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1 INTRODUCTION 
 
The analysis of surface and interface waves is widely 
used for the geotechnical and seismic characteriza-
tion of shallow soils. Through the analysis of the 
dispersion properties of Rayleigh, Love, Scholte or 
Stonely waves, it is possible to retrieve VS (shear 
wave velocity) profiles. This can be done by using 
waves generated from active sources as in SASW 
(Nazarian and Stokoe, 1984), MASW (McMechan 
and Yedlin, 1981; Park et al., 1999), MUSIC 
(Schmidt, 1986), MOPA (Strobbia and Foti, 2006), 
and similar geotechnical approaches (Mulargia et al., 
2015) or waves from passive ambient noise, as in the 
2D arrays of SPAC (Aki, 1957) and ESAC (Ohori, 
2002) or in the 1D of ReMiTM (Louie, 2001) and 
SSASP (Mulargia and Castellaro, 2013). Apart from 
the variety of names, these techniques, which differ 
mostly for details of processing and acquisition, 
share essentially the same concepts, advantages and 
weaknesses (see Foti et al., 2014 for a review), 
which often make the interpretation of the dispersion 
curves difficult.  

Surface wave propagation in layered media is a 
multimodal phenomenon. Higher modes often dom-
inate the scene, resulting in so-called ‘effective’ or 
‘apparent’ dispersion curves (Tokimatsu et al., 
1992). The first problem is that these vary with the 
specific source used, which never has an ideal white 
spectrum, and this makes the interpretation difficult. 
This occurs particularly, but not only, in presence of 

velocity inversions and in presence of strong imped-
ance contrasts at shallow depths (Tokimatsu et al., 
1992; Gukunski and Woods, 1992). The second 
problem of these methods is the usually limited pen-
etration depth, particularly in presence of stiff layers 
at shallow depth and particularly when high-
frequency sources (sledgehammer, seismic gun) are 
used to excite the soil. The third problem is that the 
inversion of any dispersion curve holds only for 1D 
plane-parallel stratigraphy, which is not known in 
advance. 

In order to by-pass some of these limitations, sur-
face wave techniques have sometimes been used to-
gether with traditional P (or S) wave refraction seis-
mic prospections, which share the same acquisition 
set up (Foti et al., 2003). However, also the refrac-
tion method suffers from several limitations, such as 
a poor penetration depth compared to surface waves, 
the incapacity to detect velocity inversions and the 
fact that under the water table the P wave arrivals do 
not allow to detect layers with P-wave velocity low-
er than the P wave velocity in water (~ 1500 m/s). 

The H/V method, proposed by Nogoshi and Iga-
rashi in 1970, promoted by Nakamura in 1989 and 
‘standardized’ in 2004 within the SESAME (2004) 
project, is at present the most common technique to 
experimentally assess the subsoil amplification fre-
quencies. In recent years the joint fit of H/V and dis-
persion curves was proposed (Parolai et al., 2005; 
Picozzi et al., 2005; Castellaro and Mulargia, 2010; 
2014; Roser and Gosar, 2010; Zor et al., 2010; Foti 
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et al., 2011) and VS profiles capable to match both 
the experimental H/V and dispersion curves are 
commonly considered better constrained than mod-
els based on the match of the curve from a single 
technique. However, this joint fit is usually a blind 
operation. 

The microtremor H/V curves are diagnostic of 
other key features of the subsurface structure. First, 
they indicate, through the peak amplitudes, whether 
stiff layers are present and, through the peak fre-
quencies, their relative depth (this clearly needs an 
assumption on VS, as discussed in Castellaro and 
Mulargia, 2008). Second, their variation in space 
usually reflects lateral heterogeneities in the subsoil. 
Third, they can show velocity reversals (Castellaro 
and Mulargia, 2009). Such a prior knowledge could 
help practitioners in making better-informed deci-
sions about array acquisition geometries, 
source/surface wave types and inversion strategies, 
which are strongly conditioned from the subsurface 
structure. Through a set of theoretical considerations 
and practical examples, we illustrate the comple-
mentarity of the H/V and the surface-wave array 
methods, aiming at a less ‘blind’ joint fit of the two 
curves. In the end, we present the key points into a 
best-practice workflow for combining H/V tech-
niques and dispersion curve analyses.  

