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SUMMARY

We measure ellipticity of teleseismic Rayleigh waves at 95 seismic stations in Northern Italy,
for wave period between 10 and 110 s, using an automatic technique and a large volume
of high-quality seismic recordings from over 500 global earthquakes that occurred in 2008—
2014. Northern Italy includes a wide range of crustal structures, from the wide and deep Po
Plain sedimentary basin to outcropping sedimentary and crystalline rocks in the Northern
Apennines and Alps. It thus provides an excellent case for studying the influence of shallow
earth structure on polarization of surface waves. The ellipticity measurements show excellent
spatial correlation with geological features in the region, such as high ellipticity associated
with regions of low seismic velocity in the Po Plain and low ellipticity values in faster, hard
rock regions in the Alps and Apennine mountains. Moreover, the observed ellipticity values
also relate to the thickness of the basement, as highlighted by observed differences beneath
the Alps and the Apennines. Comparison between observations and predicted ellipticity from
a reference crustal model of the region show substantial fit, particularly for 7 ~ 38 s data.
Discrepancy for shorter wave period suggests that slight modifications of the model are
needed, and that the ellipticity measurements could help to better constrain the shallow crustal
structure of the region. Predictions for the Po Plain are larger than the observations by a
factor of four or more and transition from retrograde to prograde Rayleigh wave motion at
the surface for periods of 7~ 10-13 s is predicted for seismic stations in the plain. Analysis
of corresponding real data indicates a possible detection of teleseismic prograde particle
motion, but the weak teleseismic earthquake signals are mixed with ambient noise signals at
the predicted, short, transition periods. Detection of the period of polarity inversion from the
joint analysis of earthquake and ambient noise ellipticity measurements may provide further,
stringent, constraints on the structure of sedimentary basins.

Key words: Surface waves and free oscillations; Site effects; Seismic tomography; Wave
propagation.

without the need of a description of the structure between source

1 INTROD TION . . . . . .
ODUCTIO and receiver. This feature is particularly relevant in areas with low or

Ellipticity of Rayleigh waves (also called H/ V' ratio) is defined as the
ratio between the axes of the elliptically polarised particle motion,
and is measured as the ratio between the displacement amplitude
of horizontal and vertical components of the fundamental-mode
wave train. In a flat layered medium or in a smooth, laterally het-
erogeneous medium, the H/V ratio depends only on the structure
beneath the station, without any dependence on event distance, az-
imuth, depth or magnitude (e.g. Ferreira & Woodhouse 2007b).
This represents a main advantage of the usage of this observable:
using ellipticity, we can retrieve earth structure beneath each station

uneven data coverage. Ellipticity measurements do not require high
seismicity rates in the study area because they can conveniently
be performed on teleseismic records, so they can be carried out
virtually anywhere. Ellipticity is more sensitive to shallow crustal
structure than surface wave group and phase velocity at the same
period (Fig. 1) so it is a useful observable, for example, for the
characterization of sedimentary basins (e.g. Lin ef al. 2012). The
situation is somewhat similar to that of receiver function studies, in
so far teleseismic records can be used to characterise the structure
beneath a receiver. Unlike receiver functions, however, ellipticity is
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Figure 1. Sensitivity kernels for H/V ratio, group and phase velocity at 15
and 40 s, as a function of vg (solid line), vp (dashed line) and density (dotted
line) calculated by finite differences using a normal mode formalism for the
1-D PREM global Earth model (Dziewonski & Anderson 1981).

sensitive to seismic velocities (and density) rather than to disconti-
nuities.

The use of Rayleigh wave ellipticity for the determination of
crustal structure has been proposed several times in the past (e.g.
Boore & Nafi Toksoz 1969) but for decades other seismic observ-
ables have been preferred, such as phase and group velocities of
surface waves. This was perhaps due to more difficulties in mod-
elling amplitude rather than phase (arrival time) of a seismic pulse.
An H/V spectral technique based on ambient noise signals has been
introduced by Nogoshi & Igarashi (1971) and Nakamura (1989).
This rather empirical technique—that works without proper identi-
fication of Rayleigh wave polarization, assuming that background
noise is mainly composed by surface waves—has been further de-
veloped using small-aperture seismic arrays to derive wavefield
characteristics and shear wave velocity profiles (e.g. Di Giulio et al.
2006; Wathelet ef al. 2008), mainly for seismic engineering appli-
cations. Over the last decades, a wealth of high-quality seismic data
have become available, so the deterministic measurement of elliptic-
ity on the fundamental-mode wave packet of earthquake-generated

