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S U M M A R Y
The use of H/V spectral ratios (HVSR) of ambient vibrations to constrain the local seismo-
stratigraphical configuration relies on numerical forward models able to connect observations
with subsoil seismic properties. Several models were proposed to this purpose in the last
decades, which are based on different assumptions about the nature of the ambient vibra-
tion wavefield. Performances of nine numerical tools implementing these models have been
checked by considering 1600 realistic 1-D subsoil configurations mostly relative to A, B and
C Eurocode8 soil classes. Resultant HVSR curves predicted by the models are quite similar
both in their general shape and in predicting the resonant soil frequencies, possibly because
all of them share the same basic representation of the subsoil as a 1-D stack of flat uni-
form viscoelastic layers. The common sensitivity to transmission/reflection matrices resulting
from that representation explains the well-known correspondence of HVSR maxima to 1-D
resonance frequency estimates, regardless of the physical assumptions (about source distri-
bution, radiation pattern, dominating seismic phases, etc.) behind the computational model
adopted for simulating HVSR curves. On the other hand, the computational models here con-
sidered provide quite different amplitudes for HVSR values corresponding to the resonance
frequencies. However, since experimental HVSR amplitudes at the same site are affected by
an inherent variability (e.g. due to the possible lack of ergodicity of the ambient vibration
stochastic wavefield, non-ideal experimental settings, etc.) and uncertainty about the local
seismo-stratigraphical profile (attenuation, 2-D/3-D effects, etc.) observations cannot be used
for general scoring of the considered computational models on empirical basis. In this situa-
tion, the ‘optimal’ numerical tool to be considered for the forward HVSR modelling must be
defined case by case.
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1 I N T RO D U C T I O N

The ambient vibration wavefield is the object of seismological re-
search since the XIX century (Ferrari et al. 2000). Starting from
the second half of the last century, a lot of effort has been made to
extract information about the seismic properties of the subsoil from
ambient vibrations by the analysis of seismometric data obtained
from seismic arrays (e.g. Okada 2003) and single station (e.g. Bard
et al. 2005) experimental settings. The first configuration aims at the
characterization of surface waves propagation pattern by determin-
ing modal or effective dispersion curves relative to Rayleigh and
Love wave components of the ambient vibration wavefield. In the
single station configuration, ratios of average spectral amplitudes of
horizontal and vertical components of ambient vibrations measured

at the Earth surface as a function of frequency (hereafter ‘HVSR
curve’ where HVSR stands for Horizontal to Vertical Spectral Ra-
tios) are considered to identify seismic resonance phenomena of the
shallow subsoil (Molnar et al. 2022).

The joint inversion of surface wave dispersion and HVSR curves
aims at constraining the local Vs profile in engineering applications
(e.g. Foti et al. 2011). To this purpose, suitable numerical models
are required for the forward modelling of experimental curves start-
ing from a subsoil configuration used as a guess. While forward
modelling of surface waves dispersion curves is relatively well es-
tablished at least for 1-D subsoil configurations (e.g. Schwab &
Knopoff 1972; Foti et al. 2015), more complex and controversial
appears the situation regarding the HVSR curve. Spectral ampli-
tude of ambient vibrations is the result of a complex combination
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of all seismic phases whose respective contribution is expected to
depend on the structure and distribution of the relevant sources and
the subsoil configuration.

To manage this complex situation, several approaches have been
proposed by adopting more or less restrictive assumptions con-
cerning the ambient vibration wavefield (Lunedei & Malischewsky
2015). The simplest approach was proposed by Herak (2008) by
assuming that HVSR curve relative to any 1-D subsoil configura-
tion only depends on the soil response (amplification spectra) due to
vertically propagating body waves. Many other approaches assume
that surface waves play a major role in ambient vibration. In the
simplest cases, HVSR is considered as an expression of Rayleigh
waves ellipticity (Malischewsky & Scherbaum 2004). A more com-
plex approach includes in the modelling Rayleigh and Love waves
in their fundamental and higher modes as generated by a uniform
distribution of random uncorrelated point sources (Lanchet & Bard
1994, 1995; Arai & Tokimatsu 2004; Lunedei & Albarello 2009).
More recently full wavefield models have been proposed by consid-
ering a distribution of uncorrelated or correlated random point-like
(Lunedei & Albarello 2010, 2015) or extended (Lunedei & Al-
barello 2021) surface sources. A different approach releases the as-
sumption of surface sources by considering a diffuse field generated
by sources distributed in the subsurface halfspace to simulate scat-
tering of seismic waves (Sanchez-Sesma et al. 2011). The release
of restrictive assumptions (e.g. concerning the seismic phases con-
sidered in the computational model), aiming at providing a more
comprehensive representation of ambient vibrations, increases at
the same time the numerical challenges concerning relevant com-
putations. Those numerical difficulties occur because such models
generally imply integration of rapidly oscillating functions in the
frequency-wavenumber domain in the presence of poles which re-
quire specific and numerically troublesome procedures to prevent
numerical instabilities. It is worth to note that, beyond relative dif-
ferences, all the above models consider the subsoil as a stack of flat
uniform elastic or viscoelastic layers, each characterized in terms
of thickness, body wave velocities, density, and possibly, damping.