2 BASIC PRINCIPLES 

2.1 H/V 

The microtremor spectra recorded at a site largely 
vary, particularly above 2 Hz, as a function of an-
thropic activity, being usually larger at daytime 
compared to nighttime. Gutenberg (1931; 1947; 
1958) observed that the microtremor spectra largely 
vary also below 2 Hz, as a function of the weather 
(barometric pressure) at the recording site. Specifi-
cally, spectra under foul weather are higher in ampli-
tude than under good weather conditions. However, 
it has been shown that the division of the horizontal 
(H) by the vertical (V) components has an effective 
normalization power (Nogoshi and Igarashi, 1970; 
Nakamura, 1989): it clears the source and enhances 
the path (i.e. the subsoil) response, so that and the 
H/V ratio remains essentially unchanged with time.  

The European SESAME project (2004) and fol-
lowing literature (Lachet and Bard, 1994; Lermo and 
Chavez-Garcia, 1994; Fäh et al., 2001; Malischew-
sky & Scherbaum 2004; Haghshenas et al., 2008; 
Malischewsky et al., 2008) agree on the fact that the 
frequency of the H/V peak is a good proxy to the 
SH-resonance frequency , which depends both on 
the VS value and on the thickness H of the resonat-
ing layer. In a single-layer above bedrock resonator: 

 

 
 

where  is the mode number. Bonnefoy-Claudet et 
al. (2008) showed that this holds both if micro-
tremors are composed mostly of body and/or surface 
waves. 

Understanding the composition of microtremor is 
important, particularly to model the H/V curves in 
terms of VS profiles. Over the years, different au-
thors have attempted to explain the H/V phenome-
nology in terms of SH waves (Nakamura, 1989; 
Herak, 2008), of Rayleigh waves (Lermo and 
Chavez-Garcia, 1994; Fäh et al., 2001; 
Malischewsky and Scherbaum, 2004; Arai and 
Tokimatsu, 2004; Tuan et al., 2010) and by adding 
the effects of Love waves (Bonnefoy-Claudet et al., 
2008; Van del Baan, 2009). Recent studies somehow 
consider the role of all waves, the so called total 
field (Lunedei and Albarello, 2010; Sanchez Sesma 
et al., 2011). It was found that results differ not only 
as a function of the waves considered, but also as a 
function of the temporal and spatial distribution of 
the sources and their strength. The inversion of the 
H/V curve requires not only the knowledge of the 
specific sources acting at the site but also several 
other soil parameters (Poisson’s ratio, damping of 
each layer, 2D effects, etc.) often not easy to deter-
mine. This makes the H/V inversion an intrinsically 
imprecise process, but imprecise does not mean use-
less or not important.  

The maximum amplitude of motion in an oscillat-
ing system occurs at the system resonance frequen-
cy: this implies that a local maximum is expected in 
the horizontal spectra of microtremor at the SH-
wave resonance frequency . Love waves are ex-
pected to show up with the same spectral feature. 
Rayleigh waves show up, instead, with a trough in 
the vertical spectral component at the resonance fre-
quency  and a peak at , as numerically de-
rived in Fäh et al. (2001) and Tuan et al. (2010). In 
other words this means that Rayleigh waves have an 
almost pure horizontal component at  and a domi-
nant vertical component at . This results in H/V 
curves showing a maximum at  and descending to 
H/V ≤ 1 at . Sometimes this pattern can be 
masked by the presence of other H/V peaks close to 

.  
The observation of the single microtremor spec-

tral components at a number of sites show that the 
contribution of the different wave types varies from 
site to site, but the Rayleigh wave signature (local 
minimum of the vertical spectral component) is al-
ways present, because surface waves attenuate less 
than body waves with distance from the source and 
because they have less stringent existence conditions 
compared to Love waves. This ubiquitous feature is 
what allows to distinguish H/V peaks of stratigraph-
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ic origin from H/V peaks of anthropic origin, which 
is an essential task prior to any interpretation. 

