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Abstract

The mainshock and moderate-magnitude aftershocks of the 6 April 2009
M 6.3 L’Aquila seismic sequence, about 90 km northeast of Rome, provided the first
earthquake ground-motion recordings in the urban area of Rome. Before those recordings were obtained, the assessments of the seismic hazard in Rome were based on
intensity observations and theoretical considerations. The L’Aquila recordings offer
an unprecedented opportunity to calibrate the city response to central Apennine
earthquakes—earthquakes that have been responsible for the largest damage to Rome
in historical times. Using the data recorded in Rome in April 2009, we show that
(1) published theoretical predictions of a 1 s resonance in the Tiber valley are confirmed by observations showing a significant amplitude increase in response spectra at
that period, (2) the empirical soil-transfer functions inferred from spectral ratios are
satisfactorily fit through 1D models using the available geological, geophysical, and
laboratory data, but local variability can be large for individual events, (3) response
spectra for the motions recorded in Rome from the L’Aquila earthquakes are significantly amplified in the radial component at periods near 1 s, even at a firm site on
volcanic rocks, and (4) short-period response spectra are smaller than expected when
compared to ground-motion predictions from equations based on a global dataset,
whereas the observed response spectra are higher than expected for periods near 1 s.
Online Material: Velocity models used in computing theoretical site response.

Introduction
It has long been thought that surficial geology underlying Rome should produce important spatial variations in the
amplifications of seismic waves. For example, Ambrosini
et al. (1986) concluded that the most severe damage within
the city of Rome caused by a large earthquake in 1915, near
Avezzano in the Apennines and 80 km from Rome, occurred
to buildings located on the Holocene alluvial fill of the Tiber
valley. In addition, Boschi et al. (1995) and Moczo et al.
(1995) concluded that historical monuments erected on soft
layers have been affected by earthquake shaking. Studies
aimed at quantifying the effects of local geology, including
2D modeling using finite-difference techniques as well as a
hybrid technique based on mode summation and 2D finite
differences, have been conducted since the early 1990s (Fah
et al., 1993; Rovelli et al., 1994, 1995). 3D models, limited
to a maximum frequency of 1 Hz, were performed for the city
of Rome by Olsen et al. (2006). More recently, a multidisciplinary research project dealt with the physical and
mechanical properties of the different Holocene sediments

in the Tiber valley and the underlying Plio-Pleistocene material (Bozzano et al., 2008). The project involved the installation of a permanent seismic array and a classification of the
physical and mechanical properties of the rocks constituting
the geological subsoil of Rome, under both static and dynamic conditions (investigations of the near-surface material
and installation of seismic arrays has now been extended to
tributary lateral valleys of the Tiber River [Caserta et al.,
2012]). 1D numerical models of local seismic response to
possible strong motion in the city of Rome were performed,
stressing the important role that an up to 60-m-thick siltyclayey sedimentary sequence inside the Tiber alluvia has
on ground-motion amplification for realistic seismic inputs
(Bozzano et al., 2008). None of the studies just mentioned
used recordings of ground motions in Rome, as the high level
of cultural noise in the urban area and the low seismicity
around Rome precluded the collection of usable motions
from earthquake sources. The April 2009 sequence of earthquakes in L’Aquila, about 90 km from Rome, changed this.
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The data collected during the April 2009 seismic sequence
are the first instrumental earthquake data ever recorded in the
city of Rome, and they allow us to check previous theoretical
estimates of the seismic response of Rome, thus providing
some observational basis for the seismic hazard assessment
of the city.
In this article we first discuss similarities and differences
of the recordings of the L’Aquila mainshock at two sites, one
in the Tiber valley and one on the uplands adjacent to the
valley. We then compare observed and theoretical calculations of the relative site response at the two sites, as well as
the ratio of motions at the Tiber valley site at the ground
surface and in a borehole 72 m beneath the ground surface.
Finally, we compare the motions from the mainshock to motions from the Pacific Earthquake Engineering Center Next
Generation Attenuation ground-motion prediction equations
(GMPEs) derived from a global set of data.

