
Does f0 from noise match f0 
from ground motions?  

Dongyoup Kwak 



YES	VS.	NO	

2	

!  Yes	 •  Chávez-García	et	al	(1996)	(6	sites)	
•  Mucciarelli	et	al	(2003)	(1	site)	
•  Rodríguez	and	Midorikawa	(2003)	(9	sites)	
•  Haghshenas	et	al	(2008)	(104	sites)	
•  Moya	et	al	(2000)	(7	sites)	
•  Senna	et	al	(2008)		

•  Satoh	et	al	(2001)	(20	sites)	!  No	



YES:	CHÁVEZ-GARCÍA	ET	AL	(1996)	

3	

•  Region	&	site	condiWons	
•  Northern	Greece	

•  6	staWons	on	a	hill	

•  Data	
•  HVER:	68	earthquakes		

(10	sec	window	around	the	largest	
amp)	

•  HVNR:	pre-event	signal	(5	sec)	

•  InterpretaWon	
•  Reasonably	match	each	other	
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Figure 10. Continuous lines: geometric average of HVSR for all of the events in 
any one group, N-S component. Only six stations recorded more than three events in 
any one group. The curves correspond to groups 1 and 8 for station 1 (8 and 5 events); 
groups 2, 5, and 7 for station 4 (4, 3, and 3 events); groups 1, 3, 5, 7, and 8 for station 
5 (7, 9, 5, 4, and 7 events); groups 1 and 3 for station 7 (6 and 4 events); groups 3, 4, 
5, and 8 for station 8 (4, 4, 7, and 3 events); groups 1, 3, and 8 for station 9 (3 events 
in each one). Dotted lines: average and average plus or minus one standard deviation 
of HVSR computed from noise records, N-S component. The number of noise records 
used to compute average curves is 12 events for station 1, 10 events for station 5, 8 
events for station 8, 6 events for stations 4 and 9, and 4 events for station 7. 

trary. This value is reasonable for the l imestone found at the 
recording sites. We  remind the reader that the frequency axis 
depends linearly on the assumed S-wave velocity. 

Theoretical results for the nine incidence angles were 
averaged to produce a mean theoretical transfer function for 
SV-wave incidence, and one for SH-wave incidence. We 
have neglected the usual normalization by the amplification 
value at zero frequency. The reason was that, for some in- 
cidence angles of  SVwaves,  horizontal motion is zero at zero 
frequency, making it impossible to normalize all transfer 
functions in the same way. In the case of  SH waves, we have 
no such problem, and the free-surface normalization factor 
is 2. However,  in order to be consistent with the results for 
SV waves, we have not applied this free-surface factor. 
Therefore, our theoretical curves for SH-wave incidence 
tend to a factor of  2 at low frequencies. The average theo- 

retical transfer functions are shown on Figures 12 and 13 for 
SH and SV motion, respectively. In these figures, the dotted 
line shows mean-transfer functions, while the dashed lines 
show the mean plus or minus one standard deviation. We 
observe that average theoretical transfer functions are almost 
constant in the frequency range studied. Standard deviation 
is significant in the SH case, and very large in the SV case. 
This means that the response of  the topographic profile de- 
pends heavily on incident angle: frequencies that at one point 
are amplified at one incident angle are deamplified for a 
different incident angle. This has been a common observa- 
tion of the articles dealing with the theoretical response of 
topographic features. Its implication is that it will be very 
difficult to compare the expected transfer function with a 
given observation unless detailed data of energy distribution 
as a function of  incidence angle are available. 



YES:	MUCCIARELLI	ET	AL	(2003)	

4	

•  Region	&	site	condiWons	
•  Southern	Italy	

•  1	staWons	on	lacustrine	valley	

•  Noisy	industrial	area	

•  Data	
•  HVER:	132	earthquakes	(full	length)	

•  HVNR-T:	674	noise	records	(big	
enough	to	trigger	seismometer)	

•  HVNR:	Use	five	of	1	min	samples	

•  InterpretaWon	
•  Good	match	btw	HVER	and	HVNR-T	

•  Good	match	btw	HVER	and	HVNR	
for	f0,	but	not	for	amp.	

