
Seismological Research Letters
 

Near-Source Attenuation and Spatial Variability of the Spectral Decay Parameter
Kappa in Central Italy

--Manuscript Draft--
 

Manuscript Number: SRL-D-21-00276R2

Full Title: Near-Source Attenuation and Spatial Variability of the Spectral Decay Parameter
Kappa in Central Italy

Article Type: Article - Regular Section

Corresponding Author: Raul Ramon Castro, Ph.D.
CICESE
Ensenada, Baja California MEXICO

Corresponding Author Secondary
Information:

Corresponding Author's Institution: CICESE

Corresponding Author's Secondary
Institution:

First Author: Raul Ramon Castro, Ph.D.

First Author Secondary Information:

Order of Authors: Raul Ramon Castro, Ph.D.

Leonardo Colavitti, Ph.D.

Claudia A. Vidales-Basurto, Ph.D.

Francesca Pacor, Ph.D.

Sara Sgobba, Ph.D.

Giovanni Lanzano, Ph.D.

Order of Authors Secondary Information:

Manuscript Region of Origin: ITALY

Abstract: We study the spectral decay parameter  κ   using  S  -wave recordings from the Central
Italy dense regional array. The data set used consists of 266 earthquakes, 353 stations
and 13,952 observations of  κ  with a mean value of 0.0412 ± 0.0177 within the
distance range of 7.1 – 168.8 km. We model the variation of  κ  with hypocenter
distance  r  as  κ(r)=κ  0   +   κ  s   +  κ'(r)  , where  κ  0   and  κ  s   represent the near-
site and the near-source decay parameters, respectively, and  κ'(r)   the average  κ
along the  S  -wave source-station paths. We first determine  κ'(r)   with a
nonparametric inversion approach and then we solved for  κ  0   and  κ  s   with a
second inversion. We found that  κ'(r)   increases with distance within the whole
distance range analyzed (9.2-80.6 km). The near-source decay parameter takes
values in the range 0.0 <  κ  s   ≤ 0.026 with a mean value of 0.003 ± 0.006, which
represents 7.52% of the mean value of the observed  κ  . The values of the near-site
decay parameter vary in the range 0.0035 ≤  κ  0   ≤ 0.0823 with a mean value of
0.0298 ± 0.0133, that is 72.28% of the mean value of the  κ  observed. We conclude
that most of the high-frequency attenuation takes place near the site, since  contributes
with only 20.2% of the spectral decay. We also investigate the spatial variability of  κ
by determining  within four quadrants that divide the studied region taking as a
reference axis the Apennines chain orientation. We found higher values of  in the
southern quadrants, where seismicity and faulting are more active, and less
attenuation in the more stable NE quadrant.
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Dr. Allison Bent 

Editor-in-Chief 

Seismological Research Letters 

 

                                                                                                           March 19, 2022 

 

 

Dear Dr. Bent, 

 

We are submitting the second revised manuscript titled “Near-Source Attenuation and 

Spatial Variability of the Spectral Decay Parameter Kappa in Central Italy”, by Castro, 

Colavitti, Vidales-Basurto, Pacor, Sgobba and Lanzano to be consider for publication in 
Seismological Research Letters. 

 

We have responded all the concerns from both Reviewers and the Associated Editor. 

We are enclosing a marked and a clean version of the revised manuscript, and point-by-

point responses for the Reviewers and the Associated Editor. 

 

 We hope you find this revised manuscript appropriate for the Seismological Research 

Letters. 

 

    

Sincerely, 

 
 

Raúl R. Castro 
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Response to Reviewer#1   
to manuscript SRL-D-21-00276R1 

 

“Near-Source Attenuation and Spatial Variability 

of the Spectral Decay Parameter Kappa in Central Italy” 

 

By Castro, Colavitti, Vidales-Basurto, Pacor, Sgobba and Lanzano 

 

 

The point-by-point responses follow: 
 

Although the revised manuscript is a big improvement compared to the original submission, I 

still have some issues I would like the authors to address before publication.  

"Kappa estimates will not be affected by site response when Fn is outside of the frequency band 

used to estimate kappa."  

There are studies that suggest complex site amplification (3D site effects for example) cannot be 

easily accounted for by "simple" measurements such as the site's resonance frequency. This may 

come across as nitpicking, but I think complex site response is not carefully handed by any 

kappa estimation method and is one possible reason for the large scatter in kappa estimates. 

 

We agree that complex site amplification may affect the kappa estimates and probably it is 

one of the possible reasons for the scatter in kappa estimates. We included this comment 

and additional references in the revised manuscript. 
 

"Parolai and Bindi (2004) show that resonant effects do not affect the estimates of 

the κ  parameter."  

I cannot find where this is shown in the referenced paper: "Influence of Soil‐ Layer Properties 

on k Evaluation". I admit to not having carefully read this paper, but the results/conclusion seem 

to show the opposite of what you are stating. One conclusion they reach is: "peaks due to site 

amplification effects can led to unstable or completely incorrect estimates of the spectral decay 

describing the attenuation through the soil layer.". Can you clarify what you mean?  

 

The sentence is incomplete. It should say “However, Parolai and Bindi (2004) show that 

resonant effects do not affect the estimates of the κ parameter when the fundamental 

resonance frequency is below the frequency interval used to compute κ and when this 

interval is wide enough to average out local peaks from site amplification.”. We completed 

the sentence in the revised manuscript. 
 

In regards to the method for picking the S‐ wave windows, I have a much clearer picture of how 

this is accomplished thanks to the authors revision, but I am not convinced the window‐
selection avoids contamination due to errors in picking and complexity of crustal phases. Unless 

the local velocity model being used for the picks is incredibly accurate, I would think some 

phase arrivals will be off and unless manual inspection is performed, could be missed in the 

method. Also, recent studies of kappa are using alternative window‐ selection methods 

(including using the entire time‐ series) to avoid the challenges in picking just the S‐ window. I 

don't mean to suggest that this study should be redone with alternative window selections, as the 
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method the authors use is a good one. I just want to point out that I am not as confident in the 

window‐ selection method as the authors seem to be based on my current experience with trying 

to pick clean S‐ wave windows using distance‐  dependent criteria and local velocity models.  

 

Thank you for your comment. The use of the entire time-series is probably not the best 

method to estimate kappa since includes all kinds of arrivals not only the direct S wave.  

However, we will consider alternative windows in the future. 
 

What percentage for the Hanning taper applied to the window selection?  

I am thinking 5%, but this might as well be included since you describe other parameters for the 

processing. 

 

We used Hanning windows with variable length, depending on the selected S-wave portion. 

We added this information to the revised manuscript. 
 

"The large values of κ near 40 km are from station VCEL, which is a site with low VS_30 values 

and high frequency amplifications." 

Can you state the Vs30 value at VCEL and describe why this could lead to such high values of 

kappa (maybe obvious for some readers, but I think this is worth stating since the kappa values at 

this site are so unusual)? 

 

Vs30 < 180 m/s at VCEL. This low velocity near the surface may generate site amplification, 

particularly at low frequencies. The effect on the acceleration spectra is a fast amplitude 

decay with increasing frequency and a high value of kappa. We added this new information 

in the revised manuscript in the introductory part of the method. 
 

"13% of kappa measurements are negative"  

I would like to see this mentioned in the manuscript as other kappa studies clearly state that 

negative kappa measurements were obtained and (usually) discarded. Some hypothesized 

reasons (deviation from a Brune source is one that makes sense) provide an interesting line of 

research for future studies, but I understand that is not the authors focus in this paper. 

 

That was already mentioned on the first revision. On line 241 “values of Ks < 0 (13% of the 

estimates)”. We added your comment on the deviation from Brune’s model in the second 

revised manuscript. 
 

"Quadrants 3 and 4 also show a decrease in κ between 80 and 100 km. At this distance range the 

seismic rays travel along the upper mantle and the decrease in kappa values is probably related 

with the presence of a low Q zone at those depths." 

 

Can you provide a citation or provide a figure that show low Q zone at these depths? (ie 

attenuation tomography for Umbria Marche region or surface wave analysis estimates of Qs). I 

think this is a reasonable hypothesis and would like to know what Q‐ studies have to say (if 

anything). 

 



Thank you for pointing out that. It should say “…presence of a high Q zone at those depths”. 

Since kappa is directly related to Q, decreasing values of kappa mean increasing values of 

Q. At regional distances (80-100 km) S waves start to reach a critical angle in the Moho and 

refract into the upper mantle where there is a sudden increase of the S wave velocity, 

according to the crustal velocity model of central Italy (De Luca et al., 2009). 

Q-tomography studies in the Umbria-Marche region (Chiarabba et al., 2009) indicates that 

velocity and attenuation heterogeneities are evidence that the migration of fluid pressure 

in the fault system could be the driving mechanism of the prolonged earthquake sequence. 

The presence of fluids could be related to the significant variability of kappa, as also 

observed in a previous study (Castro et al., 2000) in the Umbria-Marche region. 

 
On that note, can the authors correlate the kappa_source measurements that are on the high end 

(k_source = 0.026) with higher Q measurements near that source? Does this make sense to try?  

 

Yes, it makes sense to correlate Ks (near the source) with Q. High values of Ks must 

correlate with low Q measurements near the source. In fact, that was one of the motivations 

to separate Ks and Ko from the estimates of kappa. We have another paper on that subject 

in progress. 

 
I could not find any mention of the code/software that was used in this study (outside of gmt). If 

the authors are using community‐ based codes (ie obspy/sac), for processing the data then these I 

recommend citing the relevant packages to give credit to the developers. If the code is "in‐  

house", then this makes reproducibility of the results for researchers outside the house more 

challenging. If the authors are willing to provide a software release that is ideal, but I imagine 

that is a lot of (thankless) work and not so easy to do in a reasonable time frame.  

 

All the calculations in this paper were made using our own codes, originally written in 

Fortran, which probably makes them a bit difficult to use for other researchers. 
 

Some suggestion for improving the readability. Note that I am assuming the authors are not 

native English speakers and have sympathy in their handling of the readability/grammar of this 

manuscript.  

 

There are some sentences that should be shortened to improve readability (lines 79‐ 83 for 

example) and some sentences need their grammar fixed (89‐ 91; change to reliable hypocenter 

locations), (128‐ 130); "of" not is).  

 

Thank you, we made those changes in the revised manuscript. 
 

Some information is repeated several times (98‐ 107) and (157‐ 161) and hurts the flow of the 

manuscript. Please go through the paper and cull any redundant sentences that are technical.  

 

We removed repeated information from lines 157-161. 

 



Sentence (69‐ 71) citing Atkinson seems disconnected and suggest moving it to a different 

section of the paper or deleting it.  

 

We moved the paragraph containing that reference to the section of Results and 

Discussion. 
 

The figures look much better in this revision and the discussion is also clearer and more fleshed 

out. I still think the Vs30‐ kappa correlation (or lack thereof) is interesting and would like to see 

it in the manuscript due to its importance as an application of kappa scaling to different site 

conditions. I understand however the need to keep the research focus on the authors vision and 

so will hope that a future study looks at this aspect of kappa. 

 

Thank you for the suggestion but we are convinced that there is not physical correlation 

between kappa and Vs30. The main reason being that Ko may include the effect of 

attenuation beyond the first 30 m from the surface, and Vs_30 measurements are often 

times not very reliable, because they are obtained using invasive methods that alter the 

elastic properties of the rocks. 
 

Thank you very much for your time, suggestions, and comments, which help us to improve 

the manuscript. 
 

