (Castro et al., 1990; 

Parolai et al., 2000, 2004; Bindi et al., 2006). Yet, in the Vrancea case, the geometry of 

the dataset is very different from the crustal situation, since the Vrancea earthquakes 

cluster in a small focal volume at intermediate depth and therefore, the ray paths from all 

hypocenters to a given station are practically identical. Furthermore, the smallest 

hypocentral distance (henceforth also called the reference distance) in the dataset amounts 

to roughly 90 km. As Oth et al. (2008) show, lateral inhomogeneities in the attenuation 

characteristics cannot be expected to average out due to this source-station geometry. To 

deal with this problem and retrieve the attenuation characteristics beneath Vrancea, they 

introduced a modification in the first-step inversion scheme as compared with the original 
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one of Castro et al. (1990). With this scheme, it is possible to account for variations in 

attenuation properties among the recordings from different sets of stations. 

In order to separate source and site effects in the second step, the site amplification at 

one or more reference stations is usually set to unity, as there is one undetermined degree 

of freedom which has to be fixed (Andrews, 1986). Thus, the obtained amplification 

functions are relative values with respect to this reference site. Another (non-reference) 

technique to estimate the site response is the H/V ratio method, which can be applied both 

to ambient seismic noise measurements (Nakamura, 1989) or S-wave spectra from 

earthquake recordings (Lermo and Chávez-García, 1993). 

Studies dedicated to the comparison of different site response estimation techniques 

(e.g. Field and Jacob, 1995; Bonilla et al., 1997; Parolai et al., 2004) generally indicate 

that the H/V method is capable of revealing the fundamental resonance frequency of a 

site, but often shows different amplitude levels than the results obtained using the GIT 

technique. However, if the vertical component is not free from amplification effects, the 

H/V method fails. These comparative studies have been performed with different datasets 

of crustal earthquakes, but no such comparison has been performed with such a peculiar 

dataset as the Vrancea one so far. 

In this article, we describe the results obtained in the second step of the GIT from the 

Vrancea dataset, i.e. the separation of source spectra and site response functions from the 

attenuation-corrected FAS. The obtained source spectra are corrected for the effect of the 

reference distance of 90 km and interpreted using the ω-2-model (Brune, 1970, 1971). We 

derive the site response functions both from the horizontal and vertical component spectra 

and compare them with the H/V ratios calculated from the same S-wave windows as used 

in the GIT inversion. 



 5 

DATASET 

The database used in this work is the same as employed by Oth et al. (2008) to study 

the seismic attenuation characteristics beneath Vrancea. More than 850 three-component 

accelerometric recordings from 55 Vrancea earthquakes at 43 stations spread over 

Romanian territory are used. Of these 55 events, 52 were recorded by the K2-network 

deployed in the framework of the Collaborative Research Center (CRC) 461: ‘Strong 

Earthquakes – A Challenge for Geosciences and Civil Engineering’ since 1997. The 

records were corrected for instrumental response and bandpass-filtered between 0.1 and 

50 Hz, and their sampling rate is 200 samples/sec. In addition to the seismograms from 

these 52 events, strong motion recordings from three large Vrancea earthquakes which 

occurred on August 30th, 1986 (MW=7.1, eight records), May 30th, 1990 (MW=6.9, eight 

records) and May 31st, 1990 (MW=6.4, three records) were included in the dataset. These 

strong motion records were obtained by an analogue SMA-1 network operated by the 

National Institute for Earth Physics (NIEP) in Bucharest (Oncescu et al., 1999b) and 

digitized at NIEP, having a sampling rate of 100 samples/sec. 

The magnitude range of the events recorded by the K2-network with acceptable 

signal-to-noise ratio (SNR) ranges from 4.0 to 5.8. NIEP maintains and continuously 

updates the ROMPLUS catalogue (Oncescu et al., 1999a), which lists the hypocentral 

coordinates and moment magnitudes of the Vrancea events. Figure 1 shows the 

distribution of the epicenters of the considered earthquakes as well as a vertical cross-

section through the epicentral area. S-wave windows starting 1 s before the S-wave onset 

(picked on the horizontal components) and ending when 80% of the record’s total energy 

are reached were selected and a 5% cosine taper applied. Typical window lengths range 

from 5 to 15 s. If the determined window was longer than 20 s, its duration was fixed to 

be 20 s to avoid having too much coda energy in the analyzed windows. For each 
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window, the Fourier amplitude spectrum (FAS) was calculated and smoothed around 30 

frequency points equidistant on logarithmic scale between 0.5 and 20 Hz using the 

windowing function of Konno and Ohmachi (1998) with b=20. Pre-event noise windows 

of equal length as the signal windows were used to compute the signal-to-noise ratios 

(SNR), and at each frequency point, only records with a SNR higher than three were 

retained. Below 0.5 Hz, too few records had an acceptable SNR (for the smaller events, 

the SNR was mostly smaller than 1.5-2 below 0.5 Hz). For the horizontal (H) 

components, the root-mean-square (rms) average of the NS and EW components is used 

in the final dataset. At each of the 30 frequency points, only events recorded by at least 

three stations and only stations which recorded at least three events with acceptable SNR 

were kept in the dataset. As a result of this selection criterion based on the SNR, a few 

source and site spectra are incomplete either at the highest (> 12 Hz) or lowest 

frequencies (< 1 Hz) with respect to the frequency range analyzed (0.5 – 20 Hz). 