Short Notes 1409

Figure 1. Distribution of analyzed recordings versus signal maximum amplitude
(top left), magnitude (top right), rainfall in the 72 hr preceding the event (bottom left),
and HVSR fundamental frequency (bottom right). Counts are the number of recordings
falling in that bin (earthquakes plus triggered noise recordings, except for magnitudes
where only earthquakes are taken into account).

Figure 2. Average of HVSR calculated for
132 earthquakes (thick line), 674 triggered
noise recordings (thin line), and a standard mi-
crotremor measurement (dotted line).

HVER	

HVNR-T	

HVNR	



YES:	RODRÍGUEZ	AND	MIDORIKAWA	(2003)	

5	

•  Region	&	site	condiWons	
•  Yokohama	(near	Tokyo),	Japan	

•  9	verWcal	arrays	on	varying	geology	
(fill	to	sof	rock)	

•  Data	
•  HVER:	15	earthquakes		

(S-wave;	20	sec	window)	
•  HVNR:	15	noise	samples		

(20.48	sec	window)	

•  InterpretaWon	
•  The	f0	coincide	at	all	sites	

"  HVNR	is	the	best	match	to	H/H	with	
reference	site	approach	

1706 V. H. S. RODR!IGUEZ AND S. MIDORIKAWA
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Figure 9. Results attained from the application horizontal to vertical (H=V ) spectral ratio of techniques
after smoothing with a logarithmic window with a bandwidth coe"cient b=15. H=V : Horizontal to

vertical spectral ratio of microtremors (H=VM), of S-waves (H=VS), and coda waves (H=VC).

represented with a thin solid line in Figure 9, repeatedly fails to reveal peak periods other
than those corresponding to the predominant ones.

(3) Reliability assessment via cross-validation. In order to allow their simultaneous compar-
ison, we plot all transfer functions for the vertical array sites in Figure 10. As previously
stated, the HS=HR-based transfer functions appear to provide enough accuracy to allow the as-
sessment of the reliability of the H=V -based spectral ratios. Accordingly, after adopting HS=HR
estimations as the cornerstone of our reliability check, we can state that, with the exception of
sites TRG and KZP, all ampli#cation spectra unmistakably reveal reliable predominant peaks
at all sites. On the same grounds, we can also establish that the H=VS and H=VC spectral ratios
incur clear overestimations at all sites, but, comparatively, the H=VM ratios provide better soil
response estimates. We can also see that at TRG and KZP the horizontal to vertical spectral
ratios fail to reveal the actual predominant periods located in the short period part of the spec-
trum, which leads to contrasting trends in their ampli#cation spectra. We can even assert that
at TRG and KZP, while H=H ampli#cation ratios display the largest values towards the short
period part of the spectrum, the H=V estimations seem to cancel them. This di$erence takes a
more concrete shape in Figures 11(a)–(c) which illustrate the relation between predominant
periods at the vertical array sites. Obviously, H=V -based predominant periods at TRG and KZP
display a similar mismatch with respect to their HS=HR counterparts. Figure 11 also con#rms

Copyright ? 2003 John Wiley & Sons, Ltd. Earthquake Engng Struct. Dyn. 2003; 32:1691–1714
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Figure 10. Ampli!cation spectra obtained from the !ve spectral ratio techniques under analysis after
smoothing with a logarithmic window with a bandwidth coe"cient b=15. HS=HB: Spectral ratio to
a borehole accelerograph of the horizontal motion of S-waves. HS=HR: Spectral ratio to a reference
spectrum of the horizontal motion of S-waves. H=V : Horizontal to vertical spectral ratio of microtremors

(H=VM). S-waves (H=VS), and coda waves (H=VC).

that in terms of maximum ampli!cation ratios, the H=VS brings about larger overestimations
(Figure 11(f)) than the H=VC method (Figure 11(e)), and that the H=VM approach provides
the closest values to the HS=HR-based results (Figure 11(d)).
We also examine the possible relation between the soil- and S-wave velocity-pro!les for