All these approaches are claimed to provide effective numerical
tools for the forward modelling of HVSR curves and are currently
used in engineering applications. However, due to strong differences
in underlying assumptions, one may ask at what extent they are mu-
tually compatible and provide feasible results when compared with
observations. The empirical scoring of these models is not an easy
task. To this purpose, in fact, one should compare observed HVSR
curves with the theoretical ones inferred by considering available
borehole data. However, the assumption that ambient vibration ran-
dom field can be considered as fully ergodic is partially in contrast
with observations suggesting that the physical structure of the am-
bient vibration wavefield (mostly, but not only, beyond 1 Hz) may
change in the medium term (days, months) due to variations in
the source nature and distribution (e.g. Marzorati & Bindi 2006;
Paolucci et al. 2015). These variations cannot be averaged out when
ambient vibrations are monitored for a relatively short time (from
tens of minutes to hours) as is the common practice.

Moreover, the detailed knowledge of seismic properties of the
subsoil are generally incomplete due to depth limitation of bore-
hole data and inherent uncertainty concerning important parameters
(e.g. damping profile). Finally, the empirical determination of ex-
perimental HVSR curves relies on several numerical manipulations
(filtering, spectral smoothing, window selection, averaging hori-
zontal components, etc.) and experimental settings (instrumental
response to weak signal, soil/sensor coupling, environmental con-
ditions, etc.) which makes the definition of the ‘true’ experimental
HVSR curve to some extent controversial.

A different and less ambitious approach is considered in this
paper, aiming at evaluating to what extent the proposed modelling
procedures provide different outcomes when applied to the same
subsoil configuration. If these outcomes turn out to be significantly
different, one may infer that the empirical results might potentially
discriminate the more effective ones. To this purpose, nine com-
putational models proposed in the current literature are applied to
simulate HVSR curves relative to a large set of realistic seismo-
stratigraphical configurations representative of different geological
domains (foredeep basins, mountain belts, volcanic environments,
etc.). Then, the resulting HVSR curves are compared to evaluate
possible systematic differences among outcomes of the considered
computational models.

2 R E P R E S E N TAT I V E 1 D
S E I S M O - S T R AT I G R A P H I C A L
C O N F I G U R AT I O N S

The soil profiles considered here result from numerical simulations
using the litho-stratigraphic configurations observed along the geo-
traverse crossing the Apenninic orogenic belt, which represents a
typical chain-foredeep-foreland system (Pieri et al. 2004; Finetti
2005). The seismic parameters have been retrieved by consulting a
large database of subsoil data provided by seismic microzonation
studies carried out in Southern Italy and managed by local authori-
ties under the coordination of the Italian Centre for Seismic Micro-
zonation and Applications (Moscatelli et al. 2020). The approach
considered to define representative seismo-stratigraphical configu-
rations is described in detail by Peruzzi et al. (2016), Paolucci et al.
(2020, 2023) and is briefly outlined in the following.