Figure 2 shows two example recordings from the October 27th, 2004 (MW=5.8) 

earthquake (depth approx. 100 km) at station PET and AMR. As already discussed in Oth 

et al. (2008), almost no S-wave energy is seen on the vertical (Z) component in many 

cases (see station PET in Figure 2). The P-wave, due to the near-vertical incidence, often 

shows large amplitudes, with a peak in the FAS around 8-10 Hz. Some stations in the 

forearc area occasionally depict strong high-frequency arrivals on the Z component 

around 5 to 8 s before the S-wave arrival (see also Oth et al., 2008, Figure 2). These could 

be interpreted as S-P conversions at the base of the Focsani basin (the basin sediments 

reach to a depth of up to 8 km and up to 22 km including Mesozoic cover, Hauser et al., 

2007). However, the seismic P-wave velocity contrast estimated by Hauser et al. (2007) at 

the bottom of the basin is not strong enough to justifiy the amplitude of the observed 

phase. Furthermore, the observed time difference of 5 to 8 s would imply a vP/vS-ratio 

between 2 and 3 within the basin, according to the vP model of Hauser et al. (2007). 
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Although a deeper analysis of these identified phases might shed light on the knowledge 

of the geological structure, due to the lack of more detailed information and to the aim of 

the present article, we refrain from a further discussion of these phases. Especially the 

missing S-wave energy on the Z component, besides the geometry of the dataset, 

distinguishes the Vrancea seismograms from typical recordings of crustal earthquakes. 

Figure 3 in Oth et al. (2008) shows several examples of the chosen S-wave windows and 

the respective FAS. 

METHODS 

Generalized inversion technique 

We apply the non-parametric generalized inversion technique (GIT) (Castro et al., 

1990) to derive attenuation characteristics, source spectra and site response functions. The 

inversion is split into two steps: in the first, the dependence on distance of the spectral 

amplitudes at a given frequency is modeled by 

)(ˆ),(),( fSrfArfU jijijij ⋅= ,                                             (1) 

where ),( ijij rfU  is the spectral amplitude (acceleration) at the i-th station resulting from 

the j-th earthquake, rij is the source-site distance, ),( ijrfA  is the function describing 

attenuation along the path from source to site and )(ˆ fS j  is a scalar that depends on the 

size of the j-th event. Equation (1) can be linearized by taking the logarithm, leading to a 

linear system of the form bAx = , which can be solved e.g. with singular value 

decomposition (Menke, 1989). The first step inversion applied to the Vrancea dataset is 

discussed in detail in Oth et al. (2008). There, it is shown that in the Vrancea case, lateral 

heterogeneities in the attenuation characteristics must be taken into account in the 

inversion scheme. Oth et al. (2008) derive different attenuation functions for two distinct 
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regions, where region 1 is mainly given by the forearc area of the Carpathian mountain 

arc and region 2 is roughly restricted to the epicentral area. In this article, we focus on the 

second step of the inversion, destined to separate source spectra and site amplification 

functions. 

Once that ),( ijrfA  has been determined, the spectral amplitudes at each frequency 

can be corrected for the effect of seismic attenuation (with the attenuation functions 

derived in Oth et al., 2008) and, in the second inversion step, the corrected spectra are 

split into source spectra and site transfer functions (Andrews, 1986): 

)()()( fZfSfR ijij ⋅= .                                               (2) 

Here, ),(),()( ij ijijij rfArfUfR =  are the spectral amplitudes after correction for path 

effects, )( fS j  is the source spectrum of the j-th earthquake and )( fZi  the site 

amplification function at station i. In the Vrancea case, the spectral amplitudes are 

corrected with the appropriate attenuation functions for the respective region where the 

station under consideration is located in (Oth et al., 2008). Furthermore, it is important to 

note at this point that the correction for path effects can only be done for distances larger 

than the reference distance. For crustal datasets, this reference distance is often set to zero 

if several datapoints are available at small hypocentral distances. This is however not the 

case in this study, with a smallest hypocentral distance of 90 km. Thus, the attenuation-

corrected spectra still include a cumulative attenuation effect over a distance of 90 km, 

which will be important for the discussion of the source spectra below. 

Again, equation (2) can be transformed into a linear system by taking the logarithm: 

)(log)(log)(log 101010 fZfSfR ijij += .                                    (3) 
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As Andrews (1986) notes, there is one undetermined degree of freedom which needs to be 

fixed. Either (at least) one source spectrum or one site amplification function has to be 

specified to remove this indetermination. A common constraint is to set the site response 

of a rock site to one (respectively zero in log10), irrespective of frequency, or to set the 

average site amplification of a set of stations to one (Castro et al., 1990). We use the 

constraint that the average site amplification of stations SIR (covered by the circles 

marking the epicenters in Figure 1) and MLR be one, as these two stations are classified 

as rock stations and the H/V ratios presented later in this article are roughly flat and close 

to unity. 

For each inversion, (i.e. at each frequency point), the stability of the results is 

evaluated by bootstrap analysis (Efron and Tibshirani, 1994). Bootstrap methods work by 

repeated inversions of resampled versions of the original dataset. From the original 

dataset, a new one is created by randomly choosing rows from the linear system, where 

each row can either be selected several times or never. Further details on the procedure 

can be found in Parolai et al. (2000, 2004). The rows containing the constraints mentioned 

above remain unchanged. At each frequency, we perform 200 bootstrap inversions and 

compute the mean and standard error for each model parameter. 

H/V ratios from earthquake recordings 

The H/V ratio technique, basically consisting in computing the ratio of the FAS of the 

horizontal and vertical components of ground motion, has been widely applied in recent 

years in order to assess local site amplification effects. This method assumes that the 

vertical component of ground motion is not severely affected by local site conditions and 

hence, the H/V ratio can be used as an estimate of site amplification of the horizontal 

ones. It was made popular by Nakamura (1989) for ambient noise measurements and 

Lermo and Chávez-García (1993) first applied the technique to the S-wave part of 
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earthquake recordings and studied the theoretical basis of the approach by numerical 

modeling of SV-waves. Since then, the H/V technique has been applied to earthquake 

recordings worldwide (e.g. Theodulidis and Bard, 1995; Chen and Atkinson, 2002; 

Siddiqqi and Atkinson, 2002; Sokolov et al., 2005).  