Recordings of the L’Aquila Earthquakes: Site
Information and Mainshock Record Characteristics
Site and Data Information
Although the early settlements of ancient Rome were
established on the famous “Seven Hills”, the city expanded
over the large alluvial plain of the Tiber River and those of its
tributaries (Fig. 1), and more than one-half of the historical
center is built over these fluvial deposits. Similarly, a large
part of the most recently built portion of the city is located
above more than 50 m of alluvium deposited by a network of
Holocene streams. This stream network originated during the
Würm glacial epoch (lasting until 18 ka before present)
through re-incision and deepening of the valleys that had developed during previous glacial-interglacial periods (Marra
et al., 2008). The role of these lateral variations on
ground motions felt in Rome by the population during earthquakes is discussed in Cifelli et al. (2000) and Sbarra et al.
(2012). The sediments filling the incision of the Tiber River
within the city of Rome consist of a fining-upward succession, with a 6–8-m-thick level of gravel at the base, overlain
by a 50–60-m-thick sequence of sand and clay (Bozzano
et al., 2000). A schematic cross section between the two stations used in this article showing the subsurface geologic
conditions is given in Figure 2. This upper sequence of sand
and clay is characterized by normally to weakly overconsolidated clay-sandy silt, saturated in water, with low deformability moduli (Bozzano et al., 2000). Within the central axis
of the Tiber River valley, the material beneath the alluvial
sediments is a marine Plio-Pleistocene sequence (Marra and
Rosa, 1995), consisting of alternating, decimeter-thick levels
of clay and sand, with an overconsolidation ratio > 5 and low
compressibility (Bozzano et al., 2008). This Plio-Pleistocene
clayey substrate is about 900 m thick in the study area (as
indicated by a deep drilling performed in 1935 in downtown
Rome [Signorini, 1939]), during which the silicic-carbonatic
Cenozoic succession (which constituted the bottom of the

Figure 1. (a) Epicenters (small circles) of the April 2009 seismic sequence in the central Apennine mountain chain. The mainshock (the black arrow near L’Aquila) is about 90 km from Rome;
its focal mechanism is from Herrmann et al. (2011). (b) Map of the
study area of Rome showing seismological stations (circles) that
have been in place since 2008; stations with red circles are those
used in this study. (c) Transversal cross sections of the Tiber valley:
AA′ is through the surface station VSC and the 72-m deep borehole
station (BRH) in the Tiber valley; BB′ is through GRB, on volcanic
rock. The descriptors “soft sediments” and “bedrock” are generic
terms meant to signify materials with low and high stiffness, respectively; the true bedrock is limestone, at a depth near 900 m (as
shown in the next figure). The color version of this figure is available only in the electronic edition.
Pliocene sea basins; Funiciello and Parotto, 1978), was encountered 917 m below the present-day sea level. The upper
portion of the valley sides, as well as the land away from
the alluvial plains, where the rest of the city is built, are
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oriented north–south and east–west. Data are sampled at a
rate of 1000 Hz, using 24-bit analog-to-digital converters,
and time synchronism is provided by a Global Positioning
System system at each station. In this paper, we use records
from one of the array stations (VSC) and another station
(GRB) installed about 2 km east of the array (by coincidence,
both stations are close to a line from the L’Aquila region to
the Tiber River valley stations). GRB lays above the Pleistocene pyroclastic sequence and the underlying, older sedimentary deposits of the Paleo-Tiber River (Marra and Rosa,
1995). VSC and GRB provided good-quality acceleration
time histories during the L’Aquila seismic sequence, being
also equipped with acceleration transducers.
In addition to the surface stations just described, one
three-component short-period (1 s) seismometer is installed
at the bottom of a 72-m-deep borehole, within the PlioPleistocene clayey rock, 15 m below the base of the alluvial
soft sediments at Valco San Paolo; we designate recordings
from this sensor as coming from station BRH. The BRH
motions were converted to acceleration time series by deconvolving the velocity-sensor response; this deconvolution was
noisy for frequencies below about 0.5 Hz, and therefore we
only use the BRH data for frequencies above 0.5 Hz. The
borehole data are continuously recorded at the surface using
the same acquisition system as used for the stations deployed
at the surface. In this article, we analyze data from the mainshock, as well as from nine aftershocks; Table 1 gives information about the events.
Features of the Recordings