Raúl Castro 



Response to Reviewer #2   
to manuscript SRL-D-21-00276R1 

 

“Near-Source Attenuation and Spatial Variability 

of the Spectral Decay Parameter Kappa in Central Italy” 

 

By Castro, Colavitti, Vidales-Basurto, Pacor, Sgobba and Lanzano 

 

 

 

The point-by-point responses follow: 
 

I appreciate the effort of the authors to add more explanations and citations to the text. There are, 

however, still some points that need to be fixed before publication.  

 

The data and method sections are not well structured and contain e.g. repetitions. Please revise 

both sections carefully. This would also increase the comprehensibility. Here are some examples: 

- Lines 98-107 should be moved to the method section.  

 

We moved those lines to the beginning of the method section of the revised manuscript. 

 
- The paragraph between lines 108-115 should be placed before line 85 because it describes the 

station selection and this should come before adding details about the data processing.  

 

We moved lines 108-115 before line 85 and shortened the paragraph. 
 

- Most of the lines 155-173 are a repetition of lines 98-107 and lines 139-150. Try to merge these 

paragraphs.  

 

We merged the paragraphs in lines 139-150 after line 146 and removed sentences that 

were repetitive.  
 

- The paragraph starting in line 174 fits better into the results section because it already compares 

your results with the ones from other studies.  

 

We moved the last part of that paragraph to the results section. 
 

Some notes about site effects:  

 

- L. 53: „However, Parolai and Bindi (2004) show that resonant effects do not affect the 

estimates of the κ parameter“.  

The study of Parolai and Bindi (2004) is showing exactly the opposite! Resonance effects can 

alter the measured slope at high frequencies and bias kappa estimates. This can be also seen in 

your figure provided for reviewer #1. It shows the estimated κ for the different frequency bands 

for station FSS. The differences between κ computed for different frequency bands is huge! It 

goes from below zero (negative attenuation or close to hard rock κ values) up to 70 ms (very soft 
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soil κ). Even if you say that the values are within the standard deviation of the median but the 

standard deviation is also large. This shows that the resonance at 10 Hz has a large influence on 

the κ estimation for this site. Please change the text in your introduction accordingly.  

 

Parolai and Bindi (2004) concluded that “For fundamental resonance frequencies well below 
the frequency range selected for least-squares fitting, fairly good results can be obtained”. 
They also found that when the spectral windows used to compute the least-squares fit is 

wide enough, local peaks from site amplification average out. Although this is the case for 

most of our data set, we are aware that strong site resonance within the frequency window 

used to estimate kappa may bias the result.  

We identified some sites with high frequency resonance, but these sites contribute only for 

the 6.4% of the total number of records analyzed. The example of station FSS is one of the 

few extreme cases that Reviewer#1 requested to prove her point. 

Anyway, we corrected the text in the introduction as you indicate. 

 
- Line 153: „We identified 31 sites that show site amplification.“ Do you mean 31 sites that show 

amplification above 8 Hz or in all frequency ranges? If above 8 Hz, you should add this 

information to the sentence. Site resonance below but close to the frequency of 8 Hz (e.g. 6 Hz) 

can alter the kappa measurements because the slope of the resonance peak is continuing at high 

frequencies into the frequency band where kappa is measured. See also Bindi and Parolai (2004) 

who already made these observations. This should also be discussed in your manuscript.  

 

Most of these sites show site amplification between 3 Hz and 6.7 Hz but 11 sites have 

resonance frequencies greater than 6.7 Hz. We added this information in the revised 

manuscript. 
 

Independent estimates of kappa near the source:  

As mentioned in my first review, your kappa source estimates using this method will always 

contain a mean site kappa0 component of all sites. You define in equation 5 that κ(r) = κS + 

κ(r~) and k0 is the ) and k0 is the residual between the observed kappa and the predicted one. If 

you assume that κ0=0 for each site, you would end up with the red triangles in my modified 

version of your figure 8 (see below). The regression to κ(0) (red line) would indeed give you an 

estimate of κS for this event (κ(0) = κS). However, in reality, the residual will always be positive 

for each site since κ0>0 (positive attenuation). Your red triangles will be shifted to the gray 

triangles by the value of κ0 that is different for each site. When you now make a regression to 

κ(0) you will end up with κ(0) = κS + Mean(κ0). Where Mean(κ0) is the mean of the κ0 of all 

sites used for this event. I hope you got my point. You need to discuss this in your manuscript 

e.g. in line 243 because your initial assumption that κ(0) = κS is not true for this method. 

 

Thank you for your explanation and the figure. We were not sure in your first review how 

the mean site Ko was playing a role in the estimate of Ks. You are correct about that, the 

least-square regression will tend to find the best fit to the mean values of the data. The 

slope will not be affected but may be shifted producing an overestimation of Ks. So, Ks 



must be corrected by the average Ko as you mentioned. We discuss this in the revised 

manuscript. 
 

Some minor comments:  

 

- Line 212: Please define what you mean by reference site in this line because it is the first time 

that this term occurs in the manuscript.  

 

The reference sites are rock sites with flat topography. We selected three stations (LSS, 

SLO and SNO) identified by Lanzano et al. (2021) as reference sites.  
 

- Fig. 6: You say that the left and right plot are from station FIAM. The headline of the right plot 

says station AMT. This explains why both plots do not fit together. The SNR in the right plot 

increases up to 80 Hz but on the left side one can see how the signal spectrum drops at 45 Hz. 

This should also be visible in the SNR on the right side. Please plot the noise spectrum below the 

signal spectrum on the left side and make sure that the left and right plot are from the same 

station.  

 

We inserted the wrong plot of the SNR in Figure 6. We corrected that figure with the SNR 

corresponding to station FIAM and from the same recording. We are sorry about that 

mistake. 
 

- Fig. 7: I would delete the first red datapoint (segment 0-10 km) because it is out of the range of 

data. The same is probably true for the segment 150-160 km.  

 

We prefer to leave them because we made estimates of kappa within those distance 

ranges. 
 

- Line 254: „quadrant (Q1), shown with a continuous line“ Q1 is shown as line with cross 

symbols. Please adapt the text to the revised figure 
 

We changed the text according with the revised figure 12.  

 

 

Thank you very much for your time, suggestions and comments, which helped us to improve 

the original and the revised manuscript. 

 

Raúl Castro 



Response to Associate Editor   
to manuscript SRL-D-21-00276R1 

 

“Near-Source Attenuation and Spatial Variability 

of the Spectral Decay Parameter Kappa in Central Italy” 

 

By Castro, Colavitti, Vidales-Basurto, Pacor, Sgobba and Lanzano 

 

 

 

The point-by-point responses follow: 
 

Both of the original reviewers agree that the authors have substantially improved this manuscript 

and that it is nearly ready for publication. They also both agree that the writing needs to be 

significantly improved and that the authors' interpretation of the Parolai and Bindi (2004) 

conclusions is inaccurate.  

 

We made all the changes indicated by the reviewers to improve the text of the manuscript 

and clarified the interpretation of the conclusions reached by Parolai and Bindi (2004) in 

their paper.  
 

I anticipate that the most contentious issue in the next round of revisions will be the manner in 

which the authors estimate source kappa because it was brought up previously by Reviewer 2. I 

think that the authors have not understood the reviewer's original comment, and I have to admit 

that I was also a bit confused and so I'll try to walk through my thinking on it here in the hopes 

that it will provide additional clarity. In the most basic sense, the authors have adjusted for the 

distance‐ dependence of kappa, i.e., the path effect; thus any site and source effects on kappa 

must both still be present in their κS term. More precisely, I think the confusion is illuminated by 

comparing equation 1 

 κ(r) = κ0 + κs + κ~(r)  

 

to equation 5 κ(r) = κs + κ~(r)  

 

The only difference is that the k0 term has been dropped in equation 5. The authors have already 

stated that site and source effects are present in the kappa measurements. Analyzing data from a 

single event does not remove the influence of site effects on the kappa estimates. I think that the 

reviewer's point is that the procedure described by the authors would only provide an unbiased 

estimate of the source kappa (which κs is defined as) if the mean site kappa were zero, which 

would be a poor assumption. It seems clear to me that the reviewer is correct in this assessment. 

 

We did not quite understand in the first review the Reviewer#2’s point but now we agree 

that you and the reviewer are correct. 

When we estimate Ks, using equation 5, the least-square regression will tend to find the 

best fit to the mean values of the data. The slope will not be affected but may be shifted 
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by the average Ko producing an overestimation of Ks. So, Ks must be corrected by the 

average Ko to obtain a better estimate of Ks. We discuss this in the revised manuscript. 
 

 
 

 

Thank you for your time and comments. 
 

Raúl Castro 
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2 
 

ABSTRACT 14 

We study the spectral decay parameter κ using S-wave recordings from the Central Italy dense 15 

regional array. The data set used consists of 266 earthquakes, 353 stations and 13,952 observations of κ 16 

with a mean value of 0.0412 ± 0.0177 within the distance range of 7.1 – 168.8 km. We model the variation 17 

of κ with hypocenter distance r as 𝜅(𝑟) = 𝜅0 + 𝜅𝑠 + �̃�(𝑟), where 𝜅0 and 𝜅𝑠 represent the near-site and the 18 

near-source decay parameters, respectively, and �̃�(𝑟) the average κ along the S-wave source-station paths. 19 

We first determine �̃�(𝑟) with a nonparametric inversion approach and then we solved for 𝜅0 and 𝜅𝑠 with 20 

a second inversion. We found that �̃�(𝑟) increases with distance within the whole distance range analyzed 21 

(9.2-80.6 km). The near-source decay parameter takes values in the range 0.0 < 𝜅𝑠 ≤ 0.026 with a mean 22 

value of 0.003 ± 0.006, which represents 7.52% of the mean value of the observed κ. The values of the 23 

near-site decay parameter vary in the range 0.0035 ≤ 𝜅0 ≤ 0.0823 with a mean value of 0.0298 ± 0.0133, 24 

that is 72.28% of the mean value of the κ observed. We conclude that most of the high-frequency 25 

attenuation takes place near the site, since �̃�(𝑟) contributes with only 20.2% of the spectral decay. We 26 

also investigate the spatial variability of κ by determining �̃�(𝑟) within four quadrants that divide the 27 

studied region taking as a reference axis the Apennines chain orientation. We found higher values of �̃�(𝑟) 28 

in the southern quadrants, where seismicity and faulting are more active, and less attenuation in the more 29 

stable NE quadrant.  30 

  31 

INTRODUCTION 32 

Central Italy is characterized for being a seismically active region where shallow normal-fault 33 

earthquakes have produced important damage in civil structures. The earthquakes in this region tend to 34 

generate long sequences like the 2016-2018 Amatrice-Visso-Norcia sequence (Luzi et al., 2017; 35 
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Chiarabba et al., 2018; Improta et al., 2019). Since this is a complex seismotectonic region with high 36 

seismic risk, several attenuation studies have been conducted in the past 40 years (Del Pezzo and Zollo, 37 

1984; Castro et al., 1999, 2000; Bindi et al., 2009; Malagnini et al., 2011; De Lorenzo et al., 2013; among 38 

others). The spectral decay parameter kappa in central Italy has been studied before by Castro et al. (2000) 39 

and Bindi et al. (2004) using earthquakes from the Umbria-Marche region of central Italy, 1997-1998 40 

seismic sequence.  41 

The attenuation decay parameter kappa (κ), defined by Anderson and Hough (1984), is widely 42 

used in many earthquake engineering applications, for instance for removing the path and site attenuation 43 

effects as well as for host-to-target adjustments of ground-motion prediction equations (Ktenidou et al., 44 

2014; Ktenidou et al., 2015). Hanks (1982) proposed that the high-frequency spectral decay starts at a 45 

cutoff frequency defined as fmax, which is used to filter out high-frequency spectral amplitudes 46 