the nine sites composing the vertical array with their corresponding soil response estimations,
in order to elucidate, even a little, if we can consider these mismatches as pure errors or as a
general soil pro!le-dependent bias. As we can observe in Figures 10 and 11, the coincidence of
predominant periods takes place along the whole frequency range under scrutiny, namely from
0.5 to 10Hz (0.1–2:0s). Sites characterized by distinctive and coincident soil response estimates
display a typical L-shape S-wave velocity pro!le indicating a relatively strong contrast between
lower rock and upper sediments at sites NAF, ISJ, KGG, HDC, ISG, NSR, TRJ, as shown
in Figure 2. However, at sites TRG and KZP, estimations based on the H=V technique incur
apparent mismatches when compared to HS=HR-based predominant periods located in the
short period part of the spectrum. Both sites share a similarly complex soil pro!le marked
by frequent intercalations of sandy deposits, as shown in Figure 2. Such intercalations seem
to reduce the overall S-wave velocity contrast (impedance) between the upper sediments and
the underlying engineering bedrock. However, to clarify why H=V estimations at these two

Copyright ? 2003 John Wiley & Sons, Ltd. Earthquake Engng Struct. Dyn. 2003; 32:1691–1714



YES:	HAGHSHENAS	ET	AL	(2008)	

6	

•  Region	&	site	condiWons	
•  Europe,	Caribbean,	Tehran	

•  104	sites	

•  Data	
•  HVER:	Earthquakes	

•  HVNR:	Microtremor,	or	extracted	from	pre-	or	post-event	noise	

•  InterpretaWon	
•  Very	good	agreement	btw	f0	of	HVER	and	f0	of	HVNR	(81%	of	sites)	

•  Disagreement	at	thick,	low	frequency,	conWnental	sites	(low	noise	level;	no	clear	peak	from	
HVNR)	



YES(?):	MOYA	ET	AL	(2000)	

7	

•  Region	&	site	condiWons	
•  San	Jose,	Costa	Rica	

•  7	sites	(6	on	sof	soil,	1	on	rock)	

•  Metropolitan	area	

•  Data	
•  HVER	(thick	solid):	68	earthquakes	

(S-wave;	4	sec	window)	
•  HVNR	(doled):	pre-event	signal		

(15	sec)	

•  InterpretaWon	
•  Bad	match	for	4	sites	

•  Good	match	for	3	sites	
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NO(?):	SATOH	ET	AL	(2001)	

•  Region	&	site	condiWons	
•  Sendai	basin,	Japan	

•  20	sites	(sof	soil	to	rock)	

•  Data	
•  HVER:	43	earthquakes	(S-wave;	10	sec	window)	

•  HVNR:	15	min	sampling	(40.96	sec	window)	

•  InterpretaWon	
•  No	correlaWon	at	full	frequency	range	(0.2	–	5	Hz)	

•  Good	match	if	consider	frequency	less	than	1	Hz	

"  If	there	is	a	peak	at	high	frequency	from	HVNR,	its	
f0	corresponds	to	the	f0	of	HVER.	

"  The	f0	of	HVNR	peaks	at	low	frequency	match	
with	f0	of	HVER	peaks	even	though	the	HVER	
peaks	are	not	the	highest.		

Differences Between Site Characteristics Obtained From Microtremors, S-waves, P-waves, and Codas 331

Figure 22. Relationships among the frequencies of the maximum peaks of HVRs
for microtremors, HVRs for S-wave windows, and HHRs for S-wave windows, selected
in the whole frequency range of interest, 0.2 to 5 Hz. HHRs at BRI stations are denoted
by solid circles. HHRs at SHIMZ stations and K-NET stations are denoted by multipli-
cation symbols (!). HHRs for S waves at sites of SHIMZ stations and K-NET stations
are obtained by multiplying HHRs with respect to OKIN of SHIMZ stations by HHRs at
OKIN of BRI stations with respect to TAMA.

Figure 23. Relationships among the frequencies of the maximum peaks of HVRs
for microtremors, HVRs for S-wave windows, and HHRs for S-wave windows selected
under the condition that the peak frequencies in HVRs for microtremors are longer than
1 sec and their peak amplitudes be greater than 3. The symbols are the same as for
Figure 22.

Figure 24. Relationships among the amplitudes of the maximum peaks of HVRs for
microtremors, HVRs for S-wave windows, and HHRs for S-wave windows, selected on
the same conditions as relationships presented in Figure 23. The symbols are the same
as for Figure 22.
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Figure 22. Relationships among the frequencies of the maximum peaks of HVRs
for microtremors, HVRs for S-wave windows, and HHRs for S-wave windows, selected
in the whole frequency range of interest, 0.2 to 5 Hz. HHRs at BRI stations are denoted
by solid circles. HHRs at SHIMZ stations and K-NET stations are denoted by multipli-
cation symbols (!). HHRs for S waves at sites of SHIMZ stations and K-NET stations
are obtained by multiplying HHRs with respect to OKIN of SHIMZ stations by HHRs at
OKIN of BRI stations with respect to TAMA.