Figure 2. Schematic cross section from VCS to GRB. VSC is
underlain by about 50 m of clays with an average shear-wave velocity of 226 m=s, followed by stiffer material, including an 8-m-thick
gravel layer with a velocity of 700 m=s; see Appendix A and Ⓔ the
electronic supplement for details.
composed of Pleistocene fluvial deposits (the Paleo-Tiber
unit; see Marra and Rosa, 1995, and Florindo et al., 2007),
comprising a 10-m-thick layer of coarse gravel overlain by
consolidated sandy clay, and this in turn is overlain by a thick
volcanic cover, represented by more or less lithified pyroclasticflow deposits and alternating ash-fall deposits (Karner et al.,
2001), partially intercalated into the continental sedimentary
deposits (Karner and Marra, 1998).
Since early 2008, a small-aperture four-station array has
operated on the alluvial sediments within the Tiber River valley in Valco San Paolo, in the southern part of the historical
sector (Fig. 1). The distance between the array stations is less
than 100 m, all of them are equipped with three-component
5-s velocity transducers, and the horizontal components are

Before showing the time series at the recording sites, we
first discuss the smoothed Fourier acceleration spectra (FAS)
at the three stations, shown in Figure 3, because most of the
main findings of our study are evident in the relative shapes
and amplitudes of the FAS. The horizontal motions from
which the FAS were computed have been rotated into radial
(R) and transverse (T) directions, using a station-to-source
azimuth of 53°. The figure shows that the horizontalcomponent motions are larger than the vertical-component
motions for frequencies less than about 5 Hz. At both GRB
and VSC, there is a peak in the FAS of the radial components
for frequencies near 1 Hz and the region of elevated FAS is
broader at GRB than at VSC. A distinct difference in the
VSC and GRB FAS in the region of the maximum FAS is that
the transverse component FAS is much smaller than the radial
component FAS at GRB, while at VSC the FAS from the two
horizontal components are comparable. At GRB the radial
component FAS is generally larger than the transversecomponent FAS for frequencies less than 0.2 Hz. At both
GRB and VSC the FAS from the two horizontal components
are similar for frequencies greater than a few Hz.
Figure 4 shows a direct comparison of acceleration and
velocity time series for the surface (VSC) and downhole
(BRH) sensors. The VSC motions are much larger than the
BRH motions. This is expected for several reasons: (1) the
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Figure 3.

Fourier acceleration spectra (FAS), smoothed using Konno and Ohmachi (1998) smoothing over logarithmic frequency, with
their smoothing parameter set to b  20. For comparison, smoothing over equally spaced frequencies with a triangular smoothing window
with base of 0.5 Hz is shown for the T component at VSC (lin f smooth). The spectra were computed from unfiltered acceleration time series,
using a 200 s window. A lower frequency limit of 0.5 Hz is used for BRH because the conversion of the 1-Hz velocity sensor motion to
acceleration was noisy below that limit. The color version of this figure is available only in the electronic edition.

VSC recordings are at the surface, and thus constructive
interference of the incident and reflected waves will amplify
the motions by a factor of about 2 (relative to the incident
motions); (2) the lower shear-wave velocities will lead to an
amplification of the waves as they proceed up the soil column, due to conservation of energy; (3) resonance of the
waves reverberating in the sedimentary layers will produce
additional amplification at the fundamental frequency and at
the overtone frequencies; and (4) the BRH instrument is installed near a large change in seismic-wave impedance,
where destructive interference of up- and downgoing waves
will lead to reduced motions (Joyner et al., 1976; Shearer and
Orcutt, 1987; Bindi et al., 2010; Kinoshita, 2010). Quantitative evaluations of these effects in the BRH record are discussed in the Site Amplification at VSC and GRB section.
Time series of ground acceleration, velocity, and
displacement at VSC and GRB are shown in Figure 5 for
transverse (T), radial (R), and vertical (Z) components.
Comparison between VSC and GRB indicates a substantial
similarity of displacement waveform shapes and amplitudes,
with VSC being somewhat larger than GRB on the T component. The dominant frequency of the displacement time

series is near 0.2 Hz, so these graphs indicate that there is
little relative site response at low frequencies. There is less
agreement in waveform shapes and amplitudes for the velocity and acceleration time series than for the displacement
time series, and for those motions VSC is much larger than
GRB on the T component. These graphs suggest that there is
relative site response at higher frequencies, at least for the T
component (spectral ratios will be used later to quantify the
site response). There is also a significant difference in the
displacement waveforms for the R and T components
throughout the records, including the occurrence of a distinct
P arrival on the R component that is not present on the T
component. The P arrival on the R component and the overall dissimilarity of the R and T motions indicate that the
rotations of the horizontal components have succeeded in
separating the SH and the P-SV phases, at least for the
lower-frequency motions.
A puzzling feature of the GRB–VSC comparison is the
relatively large T-component motion at VSC. We expect
from the theoretical radiation pattern that the transverse
shear-wave motion should be near nodal for waves propagating from the source to Rome, and thus the radial component