Based on available information, a set of seismo-stratigraphical
configurations is identified in the form of a stack of engineering
geological units (Amanti et al. 2020) each characterized by a range
of variation of respective depths and shear wave velocities (Vs).
By considering these ranges, 200 profiles for each configuration
were randomly generated using the approach implemented in the
code STRATA (Kottke & Rathje 2008). To avoid unrealistic config-
urations generated by randomly changing Vs values of subsequent
layers, an inter-layer correlation has been assumed which increases
with depth by following the ‘Geomatrix’ configuration described
by Toro (1995). A constant Poisson ratio (0.4) has been assumed
for all the layers. Damping was assumed constant and very low
(0.01) to simulate nearly elastic behaviour, because the considered
computational models manage damping in different ways or simply
discard it. Density has been estimated by following Brocher (2005).
The resulting 1600 profiles reach a maximum depth of 170 m with
a minimum Vs value of 160 m s–1. In terms of EC8 soil classifica-
tion (EN 1998-1), 122 profiles are of class A (Vs30 > 800 m s–1

corresponding to the engineering bedrock), 1198 of class B (Vs30
in the range 360–800 m s–1 and depth of the engineering bedrock
above several tens of m), 262 of class C (Vs30 in the range 180–
360 m s–1 and depth of the engineering bedrock above several tens
of m), and 18 of Class E (Vs30 lower than 360 m s–1 and depth of
the engineering bedrock <20 m). No class D (Vs30 <180 m s–1,
depth of the engineering bedrock above several tens of m) profiles
were generated by the randomization procedure. This distribution
mimics the one relative to the Vs profiles in the Kik-Net database
(Zhu et al. 2019; Kaklamanos et al. 2013). Other statistics relative
to the considered parametrizations are reported by Paolucci et al.
(2023).

All the considered Vs profiles are provided as Supporting Infor-
mation.
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3 S I M U L AT I N G H V S R C U RV E S

Simulations of the HVSR curves relative to the seismo-
stratigraphical profiles described above have been performed by
using computational tools described in the literature and provided
in the form of freeware codes by the proponents. The code ‘Mod-
elHVSR’ by Herak (2008) has been used to compute the HVSR
curve under the assumption that it is determined by the vertically
propagating body waves (acronym BW standing for ‘Body Waves’).
HVSR from ellipticity of the fundamental mode of Rayleigh waves
(acronym R0 standing for Rayleigh Waves in the fundamental mode)
in the far field by not considering sources were computed within the
GEOPSY environment (Wathelet et al. 2020). HVSR resulting from
the hypothesis that ambient vibrations result from the contribution
of uncorrelated random point sources uniformly distributed at the
Earth surface under the assumption that surface waves (Rayleigh
and Love phases both in their fundamental and higher modes of
propagation) dominate the wavefield has been deduced by the im-
plementation of the formulas described by Lunedei & Albarello
(2009); in this computational model, the respective importance of
Rayleigh and Love phases is not fixed in advance but determined
by the interplay between orientation of the random sources (here
assumed to have the same average amplitude in the three Carte-
sian directions) and subsoil configuration. In the same model, the
possibility is offered to consider only the contribution of Rayleigh
waves in the fundamental mode (acronym ‘DSS R0’, standing for
‘Distributed Surface Sources—Rayleigh waves in the fundamental
mode’) or to include Rayleigh and Love phases with the respec-
tive higher modes (acronym ‘DSS SW’ standing for ‘Distributed
Surface Sources—Surface Waves’). The code implementing the
extension of this model to the full wavefield condition by consid-
ering correlated surface sources (Lunedei & Albarello 2015) has
also been used (acronym ‘DSS FW’, standing for ‘Distributed Sur-
face Sources—Full Wavefield’). To compute HVSR assuming the
diffuse character of ambient vibration wavefield propagating within
an elastic layered subsoil, numerical code ‘HVInv’ (Garcia-Jerez
et al. 2016) has been used by considering the contribution of sur-
face waves (Rayleigh and Love) in the fundamental mode (acronym
‘DFA RL’, standing for ‘Diffuse Field Approach—Rayleigh and
Love’), including higher modes (acronym ‘DFA SW’, standing for
‘Diffuse Field Approach—Surface Waves’) and those considering
the full wavefield (acronym ‘DFA FW’, standing for ‘Diffuse Field
Approach—Full Wavefield’). Table 1 reports the whole suite of sim-
ulators along with the acronyms considered in the following. It is
worth to note that, except in the case of the DFA RL, DFA SW and
DFA FW subsoil is assumed as viscoelastic and the effect of linear
damping is accounted for. In the case of the implementation of DFA
models here considered, subsoil is assumed to be purely elastic.