Comparative studies between the H/V ratio- and other methods of site response 

estimation (e.g. Field and Jacob, 1995; Bonilla et al., 1997; Parolai et al., 2004) show that, 

generally, the H/V technique is able to reveal the predominant frequency peaks in the site 

amplification function, even though the amplitude level may be different from the site 

response functions obtained with the GIT. Yet, this is only true as long as the vertical 

component is not affected by amplification effects. Parolai and Richwalski (2004) provide 

a theoretical explanation why H/V fail in correctly estimating the level of amplification at 

frequencies higher than the fundamental one (transfer of energy on the vertical component 

due to S-P conversions at the bottom of the soft layer). Furthermore, as Parolai et al. 

(2004) note, reliable estimates of site amplification can only be derived from the H/V 

ratio if the sources are well distributed all around the station at different distances, as the 

H/V ratio depends on the incidence angle of the seismic waves (Lermo and Chávez-

García, 1993). This is clearly not the case for the Vrancea dataset. In order to clarify the 

relation between the H/V ratios and the GIT site amplification functions in this special 

case, we compute the H/V ratios from the same S-wave windows as used in the GIT 

inversion (see database section) and compare them with the site transfer functions 

obtained from the GIT. 

SOURCE SPECTRA OF VRANCEA EARTHQUAKES 

As mentioned above, in order to remove the undetermined degree of freedom in the 

second step inversion in equation (3), we use the constraint that the logarithmic sum of 

site effects of stations MLR and SIR be zero. Yet, the attenuation-corrected ground 
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motion spectra still contain a cumulative attenuation effect over the reference distance of 

90 km (the lowest hypocentral distance in the dataset, see also Oth et al., 2008). As this 

effect is not taken into account with the constraint on the site response functions, it is 

moved into the inverted source contributions. Therefore, in order to derive estimates of 

the source spectra, this attenuation over the reference distance has to be corrected. 

If the true source spectrum of one of the events were known, it would be possible to 

derive a correction term at each analyzed frequency point. Oth et al. (2007) used the large 

amount of accelerograms recorded from the moderate shock (MW=5.8) which occurred on 

October 27th 2004 to estimate the corner frequency of this earthquake from the spectral 

ratios between the latter earthquake and appropriate empirical Green’s functions (EGF) 

recordings. They obtained a shape of the spectral ratios consistent with the ω−2-model 

(Brune, 1970, 1971) for the source spectra and a stable corner frequency estimate around 

1.6 Hz for the 2004 shock, while using two different EGF’s. This value of the corner 

frequency is very large for an event of MW=5.8, indicating large stress drops for Vrancea 

earthquakes (Oncescu, 1989; Oth et al., 2007). 

As the source spectrum of the October 27th 2004 earthquake (ω-2-shape, seismic 

moment M0 corresponding to MW=5.8 following Hanks and Kanamori, 1979, corner 

frequency fC =1.6 Hz) is the best constrained one in the case of Vrancea earthquakes, we 

use it as a reference source spectrum to derive a correction term Ψ(f) from the inverted 

source contribution S2004 event (f) following the equation:  
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where θφℜ  is the average radiation pattern set to 0.6, V= 2/1  accounts for the separation 

of S-wave energy on two horizontal components, F=2 is the free surface amplification, 

ρ =3.2 g/cm3 the density and vS=4.5 km/s the shear wave velocity in the source region. 
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Ψ(f) contains geometrical spreading, anelastic and possibly scattering attenuation over the 

reference distance. No high-frequency decay, which is usually accounted for by the 

exponential κ-operator (e.g. Anderson and Hough, 1984; Boore and Joyner, 1997; Boore, 

2003) in spectral ground motion models, has been accounted for when setting the site 

constraint at MLR and SIR. Therefore, Ψ(f) may also contain the effect of κ at the rock 

stations MLR and SIR. The issue of κ is further treated in the following section, when the 

results for the site amplification functions are discussed. 

The inverted source contribution from the October 27th 2004 event as well as Ψ(f) are 

displayed in Figure 3. The inverted source contributions of the remaining events are then 

corrected for Ψ(f) and the constants in equation (4) to obtain the corrected source spectra 

Sj,corrected (f) related to the inverted source contributions Sj,inverted (f) by 

)(
)(

)2(
4)( ,

2

3

, f
fS

VFf
vfS invertedjS

correctedj Ψ
⋅

ℜ
= θφπ

πρ
,                                  (5) 

Figure 4 shows the inverted source spectra at the reference distance on the left and the 

corrected source spectra following equation (5) on the right for three events from the 

dataset. Except at the highest frequency, the error estimates derived from the bootstrap 

analysis are small and hence, the source contributions obtained from the inversion are 

well constrained. To the corrected source spectra depicted as circles on the right in Figure 

4, we fit ω-2-spectra (Brune, 1970, 1971) using non-linear least squares to derive the 

seismic moment M0 and the corner frequencies fC of the earthquakes in the dataset. For 

the three largest events in the dataset with MW=7.1, 6.9 and 6.4, the corner frequencies are 

most likely lower than the lowest frequency analyzed. As a result the derived source 

functions only show the acceleration plateau of the spectrum that could be explained with 

any combination of M0 and fC. Therefore, the spectral fitting was performed constraining 

M0 to the value obtained using the moment magnitudes from the ROMPLUS catalogue 
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(Oncescu et al., 1999a) and the relation of Hanks and Kanamori (1979) between M0 and 

MW. 