Rayleigh waves has gained more attention. Some attempts of mea-
suring ellipticity for characterization of deep earth structure have
been done by Ferreira & Woodhouse (2007b). They measured ellip-
ticity at the single period of 150 s, and they found substantial vari-
ability in amplitude ratios—in contrast with expectations—possibly
revealing the presence of small-scale heterogeneity. However, they
used a small data set that did not permit a statistical analysis of re-
sults. Tanimoto & Rivera (2008) developed two automatic schemes
to measure ellipticity on a complete seismogram. They applied the
method to all the large events that occurred between 1988 and 2003
recorded by two broad-band stations in Southern California. They
showed that by using a very large set of measurements, the results
become statistically consistent and in good agreement with theoret-
ical expectations. On the other hand, their study was limited only to
two seismic stations. Other studies recently followed this approach,
such as Yano et al. (2009) and Lin et al. (2012, 2014). In particular,
Lin et al. (2012) jointly inverted H/V measurements together with
phase velocities of ambient noise Rayleigh waves in the western
United States, using data from all USArray stations available at the
time of their study. Phase velocity is sensitive to deeper structure
than H/V (Fig. 1) so the joint inversion allows a better illumination
of crust and upper-mantle structure. On the other hand, by using
phase velocity measurements, the technique is not based on single
stations any more.

Northern Italy includes a wide variety of crustal structures rang-
ing from the wide and deep Po Plain sedimentary basin, to outcrop-
ping sedimentary and crystalline rocks in the elevated terrains of
the Northern Apennines and Alps, representing an excellent labo-
ratory for validating seismic appraisal techniques aimed at gauging
shallow earth structure. Tomographically imaged crustal shear wave
velocities are generally low beneath the Po Plain and Molasse basins,
and high velocities are seen in the crystalline crust of the Alpine
mountain belt (e.g. Molinari ef al. 2015b). This region has been
hit in 2012 by two earthquakes, on two close tectonic structures
(M, = 5.9 on 2012 May 20 and M,, = 5.8 on 2012 May 29) that
caused extensive damage, hundreds of injuries and 27 fatalities, in
spite of their moderate magnitudes. These events revealed consider-
able seismic vulnerability of this region, even for relatively modest
earthquakes. Significant damage appears to be due to high exposure
of this territory associated high density of population and indus-
tries, and because of local amplification of seismic waves caused by
sedimentary basin structures. Seismic knowledge of this region has
recently improved due to renewed interest and recent investigations.
For example, the recent 3-D seismic model MAMBo (Molinari ef al.
2015a) has been constructed collecting and merging information
from geological studies and active-source experiments carried on
during the 1980s and 1990s decades for hydrocarbon and water
research. MAMBo is a rather reliable 3-D model including later-
ally varying thickness of stratigraphic layers, that has shown to be
quite accurate in modelling seismic wave propagation at a regional
scale. However, being mostly based on a compilation of geological
and geophysical information, MAMBo has not been directly con-
structed inverting seismic data. The many new broad-band seismic
stations deployed in the region in the past decade offer an oppor-
tunity to further refine this model. Thus, the northern Italian basin
and neighbouring mountain belts, with a large variety of geologi-
cal terrains, wide availability of recent data, evolving background
geological and geophysical studies and a reliable a priori seismic
model of the crust, seem an excellent candidate for a comprehensive
analysis of Rayleigh wave ellipticity.

The main objective of this study is to evaluate the reliability
of observation of Rayleigh wave ellipticity, and its dependence on
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Figure 2. Seismic stations used and corresponding number of measurements. The triangle size indicates the number of earthquake records available for each
station and its colour represents the percentage of successful measurements. Stations in the Po Plain sedimentary basin generally perform worse (see the main

text).

local crustal structure (or other factors) in diverse geological sit-
uations. With this purpose, we carry out extensive measurements
on fundamental-mode Rayleigh wave trains from teleseismic earth-
quake records in Northern Italy. We investigate the reliability and
robustness of the measurements, and the response of hard rock ver-
sus sedimentary sites. We assess potential azimuthal misalignments
in the seismic stations in the region, which could have an impact
on amplitude measurements. We also quantify the differences be-
tween observations and predictions for the MAMBOo crustal model,
and examine the possibility of identifying prograde versus retro-
grade (normal) particle motion and its use to constrain shallow
earth structure. Finally, we assess the validity of our approach using
complete theoretical seismograms for a 3-D Earth model.

2 DATA

We focus our attention on the northern part of Italy, in a region
encompassing the Po Plain, the northern Apennines and the Alps
(Fig. 2). We use data from 95 seismic stations belonging to different
networks: Italian Seismic Network (47 stations), South Tyrol Seis-
mic Network (7 stations), North East Italy Broad-Band Network
(8 stations), Swiss Seismological Network (9 stations), MEDNET
Project (5 stations) and Regional Seismic Network of Northwest-
ern Italy (19 stations). We collected all the data from the ORFEUS
Data Center. For each station, we select earthquakes with magni-
tude M,, > 5.0 and epicentral distance between 10° and 140° that
occurred from 2008 January to 2014 December (a map of events
used in this study is shown in Fig. S1 in the Supporting Information).
We measure ellipticity on all available data, using the measurement
scheme described in the following section, in the period range be-
tween 10 and 110 s. We perform measurements excluding all the
data with an estimated signal-to-noise ratio (SNR) less than 100.
We also remove clear outliers with computed H/V ratio >10.0 and
H/V ratio <0.1, since such values are not realistic (see theoretical
predictions in the next section). We then calculate the median and
percentiles of the ellipticity measurements corresponding to +o.
Fig. 2 shows, for each station, the number of earthquake records
retrieved from the database (depending on data availability and sta-
tion operation), for which an attempt to measure ellipticity has been
done, and the success rate, that is, the ratio of number of mea-