2.2 Dispersion curves 

Surface waves of different wavelengths explore 
the soil at different depths and travel with the specif-
ic velocity that characterizes the soil at the different 
depths. Short wavelengths normally propagate slow-
er (due to the low velocity of the shallow layers) 
while long wavelengths propagate faster. This prop-
erty, called dispersion, is only proper of surface 
waves, such as Rayleigh and Love waves in layered 
media. 

The techniques to retrieve dispersion curves from 
active or passive sources at 2 or more receivers un-
dergo a variety of names and acronyms depending 
on sometime minor details regarding the geometry of 
the receivers, the type of source, etc. Here we just 
mention, among the active methods: SASW, Spec-
tral Analysis of Surface Waves (Heisey et al., 1982; 
Nazarian et al., 1984);  MASW, Multichannel Anal-
ysis of Surface Waves (Park et al., 1999) and, among 
the passive methods: SPAC, Spatial AutoCorrelation 
(Aki, 1957); ESAC, Extended Spatial Autocorrela-
tion (Ohori, 2002); ReMiTM, Refraction Micro-
temorTM

 (Louie, 2001); SSAP, Statistical Self-
Alignment Property (Mulargia and Castellaro, 2013). 
The basis of all these techniques is the slant-stack 
(or the correlation) of the signal recorded from dif-
ferent receivers, which allows to determine the ve-
locity of propagation of waves of different frequen-
cies travelling between them. None of these 
techniques outperforms the others, however, when 
using linear arrays with passive sources, assessing 
the real rather than an apparent velocity may in some 
cases be problematic (Strobbia and Cassiani, 2011; 
Mulargia and Castellaro, 2013; Strobbia et al., 
2015).  

From the seismic signal recorded at different po-
sitions (a minimum of two) over time, basically 
slant-stack and FFT procedures produce the so-
called phase/group velocity spectra, which indicate 
the most probable velocity of the surveyed surface 
waves at each frequency. From this, a forward or in-
verse modeling procedure makes it possible to re-
construct a VS model for the surveyed soil. VS is 
linked to the Rayleigh and Love wave velocity 
(normally 10-15% larger) through the Poisson’s ra-
tio, as from the elastic theory of waves. 

Surface waves have many modes of propagation, 
this implies that in the velocity spectra several rela-
tive maxima are possible at the same frequency val-
ue. In the case of an ideal impulsive source (i.e. with 
a white spectrum), ideal receiver geometry (i.e. 
equally well tuned on all frequencies, which is not 
possible in pratice), and ideal soil (e.g., isotropic, 
laterally homogeneous, with velocity gradually in-
creasing with depth), the fundamental mode must be 

dominant in terms of energy, but in the real cases, as 
it will be discussed later, this does not always occur.  

Selecting the dispersion curve of the fundamental 
mode or correctly sorting the higher modes implies a 
degree of subjectivity and is not an easy task 
(Gucunski and Woods, 1992; Tokimatsu et al., 1992; 
Cercato, 2009, 2011). When this is done by extract-
ing only the maximum slant-stack value for each 
frequency, information is lost.  

It is an experimental evidence (supported from 
theoretical facts) that active approaches, which rely 
on mid-to-high frequency artificial sources, usually 
provide better results in the high frequency range, 
that is, shallow depth. Passive approaches, relying 
on ambient noise, which is ubiquitous and spans a 
wider frequency interval, have the theoretical poten-
tial to perform better in the mid-to-low frequency 
range, which is pertinent to mid-to-large depths. 

3 DISCUSSION AND CONCLUSIONS 
 
Surface wave dispersion curves are, at present, 
among the most widely adopted geophysical non-
invasive techniques in the geotechnical and seismic 
practice. Acquiring surface waves is a simple task, 
but the interpretation of their dispersion curves poses 
a number of challenges at different levels, that were 
reviewed in this paper. Here we propose to use the 
H/V curves as a complementary method in order to 
solve some ambiguities characteristic of the multi-
channel surface wave methods, such as:  