The corner frequencies obtained by fitting ω−2-models to the corrected spectra are 

plotted versus seismic moment M0 in Figure 5 (top, the error bars are indicative for the 

regressional error of the fit). The corner frequencies are generally very high, indicating 

large values of stress drop. Computing the Brune (1970, 1971) stress drop leads to values 

ranging around 100-200 MPa. Note however that the absolute values of stress drop 

derived from the spectra of seismic waves are strongly model-dependent, as discussed by 

Beresnev (2001, 2002). Yet, as the corner frequencies obtained for Vrancea earthquakes 

are much higher than the values typically found for crustal earthquakes (see e.g. Miyake 

et al., 2003, for some typical values), one can say with a high degree of confidence that 

Vrancea earthquakes indeed display larger stress drops than typical crustal events. For 

instance, following the Brune (1970, 1971) model, which leads to the relation 

33
05.8 SC vfM=Δσ , where σΔ  is the stress drop, a corner frequency fC ranging between 

1-2 Hz (depending on the shear wave velocity estimate vS) would be expected for an 

MW=4.0 earthquake with a stress drop of 1 MPa, which is the order of magnitude 

generally assumed for crustal earthquakes (Kanamori, 1994). A Vrancea event of this 

magnitude, on the other hand, depicts values of fC around 8-10 Hz. 

The large stress drops for Vrancea earthquakes are in good agreement with the results 

presented by Oth et al. (2007) from a study of the source parameters of several Vrancea 

earthquakes using empirical Green’s functions. They also derive stress drop estimates 

ranging around 100 MPa. Furthermore, Oncescu (1989), applying different methods to 

estimate the stress drop of the large Vrancea earthquake which occurred on August 30, 

1986, comes to similar conclusions. By fitting a straight line to log fC plotted against log 

M0, the slope is approximately equal to the one expected in the case of self-similarity, i.e. 
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roughly -1/3. Note however that this trend is mainly determined by events with MW < 5.5, 

as only few stronger earthquakes are in the dataset. The spectral scaling analysis between 

large and small Vrancea earthquakes discussed in Oth et al. (2007) also indicates roughly 

self-similarity among Vrancea earthquakes. In fact, from the spectral ratios between the 

FAS of the recordings of large events and appropriate EGF’s, they derive the stress drop 

ratio C between large and small event varying between 0.7-2 (C = 1 would mean self-

similar scaling). 

The difference in stress drop between common crustal earthquakes and the Vrancea 

events analyzed here (occurring in the depth range between 80 and 200 km, so far below 

the crust, which has a thickness of about 35-45 km, Hauser et al., 2007) may be related to 

the tectonic setting of the study area. The tectonic setting of the Vrancea region is 

considered to be the result of a retreating subduction zone with subsequent soft 

continental collision and slab roll-back (Sperner et al., 2001). The continent-continent 

collision formed the Carpathian mountain arc (Figure 1). The break-off of the subducted 

lithosphere is believed to cause the strong seismicity at intermediate-depth, which occurs 

in a slab segment not yet completely detached. This interpretation is compatible as well 

with the observed focal mechanisms, indicating a thrust regime with horizontal 

compression and vertical extension (e.g. Constantinescu and Enescu, 1964; Oncescu and 

Bonjer, 1997), and the regional seismic tomography results of Martin et al. (2006), which 

images the slab and shows that the seismicity is confined to the slab. Stress drops of 

earthquakes occurring in subducted lithosphere seem to be larger than those of crustal 

earthquakes. For instance, García et al. (2004) also observe systematically larger stress 

drops for inslab earthquakes in Mexico as compared with crustal events. 

The seismic moments M0 were also derived from the source spectra. The bottom plot 

in Figure 5 shows the moment magnitude MW derived from the spectra (inferred from M0 
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using the relation of Hanks and Kanamori, 1979) plotted versus the moment magnitude 

from the ROMPLUS catalogue (Oncescu et al., 1999b). The moment magnitudes obtained 

from the spectra in this study follow well the linear trend where they would be identical to 

the ones from the catalogue (with maximum differences in the order of 0.3-0.5 magnitude 

units). As mentioned above, the seismic moments of the largest events were constrained 

when fitting the source spectra with the ω-2-model, which is why for these earthquakes, 

the values of MW are of course identical to the ones from the catalogue.  

The source properties discussed above have been derived only from the horizontal 

component spectra. The source functions obtained from the inversion of the vertical 

component are somewhat different, since there is only little S-wave energy on many 

records on the vertical component, as explained in the database section. Thus, the source 

functions obtained from the vertical component are in fact not representative of S-wave 

source spectra, and therefore, the source properties are only discussed using the results 

obtained from the horizontal components. Yet, there is a signal on the vertical component, 

and this signal is exploitable to estimate site transfer functions, even though the source 

functions obtained from the inversion of this signal are not the source functions of direct 

S-waves. 

SITE RESPONSE – GIT RESULTS 

The site amplification functions have been derived using the GIT both from the 

horizontal (H) and vertical (Z) component spectra. In both cases, the constraint used in the 

inversion is that the logarithmic sum of the site response functions at stations SIR and 

MLR equals zero, i.e. the average site response of these two stations equals unity. This 

site constraint can be regarded as reasonable because the H/V ratios are roughly flat and 

approximately equal to unity (Figure 6). Strictly speaking, this does not necessarily mean 

that these sites are free from amplification effects, since similar results could be obtained 
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if the horizontal and vertical components are amplified in an equal fashion. Yet, the 

observation of flat H/V ratio in combination with the fact that these two stations are rock 

sites justifies the assumption of unit site response. Nevertheless, it should be pointed out 

that all site amplification functions (as well as the source spectra treated above) are 

relative to the assumed average at these two sites. 