Table 1
Date and Source Parameters of Earthquakes Analyzed in This Study
Event

yyyy/mm/dd/

hh:mm:ss (UTC)

Latitude (° N)

Longitude (° W)

Depth (km)

M (CMT)

M (Hea11)*

1
2
3
4
5
6
7
8
9
10

2009/04/06
2009/04/06
2009/04/06
2009/04/06
2009/04/06
2009/04/06
2009/04/07
2009/04/07
2009/04/07
2009/04/09

1:32:39
2:27:46
2:37:04
7:17:10
16:38:09
23:15:37
9:26:28
17:47:37
21:34:29
19:38:16

42.334
42.375
42.366
42.355
42.362
42.451
42.342
42.275
42.380
42.501

13.334
13.342
13.340
13.367
13.333
13.364
13.388
13.464
13.376
13.356

5
10
10
9
10
7
10
16
7
7

6.3
—
—
—
—
—
—
5.5
—
—

6.1
4.1
4.8
4.0
4.3
4.9
4.7
5.4
4.2
5.0

*Hea11 are seismic moments from Herrmann et al. (2011). See Data and Resources for the web availability of
hypocenter determination and moment magnitude.

1864

A. Caserta, D. M. Boore, A. Rovelli, A. Govoni, F. Marra, G. Della Monica, and E. Boschi
T component

R component

Z component

Acceleration (cm/s2)

10

4

10
5

2
0

0

0

-5

-2

-10

VSC
BRH

-10

-4

1
2

Velocity (cm/s)

2

0.5

1
1
0

0

0
-1

-0.5

-1

-2
-1

-3

-2
0

20

40
60
Time (s)

80

100

0

20

40
60
Time (s)

80

100

0

20

40
60
Time (s)

80

100

Figure 4. Direct comparison of acceleration and velocity time series for the surface (VSC) and downhole (BRH) sensors. The velocity
time series were obtained by integration of accelerations filtered with acausal 0.1- and 10-Hz filters which decayed as f8 at low frequency and
f−8 at high frequency. The displacement time series are not shown because of concern that the low-frequency motions at BRH, obtained from
the 1-Hz velocity sensor at BRH, may not be accurate. The color version of this figure is available only in the electronic edition.
should dominate the motion. This is true for GRB, but not for
VSC, at least at frequencies less than 4 Hz (except for the
0.2–0.5 Hz band; see Fig. 3). To look into the increased
T-component motion at VSC relative to that at GRB in more
detail, we show in Figure 6 hodograms of the two components of horizontal motion, where we have band-pass filtered
the accelerations between 0.6 and 1.1 Hz (this range was
chosen so as to encompass the peak in the FAS of the R and
T components at VSC). The motions at GRB and VSC are
close to being linearly polarized in the radial direction for
times before about 44.5 s; this agrees with expectations from
the radiation pattern of the earthquake. Beyond about 44.5 s,
the motions tend to become elliptically polarized (in the horizontal plane), but both components of horizontal motion for
the later times are much larger at VSC than at GRB. Looking
closely at the filtered time series, the R motions at GRB start
to decay in amplitude beyond about 44 s, but those at VSC
stay high for several more cycles. In addition, the T component grows in amplitude at VSC for times greater than 44 s,
unlike the T-component motion at GRB; this leads to the
peak in the VSC FAS for the T component. Some of the
increase duration of the motion at VSC is undoubtedly due
to fundamental resonance in the sediments underlying
VSC, but the relative increase in the T component later in
the record suggests some complicated wave propagation
in the short distance between GRB and VSC. Lateral refraction of the waves as they enter the Tiber River valley could
also account for apparent increase in the T component at
later times.