(Boore,1986; Atkinson, 1996). Papageorgiou and Aki (1983) interpreted fmax as a source effect related to 47 

the size of a cohesive zone. κ increases with distance, assumes a frequency-independent Q and includes 48 

the local effects due to geologic characteristics near the recording site and the attenuation due to the 49 

regional structure. The decay parameter κ is mostly governed by the geological characteristics near the 50 

recording site and is a weak function of distance (Anderson and Hough, 1984). Site effects may case 51 

broadband resonances in the Fourier acceleration spectrum that may add noise to the determinations of 52 

this attenuation parameter. However, Parolai and Bindi (2004) show that resonant effects do not affect the 53 

estimates of the κ parameter when the fundamental resonance frequency is below the frequency interval 54 

used to compute κ and when this interval is wide enough to average out local peaks from site amplification. 55 

κ is usually obtained by linear least-squares fits to the high-frequency range of the acceleration spectra but 56 

it can be measured from the high-frequency part of the S-wave Fourier acceleration spectrum after 57 

subtracting the Brune (1970) source model (Anderson and Humphrey, 1991). 58 
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The observed values of κ are the result of path effects, that are distance dependent, and attenuation 59 

near the source and the recording site. The distance dependence of κ can be written as in Anderson (1991) 60 

and Ktenidou et al. (2014) as: 61 

𝜅(𝑟) = 𝜅0 + 𝜅𝑠 + �̃�(𝑟)                      ( 1 ) 62 

Where 𝜅0 is the near-site attenuation parameter, 𝜅𝑠 is the near-source attenuation parameter and �̃�(𝑟) is 63 

the average attenuation along the S-wave path. Although several studies (Tsai and Chen, 2000; Purvance 64 

and Anderson, 2003; Van Houtte et al., 2011; Kilb et al., 2012) interpret the contribution of 𝜅𝑠 negligible 65 

or related to the scatter of the κ measurements, this parameter may be important to correct the source 66 

spectral functions. On the other hand, site effects and 𝜅0 may be the dominant effect when characterizing 67 

the acceleration ground-motion, particularly on soft-rock sites such as those located in alluvial valleys and 68 

sedimentary basins. However, given the linear dependence between these two parameters (Eq. 1), it is not 69 

trivial to separate these attenuation effects.  70 

In this paper, we compare estimates of  𝜅𝑠 determined from two different techniques, and we also 71 

investigate the spatial variability of �̃�(𝑟) using data from the dense array of seismographs of central Italy.  72 

 73 

DATA 74 

The tectonic structure of central Italy, characterized by normal fault mechanism, is very complex 75 

in terms of mechanical discontinuities and deformations (Carafa and Barba, 2011; Pizzi et al., 2017; 76 

Chiarabba et al., 2018). Over the last 25 years several earthquakes had occurred in this region, e.g. the 77 

1997-1998 Umbria-Marche sequence (with the main event having a Mw 6.0), the Mw 6.1 L’Aquila 78 

mainshock on 6 April 2009 and the Mw 6.5 Amatrice-Visso-Norcia sequence in 2016-2017. In particular, 79 
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this last sequence represents one of the best-ever recorded in Europe. The epicentral area was monitored 80 

before the series of events started by the permanent stations of the Italian National Seismic Network 81 

(RSNC), that is managed by the Istituto Nazionale di Geofisica e Vulcanologia (INGV), and the National 82 

Accelerometric Network (RAN), that is operated by the Civil Protection Department (DPC). The recorded 83 

events were also enhanced by temporary stations deployed by the two institutions.  84 

The seismic stations used in this investigation are from the permanent networks operated by the 85 

INGV and include stations from the National Seismic Network (RSN), the Mediterranean Network 86 

(Mednet) and from the RAN of DPC. Several seismograms were also taken from the Rapid Response 87 

Networks that are jointly operated by the University of Genova and the Réseau Sismologique et 88 

Géodésique Français (RESIF). Records from temporal arrays were also incorporated in the data set as 89 

described by Pacor et al. (2016) and Castro et al. (2021).  90 

For the purposes of this research, we analyzed both accelerograms and velocity records since 2008, 91 

which are used for phase picking and earthquake locations (Pacor et al., 2016; Spallarossa et al., 2021). 92 

Since most studies of κ are made using local earthquakes (Castro et al., 2000; Bindi et al., 2006), for 93 

comparison purposes from a large initial dataset, we selected recordings from earthquakes having 94 

epicentral distance less than 100 km, magnitudes M > 3.5 and recorded by at least 50 stations. For this 95 

magnitude range, we select records having high signal-to-noise ratio (SNR> 3) and that were recorded for 96 

more than 50 stations, with reliable hypocenter locations. Moreover, earthquakes with M >3.5 have corner 97 

frequencies lower than the frequency band used to estimate κ. We choose local events with epicentral 98 

distance of less than 100 km, to be able to compare with other studies that also use local earthquake to 99 

estimate κ. The resulting data set consists of 128 events, 68 stations and 3,965 short-distance (r < 81 km) 100 

observations (Figure 1). The magnitudes of the earthquakes vary between 3.6 and 6.4, the focal depths 101 

ranging between 6.2 and 13.3 km and the hypocentral distances between 9.2 km and 80.6 km (Figure 2). 102 
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This first dataset was used to estimate the attenuation near the seismic sources (𝜅𝑠) and because the 103 

manageable number of events this dataset allows to analyze the characteristics of 𝜅𝑠 in more detail. 104 

To analyze the spatial variability of κ, we derived a second data set where we considered events 105 

coming from different source areas based on the spatial clustering performed by Sgobba et al. (2021) for 106 

the central Apennines region. These clusters  are represented by the corresponding mainshocks of the 107 

L’Aquila (06 April 2009 – 01:32 UTC), Amatrice (24 August 2016 – 01:36 UTC) and Muccia (10 April 108 

2018 – 03:11 UTC) sequences. Moreover, we considered events detected by at least 3 stations and we set 109 

a threshold where the ratio between the standard deviation of κ and the mean of κ was less than 50%. 110 

Therefore, the second dataset consists of 266 earthquakes, 353 stations and 13,952 observations of κ 111 

(Figure 3). This dataset provides a better azimuthal coverage of the region than the first one used to 112 

estimate 𝜅𝑠. In this dataset the events selected have magnitudes from M 3.2 to M 6.3, focal depths between 113 

6.1 km and 17.1 km, and the hypocenter distances ranging between 7.1 km and 168.8 km (Figure 4). We 114 

formed four groups of stations distributed by quadrants, taking as axis of symmetry the average strike of 115 

the Apennine faults, which is approximately 150° along NW-SE direction (Improta et al., 2019; Vignaroli 116 

et al., 2020) and follows the epicentral distribution of most of the selected earthquakes (Figure 3). The 117 

reason for this division of the �̃�(𝑟) estimation in each quadrant is to analyze if there is any spatial 118 

variability of the spectral decay parameter. 119 

 120 

METHOD 121 

The records selected are typically sampled at 100 samples per second and were baseline corrected 122 

by subtracting the average of all points of the record and analyzed following the same procedure as Pacor 123 

et al. (2016). The S-wave Fourier amplitudes were calculated selecting time windows using a distance-124 
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dependent energy criterion. A minimum length of 4 s was used for close hypocenter-distance range records 125 

to be able to resolve above 1 Hz. The windows start 0.1 s before the direct S-wave arrival and end when 126 

the accumulated energy reaches 90% of the total recording for hypocentral distances of less than 25 km, 127 

80% for 25-50 km and 70% for distances greater than 50 km. These criteria guarantee that the time 128 

windows contain S waves and avoid surface-wave contamination. In the end, the selected windows are 129 

tapered with a Hanning window with variable length according with the S-wave window selected, the 130 

Fourier amplitudes are smoothed using b=40 with the Konno and Ohmachi (1998) method, and vectorially 131 

composed (𝐴(𝑓) = √𝐴(𝑓)𝑁−𝑆
2 + 𝐴(𝑓)𝐸−𝑊

2  ). 132 

Estimates of Kappa 133 

 We calculated κ following the method proposed by Anderson and Hough (1984), in which the 134 

logarithm (base 10) of the high-frequency S-wave spectral amplitude acceleration is least-squares fitted 135 

and κ is calculated from the slope of the linear fit which equals −𝜋𝐿𝑜𝑔(𝑒)𝜅. We used a semi-automatic 136 

technique to estimate 𝜅 from each record, consisting in precomputing the slopes over 11 frequency bands 137 

(Figure 5) with variable length in the range between 8 and 38 Hz (Lanzano et al., 2021) and then averaging 138 

these values to obtain the final estimate. We selected this frequency band because 8 Hz is beyond the 139 

corner frequency values expected for earthquakes with M > 3.5 (Aki, 1987) and 35 Hz is the maximum 140 

frequency of reliable spectral amplitudes, based on the observed signal-to-noise ratios (SNR). For each 141 

spectrum, a linear fit is performed for 11 overlapping frequency bands from 8 to 38 Hz.  142 

 In Figure 5, the intervals are marked with a black line and the corresponding median frequency 143 

with a red dot. If for one of these 11 intervals less than 65% of the spectral amplitudes have SNR less than 144 

three, the estimate of κ is rejected, and the average κ is computed with the remaining estimates from the 145 

other frequency intervals. At this point, the average κ for each record is considered for further analysis if 146 
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the average value was calculated with at least 6 out the 11 computed intervals. In addition, the lowest 147 

frequency of the band should be larger than the corner frequency of the theoretical Brune’s spectrum of 148 

the event, computed considering a conservative stress drop value of 3 MPa and VS=3.0 km/s. For instance, 149 

Bindi et al. (2004) found an average stress drop of 2±1 MPa for the 1997-1998 Umbria-Marche, central 150 

Italy, sequence. The velocity of Vs=3.0 km/s is an average crustal velocity value based on the standard 151 

model of central Italy (De Luca et al., 2009). For each record, the final κ is given by the median and 152 

standard deviation computed from the 11 frequency bands. The median value is discarded if the pre-153 

computed κ is available for less than half of the considered frequency range (e.g. 6 out of 11) and the 154 

associated standard deviation is larger than 0.015 s (the observed variability of κ at a given distance). 155 

Figure 6 illustrates the method, where on the left side is the acceleration spectra of a M=4.7 earthquake 156 

recorded by station FIAM at 68.8 km of hypocentral distance. The different symbols connecting the 157 

straight lines indicate the frequency interval used to estimate κ. In this case the 11 intervals were used to 158 

compute the average κ, since more than 65% of the spectral amplitudes (all of them) are above the SNR 159 

of three between 8 Hz and 38 Hz (Figure 6 on the right).  160 

We also verified the resonance frequency of the selected sites. Most stations are on class B sites 161 

(V S_30=360-800 m/s), using EC8 site classification, and the natural frequency of resonance vary between 162 