surements effectively obtained versus the number of attempts. We
note that the measurement success rate is generally much lower for
stations in the sedimentary plain than for stations on the mountain
belts. This is probably due to two main reasons: (1) noisier loca-
tions in the plain, due to anthropic activities and (2) more complex
crustal structure of sedimentary layers that causes the superposition
of the fundamental mode with overtones, reflected/converted modes
and other spurious arrivals. Some of the stations on the plain also
have fewer data (smaller triangles in Fig. 2) because they have been
installed more recently than other stations.

Measurements of seismic wave amplitudes can be affected by
systematic errors due to problems in the station setup, such as ori-
entation or amplitude response of horizontal sensors. If sensor pairs
are not perfectly aligned (north and east), the amplitude of the
horizontal component of Rayleigh waves will be underestimated,
because of the wrong rotation from north and east directions to the
radial component of motion. Errors in sensor bearing are not so
rare: Ekstrom & Busby (2008) found alignment errors up to 20° for
USArray stations. For this reason, we implemented an algorithm for
the determination of possible errors due to the misalignment of sen-
sors. We started from the technique outlined by Ekstrom & Busby
(2008). For each station, we calculate synthetic seismograms using
normal mode summation (Gilbert 1970; Herrmann 2013) for PREM
(Dziewonski & Anderson 1981) for radial and transverse compo-
nents, and we compare them to the corresponding components of
real data, rotated from N-E (geographical) to R-T (radial-transverse)
using the great circle path filtered with a Butterworth-bandpass fil-
ter in the range 100—150 s. Then, we rotate the R-T components of
real seismograms from —90° to +90° with 1.0° steps. At each step,
we compute the correlation coefficient C between the data and the
synthetics using the following equation:

N
ZO,’S,‘
o= M

where o; are the observed data and s; are the synthetic. N is the num-
ber of time points in the surface wave window. We then recalculate
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Figure 3. Frequency histogram of azimuthal angle deflections with respect

to the theoretical great circle path. The maximum angle found is o =
—10.42°. Mean o = —0.07°. Standard deviation = 2.15°.

C for the radial and transverse component at each rotational step.
We define the total correlation coefficient Cror as:

Cror(8a) = min(|Cr(8a))), |Cr(8a)l) @

where S« it the correction angle. The best correction angle S« is the
one that corresponds to maximum Cror.

We run the algorithm for each earthquake available and for each
station. We statistically summarize the s« found and calculate the
median for each station. We then obtain a correction angle for
each station. The results of this analysis are shown in Fig. 3. We
found for most of the stations rather small correction angles: the
maximum angle found is —10.42°, but most values are smaller than
about 3° (with a mean and standard deviation of —0.07° and 2.15°,
respectively), corresponding to a maximum underestimation of the
radial amplitude generally less than 0.2 per cent, that is small enough
for the purpose of this study. Hence, we do not deem necessary to
apply azimuthal corrections for our further analyses.

3 MEASUREMENT SCHEME AND
RESULTS

The first and main difficulty in the determination of the H/V ratio
are the detection and identification of the Rayleigh fundamental-
mode wave train from the rest of the signal. To do this, we look
for the particular elliptical and retrograde polarization of Rayleigh
waves. In theory, the radial component is 90° phase-advanced with
respect to the vertical component for smooth, laterally varying me-
dia. Starting from this assumption we implemented a measurement
scheme based on that proposed by Tanimoto & Rivera (2008). This
is illustrated in Fig. 4.

We first measure the SNR on all the records by comparing the
maximum amplitude in the Rayleigh wave time window to the aver-
age background noise amplitude in a 10-min pre-event window, and
then discard records with SNR below 100. We then apply a narrow
Butterworth-bandpass filter to the vertical and radial components,
and phase shift the vertical component advancing it by 90°. When
the signal consists of fundamental-mode Rayleigh wave motion, the
two components will match. We then cross-correlate the radial and
the phase-shifted vertical components, and multiply the result by
the product of the envelopes of both components. We thus obtain
a characteristic function that defines a time window as it exceeds a