The obtained site response functions for the H component are shown at several sites in 

the forearc region in Figure 7 and at the sites in the epicentral area in Figure 8 (which are 

region 1 and 2 in Oth et al., 2008, respectively). Figure 9 and 10 depict the results for the 

Z component at the same stations. The bootstrap analysis indicates that the results are 

very stable, except for the highest frequency on the H component where the standard 

deviation is somewhat larger. As expected, the amplification for MLR and SIR ranges 

around their average value one, as imposed by the constraint. A typical observation, both 

for the H and even much stronger for the Z component, is the high level of amplification 

at high frequencies. For the H component, the amplification increases generally with 

frequency (e.g. VRI, SEC, LUC or CER) and stays on a high level, also at frequencies 

larger than 10 Hz. On the Z component, it is often observed that especially at these very 

high frequencies, the amplification rises strongly. The maximum amplification on the Z 

component is generally shifted to higher frequencies than on the H component. For 

several stations, the amplification of the H component from the GIT is more or less 

continuous over a large frequency band (e.g. SEC, BMG). 

This strong amplification at high frequencies could be partially due to the fact that no 

κ-operator (e.g. Anderson and Hough, 1984; Boore and Joyner, 1997) has been taken into 

account when setting the site constraint for the two rock sites. For instance, Hartzell et al. 

(1996) constrained a hard rock site to show an amplification equal to one and a κ-related 

high frequency diminution, with κ = 0.02. The differential κ due to a different near 
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surface attenuation at different sites should however be reflected by the presented site 

amplification functions. Introducing κ for rock stations into the site constraint would lead 

to a fall-off of all site functions at high-frequencies (with the same κ-effect for all 

stations) and increase the high-frequency level in the source spectra, but relative to each 

other, nothing would change in the site functions. 

κ is strongly dependent on the site conditions, reflecting attenuation in the near-

surface weathered layers (Anderson and Hough, 1984), but also source (Papageorgiou and 

Aki, 1983) and propagation effects (Hanks, 1982) can lead to a high-frequency decay in 

the acceleration spectra, deviating from the ω-2-model. Purvance and Anderson (2003) 

show that κ can be parameterized as a combination of a distance-, a site- and a source-

dependent term. These terms can in principle be separated from each other with a similar 

inversion scheme as used in this work. However, the measured values of κ from the high-

frequency decay of the spectra should be unaffected by site amplification effects (as 

Parolai and Bindi, 2004, show, the fundamental resonance frequencies of the site must be 

well below the frequency band used for the determination of κ and the frequency band 

used must be large enough in order to avoid that the measured κ-values are solely 

determined by the slope of peaks in the site response curve) and must be measured well-

above the corner frequency of the respective event. Even at high frequencies (above 10 

Hz), considerable site effects are observable in Figures 7, 8, 9 and 10. Moreover, as 

discussed in the preceding section and by Oth et al. (2007), the corner frequencies of the 

smaller events tend to be very high too. Therefore, we refrain from further discussing κ 

measured from the high frequency fall-off of the spectra. 

Several examples for the fit between observed spectra and the inverted spectral model 

(multiplying the terms for source, attenuation and site derived above with each other) are 

shown in Figure 11. Generally, the agreement is fair to excellent, although in few cases 
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the spectral amplitude in parts of the spectrum is misestimated up to a factor of around 2 

to 3. Very few outliers show a stronger misestimation (only 5% of the spectra show a 

misestimation in amplitude higher than a factor 3.5 at some given frequency – it is not the 

entire spectrum which is misestimated). 

H/V RESULTS AND COMPARISON WITH GIT SITE RESPONSE 

In the case of Vrancea earthquakes, the site amplification functions for the Z 

component derived using the GIT show severe amplification effects, especially at high 

frequencies. Moreover, the source-to-station geometry is very special: due to the strong 

clustering in space and the depth of the hypocenters, the incidence angles do not vary a lot 

(always near-vertical incidence) as compared with the case of crustal earthquakes and the 

sources are not at all distributed around a given station. Rather, waves travel very similar 

paths for a given site. Moreover, as discussed before, the Z component does not carry 

much S-wave energy. For these reasons, it may be questionable whether the H/V ratio 

technique, applied to Vrancea earthquakes, provides reliable estimates of site 

amplification. 

Indeed, if one compares the H/V ratios (Figure 12) directly with the amplification 

functions obtained for the H component (Figures 7 and 8), strong differences can 

immediately be recognized, especially at higher frequencies. For instance, at station CER 

(H component), the site function from the GIT increases in the frequency range 1-2 Hz 

and remains at a level of approximately 7-8 for higher frequencies. The H/V ratio, on the 

other hand, indicates an isolated peak slightly shifted to lower frequencies (1.5-2 Hz) and 

almost no amplification at all at higher frequencies. In general, the H/V ratio 

underestimates the site amplification of the H component obtained from the GIT both in 

shape and in amplitude (especially at high frequencies). 
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If the site amplification on the Z component is not approximately one, then the H/V 

ratio should simply represent the amplification of the H component divided by the one of 

the Z component (as the source and attenuation contributions are in principle included in 

both components). Figure 12 shows the comparison of the H/V ratios with the ratio of the 

site amplification functions for the H and the Z component derived by the inversion 

(denoted as GIT H/Z in the following) at several stations. Interestingly, the general shape 

of the H/V ratios can be quite well explained with the GIT H/Z ratio. For instance, the 

prominent peak in the H/V ratio at station CER or the peak at station LUC between 2 and 

3 Hz are astonishingly similar. There is, however, a slight trend for amplitude differences 

at low frequencies. 

Most of this difference between the GIT H/Z and the H/V ratios at low frequencies 

can be explained by the fact that the H/V ratios at stations MLR and SIR are not entirely 

flat at low frequencies, but show an amplification of a factor of 1.5-3. The site constraint 

used in the GIT inversion, however, produces a GIT H/Z ratio approximately equal to one 

for these two stations. Therefore, the GIT H/Z ratios underestimate the H/V ratios at low 

frequencies. In Figure 13, the comparison between the H/V and the GIT H/Z ratios is 

shown in the case where the site constraint in the GIT inversion is set to equal the H/V 

ratio for MLR and to be one for MLR, when H and Z component are considered, 

respectively. Therefore, for MLR, the GIT H/Z and H/V ratios are equal. For the other 

stations, the H/V and GIT H/Z ratios are very close to each other and depict nearly 

identical shapes. If the H/V ratio at MLR is used as site constraint for the H component, 

all the site functions of the H component show higher amplifications at low frequencies. 