3 Hz and 6.7 Hz. We identified 31 sites that show site amplification at f > 3 Hz, most of them between 3 163 

and 6.7 Hz and 11 sites at f > 6.7 Hz. These sites constitute 8.8 % of the total number and they contribute 164 

with only 6.4% of the analyzed records. However, these sites can alter the estimates of κ because the 165 

resonance peak may influence the slope of the least-square fit. 166 

The data processing of the semi-automatic procedure includes, for each spectrum, the linear fit 167 

performed for 11 overlapping frequency bands from 8 to 38 Hz (Figure 5). The fitting is evaluated if at 168 

least 65% of the spectral ordinates exceed a signal-to-noise ratio threshold equal to 3 and if the lowest 169 
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frequency of the band is larger than the corner frequency of the theoretical Brune’s spectrum of the event, 170 

computed considering a conservative stress drop value of 3 MPa and VS=3.0 km/s. For instance, Bindi et 171 

al. (2004) found an average stress drop of 2±1 MPa for the 1997-1998 Umbria-Marche, central Italy, 172 

sequence. The velocity of Vs=3.0 km/s is an average crustal velocity value based on the standard model 173 

of central Italy (De Luca et al., 2009). For each record, the final κ is given by the median and standard 174 

deviation computed from the 11 frequency bands. The median value is discarded if the pre-computed κ is 175 

available for less than half of the considered frequency range (e.g. 6 out of 11) and the associated standard 176 

deviation is larger than 0.015 s (the observed variability of κ at a given distance).  177 

Figure 7 displays the values of κ determined using the semi-automatic technique, and shows a 178 

moderate increase of κ with hypocenter distance (r), particularly for r > 40 km. The large values of κ near 179 

40 km are from station VCEL, which is a site with low near-surface S-wave velocity (VS_30 < 180 m/s) 180 

values and high frequency amplifications. The effect of this on the acceleration spectra is a fast amplitude 181 

decay with increasing frequency and consequently a high value of κ. However, values of κ > 0.1 s at 182 

distance r < 120 km represent only 0.42% of the dataset. Most stations used are class B sites with VS_30 183 

=360-800 m/s, and their natural frequency of resonance varies between 3 and 6.7 Hz. Figure 7 also shows 184 

the average κ calculated using 10 km bins, and these average values of κ show a clearer increase with 185 

distance up to 140 km. Moreover, these average values are consistent with previous estimates of κ made 186 

by Castro et al. (2000) using earthquakes from Umbria-Marche, central Italy. They obtained average 187 

values of κ from 0.026 s to 0.057 s, in the distance range of 20 to 83 km. Bindi et al. (2004) also calculated 188 

κ using earthquakes from central Italy and obtained a mean value of 0.05 s in the distance range of 5-60 189 

km. 190 

Nonparametric Model  191 
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We determined �̃�(𝑟)  using a nonparametric approach like Anderson (1991), Anderson and Lei 192 

(1994) and Fernandez et al. (2010), that characterizes the variation of the observed spectral decay 193 

parameter with distance. This technique looks for a function that describes the observed values of κ with 194 

hypocenter distance without assuming an a priori physical model or mathematical function. For that 195 

purpose, eq. (1) can be rewritten as: 196 

𝜅(𝑟) = 𝜅1 + �̃�(𝑟)                                                   ( 2 ) 197 

Where 𝜅1 includes both contributions, the attenuation near the site and near the source. We assume that 198 

�̃�(𝑟) is a smooth function of distance, that �̃�(0) = 0,  and that is the same regardless of 𝜅1. This model 199 

provides empirical curves that are unbiased by assumptions about the nature of the distance dependence 200 

of �̃�(𝑟) (Anderson, 1991). The nonparametric method consists of finding a smooth function  �̃�(𝑟) 201 

assuming that κ varies slowly with distance and that undulations in the observed κ are related to 𝜅1. 202 

Another assumption in this technique is that the rate of increase of κ with distance, controlled by �̃�(𝑟), is 203 

the same for all the earthquakes. Thus, 𝜅1 shifts the empirical average function �̃�(𝑟) downward or upward, 204 

depending on the attenuation near the site and near the source. With this method, observed values of κ of 205 

earthquakes recorded at different hypocenter distances complement each other and allow to define �̃�(𝑟) 206 

at a wide distance range. This technique has been used also in other studies to determine spectral 207 

attenuation functions (e.g., Castro et al., 1990; Parolai et al., 2000; Bindi et al., 2004; Oth et al., 2008; 208 

Pacor et al., 2016; among others). Equation (2) is an overdetermined equation that is solved by a 209 

constrained least-squares inversion. A more detailed description of this method is given by Castro et al. 210 

(1990).  211 

 To estimate 𝜅1, we corrected the observed values of κ using the nonparametric function �̃�(𝑟) and 212 

we solved the following system of equations: 213 
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𝜅1𝑖𝑗 = 𝜅0𝑖 + 𝜅𝑠𝑗                                                                  ( 3 ) 214 

Where 𝜅1𝑖𝑗 is the corrected value of the observed κ from site i and source j, 𝜅0𝑖 is the near-site attenuation 215 

parameter at station i and 𝜅𝑠𝑗 is the near-source attenuation from earthquake j. To resolve the degree of 216 

freedom between 𝜅0𝑖 and 𝜅𝑠𝑗, we constrained eq. (3) to satisfy the condition: 217 

∑ 𝜅0𝑖 = 0𝑁
𝑖=1                                                                          ( 4 ) 218 

where N is the number of reference sites used for that constraint. We selected three stations (LSS, SLO 219 

and SNO) identified by Lanzano et al. (2021) as reference sites, which are located on rock with flat 220 

topography. 221 

Independent Estimates of Kappa near the source (𝜿𝒔) 222 

𝜅𝑠 can be also estimated by single earthquakes by assuming that: 223 

𝜅(𝑟) = 𝜅𝑠 + �̃�(𝑟)                                                                    ( 5 ) 224 

and that 𝜅0 is the residual between the observed κ and the value predicted by eq. (5). Since at the source 225 

the hypocenter distance r = 0, from eq. (5) 𝜅𝑠 = 𝜅(0). For an individual earthquake, the observed values 226 

of κ versus distance r are linearly least-squares fitted and 𝜅𝑠 would corresponds to the value of κ at the 227 

origin. However, the least-square regression will tend to find the best fit to the mean values of the data 228 

and since 𝜅0 ≥ 0, 𝜅𝑠 will be overestimated. Thus, this estimate of 𝜅𝑠 must be corrected by subtracting the 229 

mean 𝜅0. Figure 8 shows an example of estimates of κ of different stations versus r from an earthquake 230 

with magnitude M=4.6. The line is the least-squares fit obtained weighting the values of κ with their 231 

respective standard deviation. The intersection of this line with the origin gives the value of 𝜅𝑠=0.0332, 232 

which still would need to be corrected by the mean 𝜅0 of the sites used for this event.  233 
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 234 

RESULTS AND DISCUSSION 235 

 The average values of κ (Figure 7) increase with distance up to 140 km, and these average 236 

values are consistent with previous estimates of κ made by Castro et al. (2000), using earthquakes from 237 

Umbria-Marche, central Italy. They obtained average values of κ from 0.026 s to 0.057 s, in the distance 238 

range of 20 to 83 km. Bindi et al. (2004) also calculated κ using earthquakes from central Italy and 239 

obtained a mean value of 0.05 s within the distance range of 5-60 km. 240 

Figure 9 shows the nonparametric function �̃�(𝑟) obtained using the first data set and a sample of 241 

the observed κ values versus hypocenter distance from four different stations (AQU, AQV, ARRO and 242 

ARVD). The shape of �̃�(𝑟) is the same for all the sites, but it is scaled by the respective value of 𝜅0; for a 243 

given distance, κ shows great variability. For instance, at the site ARRO κ varies between 0.025 and 0.06 244 

in a short distance range (35-55 km), station AQU has κ values ranging from about 0.03 to 0.07 for 245 

hypocentral distances between 20 and almost 80 km, respectively. For the AQV station, the range of 246 

variation for κ is shifted downwards and varies from values of 0.02 to 0.06 between about 20 and 60 km. 247 

These observations suggests that it must be a spatial variability of the attenuation between the different 248 

source-station paths. This significant variability of κ was also observed by Castro et al. (2000) from 249 

earthquakes that occurred during the 1997 Umbria-Marche, central Italy sequence. They found that near 250 

the sources, in about 2.0 km, Q varies significantly, and they concluded that the possible cause of the κ 251 

variability may be the spatial variation of Q near the seismogenic zone. Another possible reason for the 252 

scatter in the κ estimates is 3D site effects that may generate complex site amplification (e.g. Paolucci, 253 

2002; Pitilakis, 2004; Bennington et al., 2008). 254 
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We used the nonparametric function �̃�(𝑟), scaled with 𝜅0 = 0, to correct the observed values of 255 

kappa and to solve eq. (3) for the 128 events and 68 stations of the first data set analyzed. As reference 256 

sites, we used stations LSS, SLO and SNO, since they have values of 𝜅0~0, so that we made N=3 in eq. 257 

(4). Figure 10 displays on the right side the values of 𝜅𝑠 obtained using the two-step inversion and on the 258 

left the independent estimates of 𝜅𝑠 from individual events. The last ones show more variability and a few 259 

values of 𝜅𝑠 < 0 (13% of the estimates), suggesting that the individual estimates of 𝜅𝑠 tend to overestimate 260 

this parameter, since these estimates were not corrected by the mean 𝜅0,  and it may not the best way to 261 

estimate 𝜅𝑠. In general, negative values of κ can be interpreted as a deviation from the Brune (1970) model 262 

that predicts an 𝜔−2 high-frequency decay of the source spectral amplitude. One possible cause of this 263 

effect is that a linear fit is not adequate and another cause that near-site attenuation could be also relevant. 264 

The values of 𝜅𝑠 from the two-step inversion are in the range 0.0 < 𝜅𝑠 ≤ 0.026 with a mean value of 0.003 265 

± 0.006, which represents 7.52% of the mean value of the observed κ. We analyzed how important is this 266 

contribution of high-frequency attenuation on the source function by considering the Brune (1970) model 267 

for a typical magnitude M=3.5 earthquake with a stress drop of 2 MPa. Figure 11 shows the acceleration 268 

source function expected from the Brune’s model (solid line) and after applying a near-source kappa 269 

𝜅𝑠=0.003 (dashed line). The effect of 𝜅𝑠 starts to be relevant at 10 Hz, where the amplitude decreases by 270 

10%. However, at higher frequencies the attenuation effect is greater, decreasing the amplitude up to 271 

32.6% at 40 Hz.  272 

Atkinson (1996) studied the spatial characteristics of κ using earthquakes from eastern and western 273 

Canada and reported evidence of regional differences in the average kappa even for sites located on hard 274 

rock. In order to analyze the spatial variability of κ, we form four groups of stations with the second data 275 

set, as described in the previous section, to determine the average attenuation along the S-wave path  �̃�(𝑟). 276 

Figure 12 compares the four nonparametric functions obtained. The nonparametric function of the NW 277 
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quadrant (Q1), shown with plus symbols, follows the same rate of increase with distance as the other three 278 

regions up to 100 km and for greater distances shows greater attenuation than the other three quadrants. 279 

The southern quadrants (Q3 and Q4) have similar attenuation characteristics whereas the NE region (Q2) 280 

shows less attenuation than the other regions. The higher values of �̃�(𝑟) in the southern quadrants may be 281 

related with a more active seismicity and faulting (Akinci et al., 2020). Quadrants 3 and 4 also show a 282 

decrease in κ between 80 and 100 km. At this distance range the seismic rays travel along the upper mantle 283 

and the decrease in kappa values is probably related with the presence of a high Q zone at those depths. 284 

The higher values of �̃�(𝑟) are more evident in the southern sector, specially at SW (Q4 quadrant) 285 

which may be related to a highly and diffused fault segmentation (Chiarabba et al., 2009; Akinci et al., 286 

2020; Chiarabba et al., 2020) that lead to both scattering and trapped waves, as also evidenced by high-287 

scattering anomalies focusing in the south and west zones (Gabrielli et al., 2021; Montone and Mariucci, 288 