Figure 23. Relationships among the frequencies of the maximum peaks of HVRs
for microtremors, HVRs for S-wave windows, and HHRs for S-wave windows selected
under the condition that the peak frequencies in HVRs for microtremors are longer than
1 sec and their peak amplitudes be greater than 3. The symbols are the same as for
Figure 22.

Figure 24. Relationships among the amplitudes of the maximum peaks of HVRs for
microtremors, HVRs for S-wave windows, and HHRs for S-wave windows, selected on
the same conditions as relationships presented in Figure 23. The symbols are the same
as for Figure 22.

Frequency	range	<	1	Hz	and	Amp	>	3	

Full	frequency	range	



YES:	SENNA	ET	AL	(2008)	

Red:	HVER	
Black:	HVNR	



NO(?):	SATOH	ET	AL	(2001)	322 T. Satoh, H. Kawase, and S. Matsushima

Figure 8. Averages of HVRs (H/V) for microtremors, S-wave windows, and S-coda
windows at SHIMZ stations. The S-coda windows shown in (a) and (b) are 10 sec after
S-wave windows and late S-coda windows, respectively. It is found that HVRs for 10
sec after S-wave windows are smaller than HVRs for S-wave windows and larger than
HVRs for microtremors in the frequency range from about 0.4 to 3 Hz. At TOMI,
KORI, OKIN, and OKHI, the amplitudes of peaks at about 1 Hz in HVRs for S-wave
windows decrease for 10 sec after S-wave windows and almost disappear for late S-
coda windows. The HVRs for late S-coda windows become very similar to HVRs for
microtremors in the frequency range lower than 3 Hz.

peaks around 1 Hz in HVRs for S-wave windows disappear
in HVRs for 10 sec after S-wave windows, as seen in the
surface records shown in Figure 11. The disappearance of
peaks at 1 Hz in HVRs for S-coda windows of surface records
is probably caused by contamination of Rayleigh waves as
mentioned previously. Because the peaks of HVRs in bore-
hole records also disappear, contamination by Rayleigh
waves affects HVRs not only on the surface but also in the
borehole in S-coda windows. We will interpret the obser-
vational facts theoretically later in this article.

Theoretical Results

Theoretical HVRs and HHRs Using Shallow
Underground Structures

Figure 16 shows observed HVRs for microtremors, theo-
retical HVRs for the fundamental mode of Rayleigh waves,
and theoretical site amplification factors (HHRs) for verti-
cally incident S waves using the shallow underground struc-
tures shown in Figure 3. The S-wave velocities at the deepest
layer in Figure 3 range from 660 to 1400 m/sec. A spike at

Differences Between Site Characteristics Obtained From Microtremors, S-waves, P-waves, and Codas 323

Figure 9. The averages (bold circles) and average !1 standard deviation (bars) of
HVRs at peak frequencies around 1 Hz for different windows and microtremors at four
sites. Numbers in horizontal axes denote (1) S-wave windows, (2) 10 sec after S-wave
windows, (3) late S-coda windows, and (4) microtremors, respectively. The peak am-
plitudes at around 1 Hz are different among windows even at the same site.

Figure 10. The same as Figure 8a but for K-NET
stations.

6 Hz in HVRs for microtremors at NAGA is caused by in-
strumental noise. For the theoretical site amplification fac-
tors of S waves, we use frequency-dependent Q inverted by
Satoh et al. (1995) using a modified quasi-Newton method
(Fletcher, 1972). The frequencies of the first peaks of ob-
served HVRs for microtremors can be explained neither by
theoretical HVRs for Rayleigh wave nor for S waves, though
frequencies of some higher peaks of the observed HVRs
agree with the theoretical HVRs at several sites, namely,
TSUT, SHIR, and NAGA. This result suggests that HVRs for
microtremors are significantly influenced by deeper structure
than that modeled here. Comparing Figures 11 and 16, it is
also suggested that HVRs for S waves cannot be regarded as

S-wave site amplification factors of shallow underground
structures.

