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Reference ground motions: 
•  important for many cascading applications in both seismology / eng. 

seismology and EQ eng 
•  if inappropriate: can introduce bias in amplitude, frequency content 

and duration 
•  can be selected based on various criteria & proxies – or not…! 
 
Usual criterion: choose stations are installed on “rock”:  
•  usually no effort to characterise or challenge their quality as ref 

stations 
•  assumed to be free of any site effect… this we now know is untrue! 

The challenge 



 
 
è How do we define a reference station in a consistent & holistic way? 

è Aim to provide the user engineer with a framework to: 
•  select input GMs in an informed and controlled way  
•  reduce uncertainties and bias or double-counting of site effects 
•  ultimately improve quality / reliability of downstream analyses 
 
 
 

The challenge 



A long time ago, in a ΠΣΑΜΤΣ far, far away…  







•  waveform (data)-derived parameters    
 
•  parameters based on the analysis of all external sources 
  
•  operator’s observations from site visits 

What would we like to know? 
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NOA ‘rock’ stations 

•  BB stations (HH channels)  
•  Collocated BB/SM (HH and HN) 
•  SM stations for which some 

indication exists:  
 literature and online resources 
 geological map info 
 proxy-based info 
 operator’s/site-visit info 

 
•  publicly accessible via the 

EIDA@NOA node  
•  enough recordings 



Soil resonance is an accepted fact (simplified effect in GMPEs etc.) 
 
 

Site resonance 
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Soil resonance is an accepted fact (simplified effect in GMPEs etc.) 
 
Rock resonance is not yet such a well-accepted fact although… 
 

EC8 new draft 
CEN/TC 250/SC 8 (2021) 
 
Labbe & Paolucci (2022) 



Soil resonance is an accepted fact (simplified effect in GMPEs etc.) 
 
Rock resonance is not yet such a well-accepted fact although… 
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Waveform-derived parameters 
 

digital era (EIDA – Evangelidis et al., 2021) 
>7500 recordings, M4+, till 31/12/2023 
2+ years’ worth of processing 
 



1. Visual inspection 
2. Quality assessment 
3. Waveform-specific processing in the time and frequency domain 

time 

freq 



    Mean HVSR 
 
Combine horizontal components in an orientation-independent estimate 

flat without clear 
resonant peaks 

Strong amplification 
at 6 & 20Hz 



   Rotational HVSR 
 
	
	
	
	
Strong	direc,onal	effects		
may	indicate	departure		
from	1D	behaviour	due		
to	local	geomorphology	
	
 



  
Rough correction for the implicit amplification of the vertical (Ito et al., 2020)	
 









•  waveform-derived parameters    
 
•  parameters based on the analysis of all external sources 
  
•  operator’s observations from site visits 

What would we like to know? 



Parameters	from	external	sources 

•  We	studied	1:50,000	scale	geological	maps	&	
compiled	info	on	geological	units	and	age	

•  Not	always	straighCorward	depending	on	age	
of	map,	accessibility	of	area,	complexity	and	
lateral	variability,	etc.	

•  Not	to	men,on	accessibility	of	maps...	

•  YES	/	NO	/	likely	
	

 



Parameters	from	external	sources 

 

•  Characterising	
topography	and	slope	
regime	near	the	sta,ons	
based	on	digital	eleva,on	
models,	maps	of	various	
scales,	etc.		

•  Steepness	means	hard	
material…	but...	

•  Topo	also	amplifies!	

•  Even	structure	
characteris,cs	

	



Parameters	from	external	sources 
Vs30		/		EC8		/		topo		/		geological	unit-age	/	etc…	



•  waveform-derived parameters    
 
•  parameters based on the analysis of all external sources 
  
•  operator’s observations from site visits 

What would we like to know? 



Insights	from	operator	

Network operator’s first-hand experience is very important: 
 
•  housing/installation info! 
   (potential SSI effects….) 



Insights	from	operator	
Network operator’s first-hand experience is very important: 

 
•  geological maps constructed at a national 

scale (by different teams, over several 
decades) inevitably contain errors and 
simplifications   

è site visit more reliable & to scale 

•  satellite-based estimates of slope/topo 
invariably include approximation/
homogenisation and lack specificity/granularity  

è site visit leaves little doubt as to the exact 
nature of the landscape at the station 
 



Compiling	all	



Other	datasets:	Adria	Array	

 
•  Suggested 

methodology for a 
larger European effort 

 



Other	datasets:	Adria	Array	
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Other	datasets:	Adria	Array	

I think I’ll 
take the NS 
component… 
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•  BTW…	for	new	
sta,ons..	

	
•  no	,me	to	wait	

for	Enceladus?	

•  noise	vs	EQ	
amps	

	
EQ vs noise 
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Other	datasets:	Adria	Array	

•  BTW…	for	new	
sta,ons..	

	
•  no	,me	to	wait	

for	Enceladus?	

•  noise	vs	EQ	
amps	

	 N vs E on noise 



Wrap-up	
We have proposed a more inclusive / holistic framework for selecting 
reference stations and GMs, combining: 
 
•  DATA: amplification at rock stations + rich metadata exceeding typical 

analyses  
•  input from public sources (housing, topo, geology, Vs30) 
•  insights & corrections from operators based on site visits 
 
 

We have shown that: 
 

•  not all rock sites should be treated equally or trusted blindly 
•  the selection process matters  
•  one size / criterion does not fit all 



Wrap-up	
Compile & openly challenge / contrast all info:  
 

•  offer overall qualitative assessment of reference site potential  
•  offer transparency of all criteria and the possibility for potential user to 

prioritise / tailor to individual needs, rather than blindly accept  
•  combine criteria: a single source of info may carry larger risks  

Hope to allow future EQ engineering studies to: 
 

•  select input ground motions in an informed and controlled way  
•  reduce uncertainties and bias  
•  ultimately improve the quality and reliability of analyses using recorded data 

as input 