2020). An increase of seismic attenuation is expected due to the large number of different tectonic features 289 

and discontinuities, which reflects in lower quality factor Q values, typical of poorer structures and near-290 

surface rocks (Barton, 2007; Markusic et al., 2019). Pastori et al. (2019) also found higher values of the 291 

normalized anisotropy-related delay time in the upper crust between Amatrice and Accumoli regions, both 292 

located on the western side of the major fault systems. This area can be considered as a heavily fractured 293 

zone in which fluids are preferentially channeled (Pastori et al., 2019). On the contrary, the eastern part 294 

of the Apennine chain, especially the NE quadrant of the Laga formation domain (quadrant Q2), is 295 

characterized by tectonic stability and less attenuation (Castro et al., 1996; Malagnini et al., 2002). 296 

Similar conclusions were found by Sgobba et al. (2021), who analyzed the spatial distribution of 297 

path-specific residuals of a non-ergodic ground motion model calibrated with the same dataset and studied 298 

area of the present study. Hence, they found higher path-to-path residuals (i.e., higher ground motion 299 

levels related to lower attenuation) in the northern sector and the opposite in the southern region. 300 
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The observed pattern of �̃�(𝑟) is consistent with most reports of the regional variability and local 301 

lithology (Bosi and Bertini, 1970; Pizzi et al., 2017; Montone and Mariucci, 2020) which play an important 302 

role in the determination of κ. 303 

Lanzano et al. (2020) identified reference rock sites in central Italy using several proxies of the 304 

site response, such as resonant frequency, average 𝑉𝑆30 and others related to the geomorphological 305 

conditions of the sites. Figure 13 shows the distribution of the near-site attenuation parameter for reference 306 

stations (triangles); the stars represent the location of the earthquakes with magnitudes greater than 5, 307 

plotted as a reference. Stations with low values of 𝜅0 (blue triangles) are generally located on hard-rock 308 

outcrops along the Apennines. There are three sites (APEC, ATPI, CAFI) in the north with high values of 309 

𝜅0 that are close to the edge of basins where some sedimentation may be present. Figure 14 displays the 310 

distribution of non-reference sites and the values of 𝜅0 obtained for those sites. Despite being non-311 

reference sites, based on 𝑉𝑆30, most of them show low values of 𝜅0 (𝜅0 < 0.02), suggesting a weak 312 

correlation between 𝑉𝑆30 and 𝜅0, as noted before by Ktenidou et al. (2014). that they should be good 313 

recording stations in terms of low signal-to-noise ratio. These observations confirm that 𝜅0 does not 314 

necessarily correlate with the 𝑉𝑆30 values of a given site, since 𝜅0 may include the effect of attenuation 315 

beyond the first 30 m from the surface. Moreover, 𝑉𝑆30 values are not fully reliable since they are 316 

sometimes obtained using invasive methods that may alter the elastic properties of the rocks.  317 

 CONCLUSIONS 318 

We conclude that most of the high-frequency attenuation takes place near the site, since �̃�(𝑟) 319 

contributes with only 20.2% of the spectral decay. The near-source decay parameter has a mean value of 320 

0.003 ± 0.006, and represents 7.52% of the mean value of the observed κ. However, at high frequencies (f 321 

> 10 Hz) 𝜅𝑠 cannot be neglected since it can decrease the source acceleration amplitude up to 32.6 % at 322 
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40 Hz. The values of the near-site decay parameter have a mean value of 0.0298 ± 0.0133, that is 72.28% 323 

of the mean value of the κ observed. The spatial variability of �̃�(𝑟) suggest an anisotropic behavior of the 324 

high-frequency attenuation, likely related to different local geology, faulting activity and tectonic 325 

structures in the different directions with respect to the Apennine orientation. The higher values of �̃�(𝑟) 326 

in the southern regions of central Italy, are likely related to a more active seismicity (Castro et al., 2000; 327 

Tusa et al., 2012), and to less attenuation in the more stable NE region (Castro et al., 1996; Malagnini et 328 

al., 2002).  329 

  330 
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DATA AND RESOURCES 331 

The data used comes from permanent networks operated by the INGV (Istituto Nazionale di 332 

Geofisica e Vulcanologia): the National Seismic Network (RSN) and the Mediterrean Network (Mednet); 333 

the Rapid Response Networks that are operated together with the University of Genova and the RESIF 334 

(Réseau Seismologique et Géodésique Fraçnais). Other permanent stations belong to the National 335 

Accelerometric Network (RAN), operated by the Department of Civil Protection. The acceleration records 336 

can be obtained from the Italian Accelerometric Archive (http://itaca.mi.ingv.it), and the velocity records 337 

from the European Integrated Data Archive (EIDA; http://eida.rm.ingv.it). Some plots were made using 338 

Generic Mapping Tools (http://www.soest.hawaii.edu/gmt; Wessel and Smith, 1998), and with 339 

GeoMapApp (http://www.geomapapp.org).  340 
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  522 

FIGURE CAPTIONS 523 

Figure 1. Distribution of epicenters (left) and seismic stations (right) of the first data set used. This data 524 

set consists of 128 events (dots with colors proportional to the magnitude), 68 stations (red reverse 525 

triangles) and 3,965 observations. 526 

Figure 2. Magnitudes, focal depths and hypocenter distances of the first data set used. 527 

Figure 3. Distribution of epicenters (left) and stations (right) of the second data set analyzed. The different 528 

colors on the epicenters (left) indicate the magnitude of the earthquake, and on the right the red 529 

reverse triangles are stations in quadrant 1 (Q1), blue in Q2, green in Q3 and cyan in Q4.  530 

Figure 4. Magnitudes, focal depths and hypocenter distances of the second data set used. 531 

Figure 5. Length of moving windows used to calculate kappa (κ) parameter. Black lines represent the 532 

intervals of the frequency range, while median frequency values are shown with a red dot. 533 

Figure 6. The left side is the acceleration spectra of an M=4.7 earthquake recorded by station FIAM at 534 

68.8 km of hypocentral distance. The different symbols connecting the straight lines indicate the 535 

frequency interval used to estimate κ. On the right is the corresponding signal-to-noise ratio.  536 

Figure 7. Values of kappa versus distance determined using the semi-automatic technique.  537 

Figure 8. Individual estimate of 𝜅𝑠 for an event magnitude M=4.6. The triangles are estimates of kappa 538 

from the different stations and the solid line the least-square fit weighted with the standard 539 

deviation of the kappa estimate. 540 
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Figure 9. A sample of observed kappa values (triangles) versus hypocenter distance in km from four 541 

different stations (AQU, AQV, ARRO and ARVD) and the nonparametric fit (continuous line) 542 

obtained from the inversion. 543 

Figure 10. Independent estimates of the near-source attenuation parameter κs (left) and estimates of κs 544 

obtained through the two-step inversion technique (right) using as reference sites LSS, SLO and 545 

SNO. 546 

Figure 11. Brune’s acceleration source function for Mw=3.5 and a stress drop of 2 MPa (solid line) and 547 

after near-source attenuation with κs=0.003. Right frame shows the same functions with the 548 

frequency in linear scale. 549 

Figure 12. Nonparametric Kappa functions obtained using the second data set. Plus symbols for group 550 

Q1, triangles for group Q2, octagons for group Q3 and diamonds for group Q4. 551 

Figure 13. Spatial distribution of the near-site attenuation parameter 𝜅0 for reference stations obtained 552 

using the second data set. The stars are the location of earthquakes with magnitudes greater than 5 553 

plotted for reference. 554 

Figure 14. Spatial distribution of the near-site attenuation parameter 𝜅0 for non-reference stations 555 

obtained using the second data set. The stars are the location of earthquakes with magnitudes 556 

greater than 5 plotted for reference. 557 

 558 
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  561 

Figure 1. Distribution of epicenters (left) and seismic stations (right) of the first data set used. This data 562 

set consists of 128 events (dots with colors proportional to the magnitude), 68 stations (red reverse 563 

triangles) and 3,965 observations. 564 

  565 
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 566 

 567 

Figure 2. Magnitudes, focal depths and hypocenter distances of the first data set used. 568 
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 570 

 571 

Figure 3. Distribution of epicenters (left) and stations (right) of the second data set analyzed. This data 572 

set consists of 266 events, 353 stations and 13,952 observations. The different colors on the 573 

epicenters (left) indicate the magnitude of the earthquake, and on the right red reverse triangles are 574 

stations in quadrant 1 (Q1), blue in Q2, green in Q3 and cyan in Q4.  575 

 576 
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 580 

Figure 4. Magnitudes, focal depths and hypocenter distances of the second data set used. 581 
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 583 

 584 

Figure 5. Length of moving windows used to calculate kappa (κ) parameter. Black lines represent the 585 

intervals of the frequency range, while median frequency values are shown with a red dot. 586 

587 
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 588 

Figure 6. The left side is the acceleration spectra of an M=4.7 earthquake recorded by station FIAM at 589 

68.8 km of hypocentral distance. The different symbols connecting the straight lines indicate the 590 

frequency interval used to estimate κ. On the right is the corresponding signal-to-noise ratio.  591 
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 592 

Figure 7. Values of kappa versus distance determined using the semi-automatic technique and average 593 

values (red dots) ± 1 standard deviation using 10 km wide bins. 594 

 595 
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 596 

Figure 8. Individual estimate of 𝜅𝑠 for an event magnitude M=4.6. The triangles are estimates of kappa 597 

from the different stations and the solid line the least-square fit weighted with the standard 598 

deviation of the kappa estimate.  599 
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 600 

Figure 9. A sample of observed kappa values (triangles) versus hypocenter distance in km from four 601 

different stations (AQU, AQV, ARRO and ARVD) and the nonparametric fit (continuous line) 602 

obtained from the inversion.  603 
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 604 

 605 

 606 

 607 

Figure 10. Independent estimates of the near-source attenuation parameter κs (left) and estimates of κs 608 

obtained through the two-step inversion technique (right) using as reference sites LSS, SLO and 609 

SNO. 610 

 611 
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                612 

Figure 11. Brune’s acceleration source function for Mw=3.5 and a stress drop of 2 MPa (solid line) and 613 

after near-source attenuation with κs = 0.003s. Right frame shows the same functions with the 614 

frequency in linear scale. 615 

 616 
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 618 

 619 

 620 

Figure 12. Nonparametric Kappa functions obtained using the second data set. Plus symbols for group 621 

Q1, triangles for group Q2, octagons for group Q3 and diamonds for group Q4. 622 

  623 
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 624 

 625 

Figure 13. Spatial distribution of the near-site attenuation parameter 𝜅0 for reference stations obtained 626 

using the second data set. The stars are the location of earthquakes with magnitudes greater than 5 627 

plotted for reference. 628 

 629 
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 630 

Figure 14. Spatial distribution of the near-site attenuation parameter 𝜅0 for non-reference stations 631 

obtained using the second data set. The stars are the location of earthquakes with magnitudes 632 

greater than 5 plotted for reference. 633 
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ABSTRACT 14 

We study the spectral decay parameter κ using S-wave recordings from the Central Italy dense 15 

regional array. The data set used consists of 266 earthquakes, 353 stations and 13,952 observations of κ 16 

with a mean value of 0.0412 ± 0.0177 within the distance range of 7.1 – 168.8 km. We model the variation 17 

of κ with hypocenter distance r as 𝜅(𝑟) = 𝜅0 + 𝜅𝑠 + �̃�(𝑟), where 𝜅0 and 𝜅𝑠 represent the near-site and the 18 

near-source decay parameters, respectively, and �̃�(𝑟) the average κ along the S-wave source-station paths. 19 

We first determine �̃�(𝑟) with a nonparametric inversion approach and then we solved for 𝜅0 and 𝜅𝑠 with 20 

a second inversion. We found that �̃�(𝑟) increases with distance within the whole distance range analyzed 21 