Station: GIMEL Period: 47.0s Ellipticity: 1.113
Event: 200801090826A Mw: 6.4 Distance: 60.3deg
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Figure 4. Measurement scheme shown for an earthquake at a distance of
60.3° and magnitude My, = 6.4. (a) We apply a bandpass filter to H and V'
components and (b) we shift the ” component of 90° in advance. Then, (c)
we calculate the cross-correlation between the two signals and the envelope.
Subsequently, (d) we define a characteristic function as the product of cross-
correlation and envelope. This function defines a time window that contains
the fundamental mode of Rayleigh waves. (¢) We calculate ellipticity as the
mean ratio between the 7 and the H envelope inside the time window.

pre-defined threshold, where the measurement is made. This, in fact,
applies a further requirement on the coherence and amplitude of the
signal beyond the noise level, as a condition must be met not only on
high cross-correlation but also — via multiplication by envelopes
— on amplitude of signal as compared to noise. This measurement
technique proved very selective, and very effective in separating the
fundamental-mode Rayleigh wave from the rest of the signal, but
we need a large data set in order to have enough measurements. We
carry out these measurements for many earthquakes, and calculate
median and percentiles of results. As we consider the ratio of two
positive numbers, either of which can become very small, rather
than using the straight amplitude ratio—H/V or V/H—we always
use and show the logarithm of the ratio log,o(H/ V), that is better
behaved and statistically more meaningful.

To validate and quantify the ability of this scheme to detect
and estimate H/V ratios, we compute synthetic seismograms using
normal mode summation and we measure the H/V ratio on these
synthetics. We then compare the results with theoretical ellipticity
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Figure 5. Comparison between theoretical H/V values and measurements
on synthetic seismograms, for 426 CMT solutions of real earthquakes. The-
oretical ellipticity for the fundamental mode and first three overtones is
represented by lines in different colour. Measurements from full synthetic
seismograms calculated for PREM correspond to the black dots. Note that
there are 426 dots for each period, mostly concentrated near the average,
indicated by a red dot with error bars. The presence of overtones (with differ-
ent ellipticity ratios) influences some measurements at shorter periods, but
these appear as outliers well outside the +o error bars of the measurements.
Note that, for shorter periods, many dots overlap actually appearing as one,
near the black curve and control the value of the average shown with error
brackets.

curves calculated as the ratio of spheroidal mode horizontal and
vertical eigenfunctions evaluated at the Earth surface (e.g. Ferreira
& Woodhouse 2007b). For both synthetic seismograms and the-
oretical values, we use the global model PREM (Dziewonski &
Anderson 1981). We perform this calculation for an ensemble of
426 centroid-moment tensors of real earthquakes from the Global
CMT catalogue (GCMT, Dziewonski et al. 1981; Ekstrém et al.
2012; http://www.globalcmt.org/CMTsearch.html)—the same set
used for the analysis on real data. Fig. 5 shows these results, that is,
426 ellipticity values for 15 wave periods between 10 and 200 s. As
expected, measured ellipticity mostly concentrates quite well along
the theoretical value for the fundamental mode (black line). At
shorter periods (<30 s), a few events show a bias of measurements
with respect to values expected for the fundamental mode. These
outliers can be attributed to the overlap of overtones, which have
lower H/V (see Fig. 5) and may in some cases appear conspicuously
on the waveforms. In fact, while we did not find any dependence of
measured ellipticity on backazimuth, focal mechanism, magnitude,
or time, there is some correlation with focal depth, as shown in
Fig. 6(a). For focal depths larger than about 40 km the misfit in-
creases. We verify that this is due to the increased excitation of
overtones for deeper events. Fig. 6(b) shows the characteristic func-
tion, used to identify the wiggles on the seismograms to compute
H/V amplitude ratio, for two PREM synthetic seismograms for
earthquakes with 20 and 50 km depth. For depths larger than about
40 km, the first overtone dominates and misleads the characteristic
function, which affects the ensuing amplitude ratio measurement.
In real measurements, a selection of crustal earthquakes therefore
avoids this source of error.

We then proceed to make measurements on real data for all the
stations shown in Fig. 2, for 12 wave periods between 10 and 110 s.
Results for two sample stations are shown in Fig. 7 where, for ref-
erence, we also plot the theoretical ellipticity curve for PREM. The

Rayleigh wave ellipticity in Northern Italy ~ 399

behaviour of the measured ellipticity as a function of period is rather
smooth and stable. For longer periods, both stations show ellipticity
values similar to those of PREM, but deviate quite significantly for
the shorter periods. The difference is more notable for PRMA, a sta-
tion on the edge of the sedimentary basin, than for GIMEL, which is
located in the Alps (Fig. 2). This difference reflects different crustal
structures beneath the stations, as we will discuss in the following
section.