Theoretical HVRs and HHRs Using Deep
Sedimentary Structures

Using the deep sedimentary structures at OKIN, ARAH,
and TRMA of BRI stations, shown in Figure 4, we interpret
the differences of observed site characteristics between mi-
crotremors and S waves. Figure 17 shows HVRs for micro-
tremors and theoretical HVRs for the fundamental mode of
Rayleigh waves. At OKIN, HVRs for microtremors are simi-
lar to the theoretical HVRs except for a peak at 0.8 Hz. At
TRMA, frequencies of peaks and troughs of HVRs for mi-
crotremors agree well with those of the theoretical HVRs. At
ARAH, frequency of a trough of the HVRs for microtremors
agrees well with that of the theoretical HVRs, although peak
frequency of the HVRs for microtremors are a little higher
than that of the theoretical HVRs. As long as microtremors
are composed of Love waves and Rayleigh waves, large
peaks in HVRs for microtremors will be caused by nodes in
the vertical components of Rayleigh waves. On the other
hand, troughs in the theoretical HVRs for Rayleigh waves
are caused by nodes in the horizontal component so that
observed troughs cannot be as small as the theoretical ones
due to Love-wave contamination.

Since the S-wave window in vertical components is
mainly composed of a P wave converted from an SV wave
at the boundary between bedrock and sediment (Tohdo et
al., 1995), we compare (Figure 18) observed HVRs for S-
wave windows with theoretical HVRs for SV wave obliquely
incident (incident angle " 30!) to the bedrock. Here we use
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Figure 11. The same as Figure 8a but for BRI
stations.

frequency-dependent Q for both shallow and deep layers es-
timated by Satoh et al. (1995, 1997). Peak frequencies of
the theoretical HVRs are almost independent of incident an-
gles as long as they are less than the critical angle, but their
amplitudes become larger as the incident angles become
smaller. The peak frequencies of the observed HVRs for S-
wave windows are consistent with those of the theoretical
HVRs except for higher peak frequencies at OKIN. This
means that peaks of the observed HVRs for S-wave windows
are mainly controlled by nodes in the vertical component
because S-wave windows should be composed of both SV
and SH waves.

Figure 19 shows observed HHRs for S-wave windows
and theoretical site amplification factors (HHRs) for verti-
cally and obliquely incident (incidence angle ! 30!) S
waves. The agreements between observed and theoretical
HHRs are good at all three sites.

The relation between observed and theoretical site char-
acteristics using deep sedimentary structures at three sites
are summarized as follows:

1. Observed HVRs for microtremors are consistent with
theoretical HVRs for the fundamental mode of Rayleigh
wave, especially for peak frequencies.

2. Observed HVRs for S-wave windows agree with theo-
retical HVRs for obliquely incident SV waves, especially
for peak frequencies.

3. Observed HHRs for S-wave windows are explained well
by theoretical HHRs for vertically or obliquely incident
SV waves.

The results of (2) and (3) show the validity of the esti-
mated deep underground structures. Thus theoretical results
support the interpretation obtained from the observational
studies that Rayleigh-wave contamination is significant in
coda at soft soil sites.

Surface Waves

Figure 20 shows theoretical group velocities for the fun-
damental mode of Rayleigh and Love waves using the deep
sedimentary structure at OKIN. Considering that the theo-
retical group velocity at 1 Hz is about 500 m/sec, the obser-
vational results that, only 2.5 sec after P waves or 5.0 sec
after S waves, HVRs start to be different from HVRs for P
waves or S waves imply that Rayleigh waves are generated
by subsurface irregularity near OKIN because surface waves
at 1 Hz can only travel 2.5 km in 5 sec. The sites where the
existence of surface waves is noticeable are distributed
within a belt with the length of about 8 km from north to
south as shown by red symbols in Figure 1. Satoh et al.
(2001) showed that the S-wave velocity structures are very
different between OKIN and ARAH. These facts suggest that
there is a subsurface irregularity running from north to south
in between OKIN and ARAH, which may generate strong
basin-induced surface waves.