In all the cases, the implementations of the numerical models
originally provided by the respective authors have been used for
numerical computations. All the numerical tools considered for
computations are provided in the Supporting Information.

4 S TAT I S T I C A L A NA LY S I S

Some examples of HVSR curves determined by using the numeri-
cal tools listed in Table 1 are reported in Fig. 1. Despite the ampli-
tude differences, the general similarity among the shape of HVSR
curves appears evident, at least in a broad sense. This first glance
impression is corroborated by the statistical analysis of the out-
comes obtained by considering the 1600 Vs profiles. Two features

of the HVSR patterns of main interest for engineering and seis-
mological applications, are considered for this purpose: the HVSR
maxima (their frequencies and amplitudes) and the overall shape of
the HVSR curve. HVSR maxima are generally associated with the
presence of sharp impedance contrasts in the subsoil and represent
the main outcome of extensive field surveys devoted to seismic mi-
crozonation studies (e.g. Caielli et al. 2020; Paolucci et al. 2021).
In this regard, the relative HVSR maximum (with amplitude A0)
characterized by the lowest frequency f0 (the fundamental soil reso-
nance frequency) is of particular interest (see e.g. Zhu et al. 2020).
Of main importance is also the overall shape of the HVSR curve
which is considered for constraining the local Vs profile by the most
advanced inversion procedures (e.g. Foti et al. 2011; Bignardi et al.
2016; Garcia-Jerez et al. 2016; Wathelet et al. 2020). Both the above
features have been considered in comparing outcomes of the con-
sidered models in the range of potential geological and engineering
interest (0.05–30 Hz). When no HVSR relative maximum exists in
that range (i.e. the HVSR curve exhibits a monotonic or flat shape),
the respective values of f0, and A0 are considered equal to zero. In
most cases (more than 90 per cent) A0 is also the absolute maximum
of the HVSR curve which is in line with empirical observations (see
e.g. Zhu et al. 2020).

To evaluate similarity of f0 and A0 values, the coefficient of vari-
ation (CV), that is the ratio between the standard deviation and the
average of the values obtained by computational models in Table 1,
has been considered: CV values well below 1, indicate a strong con-
centration of the considered values around the average value. The
distribution of 1600 CV values related to the considered Vs pro-
files are reported in Fig. 2. The distribution of CV values indicates
that f0 estimates provided by the different computational models are
closely concentrated with CV values lower than 0.2 in 75 per cent
of cases, indicating that all tested models provide similar estimate
of characteristic soil resonance frequencies relative to shear waves.
Considerably more variable appear estimates of A0 with CV values
which, anyway, remain lower than 1.0 in about 75 per cent of cases.

To gain a deeper insight about A0 values obtained by the consid-
ered computational models, the respective frequency distributions
are reported in Fig. 3. One can see that computational models con-
sidering the surface waves contribution only (DFA RL, DSS SW
and DFA SW) provide more dispersed and generally higher A0 val-
ues with respect to the ones provided by other models: significant
number of A0 values computed by only considering the contribu-
tion of surface waves (DFA SW, DFA RL, SDD SW, DFA R0, R0)
are larger than 20 (red bars in Fig. 3). Except in the case that the
measured ambient vibration times-series is preliminary filtered to
isolate the contribution of Rayleigh waves (e.g. Fotouhimehr et al.
2021), such large values are quite uncommon.

Another alternative parametrization of observed differences be-
tween the f0 and A0 values provided by the computational models
is obtained by considering the goodness-of-fit index S proposed by
Anderson (2004) and in the form

S (p1, p2) = exp

[
−

(
p1 − p2

min (p1, p2)

)2
]

, (1)

where p1 and p2 are the values to be compared: S reaches a maximum
value 1 when the agreement is perfect and rapidly tends to 0 when
the difference increases (see also Olsen & Mayhew 2010; Graves &
Pitarka 2015). Both the parameters f0 and A0 where considered and
respective outcomes are reported in Table 2.

As one can see, median S values relative to f0 result almost co-
incident (S > 0.8) for all couples of computational models. As
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Table 1. Numerical tools considered for the simulation of HVSR curves.