Fig. 8 shows the measured H/V ratios at four sample periods (10,
16,24 and 37 s) for all stations, superimposed on a map of thickness
on the Pliocene sedimentary layer in model MAMBo (Molinari et al.
2015a). As explained previously, MAMBOo is a recent seismic model
ofthe sedimentary basin of this region, and it integrates information
from exploration geophysics and geological studies performed in
the last decades for hydrocarbon and water research. It describes
the basin with six sedimentary layers, among which the Pliocene
deposits represent the seismically most relevant unit. We computed
theoretical H/V ratios for this crustal model combined with PREM
velocities in the upper mantle. Large-scale tomographic models
show only slight lateral variation of shear wave velocity at the
top of the mantle over this region, and values always very close
(within 1 per cent) to PREM (e.g. Schivardi & Morelli 2011) so—
given the weak sensitivity to mantle depths—this simplification
appears legitimate. For each station, such theoretical prediction is
shown with colour in the outer ring of symbols in the map of
Fig. 8 to be compared with measured values, plotted instead in the
inner circle. The Pearson correlation coefficient between predictions
and observations is computed for each period, and is shown in
the title of each diagram. The measured ellipticity values clearly
correlate with geological features. We observe higher values of H/V’
(reddish colours) for stations in the sedimentary basin (e.g. MNTYV,
SBPO, CAVE, CMPO, PRMA and ROTM). This is particularly
clear for shorter periods (Figs 8a and b), as we expect from the
sensitivity kernels (Fig. 1). On the other hand, stations in the Alps
and Apennines show lower values of H/V. For the longest wave
period (Fig. 8d), we note that stations in the Apennines (southern
side of the plain) have higher observed values of H/V compared to
Alpine stations, which likely reflects the deeper basement beneath
the Apennines than in the Alps (e.g. Molinari et al. 2015a).

Comparing the H/V ratio predictions for the MAMBo model
(outer rings) and the observations (inner circles), we see that for
stations in the Apennines and in the Alps, MAMBo predictions are
nearly constant and in good agreement with observations at many
stations. However, the observations show some lateral variations not
predicted by MAMbo, notably a region of decreased ellipticity in the
North Western Alps (Figs 8b and c; e.g. for stations DAVOX, TUE,
FUSIO, DIX, MMK, MRGE and LSD). This correlates well with
increased upper- and mid-crustal vp and v in the Western Alps, with
respect to the Eastern Alps (Gualtieri et al. 2014; Molinari et al.
2015Db) via negative sensitivity of H/V (kernels in Fig. 1). In the Po
Plain, the MAMBo model predicts ellipticity values much larger
than observed for the two shortest wave periods by a factor of about
four (Figs 8a and b); this discrepancy will be discussed in the next
section. Finally, there is generally an improved agreement between
the predictions and observations for the longest wave period (Fig.
8d), which is probably due to the sensitivity of these data to deeper,
simpler structure.

Lateral resolution is still an open issue. The variations also ob-
served at short distances may perhaps be related to the fact that am-
plitude data are more sensitive to small-scale structure than phase
(or traveltimes). Some variability at short spatial scale has indeed
been observed in other H/V studies (e.g. Lin et al. 2012), but the
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larger spacing between USArray stations used (about 70 km) does
not allow a clear assessment. The SEM simulations we show here
(see Section 4) are not very informative to this purpose, because the
crustal model we use has resolution wider than the station spacing,
and hence not very relevant for this particular test. Unfortunately
computing synthetics with such a fine grid needs longer computa-
tional time and would be well beyond the scope of this study. We
may also speculate that, because sensitivity kernels are shallow and
very peaked at the surface, a local, very shallow, very slow het-
erogeneity could in principle affect one single station only and not
show up in neighbouring ones, even for the longer of the periods we
consider.

4 RAYLEIGH WAVE ELLIPTICITY
PREDICTIONS FROM 3-D SYNTHETICS

Ellipticity of Rayleigh waves is a local property of the elastic
medium. In this, it is not different from, for example, phase ve-
locity. However, generally we cannot measure local phase velocity
directly: rather, we measure a phase difference (or a traveltime) be-
tween two points at some distance, so a phase measurement brings
information on phase velocity integrated along a path. Measurement
of ellipticity at a single station, instead, brings information solely
on the structure beneath the seismograph, and not about the whole
path travelled by the wave. This dependency of ellipticity only on
the structure beneath the receiver station can be demonstrated for a
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Figure 8. H/V ratios for different periods (shown in coloured solid circles) compared with theoretical values for model MAMBo (Molinari et al. 2015a)
shown in the outer rings. Black outer ring means that ellipticity values are greater than 0.6, going up to 2.0 (FAEN station). The Pearson correlation coefficient
between the observations and predictions is shown in the title of each diagram. The background shows thickness of the Pliocene sedimentary layer according

to model MAMBo.

smooth, laterally heterogeneous, slightly anisotropic, anelastic, non-
rotating, self-gravitating medium using full ray theory (e.g. Ferreira
& Woodhouse 2007a,b). However, one can question whether such
description is valid for realistic 3-D Earth models and for the wave
periods considered in this study.