1D vs 2D STARTIGRAPHIES: The 1D plane-
parallel soil condition is an essential assumption in 
the dispersion curve inversion/modeling. Verifying it 
by comparing the dispersion curves acquired from 
segments within the array or by moving the source at 
the two array ends is not reliable. Other causes such 
as scatterers external to the array line and differences 
in the source energy can produce the same effect. 
Taking a few H/V recordings along the array line 
helps in assessing the plane-parallel nature of the 
subsoil. H/V curves differing considerably along the 
array line indicate a 2D subsoil and also indicate 
where the array can be placed/cut to keep the 2D ef-
fect to the minimum. The joint fit of dispersion 
curves and H/V also allows to produce seismic strat-
igraphic sections. Acquiring H/V curves takes less 
time than acquiring an array, due to the different set-
up times. When the survey is done for geotechnical 
interest, which is normally limited to the upper 10-
20 m, the H/V acquisitions can be very short (even 
less than 5 min) since the frequencies of interest are 
normally above 3-5 Hz.  

PENETRATION DEPTH: The H/V curve can pre-
dict the depth of penetration of standard arrays. Sites 
characterized by mid-to-high resonance frequencies 
stand for strong impedance contrasts at shallow 
depth and usually poor array penetration. Sites char-
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acterized by flattish H/V curves stand for slowly in-
creasing VS with depth and usually higher array pen-
etrations. The combined use of H/V also allows to 
extend the VS profiles to larger depths and to identi-
fy the seismic bedrock, which is of paramount im-
portance in many types of studies, even when the ar-
ray penetration depth is severely limited by other 
shallower impedance contrasts. 

VELOCITY INVERSION: The sensitivity of dis-
persion curves to velocity inversions and their inter-
pretation pose a number of problems since the ap-
parent dispersion curve can often both be interpreted 
as a real velocity inversion or as a mode jump-
ing/mode superposition in a normally dispersive pro-
file. The H/V curve in presence of velocity inver-
sions has, on the opposite, a rather clear pattern 
(H/V < 1 for a wide frequency interval, particularly 
at the high frequencies-shallow depths of geotech-
nical interest), thus being of great help in reducing 
some ambiguities of interpretation of the dispersion 
curves. 

CHOICE OF LOVE OR RAYLEIGH WAVES: 
Love wave-based arrays are highly inefficient in all 
the cases characterized by velocity inversions (in-
cluded those induced by stiff artificial layers, pave-
ments, asphalt etc.). When Vs decreases with depth, 
Love waves become leaky and harder to be observed 
since their dispersion equation has no real roots. Ad-
ditionally, they hardly provide information to large 
depths, particularly when shallow stiff layers confine 
them waves in the soft layer, which will on the op-
posite be well characterized. An H/V survey con-
ducted prior to the deployment of a surface wave ar-
ray can identify both cases (velocity inversions and 
strong reflectors at shallow depth), thus addressing 
towards the use of Rayleigh or Love waves.  A flat 
H/V curve suggests the absence of strong reflectors, 
which is an ideal condition for a good performance 
of Rayleigh wave on soft soils (e.g. deep sedimen-
tary basins) or will be associated to poor dispersion 
curves on stiff (poorly dispersive) media, like rock. 
The dispersion of Love waves in both these cases is 
less efficient than Rayleigh waves. 

MODE JUMPING: Numerical analyses have 
shown that mode jumping/superposition is expected 
particularly in presence of velocity inversions and 
shallow stiff reflectors. In the latter case, dispersion 
curves obtained from conventional sources reach on-
ly shallow depths and the apparent dispersion curve 
interpretation is not straightforward and strongly de-
pendent on the array geometry. 
Again, these two cases are indicated by 1) a persis-
tent H/V < 1; 2) a high frequency peak in the H/V 
curve. The H/V curve can therefore be used not only 
to predict the effects on the dispersion curve (mode 
jumping) but also to guide the array geometry.  

Both the multichannel and single station methods 
clearly have – when used alone - more limitations in 

comparison with their use in combination. However, 
we caution against the blind use of inversion algo-
rithms, included the joint H/V-array inversion algo-
rithms. In order to benefit from the combined use of 
the two techniques, the interpretation requires an ac-
tive intervention of the user, who has to constrain 
the automatic inversion algorithms within well de-
fined resolution/depth/velocity patterns limits, as the 
joint observation of the two techniques suggests. A 
summary of the proposed actions to take on the field 
and in the office is given in a flow chart (Fig. 1). 

 

Figure 1. Summary of the proposed actions to take on the field 
when using surface wave methods. 
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