The remaining difference between GIT H/Z and H/V ratios is related to the fact that 

the Z component does not carry much S-wave information, in contrast to the H 

component. Oth et al. (2008) discuss seismic attenuation based on the first step inversion 
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of the two step GIT approach using the H component. Yet, if the first step inversion (with 

the modification in the inversion scheme discussed in Oth et al., 2008) is applied to the Z 

component spectra, different attenuation characteristics are obtained than from the H 

component, especially in the forearc region. In contrast to these results, by taking the H/V 

ratio as an estimate of the ratio of site amplification functions for H and Z component, one 

assumes that both components are subjected to identical attenuation. If, additionally to the 

usage of the H/V ratio at station MLR as a site constraint, the Z component is corrected 

with the same attenuation function as the H one (and not with its specific one), the H/V 

and GIT H/Z ratios are exactly matching each other (not shown here). The largest part of 

the difference, however, is clearly attributable to the site constraint, as Figures 12 and 13 

demonstrate. 

These results indicate that the H/V ratio from earthquake data is not a good estimate 

of site amplification on the horizontal component of ground motion in the case of Vrancea 

earthquakes, at least not for frequencies higher than 1-2 Hz. 

DISCUSSION 

Using the non-parametric GIT, we calculated source spectra and site transfer functions 

from the largest accelerometric dataset available for intermediate-depth Vrancea 

earthquakes, after correcting the FAS with the attenuation functions derived by Oth et al. 

(2008) from the same dataset.  

The source spectra show high corner frequencies, which is equivalent to high stress 

drops of 100-200 MPa when using the Brune (1970, 1971) model. These high stress drop 

values are in good agreement with the source parameter study performed by Oth et al. 

(2007) using empirical Green’s functions modeling and the results of Oncescu (1989) for 

the asperity stress release of the large Vrancea earthquake which occurred on August 30th 

1986 (MW=7.1). Furthermore, our results indicate roughly self-similar scaling among 
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Vrancea earthquakes (Figure 5), corroborating the findings of the spectral scaling analysis 

between several Vrancea events performed by Oth et al. (2007). However, Sokolov et al. 

(2004, 2005) come to a different conclusion and use stress drop values increasing with 

magnitude. This would mean that Vrancea earthquakes would not show self-similar 

scaling, a result in contradiction with our findings, and we will discuss the reasons for this 

discrepancy further below. 

The site response functions obtained from the GIT depict a high level of amplification 

at high frequencies, and this effect is very prominent also in the Z component in many 

cases. Commonly, such a strong amplification at high frequencies is caused by a thin low-

velocity layer over a high-speed substrate, with a large impedance contrast. However, due 

to the lack of geotechnical information for the sites showing such a prominent 

amplification at high frequencies (e.g. CER or VAR), we can neither confirm nor reject 

this explanation. The maximum amplification is generally shifted to higher frequencies in 

the Z component as compared with the H component. The comparison between the GIT 

outcome and the H/V ratios, as discussed in the respective section above, indicates that 

the H/V ratio is not a good estimate of site amplification on the H component. 

Several previous studies dealt with source spectra, site effects and seismic attenuation 

beneath Vrancea. Oncescu et al. (1999b) used a somewhat similar approach as presented 

here to separate source and site contributions from a much smaller dataset of strong (the 

four large Vrancea events in 1977, 1986 and 1990) and weak motion (recorded from 

1985-1990) spectra from Vrancea earthquakes. They determined a Q(f)-model for S-

waves using the coda waves from two Vrancea earthquakes at station Incerc in Bucharest 

(finding 81.0109)( ffQ = ) and corrected the spectra for attenuation and geometrical 

spreading before performing the inversion for source spectra and site amplification 
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functions. As a site constraint, they used the transfer function calculated from 

geotechnical data at station Incerc. 

The different correction of attenuation, different site constraint and only three 

common station locations between their study and ours make a direct comparison of the 

results difficult. However, they observe for instance a very strong deamplification at 

station MLR at high frequencies (also deamplification at VRI), which hints to differences 

between the attenuation model derived from coda waves and a very small amount of data 

in Bucharest (forearc region) and our model (Oth et al., 2008) based on the S-wave part of 

the recordings. Indeed, Oth et al. (2008) show that in and close to the epicentral area, 

attenuation is higher by up to one order of magnitude as compared with the foreland 

region. With respect to sites in the foreland, the Q(f)-model derived by Oncescu et al. 

(1999b) is similar to the Q(f)-model derived by Oth et al. (2008) from the slopes of the 

non-parametric attenuation functions computed in the first step of the two-step GIT 

inversion scheme (Castro et al., 1990) and hence better suited than for stations located in 

the epicentral region. The fact that Oncescu et al. (1999b) used a single attenuation model 

for the whole area can then explain the differences with our results. 

Extensive studies on the spectral properties of ground motion from Vrancea 

earthquakes have also been performed by Sokolov et al. (2004, 2005). Their approach is 

however somewhat different and does not involve an inversion procedure. Sokolov et al. 

(2005) use the H/V ratio from earthquake data as an estimate of site amplification of the 

horizontal component at eight rock stations which are also included in the dataset used in 

the GIT above. After removal of this site effect estimate, they correct for attenuation 

along the path using a three-layered Q(f)-model which leads to slightly less attenuation 

than the model derived for the forearc area by Oth et al. (2008). However, following the 

recent results of Oth et al. (2008), this model seems to be inappropriate for stations SIR, 
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VRI and OZU (which are included in their dataset and are located, following Oth et al., 

2008, in the region of much stronger attenuation). Furthermore, Sokolov et al. (2004, 

2005) had to introduce an additional model parameter, κ (Anderson and Hough, 1984), to 

account for the remaining high-frequency decay with respect to an ω-2 source model. The 

κ parameter, as it will be shown in the following, is the key to understand the main 

difference between the Sokolov et al. (2004, 2005) model and the results presented in this 

study. 