In order to address this question, we perform a synthetic test.
We compute synthetic seismograms of a real earthquake with
SPECFEM3D_GLOBE (Komatitsch & Tromp 2002; Peter et al. 2011),
which is a widely used code for the simulation of seismic wave
propagation. It is based on the spectral-element method (SEM) and
it accurately simulates complete waveforms in complex media. We
perform simulations using a global 3-D Earth model combining
the recent global mantle model SGLOBE-rani (Chang et al. 2015)
with the crustal model Crust2.0 (Bassin et al. 2000). We use an
event that occurred in Costa Rica on 2012 July 5, with M,, = 6.8
and 29.7 km hypocentral depth, at a distance of approximately 88°
from the area of study. The SEM synthetics are computed using
3456 processors and are accurate down to a period of ~ 5.6 s. H/V
ratios are then measured on the SEM synthetics using the same mea-
surement technique as that used with real data. We also compute
theoretical ellipticity using 1-D models with the same structure as
in the 3-D Earth model beneath each station in Northern Italy. We
then compare the SEM H/V ratios with the theoretical predictions
from the 1-D models as a function of the wave period. We see in
Fig. 9 that overall there is a good agreement between the values
of ellipticity measured on the 3-D synthetics and the theoretical

predictions for the local 1-D models, notably for wave period 7' ~
25-72 s. Differences are always smaller than the errors of real data
measurements shown as grey error bars, which further strengthens
the validity of our approach. We also compare the SEM H/V ratios
with real data measurements (Fig. 10). As expected, there are larger
differences between them than in Fig. 9 because the real structure in
the study region is much more complex than in CRUST2.0. These
discrepancies, along with the differences between predictions and
observations seen in Fig. 8, highlight that inversions of the observed
H/V ratios for elastic structure as a function of depth should help
refine Earth structure models of the study region. Nevertheless, it
is important to bear in mind that these comparisons are only for
one earthquake (due to the high computational cost of the SEM
simulations accurate down to 7 ~ 5.6 s). Hence, probably part of
the differences observed in these tests are mitigated by the fact that
in real data applications a very large number of events along with
strict data selection criteria are used to ensure stable measurements
of H/V ratios.

5 PROGRADE RAYLEIGH WAVE
MOTION

Rayleigh wave elliptical polarization usually implies retrograde par-
ticle motion at the surface, but inverts polarity and becomes pro-
grade at a certain depth. This behaviour can be seen theoretically for
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Figure 9. Comparison between ellipticity measured on synthetics seismograms computed with a 3-D model and ellipticity measured on synthetics computed
with a 1-D model built using the 3-D profiles beneath each station. The bars are the errors associated with real measurements from each station. They give an
estimate of the errors expected in real measurements (see Fig. 10). In the boxes, the correlation coefficient between the two data sets is shown. This test shows
that the local 1-D approximation at the receiver can be used instead of a 3-D model from source to receiver. The errors are always under the observed data

€rTors.

Rayleigh waves in a homogeneous half-space (e.g. Stein & Wyses-
sion 2003). However, in some cases, it may happen that the Rayleigh
wave fundamental mode shows prograde particle motion at the sur-
face, for example, when a very slow sedimentary layer is overlaid
onto a faster crustal structure. Tanimoto & Rivera (2005) studied this
phenomenon with numerical simulations using a mode summation
technique, and showed that such sign inversion of the elliptically
polarised motion of Rayleigh waves may indeed take place near
the surface in the period range 3.8-7.1 s for a sedimentary layer
of 4 km. They also found a correlation between the thickness of
the sedimentary layer and the period where the reversal begins: the
thicker is the layer, the longer the inversion period is. No inversion
has been found if the sedimentary layer is thinner than 2 km.

Since, on sedimentary basins, Rayleigh wave particle motion tra-
jectories may transition to prograde polarity, we could potentially
face measurement instabilities near the period corresponding to the
transition from ‘normal’ (retrograde) to prograde motion in Po Plain
stations. In order to investigate this issue, we compare theoretical
ellipticity curves from the MAMBo model for stations in the Po
Plain with values measured on synthetic seismograms computed
by normal mode summation for the same model. In order to allow
prograde motion to be detected, we modify our measurement al-
gorithm to allow separation of retrograde from prograde motion,
by considering for simplicity that prograde motion would show
a cross-correlation equal to —1 (rather than +1), maintaining the
usual (positive) phase shift.
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Figure 10. Comparison between ellipticity of synthetic seismogram computed with 3-D model and real data. x and y error bars are from real measurements.

In the boxes, there is the correlation coefficient.

Fig. 11 presents the results of measurements on the mode sum-
mation synthetics for station CMPO. We note a big peak in the
theoretical curve at a period of about 12.5 s corresponding to the
transition period between retrograde motion (on the right) and pro-
grade motion (on the left). This also explains the very large predicted
ellipticity values in the Po Plain seen in Figs 8(a) and (b). Measure-
ments performed on the synthetics align along the theoretical curve,
except for the amplitude of the transition peak, which corresponds
to a singularity, and hence where the bigger mismatch occurs. Nev-
ertheless, the overall behaviour of the theoretical curve is captured
well, and gives us some clues on the expected behaviour for real
data measurements.