Seismic phases considered in
the simulation Acronym

Hypothesis about HVSR
origin References

Full wavefield DSS FW Distributed Surface Sources
(DSS)—Full Wavefield

Lunedei & Albarello (2015)

Full wavefield DFA FW Diffuse Field Approach
(DFA)—Full Wavefield

Garcia-Jerez et al. (2016)

Rayleigh and Love waves
(fundamental and higher modes)

DFA SW Diffuse Field Approach
(DFA)—Surface Waves

Garcia-Jerez et al. (2016)

Rayleigh and Love wave
(fundamental modes)

DFA RL Diffuse Field Approach
(DFA)—Surface Waves

Garcia-Jerez et al. (2016)

Rayleigh and Love waves
(fundamental and higher modes)

DSS SW Distributed Surface
Sources—Surface Waves

Lunedei & Albarello (2009)

Rayleigh waves (fundamental mode) DFA R0 Diffuse Field Approach
(DFA)—Rayleigh waves

Garcia-Jerez et al. (2016)

Rayleigh wave (fundamental mode) DSS R0 Distributed Surface Sources
(DSS)- Rayleigh waves

Lunedei & Albarello (2009)

Rayleigh waves (fundamental mode) R0 Ellipticity of Rayleigh waves in
the far field

Wathelet et al. (2020)

Body waves (P and S waves) BW Vertically propagating Body
Waves (BW)

Herak (2008)

concerns A0, however, quite different values are obtained (S values
close to 0 in most cases). Surprisingly, a good agreement exists
between A0 estimates provided by the less comprehensive compu-
tational model (BW) and the most comprehensive ones (DFA FW
and DSS FW). This could be the effect of the major role played
by body waves close to the Vs resonance frequency (Albarello &
Lunedei 2011)

It could be of some interest evaluating to what extent discrepan-
cies among the different estimates of A0 may depend on the subsoil
configurations. In Fig. 4 the distribution of CV values correspond-
ing to A0 estimates relative to considered subsoil configurations are
reported. As expected, configurations of Class A (stiff soils) show
general absence of peaks in the HVSR curves for all the models
(CV = 0). Dispersion tends to increase as Vs30 values decrease
passing from soils of Class B to soil of Class C.

As concerns the overall shape of the HVSR curves, similarities
apparent in the examples in Fig. 1 are confirmed by a correlation
analysis: median correlation values relative to each pair of computed
HVSR curves are reported in Table 2. Pearson and Kendall rank
correlation coefficients have been used and provide quite similar
results.

Data in Table 3 confirm the impression obtained by examin-
ing Fig. 1 and indicate that HVSR curves for all 1600 seismo-
stratigraphical configurations exhibit significant similarities, with
median correlation values mostly above 0.7 both by considering
Pearson and Kendall correlation coefficients. It is worth to note,
that if the correlation is restricted to HVSR values below 10 Hz (i.e.
to the range of main interest for engineering purposes), correlation
values generally increase up to values 20 per cent. This suggests that
most differences in the HVSR pattern occur in the high frequency
range where numerical instabilities may play a major role (see Fig. 1
as an example).

Higher correlation values (well above 0.9) are found comparing
outcomes relative to models accounting for the same seismic phases:
full wavefield (DSS FW and DFA FW), surface waves (DSS SW,
DFA SW and DFA RL), Rayleigh waves ellipticity (DFA R0, DSS
R0 and R0). This finding suggests that background assumptions
regarding the distribution of sources or the diffusive character of
the ambient vibration wavefield are of minor importance in the

definition of the HVSR curves. Much more important seems to
be the role of seismic phases assumed to dominate the ambient
vibration wavefield.

If one considers as reference the HVSR curves deduced under
the most general conditions, that is considering all seismic phases
(DSS FW and DFA FW), it is observed that the assumption of the
wavefield dominated by surface waves (both Rayleigh and Love
components) provides HVSR curves quite similar to the reference
ones (correlation values above 0.85), while the assumption that
only Rayleigh waves dominate appears less effective. What is quite
surprising is the effectiveness of the simple body wave model BW
which, despite its simplicity, provides HVSR curves very similar to
the most general ones.