Compared to the results from the GIT in this article, Sokolov et al. (2004, 2005) 

underestimate the site effect at high frequencies by using the H/V ratio (as the Z 

component is also amplified), but also strongly underestimate attenuation along the path 

for high frequencies for stations located in and close to the epicentral area (region 2 in 

Oth et al., 2008). Without the further model parameter κ accounting for this fact (in the 

spectral model, the term is e−πκf ), the final high-frequency content in this area would be 

overestimated, because the effect of differences in attenuation and H/V would not 

compensate each other. Therefore, Sokolov et al. (2005) need to introduce rather high κ-

values within the mountain arc to fit the observations (κ = 0.07 for SIR, κ = 0.04−0.07 for 

VRI and κ = 0.05−0.07 for OZU). Note that κ as used by Sokolov et al. (2005) is not 

directly related to the high-frequency fall-off of the observed spectra. In their study, κ 

explains the remaining deviation of the spectra from an ω-2-source spectrum after 

correcting for site effects using the H/V ratios and attenuation correction derived by their 

Q(f)-model. In the forearc area, their Q(f)-model is better suited than for sites in the 

epicentral area. Sokolov et al. (2004, 2005) use κ values as well as stress drop increasing 

with magnitude (as mentioned earlier) in their spectral model. In fact, these are two 

counteracting effects, as the increase of the high-frequency spectral level due to the 
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increase of the stress drop (and hence, corner frequency) is reduced again by increasing 

the value of κ. 

In our study, as mentioned earlier, no κ-operator has been included into the site 

constraint for the rock stations. Introducing such an operator into the site constraint in the 

GIT inversion would lead to less severe amplification at high frequencies for all site 

response functions, but relative to each other, the site amplification functions would show 

the same characteristic features, i.e. strong amplification at high frequencies relative to the 

reference sites. However, differences in κ between different sites should be included in 

the derived site response functions. The missing κ term for the rock stations, which would 

leads to the same additional decay of all the site responses at high frequencies, is moved 

into the source contributions, an issue which has been discussed in detail in the section on 

the source spectra. 

Yet, both models, the one of Sokolov et al. (2004, 2005) as well as the GIT results 

presented in Oth et al. (2008) and in this article, are able to explain the observed spectra 

and suitable for practical application. The key question is the physical interpretation of the 

results. Here, the implications of the models are radically different. Since Oth et al. (2008) 

showed the necessity of using different attenuation relationships for different source to 

receiver paths (a similar correction is only done a posteriori by Sokolov et al. introducing 

the κ parameter with strongly varying values between different clusters of stations, i.e. 

within the mountain arc and in the foreland) that is in agreement with the knowledge 

about the deep structure of the Vrancea region, our results indicate that, using an 

inversion procedure, the contributions of source, path and site to the final ground motion 

can be better isolated avoiding too restrictive constraints (for example that the H/V ratio is 

representative of the site response) and a posteriori adjustment to the model. This yields 

results providing different insights on the physical processes generating the observed 
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ground motion. It is for instance remarkable that differently from Sokolov et al. (2004, 

2005), no increase of stress drop with magnitude was observed, hinting to self-similar 

scaling. 

The attenuation characteristics were not assumed to be given by a certain Q(f)-model, 

but empirically derived in a first step (Oth et al., 2008) from the dataset. Thus, the 

attenuation correction performed before the second step inversion is certainly in 

agreement with this specific dataset. For the second step, the only assumption made is the 

amplification at the rock sites MLR and SIR. As mentioned earlier, the H/V ratios are 

roughly flat for these sites with level unity, which means at least that both the H and Z 

component are amplified in the same way. However, considering the fact that these are 

rock sites, assuming unit site response seems to be well justified. The strongest 

assumption made in this study is the usage of a reference source spectrum for the October 

27th 2004 (MW=5.8) earthquake to correct for the effect of the reference distance in the 

inverted source contributions. However, as this event is the Vrancea earthquake with the 

largest amount of high-quality recordings and its source characteristics have been studied 

in detail (Oth et al., 2007), this is clearly the best choice as a reference event. Moreover, 

this assumption is not directly linked to the inversion procedure, but only to the 

interpretation of the inverted source contributions. 

CONCLUSIONS 

We investigated the source spectra and site amplification functions from a dataset of 

55 intermediate-depth Vrancea earthquakes recorded at 43 stations spread over Romanian 

territory. Due to the clustering of the hypocenters in a very small focal volume at 

intermediate depth, the lowest hypocentral distance in the dataset ranges around 90 km 

and there are only few crossing ray paths from the source region to the different stations. 
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The main implication of the few ray crossings is that lateral variations in seismic 

attenuation are not averaged out, as discussed by Oth et al. (2008), and must be taken into 

account when developing spectral ground motion models for the region. In this article, we 

separated the attenuation-corrected spectra into their source and site contributions. As we 

used a site constraint in the inversion, the inverted source spectra are still subjected to 

seismic attenuation over the reference distance of 90 km. This effect can be corrected 

when the source spectrum of a reference earthquake is known and we used the October 

27th 2004 (MW=5.8) Vrancea earthquake as reference event. The final source spectra 

depict large corner frequencies and, consequently, large Brune (1970, 1971) stress drops 

of the order of 100 MPa, which is an order of magnitude larger than expected from typical 

crustal earthquakes of the same size. Furthermore, Vrancea earthquakes seem to show a 

roughly self-similar scaling behavior. These high corner frequencies indicate a very 

efficient high-frequency radiation and corroborate the results on the source characteristics 

of several Vrancea earthquakes obtained by Oth et al. (2007) with an empirical Green’s 

functions study. 