(9.2-80.6 km). The near-source decay parameter takes values in the range 0.0 < 𝜅𝑠 ≤ 0.026 with a mean 22 

value of 0.003 ± 0.006, which represents 7.52% of the mean value of the observed κ. The values of the 23 

near-site decay parameter vary in the range 0.0035 ≤ 𝜅0 ≤ 0.0823 with a mean value of 0.0298 ± 0.0133, 24 

that is 72.28% of the mean value of the κ observed. We conclude that most of the high-frequency 25 

attenuation takes place near the site, since �̃�(𝑟) contributes with only 20.2% of the spectral decay. We 26 

also investigate the spatial variability of κ by determining �̃�(𝑟) within four quadrants that divide the 27 

studied region taking as a reference axis the Apennines chain orientation. We found higher values of �̃�(𝑟) 28 

in the southern quadrants, where seismicity and faulting are more active, and less attenuation in the more 29 

stable NE quadrant.  30 

  31 

INTRODUCTION 32 

Central Italy is characterized for being a seismically active region where shallow normal-fault 33 

earthquakes have produced important damage in civil structures. The earthquakes in this region tend to 34 

generate long sequences like the 2016-2018 Amatrice-Visso-Norcia sequence (Luzi et al., 2017; 35 



3 
 

Chiarabba et al., 2018; Improta et al., 2019). Since this is a complex seismotectonic region with high 36 

seismic risk, several attenuation studies have been conducted in the past 40 years (Del Pezzo and Zollo, 37 

1984; Castro et al., 1999, 2000; Bindi et al., 2009; Malagnini et al., 2011; De Lorenzo et al., 2013; among 38 

others). The spectral decay parameter kappa in central Italy has been studied before by Castro et al. (2000) 39 

and Bindi et al. (2004) using earthquakes from the Umbria-Marche region of central Italy, 1997-1998 40 

seismic sequence.  41 

The attenuation decay parameter kappa (κ), defined by Anderson and Hough (1984), is widely 42 

used in many earthquake engineering applications, for instance for removing the path and site attenuation 43 

effects as well as for host-to-target adjustments of ground-motion prediction equations (Ktenidou et al., 44 

2014; Ktenidou et al., 2015). Hanks (1982) proposed that the high-frequency spectral decay starts at a 45 

cutoff frequency defined as fmax, which is used to filter out high-frequency spectral amplitudes 46 

(Boore,1986; Atkinson, 1996). Papageorgiou and Aki (1983) interpreted fmax as a source effect related to 47 

the size of a cohesive zone. κ increases with distance, assumes a frequency-independent Q and includes 48 

the local effects due to geologic characteristics near the recording site and the attenuation due to the 49 

regional structure. The decay parameter κ is mostly governed by the geological characteristics near the 50 

recording site and is a weak function of distance (Anderson and Hough, 1984). Site effects may case 51 

broadband resonances in the Fourier acceleration spectrum that may add noise to the determinations of 52 

this attenuation parameter. However, Parolai and Bindi (2004) show that resonant effects do not affect the 53 

estimates of the κ parameter when the fundamental resonance frequency is below the frequency interval 54 

used to compute κ and when this interval is wide enough to average out local peaks from site amplification. 55 

κ is usually obtained by linear least-squares fits to the high-frequency range of the acceleration spectra but 56 

it can be measured from the high-frequency part of the S-wave Fourier acceleration spectrum after 57 

subtracting the Brune (1970) source model (Anderson and Humphrey, 1991). 58 
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The observed values of κ are the result of path effects, that are distance dependent, and attenuation 59 

near the source and the recording site. The distance dependence of κ can be written as in Anderson (1991) 60 

and Ktenidou et al. (2014) as: 61 

𝜅(𝑟) = 𝜅0 + 𝜅𝑠 + �̃�(𝑟)                      ( 1 ) 62 

Where 𝜅0 is the near-site attenuation parameter, 𝜅𝑠 is the near-source attenuation parameter and �̃�(𝑟) is 63 

the average attenuation along the S-wave path. Although several studies (Tsai and Chen, 2000; Purvance 64 

and Anderson, 2003; Van Houtte et al., 2011; Kilb et al., 2012) interpret the contribution of 𝜅𝑠 negligible 65 

or related to the scatter of the κ measurements, this parameter may be important to correct the source 66 

spectral functions. On the other hand, site effects and 𝜅0 may be the dominant effect when characterizing 67 

the acceleration ground-motion, particularly on soft-rock sites such as those located in alluvial valleys and 68 

sedimentary basins. However, given the linear dependence between these two parameters (Eq. 1), it is not 69 

trivial to separate these attenuation effects.  70 

In this paper, we compare estimates of  𝜅𝑠 determined from two different techniques, and we also 71 

investigate the spatial variability of �̃�(𝑟) using data from the dense array of seismographs of central Italy.  72 

 73 

DATA 74 

The tectonic structure of central Italy, characterized by normal fault mechanism, is very complex 75 

in terms of mechanical discontinuities and deformations (Carafa and Barba, 2011; Pizzi et al., 2017; 76 

Chiarabba et al., 2018). Over the last 25 years several earthquakes had occurred in this region, e.g. the 77 

1997-1998 Umbria-Marche sequence (with the main event having a Mw 6.0), the Mw 6.1 L’Aquila 78 

mainshock on 6 April 2009 and the Mw 6.5 Amatrice-Visso-Norcia sequence in 2016-2017. In particular, 79 
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this last sequence represents one of the best-ever recorded in Europe. The epicentral area was monitored 80 

before the series of events started by the permanent stations of the Italian National Seismic Network 81 

(RSNC), that is managed by the Istituto Nazionale di Geofisica e Vulcanologia (INGV), and the National 82 

Accelerometric Network (RAN), that is operated by the Civil Protection Department (DPC). The recorded 83 

events were also enhanced by temporary stations deployed by the two institutions.  84 

The seismic stations used in this investigation are from the permanent networks operated by the 85 

INGV and include stations from the National Seismic Network (RSN), the Mediterranean Network 86 

(Mednet) and from the RAN of DPC. Several seismograms were also taken from the Rapid Response 87 

Networks that are jointly operated by the University of Genova and the Réseau Sismologique et 88 

Géodésique Français (RESIF). Records from temporal arrays were also incorporated in the data set as 89 

described by Pacor et al. (2016) and Castro et al. (2021).  90 

For the purposes of this research, we analyzed both accelerograms and velocity records since 2008, 91 

which are used for phase picking and earthquake locations (Pacor et al., 2016; Spallarossa et al., 2021). 92 

Since most studies of κ are made using local earthquakes (Castro et al., 2000; Bindi et al., 2006), for 93 

comparison purposes from a large initial dataset, we selected recordings from earthquakes having 94 

epicentral distance less than 100 km, magnitudes M > 3.5 and recorded by at least 50 stations. For this 95 

magnitude range, we select records having high signal-to-noise ratio (SNR> 3) and that were recorded for 96 

more than 50 stations, with reliable hypocenter locations. Moreover, earthquakes with M >3.5 have corner 97 

frequencies lower than the frequency band used to estimate κ. We choose local events with epicentral 98 

distance of less than 100 km, to be able to compare with other studies that also use local earthquake to 99 

estimate κ. The resulting data set consists of 128 events, 68 stations and 3,965 short-distance (r < 81 km) 100 

observations (Figure 1). The magnitudes of the earthquakes vary between 3.6 and 6.4, the focal depths 101 

ranging between 6.2 and 13.3 km and the hypocentral distances between 9.2 km and 80.6 km (Figure 2). 102 
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This first dataset was used to estimate the attenuation near the seismic sources (𝜅𝑠) and because the 103 

manageable number of events this dataset allows to analyze the characteristics of 𝜅𝑠 in more detail. 104 

To analyze the spatial variability of κ, we derived a second data set where we considered events 105 

coming from different source areas based on the spatial clustering performed by Sgobba et al. (2021) for 106 

the central Apennines region. These clusters  are represented by the corresponding mainshocks of the 107 

L’Aquila (06 April 2009 – 01:32 UTC), Amatrice (24 August 2016 – 01:36 UTC) and Muccia (10 April 108 

2018 – 03:11 UTC) sequences. Moreover, we considered events detected by at least 3 stations and we set 109 

a threshold where the ratio between the standard deviation of κ and the mean of κ was less than 50%. 110 

Therefore, the second dataset consists of 266 earthquakes, 353 stations and 13,952 observations of κ 111 

(Figure 3). This dataset provides a better azimuthal coverage of the region than the first one used to 112 

estimate 𝜅𝑠. In this dataset the events selected have magnitudes from M 3.2 to M 6.3, focal depths between 113 

6.1 km and 17.1 km, and the hypocenter distances ranging between 7.1 km and 168.8 km (Figure 4). We 114 

formed four groups of stations distributed by quadrants, taking as axis of symmetry the average strike of 115 

the Apennine faults, which is approximately 150° along NW-SE direction (Improta et al., 2019; Vignaroli 116 

et al., 2020) and follows the epicentral distribution of most of the selected earthquakes (Figure 3). The 117 

reason for this division of the �̃�(𝑟) estimation in each quadrant is to analyze if there is any spatial 118 

variability of the spectral decay parameter. 119 

 120 

METHOD 121 

The records selected are typically sampled at 100 samples per second and were baseline corrected 122 

by subtracting the average of all points of the record and analyzed following the same procedure as Pacor 123 

et al. (2016). The S-wave Fourier amplitudes were calculated selecting time windows using a distance-124 
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dependent energy criterion. A minimum length of 4 s was used for close hypocenter-distance range records 125 

to be able to resolve above 1 Hz. The windows start 0.1 s before the direct S-wave arrival and end when 126 

the accumulated energy reaches 90% of the total recording for hypocentral distances of less than 25 km, 127 

80% for 25-50 km and 70% for distances greater than 50 km. These criteria guarantee that the time 128 

windows contain S waves and avoid surface-wave contamination. In the end, the selected windows are 129 

tapered with a Hanning window with variable length according with the S-wave window selected, the 130 

Fourier amplitudes are smoothed using b=40 with the Konno and Ohmachi (1998) method, and vectorially 131 

composed (𝐴(𝑓) = √𝐴(𝑓)𝑁−𝑆
2 + 𝐴(𝑓)𝐸−𝑊

2  ). 132 

Estimates of Kappa 133 

 We calculated κ following the method proposed by Anderson and Hough (1984), in which the 134 

logarithm (base 10) of the high-frequency S-wave spectral amplitude acceleration is least-squares fitted 135 

and κ is calculated from the slope of the linear fit which equals −𝜋𝐿𝑜𝑔(𝑒)𝜅. We used a semi-automatic 136 

technique to estimate 𝜅 from each record, consisting in precomputing the slopes over 11 frequency bands 137 

(Figure 5) with variable length in the range between 8 and 38 Hz (Lanzano et al., 2021) and then averaging 138 

these values to obtain the final estimate. We selected this frequency band because 8 Hz is beyond the 139 

corner frequency values expected for earthquakes with M > 3.5 (Aki, 1987) and 35 Hz is the maximum 140 

frequency of reliable spectral amplitudes, based on the observed signal-to-noise ratios (SNR). For each 141 

spectrum, a linear fit is performed for 11 overlapping frequency bands from 8 to 38 Hz.  142 