5 D I S C U S S I O N A N D C O N C LU S I O N

In the pragmatistic view (e.g. Bernstein 2010), different models
providing the same outcome are the same model (‘they state the
same thing by using different words’, Calderoni & Vailati 1931). In
this line of reasoning, one should consider how much are the com-
putational models in Tab. 1 actually different. In fact, all the models
consider the propagation of small amplitude seismic waves within
a viscoelastic linear medium constituted by a stack of uniform flat
layers. This implies that the computation of spectral amplitudes
ultimately rely on the same formalization based on the relevant
Green’s function or the equivalent propagator matrices (e.g. Ken-
nett 2009). Moreover, since we are dealing with a stack of uniform
layers, wave propagation can be represented in terms of upward
and downward travelling waves, whose vertical and horizontal am-
plitudes depend on reflection/transmission matrices representative
of boundary conditions at the layer interfaces. These matrices are
independent of the sources responsible for the seismic perturba-
tion, and their characteristics (and, in particular, their singularities)
control main propagation effects in the layered medium concern-
ing both surface and body waves. This may explain the fact that
HVSR curves, however computed, show maxima at the same set of
frequencies (Fig. 2). Main differences among the models in Table 1
only reflect which part of the Green’s function is actually considered
in computation, the possible role of source distribution, radiation
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Figure 1. HVSR curves in the range 0.1–30 Hz simulated by the computational models in Table 1 relative to the four seismo-stratigraphical profiles (EC8 soil
class B) shown to the right of the respective HVSR curves.

effects or scattering. The fact that the most comprehensive models
(DFA FW and DSS FW) and the simplest one (BW) provide very
similar HVSR curves suggests that these last aspects may play a
minor role in the simulation of the HVSR curve.

On the other hand, correlation values indicate that HVSR curves
computed by the different models are quite similar but not identi-
cal (See Fig. 1) and these differences mainly concern the overall
amplitudes of the HVSR values (see Table 2 and Fig. 3). HVSR
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Figure 2. Box–Whiskers representation of the frequency distributions of the values of the coefficient of variation (CV) related to A0 and f0 values obtained by
numerical simulations. Each box bounds the first and third quartile of the data distribution; the median is indicated by the horizontal line within the box. The
vertical whiskers extend to 1.5 times the respective quartile and aim at covering the tails of the distribution.

Figure 3. Histograms of the distribution of A0 for the nine models. The rightmost bar (red) shows frequencies for all A0 > 20 merged together; the leftmost
bar (light grey) represents the cases identified as bedrock (with no maxima in the considered frequency range).
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Table 2. Medians of the goodness-of-fit parameter S by Anderson (2004) for the fundamental resonance frequency f0
and the respective HVSR amplitude A0 computed for the 1600 seismo-stratigraphical profiles by using the considered
numerical models in the frequency range 0.05–30 Hz. Misfit values relative to f0 and A0 are, respectively, reported in
the upper and lower triangular part of the matrix.

f0/A0 DSS FW DFA FW DSS SW DFA SW DFA RL DFA R0 DSS R0 R0 BW

DSS FW 0.97 0.96 0.96 0.95 0.80 0.81 0.81 0.97
DFA FW 0.51 0.96 0.96 0.95 0.82 0.83 0.82 1.00
DSS SW 0.00 0.00 1.00 1.00 0.92 0.94 0.92 0.95
DFA SW 0.00 0.00 0.00 1.00 0.93 0.93 0.93 0.95
DFA RL 0.00 0.00 0.00 1.00 0.97 0.96 0.97 0.96
DFA R0 0.51 0.86 0.00 0.00 0.00 1.00 1.00 0.80
DSS R0 0.51 0.80 0.94 0.00 0.00 1.00 1.00 0.80
R0 0.50 0.85 0.00 0.00 0.00 1.00 1.00 0.81
BW 0.92 0.80 0.00 0.00 0.00 0.77 0.73 0.42

Figure 4. Box–Whiskers representation of the frequency distributions of the values of the coefficient of variation relative to the amplitude A0 of the HVSR
maxima obtained by the numerical simulations for soil classes A, B and C (see Fig. 2 for explanation).

Table 3. Medians of the correlation coefficients relative to HVSR curves computed for the 1600 seismo-
stratigraphical profiles by using the considered numerical models in the frequency range 0.05–30 Hz. Pearson
and Kendall correlation coefficients are, respectively, reported in the upper and lower triangular part of the matrix.