The site amplification functions obtained from the inversion depict strong 

amplification effects at high frequencies at most stations, both on the horizontal and 

vertical components. A comparison of the H/V ratios computed from the shear wave 

windows and the site amplification functions obtained by GIT inversion clearly reveal 

that the H/V ratios are not a good estimate of site amplification on the horizontal 

component. By computing the ratio of the horizontal to vertical site amplification 

functions estimated from the GIT, the H/V ratios can be well reproduced. Due to the large 

amplification on the vertical component at most stations, the H/V ratios systematically 

underestimate the amplification at high frequencies. 
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Finally, the spectral ground motion models composed of the attenuation functions 

derived by Oth et al. (2008) and the source spectra and site amplification functions 

presented in this article can be used as a basis for stochastic simulations of ground 

motions resulting from scenario earthquakes and are thus a valuable contribution in view 

of seismic hazard assessment for Romania.  

DATA AND RESOURCES 

The seismograms used in this study were collected by instruments of the strong 

motion network deployed in Romania since 1997 in the framework of the Collaborative 

Research Center (CRC) 461 ‘Strong Earthquakes: a Challenge for Geosciences and Civil 

Engineering’ of the University of Karlsruhe in collaboration with the National Institute 

for Earth Physics (NIEP) in Bucharest. The recordings from the three large Vrancea 

events which occurred in 1986 and 1990 were obtained from an analogue SMA-1 network 

and digitized at NIEP. The data may be obtained from the authors upon request. The 

hypocentral coordinates of the analyzed events have been taken from the ROMPLUS 

catalogue (Oncescu et al., 1999a), which is continuously updated as new earthquakes 

occur and available at http://www.infp.ro/catal.php. 
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Figure 1. Map depicting the source-station configuration. The station locations are 

indicated as inverse triangles, whereas the epicenters are shown as circles. Left: SW-NE 

vertical cross-section through the epicentral area. The cross-section is marked by a white 

line on the map. The white arrow marks the epicenter of the October 27th 2004 (MW=5.8) 

earthquake which is used as a reference source when studying the source spectra. 
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Figure 2. Three-component accelerograms of the October 27th 2004 (top, MW=5.8, depth 

100 km) earthquake at stations PET and AMR. Note that the origin of the time axis does 

not correspond to the origin time of the earthquake, but has been adjusted for viewing 

purposes. 
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Figure 3. Left: Inverted source contribution for the October 27th 2004 (MW=5.8) 

earthquake. This source function still contains attenuation effects over the reference 

distance of 90 km. Right: Logarithm of the correction function Ψ(f) versus frequency. 

More information is provided in the text. 
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Figure 4. Inverted source contributions (left) and acceleration source spectra after 

correction of attenuation over the reference distance with Ψ(f) (right) for three example 

earthquakes (1986/08/30 – MW=7.1; 2002/11/30 – MW=4.7; 2000/05/10 – MW=4.1). The 

black line in the right hand side figures indicates the theoretical ω-2-model fitted to the 

source spectra. 
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Figure 5. Top: Corner frequency versus seismic moment. The fitted straight line has a 

slope of -0.3, close to the expected value of -1/3 in the case of self-similar scaling. Note 

however that there are only few datapoints available at large magnitudes. Bottom: 

Moment magnitude from ROMPLUS catalogue (Oncescu et al., 1999a) versus moment 

magnitude derived from the source spectra. The trend follows the straight line where they 

are identical. Note that the moment magnitudes of the four largest events have been 

constrained to the values from the catalogue when fitting the spectra (different symbols 

are used in both graphs for the four largest earthquakes). 
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Figure 6. H/V ratios at rock stations MLR (left) and SIR (right). The black line marks the 

mean value derived from all considered events and the grayshaded area indicates the 

standard deviation. 
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Figure 7. Site amplification functions obtained from the horizontal component at six 

stations in the forearc region. Black line: mean of 200 bootstrap samples. Grayshaded 

area: mean +/- one standard deviation. 
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Figure 8. Site amplification functions obtained from the horizontal component at six 

stations in and close to the epicentral area. Black line: mean of 200 bootstrap samples. 

Grayshaded area: mean +/- one standard deviation. 
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Figure 9. Site amplification functions obtained from the vertical component at six stations 

in the forearc region. Black line: mean of 200 bootstrap samples. Grayshaded area: mean 

+/- one standard deviation. 
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Figure 10. Site amplification functions obtained from the vertical component at six 

stations in and close to the epicentral area. Black line: mean of 200 bootstrap samples. 

Grayshaded area: mean +/- one standard deviation. 
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Figure 11. Example for the fit between observed (continuous line) and synthetic (dashed 

line) spectra generated with the inverted spectral model (attenuation functions from Oth et 

al., 2008, source and site spectra from this article) for the October 27th 2004 earthquake 

(MW=5.8). The grayshaded area indicates the modeled spectrum if for source, site and 

attenuation functions +/- one standard deviation is taken into account. 
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Figure 12. Comparison between H/V spectral ratios and the ratio of amplification 

functions H/Z obtained from the GIT at six stations. The peaks observed in the H/V 

spectral ratio and its general shape can be well reproduced by the GIT H/Z results. The 

differences, especially at low frequencies, are mostly due to the site constraint 

(logarithmic average of MLR and SIR equal to zero), as shown in Figure 12. 
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Figure 13. Comparison between H/V spectral ratios and the ratio of amplification 

functions H/Z obtained from GIT at six stations using the H/V ratio of MLR as site 

constraint for the H component (and the Z site function constrained to one) in the GIT. 

 

 