316 T. Satoh, H. Kawase, and S. Matsushima

Figure 1. Map of strong-motion sites in and
around the Sendai basin. BRI stations, the eleven sites
(triangles) deployed by Building Research Institute
(Kitagawa et al., 1994); K-NET stations, the two sites
(squares) deployed by Natural Research Institute for
Earth Science and Disaster Prevention (Kinoshita,
1998); and SHIMZ stations, the seven sites (circles)
deployed by Shimizu Corporation. At sites shown by
red symbols, the differences between HVRs of S
waves and S coda are noticeable. The geological data
was compiled by Geological Survey of Japan (1995).
The geology is classified into H, Holocene in Qua-
ternary; Q3 and Q2, Pleistocene in Quaternary; N3,
Pliocene in Neogene (Tertiary); N2 and N1, Miocene
in Neogene (Tertiary); TR1, early Triassic in Meso-
zoic (pre-Tertiary); and CM, Cambrian in Paleozoic
(pre-Tertiary).

Figure 2. Epicenters of 43 earthquakes used in
this study.

of Pliocene age. TSUT is located on hard soil of Pleistocene
age. The other sites are located on soft soil of Holocene age.
In Figure 3 we show shallow S-wave velocity structures for
BRI and K-NET stations. The S-wave velocities are based
on PS logging (Kitagawa et al., 1994) at TAMA and TGRA
and on an inversion technique (Satoh et al., 1995) at the
other BRI stations. Figure 4 shows deep S-wave velocity
structures at five sites, which are estimated by Rayleigh-
wave inversion technique using mainly array records of mi-
crotremors (Satoh et al., 2001). Table 1 and Table 2 show
lists of 43 earthquakes analyzed in this study whose epicen-

ters are shown in Figure 2. We can see quite a wide variety
of the underground structures at our strong-motion sites in
Sendai. Thus we believe that these sites could provide one
representative set of data for similar sedimentary basins, ex-
cept for very soft sites like those in Marina district in San
Francisco or in the lake-bed zone in Mexico City.

At 11 BRI stations, strong motions have been observed
by velocity feedback type accelerometers (Kitagawa et al.,
1994). At BRI stations strong motions are observed in bo-
reholes at depths of about 30 to 80 m as well as on the
surface (Kitagawa et al., 1994; Satoh et al., 1995). The sam-
pling frequency is 100 Hz for EQ8925 and EQ8926 and 200
Hz for the other earthquakes. At two K-NET stations,
MYG13 and MYG15, strong motions have been observed
by displacement feedback type accelerometers on the surface
only (Kinoshita, 1998) (http://www.k-net.bosai.go.jp), but
PS logging was conducted up to 20 m below the surface, as
shown in Figure 3. The sampling frequency was 100 Hz.
Seven SHIMZ stations are deployed within a radius of 2500
m from OKIN, as shown in Figure 1. We observed strong
motions for about eight months by means of displacement
feedback velocity seismometers (Satoh et al., 2001) placed
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•  Agreement:	
•  HVNR	from	ambient	vibraWons	big	enough	to	trigger	a	seismometer	has	good	correlaWon	with	HVER	(Mucciarelli	

et	al	2003).	

•  Good	correlaWon	of	f0	between	HVER	and	HVNR	across	conWnents	(Europe,	Central	America,	Japan)	
•  Good	correlaWon	between	HVNR-based	site	amplificaWon	and	non-referenced	site	amplificaWon	for	2007	Niigata	

earthquake	(Senna	et	al.,	2008)	

•  Disagreement:	
•  At	thick,	low	frequency,	and	conWnental	sites,	HVNR	does	not	show	clear	peak	whereas	there	is	a	peak	from	

HVER	(Haghshenas	et	al.,	2008).	

•  HVNR	does	not	show	peak	at	high	frequency	whereas	there	is	the	highest	peak	from	HVER	(Satoh	et	al.	2001).	

•  No	correlaWon	between	HVNR-based	site	amplificaWon	and	recorded	strong	moWon	amplitude	or	damage	for	
1994	Northridge	earthquake	(Trifunac	and	Todorovska,	2000)		

#  Based	on	literature	data:	if	there	are	HVNR	peaks,	those	peaks	correspond	to	HVER	peaks.	

#  HVNR	matches	beler	to	site	amplificaWon	(Hsurface/Hrock-outcrop)	than	HVER	(Rodríguez	and	
Midorikawa	,	2003).	
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