DSS FW DFA FW DSS SW DFA SW DFA RL DFA R0 DSS R0 R0 BW

DSS FW 0.95 0.83 0.82 0.77 0.72 0.74 0.73 0.82
DFA FW 0.84 0.90 0.94 0.86 0.77 0.77 0.78 0.87
DSS SW 0.76 0.81 0.99 0.89 0.73 0.75 0.73 0.73
DFA SW 0.73 0.85 0.93 0.95 0.79 0.78 0.79 0.72
DFA RL 0.74 0.80 0.86 0.87 0.93 0.88 0.91 0.64
DFA R0 0.75 0.74 0.62 0.64 0.63 1.00 1.00 0.62
DSS R0 0.75 0.74 0.62 0.64 0.63 0.99 1.00 0.62
R0 0.75 0.74 0.62 0.64 0.63 0.99 0.99 0.62
BW 0.68 0.68 0.60 0.60 0.57 0.61 0.61 0.61

amplitudes depend on several factors (convention adopted to com-
bine horizontal components, discarding or including surface waves
higher modes, parametrization of material damping, etc.) and each
model possibly shows different sensitivity to each of the soil param-
eters (damping, Poisson ratio, seismic impedance, distribution and
character of sources, etc.) and subsoil Vs layering (see Fig. 4). Thus,
in principle, an ‘optimal’ computational model could be useful to
gain information about these parameters. However, such optimality

cannot be assessed on theoretical basis. All the considered models
only represent more or less comprehensive approximations of the
underlying physical process, each justified by computational consid-
erations. First, considering Earth as a stack of uniform viscoelastic
layers contradicts seismological, geological, and geotechnical evi-
dence about the complex structure of the subsoil close to the sur-
face: this approximation may be effective in quite specific situations
and frequency intervals. Moreover, the assumption that the ambient
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vibration wavefield is isotropic (at least in the horizontal plane) does
not account for the possible azimuthal variations in the field sources
(e.g. along the coastline when sea waves are mainly responsible of
observed vibrations). Furthermore, energization of the wavefield in
the vertical and horizontal directions may vary case by case due
to the relevant physical phenomenon (sea waves interference, baro-
metric variations, wind, etc.) and this is not accounted for by any
of the models in Table 1. One should be aware that also the more
inclusive models only capture part of the processes controlling the
ambient vibration wavefield: while DFA FW model enhances the
role of wave scattering (responsible for the diffuse character of the
wavefield) the DSS FW one puts in evidence the role of distributed
surface sources. On the other hand, simpler models (e.g. R0) may be
more effective when the HVSR to be reproduced have been obtained
from ambient vibration time series filtered to isolate the contribution
of specific seismic phases (e.g. Fotouhimehr et al. 2021)

Finally, one should be aware that generalizations make the numer-
ical procedures increasingly complex, troublesome, and exposed to
numerical instabilities. These problems become progressively more
important when a huge number of forward simulations are required
in the non-linear inversion of observed HVSR curves (e.g. Picozzi
& Albarello 2007; Garcı́a-Jerez et al. 2016).

The results of numerical simulations described above have been
obtained by considering a huge amount of Vs profiles mostly rep-
resentative of soil EC8 soil classes A, B, C and marginally E. This
implies that, in principle, they could not be representative of all pos-
sible situations. It is worth noting, however, that available databases
relative to observed Vs profile indicate that the above EC8 categories
(mostly B) largely dominate in different geological contexts by cov-
ering a broad range of possible configurations. Another limitation of
seismo-stratigraphical configurations considered here relies on the
simplified assumptions concerning values of damping, Poisson’s
moduli and density. Basically, these have been considered as con-
stant (damping and Poisson’s modulus) or inferred from Vs in the
case of density (via Vp values deduced from the assumed value of
the Poisson’s modulus). Other choices were possible (e.g. by infer-
ring Vp from Vs by using empirical relationships by Brocher 2005).
Moreover, depth of the considered profiles was limited (less than
200 m form the surface). However, since our work was focusing
on the performances of the considered computational models when
applied to a variety of cases, what seemed to be important was cov-
ering a wide range of ‘realistic’ configurations and we do not expect
that considering different parametrization may significantly change
our statistics.

Specific analyses should be carried on in the future to evalu-
ate the impact of the computational models here considered when
applied for inverting experimental HVSR curves. Beyond possible
numerical troubles, interaction between inversion strategy and for-
ward modelling may play a role in providing correct results. This
implies that any comparison should be carried on by implementing
the different forward models in the same inversion protocol, which
is well beyond the aims of this study. Future work may possibly
clarify this important aspect.
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