Site Amplification at VSC and GRB
Observations
Estimates of relative amplification between GRB and
VSC are given by ratios of the FAS from both sites, but these
ratios say nothing about the station-specific amplifications.
For VSC and BRH, the ratios of FAS provide a measure of
station-specific amplification at VSC relative to the motion at
BRH, which is located somewhat below the large velocity
change between the Holocene and Pliocene sediments (see
Fig. 2). Having no borehole recordings at GRB, it is not possible to have a direct estimate of the station-specific amplification at that station. A number of studies, however, have
concluded that the frequencies of resonant peaks at a site can
be reliably determined using horizontal-to-vertical spectral
ratios (HVSR), particularly for those sites with a large impedance contrast in layers not far from the surface even though
the amplitude of the HVSR at the resonant frequencies might
not be a good estimate of the site response (e.g., Lermo and
Chávez-García, 1993; Konno and Ohmachi, 1998; Fäh et al.,
2001; Bonnefoy-Claudet et al., 2008). We show in Figure 7
both types of site response estimates. The graphs in the top
row show HVSR for the mainshock recordings at GRB and
VSC, while the two graphs in the bottom row show the
VSC/BRH and VSC/GRB relative site response. These two
lower graphs include ratios from the mainshock recordings,
as well as the average of the ratios from nine aftershocks (see
Table 1). To provide more information about the sensitivity
of the HVSR to the component of horizontal motion and to
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Figure 5. Direct comparison of acceleration, velocity, and displacement time series at VSC and GRB. The velocity and displacements
were obtained by integration of accelerations filtered with acausal 0.1- and 10-Hz filters which decayed as f 8 at low frequency and f−8 at high
frequency. The GRB time series have been shifted by a constant amount for all components (an 0.8-s delay) so that the displacements traces
are approximately time-aligned with the VSC displacements. The color version of this figure is available only in the electronic edition.

the types of motion, we show in Figure 8 shaded contour
maps of HVSR for the mainshock, the aftershocks, and noise
as a function of direction of horizontal ground motion and
frequency. In constructing Figure 8 we rotated the two
recorded horizontal motions at a station into a specific azimuth. The HVSR was then computed for this rotated motion,
the results were repeated for a range of azimuths from 0° to
180°, clockwise from north, and the shaded contour map was
constructed.
The HVSRs in Figures 7 and 8 show a strong peak at
frequencies somewhat greater than 1.0 Hz at GRB and less
than 1.0 Hz at VSC. Additional peaks at other frequencies
are present for the aftershock averages. For the mainshock
and the aftershock average the peak HVSR near 1.0 Hz at
GRB corresponds roughly to radial motion (the station to
source azimuth is about 53°–56°, depending on station and
which part of the fault was used as the source location),
which is consistent with expectation from the faulting
mechanism that the radial component should be dominant
for waves propagating to Rome. At VSC the peak HVSR for

the mainshock tends to be at larger azimuths than at GRB,
which is probably a consequence of the increased motion
on the transverse component discussed earlier. The HVSR
for the noise is less sensitive to azimuth, again as expected,
since the noise will be arriving at the stations from many azimuths, unlike the motions from the L’Aquila earthquakes.
The peak frequencies of the HVSR from the noise (1.11 Hz
for GRB and 0.94 Hz for VSC) are similar to those from the
L’Aquila events, but the peak amplitudes are smaller by a
factor of 2–3. In addition, the peak response at GRB from
the noise HVSR is only about half that at VSC.
If we accept peaks in HVSR as being due to stationspecific site response, then the graphs in Figure 8 indicate
a pronounced site response at a frequency near 1 Hz, both
on the low-velocity sediments in the Tiber River valley
(VSC), as well as on the nearby uplands (GRB). The presence of a strong site response at VSC is not a surprise, but we
did not expect a resonant-like site response at GRB. An additional complexity in inferring site response from the averageaftershock HVSR at GRB is the presence of four peaks in the
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HVSR; if these indicate site resonances, why do they not occur for either the mainshock or the noise? Moreover, there is
a small difference in the frequencies of the peak HVSR from
the noise and from the mainshock and aftershock recordings.
This could be due to the different wavefield structure
between noise and earthquakes, including different percentages of Love and Rayleigh waves in the motions (BonnefoyClaudet et al., 2008). We consider the HVSR from the noise
to be the best indicator of an overall average response at
the sites.
To quantify the relative amplification between the
Holocene alluvial deposits under VSC and the Pleistocene
pyroclastics beneath GRB, we computed Fourier spectral
ratios for the T and R components; these are shown in the
lower two graphs in Figure 7. We only show ratios for the
horizontal components because our main interest is in the site
response of those components. Spectral ratios were computed for an individual event (the mainshock), and for the
geometric mean over a subset of nine of the strongest aftershocks (Table 1, events 2 through 10) selected as having a
satisfactory signal-to-noise ratio (higher than 3 in the frequency band 0.5–8 Hz). For the nine aftershock spectralratios we converted the velocity-transducer seismograms of
stations VSC, BRH, and GRB to acceleration time series,
from which we computed Fourier spectra. All spectra were
smoothed before the ratios were computed. Because we
expected to see higher modes in the VSC/BRH ratios, at
roughly equispaced frequencies, we used a triangle smooth-