 In Figure 5, the intervals are marked with a black line and the corresponding median frequency 143 

with a red dot. If for one of these 11 intervals less than 65% of the spectral amplitudes have SNR less than 144 

three, the estimate of κ is rejected, and the average κ is computed with the remaining estimates from the 145 

other frequency intervals. At this point, the average κ for each record is considered for further analysis if 146 
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the average value was calculated with at least 6 out the 11 computed intervals. In addition, the lowest 147 

frequency of the band should be larger than the corner frequency of the theoretical Brune’s spectrum of 148 

the event, computed considering a conservative stress drop value of 3 MPa and VS=3.0 km/s. For instance, 149 

Bindi et al. (2004) found an average stress drop of 2±1 MPa for the 1997-1998 Umbria-Marche, central 150 

Italy, sequence. The velocity of Vs=3.0 km/s is an average crustal velocity value based on the standard 151 

model of central Italy (De Luca et al., 2009). For each record, the final κ is given by the median and 152 

standard deviation computed from the 11 frequency bands. The median value is discarded if the pre-153 

computed κ is available for less than half of the considered frequency range (e.g. 6 out of 11) and the 154 

associated standard deviation is larger than 0.015 s (the observed variability of κ at a given distance). 155 

Figure 6 illustrates the method, where on the left side is the acceleration spectra of a M=4.7 earthquake 156 

recorded by station FIAM at 68.8 km of hypocentral distance. The different symbols connecting the 157 

straight lines indicate the frequency interval used to estimate κ. In this case the 11 intervals were used to 158 

compute the average κ, since more than 65% of the spectral amplitudes (all of them) are above the SNR 159 

of three between 8 Hz and 38 Hz (Figure 6 on the right).  160 

We also verified the resonance frequency of the selected sites. Most stations are on class B sites 161 

(V S_30=360-800 m/s), using EC8 site classification, and the natural frequency of resonance vary between 162 

3 Hz and 6.7 Hz. We identified 31 sites that show site amplification at f > 3 Hz, most of them between 3 163 

and 6.7 Hz and 11 sites at f > 6.7 Hz. These sites constitute 8.8 % of the total number and they contribute 164 

with only 6.4% of the analyzed records. However, these sites can alter the estimates of κ because the 165 

resonance peak may influence the slope of the least-square fit. 166 

Figure 7 displays the values of κ determined using the semi-automatic technique, and shows a 167 

moderate increase of κ with hypocenter distance (r), particularly for r > 40 km. The large values of κ near 168 

40 km are from station VCEL, which is a site with low near-surface S-wave velocity (VS_30 < 180 m/s) 169 
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values and high frequency amplifications. The effect of this on the acceleration spectra is a fast amplitude 170 

decay with increasing frequency and consequently a high value of κ. However, values of κ > 0.1 s at 171 

distance r < 120 km represent only 0.42% of the dataset. Most stations used are class B sites with VS_30 172 

=360-800 m/s, and their natural frequency of resonance varies between 3 and 6.7 Hz. Figure 7 also shows 173 

the average κ calculated using 10 km bins, and these average values of κ show a clearer increase with 174 

distance up to 140 km.  175 

Nonparametric Model  176 

We determined �̃�(𝑟)  using a nonparametric approach like Anderson (1991), Anderson and Lei 177 

(1994) and Fernandez et al. (2010), that characterizes the variation of the observed spectral decay 178 

parameter with distance. This technique looks for a function that describes the observed values of κ with 179 

hypocenter distance without assuming an a priori physical model or mathematical function. For that 180 

purpose, eq. (1) can be rewritten as: 181 

𝜅(𝑟) = 𝜅1 + �̃�(𝑟)                                                   ( 2 ) 182 

Where 𝜅1 includes both contributions, the attenuation near the site and near the source. We assume that 183 

�̃�(𝑟) is a smooth function of distance, that �̃�(0) = 0,  and that is the same regardless of 𝜅1. This model 184 

provides empirical curves that are unbiased by assumptions about the nature of the distance dependence 185 

of �̃�(𝑟) (Anderson, 1991). The nonparametric method consists of finding a smooth function  �̃�(𝑟) 186 

assuming that κ varies slowly with distance and that undulations in the observed κ are related to 𝜅1. 187 

Another assumption in this technique is that the rate of increase of κ with distance, controlled by �̃�(𝑟), is 188 

the same for all the earthquakes. Thus, 𝜅1 shifts the empirical average function �̃�(𝑟) downward or upward, 189 

depending on the attenuation near the site and near the source. With this method, observed values of κ of 190 

earthquakes recorded at different hypocenter distances complement each other and allow to define �̃�(𝑟) 191 
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at a wide distance range. This technique has been used also in other studies to determine spectral 192 

attenuation functions (e.g., Castro et al., 1990; Parolai et al., 2000; Bindi et al., 2004; Oth et al., 2008; 193 

Pacor et al., 2016; among others). Equation (2) is an overdetermined equation that is solved by a 194 

constrained least-squares inversion. A more detailed description of this method is given by Castro et al. 195 

(1990).  196 

 To estimate 𝜅1, we corrected the observed values of κ using the nonparametric function �̃�(𝑟) and 197 

we solved the following system of equations: 198 

𝜅1𝑖𝑗 = 𝜅0𝑖 + 𝜅𝑠𝑗                                                                  ( 3 ) 199 

Where 𝜅1𝑖𝑗 is the corrected value of the observed κ from site i and source j, 𝜅0𝑖 is the near-site attenuation 200 

parameter at station i and 𝜅𝑠𝑗 is the near-source attenuation from earthquake j. To resolve the degree of 201 

freedom between 𝜅0𝑖 and 𝜅𝑠𝑗, we constrained eq. (3) to satisfy the condition: 202 

∑ 𝜅0𝑖 = 0𝑁
𝑖=1                                                                          ( 4 ) 203 

where N is the number of reference sites used for that constraint. We selected three stations (LSS, SLO 204 

and SNO) identified by Lanzano et al. (2021) as reference sites, which are located on rock with flat 205 

topography. 206 

Independent Estimates of Kappa near the source (𝜿𝒔) 207 

𝜅𝑠 can be also estimated by single earthquakes by assuming that: 208 

𝜅(𝑟) = 𝜅𝑠 + �̃�(𝑟)                                                                    ( 5 ) 209 

and that 𝜅0 is the residual between the observed κ and the value predicted by eq. (5). Since at the source 210 

the hypocenter distance r = 0, from eq. (5) 𝜅𝑠 = 𝜅(0). For an individual earthquake, the observed values 211 
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of κ versus distance r are linearly least-squares fitted and 𝜅𝑠 would corresponds to the value of κ at the 212 

origin. However, the least-square regression will tend to find the best fit to the mean values of the data 213 

and since 𝜅0 ≥ 0, 𝜅𝑠 will be overestimated. Thus, this estimate of 𝜅𝑠 must be corrected by subtracting the 214 

mean 𝜅0. Figure 8 shows an example of estimates of κ of different stations versus r from an earthquake 215 

with magnitude M=4.6. The line is the least-squares fit obtained weighting the values of κ with their 216 

respective standard deviation. The intersection of this line with the origin gives the value of 𝜅𝑠=0.0332, 217 

which still would need to be corrected by the mean 𝜅0 of the sites used for this event.  218 

 219 

RESULTS AND DISCUSSION 220 

 The average values of κ (Figure 7) increase with distance up to 140 km, and these average 221 

values are consistent with previous estimates of κ made by Castro et al. (2000), using earthquakes from 222 

Umbria-Marche, central Italy. They obtained average values of κ from 0.026 s to 0.057 s, in the distance 223 

range of 20 to 83 km. Bindi et al. (2004) also calculated κ using earthquakes from central Italy and 224 

obtained a mean value of 0.05 s within the distance range of 5-60 km. 225 

Figure 9 shows the nonparametric function �̃�(𝑟) obtained using the first data set and a sample of 226 

the observed κ values versus hypocenter distance from four different stations (AQU, AQV, ARRO and 227 

ARVD). The shape of �̃�(𝑟) is the same for all the sites, but it is scaled by the respective value of 𝜅0; for a 228 

given distance, κ shows great variability. For instance, at the site ARRO κ varies between 0.025 and 0.06 229 

in a short distance range (35-55 km), station AQU has κ values ranging from about 0.03 to 0.07 for 230 

hypocentral distances between 20 and almost 80 km, respectively. For the AQV station, the range of 231 

variation for κ is shifted downwards and varies from values of 0.02 to 0.06 between about 20 and 60 km. 232 

These observations suggests that it must be a spatial variability of the attenuation between the different 233 
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source-station paths. This significant variability of κ was also observed by Castro et al. (2000) from 234 

earthquakes that occurred during the 1997 Umbria-Marche, central Italy sequence. They found that near 235 

the sources, in about 2.0 km, Q varies significantly, and they concluded that the possible cause of the κ 236 

variability may be the spatial variation of Q near the seismogenic zone. Another possible reason for the 237 

scatter in the κ estimates is 3D site effects that may generate complex site amplification (e.g. Paolucci, 238 

2002; Pitilakis, 2004; Bennington et al., 2008). 239 

We used the nonparametric function �̃�(𝑟), scaled with 𝜅0 = 0, to correct the observed values of 240 

kappa and to solve eq. (3) for the 128 events and 68 stations of the first data set analyzed. As reference 241 

sites, we used stations LSS, SLO and SNO, since they have values of 𝜅0~0, so that we made N=3 in eq. 242 

(4). Figure 10 displays on the right side the values of 𝜅𝑠 obtained using the two-step inversion and on the 243 

left the independent estimates of 𝜅𝑠 from individual events. The last ones show more variability and a few 244 

values of 𝜅𝑠 < 0 (13% of the estimates), suggesting that the individual estimates of 𝜅𝑠 tend to overestimate 245 

this parameter, since these estimates were not corrected by the mean 𝜅0,  and it may not the best way to 246 

estimate 𝜅𝑠. In general, negative values of κ can be interpreted as a deviation from the Brune (1970) model 247 

that predicts an 𝜔−2 high-frequency decay of the source spectral amplitude. One possible cause of this 248 

effect is that a linear fit is not adequate and another cause that near-site attenuation could be also relevant. 249 

The values of 𝜅𝑠 from the two-step inversion are in the range 0.0 < 𝜅𝑠 ≤ 0.026 with a mean value of 0.003 250 

± 0.006, which represents 7.52% of the mean value of the observed κ. We analyzed how important is this 251 

contribution of high-frequency attenuation on the source function by considering the Brune (1970) model 252 

for a typical magnitude M=3.5 earthquake with a stress drop of 2 MPa. Figure 11 shows the acceleration 253 

source function expected from the Brune’s model (solid line) and after applying a near-source kappa 254 

𝜅𝑠=0.003 (dashed line). The effect of 𝜅𝑠 starts to be relevant at 10 Hz, where the amplitude decreases by 255 
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10%. However, at higher frequencies the attenuation effect is greater, decreasing the amplitude up to 256 

32.6% at 40 Hz.  257 

Atkinson (1996) studied the spatial characteristics of κ using earthquakes from eastern and western 258 

Canada and reported evidence of regional differences in the average kappa even for sites located on hard 259 

rock. In order to analyze the spatial variability of κ, we form four groups of stations with the second data 260 

set, as described in the previous section, to determine the average attenuation along the S-wave path  �̃�(𝑟). 261 

Figure 12 compares the four nonparametric functions obtained. The nonparametric function of the NW 262 

quadrant (Q1), shown with plus symbols, follows the same rate of increase with distance as the other three 263 

regions up to 100 km and for greater distances shows greater attenuation than the other three quadrants. 264 