We then calculate the theoretical transition period for the whole
study area as expected by the MAMBo model, and shown results in
Fig. 12. The transition period is longer for stations on the plain than
elsewhere, and no inversion from retrograde to prograde motion
is predicted for periods 7 > 1 s for stations on hard-rock sites on

the mountain chains, where the motion is always expected to be
retrograde.

Fig. 12 shows that the expected transition periods are in the range
2—-16 s with longer periods in the southern part of the plain, in a
region parallel to the Apennines chain (around PRMA, CMPO,
CAVE and MODE stations). In this area, the sediments reach a
thickness of 6—8 km (Molinari ef al. 2015a). In such a geological
setting, the expected inversion periods of 10-13 s are compatible
with the values predicted by Tanimoto & Rivera (2005) for the
Los Angeles basin, that has similar geological features, where they
predicted the transition in the period range between 3 and 20 s.

Finally, we measure ellipticity on real data for all the stations
in the Po Plain separating retrograde from prograde motion in the
same way as in the synthetic test explained above. For comparison,
we also carry out the same analysis for station BNI in the Western
Alps. Fig. 13 compares histograms of the results for stations BNI
and CMPO, the latter being located in the Po Plain (the results for
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Figure 11. Theoretical ellipticity curve (solid black line) compared to el-
lipticity measured on synthetic seismogram (red dots) computed for model
MAMBo at station CMPO (for location, see Fig. 2). The big peak at ~12.5 s
corresponds to the transition between retrograde motion (on the right) and
prograde motion (on the left).

the other stations in the Plain are similar to CMPO). Fig. 13 shows
that at CMPO for periods shorter than 13.3 s, the detections of
prograde motion on earthquake seismograms generally increase as
the period decreases, where they are mixed with retrograde motion.
This suggests that there may be an actual transition period around
~13.0 s, from which both prograde and retrograde motion can
sometimes be detected. This agrees well with the transition period
predicted by MAMBo (Fig. 11). On the other hand, for station BNI
there seems to be no transition to prograde motion down to 10 s. In
both cases, it is difficult to measure ellipticity for shorter periods on
earthquake data, because of the surge of microseismic noise where
prograde and retrograde detections are mixed together (possible
coherent noise wave trains may come from all azimuths, hence
they present complete ambiguity on motion polarity). Moreover,
the presence of ambient noise propagating in the same or opposite

azimuth of the earthquake may also lead to detections of signals in
the vertical component, which may reduce the measured H/ V' ratios.
Hence, while these results suggest that for station CMPO we may
have detected a transition period around 13 s, further work based on
analysis of azimuthal distribution and polarization of ambient noise
signal is needed for firmer conclusions. For time-domain waveforms
recorded at station CMPO, see Figs S3 and S4 in the Supporting
Information.

6 DISCUSSION AND CONCLUSIONS

We measured ellipticity H/V of Rayleigh waves in Northern Italy in
the period range 10—110 s using an automatic scheme that showed
good capability of detection and separation of fundamental mode
of Rayleigh waves from the rest of the signal. A large volume of
high-quality teleseismic recordings in 2008-2014 has been used
and we investigated potential horizontal component misalignments
in the seismic stations used, which were found to be negligible.

Rayleigh wave ellipticity is sensitive to shallower structure than
phase and group velocity for the same period. It is mostly sensitive to
vs, but it is also sensitive to vp and density. However, the dependence
of ellipticity on earth structure is more complex than that of phase or
group velocity, because sensitivity kernels change sign with depth.
Sensitivity to vg is typically negative near the surface and becomes
positive deeper in the crust, with a zero-crossing at some depth
that depends on the wave period (Fig. 1). Hence, a shallow fast vg
anomaly generates a low ellipticity value, whereas the same fast
anomaly at greater depths leads to a high ellipticity value.

Our new measurements of H/V ratios show a good spatial co-
herence and excellent correlation with geological features, and ex-
hibit small-scale variations, possibly highlighting small-scale het-
erogeneity. Locations of high ellipticity correspond to regions of low
velocity in the Po plain sedimentary basin. Conversely, seismically
faster hard rock regions in the Alps and Apennine mountain ranges
show lower ellipticity values. Moreover, the observed ellipticity val-
ues also relate to the thickness of the basement, as highlighted by
differences in observations beneath the Alps and the Apennines,
notably for wave periods of 7~ 37 s.

10
Transition period (s)

Figure 12. Map of the transition period between retrograde and prograde particle motion calculated on model MAMBo. In blank areas, no transition is found

for7> 1s.
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Figure 13. Histograms of ellipticity measurements for station (a) CMPO and (b) BNI. Green histograms represent the measurements of retrograde particle

motion. Red histograms represents the measurements of prograde motion.