The southern quadrants (Q3 and Q4) have similar attenuation characteristics whereas the NE region (Q2) 265 

shows less attenuation than the other regions. The higher values of �̃�(𝑟) in the southern quadrants may be 266 

related with a more active seismicity and faulting (Akinci et al., 2020). Quadrants 3 and 4 also show a 267 

decrease in κ between 80 and 100 km. At this distance range the seismic rays travel along the upper mantle 268 

and the decrease in kappa values is probably related with the presence of a high Q zone at those depths. 269 

The higher values of �̃�(𝑟) are more evident in the southern sector, specially at SW (Q4 quadrant) 270 

which may be related to a highly and diffused fault segmentation (Chiarabba et al., 2009; Akinci et al., 271 

2020; Chiarabba et al., 2020) that lead to both scattering and trapped waves, as also evidenced by high-272 

scattering anomalies focusing in the south and west zones (Gabrielli et al., 2021; Montone and Mariucci, 273 

2020). An increase of seismic attenuation is expected due to the large number of different tectonic features 274 

and discontinuities, which reflects in lower quality factor Q values, typical of poorer structures and near-275 

surface rocks (Barton, 2007; Markusic et al., 2019). Pastori et al. (2019) also found higher values of the 276 

normalized anisotropy-related delay time in the upper crust between Amatrice and Accumoli regions, both 277 

located on the western side of the major fault systems. This area can be considered as a heavily fractured 278 
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zone in which fluids are preferentially channeled. On the contrary, the eastern part of the Apennine chain, 279 

especially the NE quadrant of the Laga formation domain (quadrant Q2), is characterized by tectonic 280 

stability and less attenuation (Castro et al., 1996; Malagnini et al., 2002). 281 

Similar conclusions were found by Sgobba et al. (2021), who analyzed the spatial distribution of 282 

path-specific residuals of a non-ergodic ground motion model calibrated with the same dataset and studied 283 

area of the present study. Hence, they found higher path-to-path residuals (i.e., higher ground motion 284 

levels related to lower attenuation) in the northern sector and the opposite in the southern region. 285 

The observed pattern of �̃�(𝑟) is consistent with most reports of the regional variability and local 286 

lithology (Bosi and Bertini, 1970; Pizzi et al., 2017; Montone and Mariucci, 2020) which play an important 287 

role in the determination of κ. 288 

Lanzano et al. (2020) identified reference rock sites in central Italy using several proxies of the 289 

site response, such as resonant frequency, average 𝑉𝑆30 and others related to the geomorphological 290 

conditions of the sites. Figure 13 shows the distribution of the near-site attenuation parameter for reference 291 

stations (triangles); the stars represent the location of the earthquakes with magnitudes greater than 5, 292 

plotted as a reference. Stations with low values of 𝜅0 (blue triangles) are generally located on hard-rock 293 

outcrops along the Apennines. There are three sites (APEC, ATPI, CAFI) in the north with high values of 294 

𝜅0 that are close to the edge of basins where some sedimentation may be present. Figure 14 displays the 295 

distribution of non-reference sites and the values of 𝜅0 obtained for those sites. Despite being non-296 

reference sites, based on 𝑉𝑆30, most of them show low values of 𝜅0 (𝜅0 < 0.02), suggesting a weak 297 

correlation between 𝑉𝑆30 and 𝜅0, as noted before by Ktenidou et al. (2014). These observations confirm 298 

that 𝜅0 does not necessarily correlate with the 𝑉𝑆30 values of a given site, since 𝜅0 may include the effect 299 
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of attenuation beyond the first 30 m from the surface. Moreover, 𝑉𝑆30 values are not fully reliable since 300 

they are sometimes obtained using invasive methods that may alter the elastic properties of the rocks. 301 

 302 

 CONCLUSIONS 303 

We conclude that most of the high-frequency attenuation takes place near the site, since �̃�(𝑟) 304 

contributes with only 20.2% of the spectral decay. The near-source decay parameter has a mean value of 305 

0.003 ± 0.006, and represents 7.52% of the mean value of the observed κ. However, at high frequencies (f 306 

> 10 Hz) 𝜅𝑠 cannot be neglected since it can decrease the source acceleration amplitude up to 32.6 % at 307 

40 Hz. The values of the near-site decay parameter have a mean value of 0.0298 ± 0.0133, that is 72.28% 308 

of the mean value of the κ observed. The spatial variability of �̃�(𝑟) suggest an anisotropic behavior of the 309 

high-frequency attenuation, likely related to different local geology, faulting activity and tectonic 310 

structures in the different directions with respect to the Apennine orientation. The higher values of �̃�(𝑟) 311 

in the southern regions of central Italy, are likely related to a more active seismicity (Castro et al., 2000; 312 

Tusa et al., 2012), and to less attenuation in the more stable NE region (Castro et al., 1996; Malagnini et 313 

al., 2002).  314 

  315 
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DATA AND RESOURCES 316 

The data used comes from permanent networks operated by the INGV (Istituto Nazionale di 317 

Geofisica e Vulcanologia): the National Seismic Network (RSN) and the Mediterrean Network (Mednet); 318 

the Rapid Response Networks that are operated together with the University of Genova and the RESIF 319 

(Réseau Seismologique et Géodésique Fraçnais). Other permanent stations belong to the National 320 

Accelerometric Network (RAN), operated by the Department of Civil Protection. The acceleration records 321 

can be obtained from the Italian Accelerometric Archive (http://itaca.mi.ingv.it), and the velocity records 322 

from the European Integrated Data Archive (EIDA; http://eida.rm.ingv.it). Some plots were made using 323 

Generic Mapping Tools (http://www.soest.hawaii.edu/gmt; Wessel and Smith, 1998), and with 324 

GeoMapApp (http://www.geomapapp.org).  325 
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  506 

FIGURE CAPTIONS 507 

Figure 1. Distribution of epicenters (left) and seismic stations (right) of the first data set used. This data 508 

set consists of 128 events (dots with colors proportional to the magnitude), 68 stations (red reverse 509 

triangles) and 3,965 observations. 510 

Figure 2. Magnitudes, focal depths and hypocenter distances of the first data set used. 511 

Figure 3. Distribution of epicenters (left) and stations (right) of the second data set analyzed. The different 512 

colors on the epicenters (left) indicate the magnitude of the earthquake, and on the right the red 513 

reverse triangles are stations in quadrant 1 (Q1), blue in Q2, green in Q3 and cyan in Q4.  514 

Figure 4. Magnitudes, focal depths and hypocenter distances of the second data set used. 515 

Figure 5. Length of moving windows used to calculate kappa (κ) parameter. Black lines represent the 516 

intervals of the frequency range, while median frequency values are shown with a red dot. 517 

Figure 6. The left side is the acceleration spectra of an M=4.7 earthquake recorded by station FIAM at 518 

68.8 km of hypocentral distance. The different symbols connecting the straight lines indicate the 519 

frequency interval used to estimate κ. On the right is the corresponding signal-to-noise ratio.  520 

Figure 7. Values of kappa versus distance determined using the semi-automatic technique.  521 

Figure 8. Individual estimate of 𝜅𝑠 for an event magnitude M=4.6. The triangles are estimates of kappa 522 

from the different stations and the solid line the least-square fit weighted with the standard 523 

deviation of the kappa estimate. 524 
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Figure 9. A sample of observed kappa values (triangles) versus hypocenter distance in km from four 525 

different stations (AQU, AQV, ARRO and ARVD) and the nonparametric fit (continuous line) 526 

obtained from the inversion. 527 

Figure 10. Independent estimates of the near-source attenuation parameter κs (left) and estimates of κs 528 

obtained through the two-step inversion technique (right) using as reference sites LSS, SLO and 529 

SNO. 530 

Figure 11. Brune’s acceleration source function for Mw=3.5 and a stress drop of 2 MPa (solid line) and 531 

after near-source attenuation with κs=0.003. Right frame shows the same functions with the 532 

frequency in linear scale. 533 

Figure 12. Nonparametric Kappa functions obtained using the second data set. Plus symbols for group 534 

Q1, triangles for group Q2, octagons for group Q3 and diamonds for group Q4. 535 

Figure 13. Spatial distribution of the near-site attenuation parameter 𝜅0 for reference stations obtained 536 

using the second data set. The stars are the location of earthquakes with magnitudes greater than 5 537 

plotted for reference. 538 

Figure 14. Spatial distribution of the near-site attenuation parameter 𝜅0 for non-reference stations 539 

obtained using the second data set. The stars are the location of earthquakes with magnitudes 540 

greater than 5 plotted for reference. 541 

 542 

 543 
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  545 

Figure 1. Distribution of epicenters (left) and seismic stations (right) of the first data set used. This data 546 

set consists of 128 events (dots with colors proportional to the magnitude), 68 stations (red reverse 547 

triangles) and 3,965 observations. 548 

  549 



29 
 

 550 

 551 

Figure 2. Magnitudes, focal depths and hypocenter distances of the first data set used. 552 
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 554 

 555 

Figure 3. Distribution of epicenters (left) and stations (right) of the second data set analyzed. This data 556 

set consists of 266 events, 353 stations and 13,952 observations. The different colors on the 557 

epicenters (left) indicate the magnitude of the earthquake, and on the right red reverse triangles are 558 

stations in quadrant 1 (Q1), blue in Q2, green in Q3 and cyan in Q4.  559 

 560 
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 564 

Figure 4. Magnitudes, focal depths and hypocenter distances of the second data set used. 565 
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 567 

 568 

Figure 5. Length of moving windows used to calculate kappa (κ) parameter. Black lines represent the 569 

intervals of the frequency range, while median frequency values are shown with a red dot. 570 

571 
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 572 

Figure 6. The left side is the acceleration spectra of an M=4.7 earthquake recorded by station FIAM at 573 

68.8 km of hypocentral distance. The different symbols connecting the straight lines indicate the 574 

frequency interval used to estimate κ. On the right is the corresponding signal-to-noise ratio.  575 



34 
 

 576 

Figure 7. Values of kappa versus distance determined using the semi-automatic technique and average 577 

values (red dots) ± 1 standard deviation using 10 km wide bins. 578 
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 580 

Figure 8. Individual estimate of 𝜅𝑠 for an event magnitude M=4.6. The triangles are estimates of kappa 581 

from the different stations and the solid line the least-square fit weighted with the standard 582 

deviation of the kappa estimate.  583 
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 584 

Figure 9. A sample of observed kappa values (triangles) versus hypocenter distance in km from four 585 

different stations (AQU, AQV, ARRO and ARVD) and the nonparametric fit (continuous line) 586 

obtained from the inversion.  587 
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 588 

 589 

 590 

 591 

Figure 10. Independent estimates of the near-source attenuation parameter κs (left) and estimates of κs 592 

obtained through the two-step inversion technique (right) using as reference sites LSS, SLO and 593 

SNO. 594 

 595 
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                596 

Figure 11. Brune’s acceleration source function for Mw=3.5 and a stress drop of 2 MPa (solid line) and 597 

after near-source attenuation with κs = 0.003s. Right frame shows the same functions with the 598 

frequency in linear scale. 599 

 600 
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 602 

 603 

 604 

Figure 12. Nonparametric Kappa functions obtained using the second data set. Plus symbols for group 605 

Q1, triangles for group Q2, octagons for group Q3 and diamonds for group Q4. 606 
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 608 

 609 

Figure 13. Spatial distribution of the near-site attenuation parameter 𝜅0 for reference stations obtained 610 

using the second data set. The stars are the location of earthquakes with magnitudes greater than 5 611 

plotted for reference. 612 
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 614 

Figure 14. Spatial distribution of the near-site attenuation parameter 𝜅0 for non-reference stations 615 

obtained using the second data set. The stars are the location of earthquakes with magnitudes 616 

greater than 5 plotted for reference. 617 

 618 
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