Comparisons between observations and predicted H/V ratios for
the MAMBo model show a reasonable agreement in terms of the
first-order patterns, particularly for the longest period data (7" ~
37 s). For the two shortest wave periods considered (7' ~ 10 and
16 s), the predictions for the Po Plain are larger than the observa-
tions by a factor of four or more. This is due to the fact that for 7 ~
10-13 s MAMBo predicts an inversion from retrograde to prograde
Rayleigh wave particle motion at the surface in the Plain, where
the vanishing amplitude of vertical component of motion leads to
a singularity in the ellipticity, and hence to very large predicted
values. Analysis of real data from the Plain allowing the detection
of both retrograde and prograde surface wave particle motions sug-
gests possible detection of prograde particle motion. However, the
mix of weak teleseismic earthquake signals with ambient noise at
the predicted transition periods complicates the interpretation of
the results. Future work should be carried out analysing the polar-
ization and ellipticity of both earthquake and ambient noise data,
including azimuthal analyses, which are beyond the scope of this
study. Nevertheless, when robust detections of inversion periods are
confirmed, they could provide key information about the structure
of sedimentary basins, notably about their thickness.

In order to test whether ellipticity depends only on the struc-
ture beneath the receiver station for realistic 3-D Earth models,
we use our technique to compute Rayleigh ellipticity using accu-
rate theoretical seismograms calculated using the SEM for a recent
3-D mantle model and a global crustal 3-D Earth model. Our re-
sults show an overall good agreement between the measurements
on the 3-D synthetics and the ray theory, local receiver structure
predictions, within the measurement errors. These tests help us fur-

ther validate our technique. A significant step of the Moho under
the Northern Apennines has been shown to reflect laterally surface
waves in the 15-20 s period band (Stich & Morelli 2007) and has
been imaged from time reversal of reflected surface waves along
the axial zone of the mountain chain (Stich et al. 2009). Such a
strong and sharp lateral gradient of structure could possibly perturb
ellipticity measurements, but we find no clear indication of that in
our measurements. However, actual sensitivity of elliptical polar-
ization parameters in situations far from a flat layered medium, or
its smooth perturbations, still have to be explored in detail.

Besides an overall fair agreement between theoretically predicted
and observed values, we also image geographically coherent devi-
ations from expectations. This makes us conclude that ellipticity
may indeed represent an appropriate tool for improving knowledge
of shallow crustal structure. The strong non-linearity of its depen-
dence, represented by highly variable sensitivity kernels, may grant
resolution, but makes the inversion more complex. Joint inversion
with other observables—such as surface wave group and phase ve-
locities, or body wave receiver functions—may result beneficial to
this extent.
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the online ver-
sion of this paper:

Figure S1: Distribution of the events database used in this study.
We used earthquake with epicentral distance between 10° and 140°
from the stations and mw > 5.0 occurred from January 2008 to
December 2014.

Figure S2: Histograms of ellipticity measurements for station
GIMEL (a) and PRMA (b). Red vertical line indicates H/V median,
also reported in the labels with the corresponding error. Errors are
calculated using the percentiles corresponding to 15.9 and 84.1.
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Green dashed line is the ellipticity calculated on Prem reference
model.

Figure S3: Measurement scheme for the March 11 2011 earth-
quake in the Tohoku region (Japan) (origin time: 05:46:23.00 UTC,
mw = 9.0) recorded at the station CMPO at a period of 4 s (left) and
8 s (right). (a) Full waveforms filtered with a narrow Butterworth-
Bandpass filter. Vertical component is plotted in red, horizontal (ra-
dial) component is plotted in black. (b) Zoom of the waveform. The
phase ov the vertical component has been advanced by 90 deg, as
expected for ‘normal’ polarity, i.e. retrograde elliptical particle mo-
tion. Horizontal and vertical components result here anti-correlated.
(c) Cross-correlation between the de-phased vertical component and
horizontal component (solid line) and normalized envelope of hor-
izontal times vertical components. Negative cross-correlation indi-
cates a prograde polarization of Raileigh waves. (d) Characteristic
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function, defined as the product of envelope and cross-correlation.
(e) H/V ratio between the envelopes of horizontal and vertical com-
ponent.

Figure S4: Same as in Fig. S3, but for signal filtered at longer
periods (12s and 16s). At these frequencies, the same phase shift
brings the horizontal and vertical components in phase, and cross-
correlation is positive, as expected for ‘normal’, retrograde-motion
polarization.

(http://gji.oxfordjournals.org/lookup/suppl/doi: 10.1093/gji/
ggw159/-/DC1).

Please note: Oxford University Press is not responsible for the con-
tent or functionality of any supporting materials supplied by the
authors. Any queries (other than missing material) should be di-
rected to the corresponding author for the paper.
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