ing operator with a frequency-independent width of 0.5 Hz;
smoothing using an operator whose width is proportional to
frequency (e.g., the Konno and Ohmachi, 1998, smoothing)
tends to smear out higher modes (compare the T component
FAS for VSC in Fig. 3). In contrast, in the FAS shown in
Figure 3 we used a smoothing operator whose width is proportional to frequency, as this operator produces less distortion at low frequencies (and in Fig. 3 we wanted to show that
the FAS at low frequencies are similar for both VSC and
GRB, indicating no difference in the long-period site
response at the two stations). Near the fundamental mode
frequency of 1 Hz there is little difference between using the
two smoothing operators. For both VSC/BRH and
VSC/GRB we used a log-frequency axis to emphasize the
fundamental mode, and a log-amplification axis to accentuate the higher modes (which have smaller amplitudes than
the fundamental mode).
The VSC/BRH ratios are all quite consistent and show a
series of modes with the dominant peak in the ratio at 1 Hz
presumably being a fundamental mode (this is confirmed by
the theoretical amplifications shown later), and higher modes
at frequencies of about 2.9, 4.5, 6.1, 7.8, and 9.7 Hz. The
frequency of the fundamental mode is somewhat higher than
the frequency of the peak FAS and the peak HVSR at VSC
(close to 0.8 Hz); this is because the BRH FAS also has a
peak at 0.8 Hz and a minimum at 1.05 Hz, the combination
of which produces an apparent shift in the frequency of peak
in the VSC/BRH ratio.
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For the VSC to GRB relative site response (Fig. 7, lower
right graph), the ratios of the R and T components for the
mainshock are dissimilar, unlike the R and T component
ratios for VSC/BRH (Fig. 7, lower left graph). Some oscillations in the GRB mainshock FAS (see Fig. 3) lead to com-

plexity in the VSC/GRB ratios, but the differences in the R
and T component ratios for the mainshock have more to do
with the time-varying differences of the R and T components
demonstrated in Figure 6. In contrast to the mainshock motions, the ratios of the average aftershock motions are similar

Figure 8. (a,d) Horizontal-to-vertical spectral ratios (HVSR) from the mainshock, (b,e) average of nine aftershocks, (c,f) and noise. The
horizontal component was obtained by rotating the observed components into the azimuth shown on the ordinate scale. The spectra used in
the ratios were smoothed over logarithmically spaced frequencies. The color version of this figure is available only in the electronic edition.
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Figure 9.

Observed and theoretical VSC/BRH ratios of FAS.
Shown are ratios for the mainshock (for R and T separately) and
for an average of nine aftershocks. With one exception (indicated
in the legend), all ratios were formed from smoothed FAS, where the
smoothing was over equally spaced frequencies, using a triangular
weighting function with a base width of 0.5 Hz. The color version of
this figure is available only in the electronic edition.

for the R and T components. We suggest that the VSC/GRB
ratios based on nine aftershocks might be better measures of
the average relative site response than the ratios from the recorded mainshock motions. The difference we find between
ratios of motions from nearby sites for an individual event
and from the average of multiple events has been observed
from other studies (e.g., Chavez-Garcia et al., 2000; Boore,
2004). Apparently small differences in focal mechanism,
source-to-station azimuth, and propagation path can have a
surprisingly large influence on spectral ratios for stations separated by only a few kilometers (but recall the consistency of
the VSC/BRH ratios, so that very closely located stations
should have similar ratios for similar components from events
in the same geographic region, an unsurprising conclusion).
Predictions
Figures 9 and 10 also show a comparison between observed and theoretical amplifications at VSC, relative to
GRB and to BRH. Most of the theoretical curves were computed using the program nrattle, which assumes SH motion.
A few amplifications shown in Figure 9 used the program
roll, which assumes incident SV waves and includes SV to
P-wave conversions. Both nrattle and roll are included in the
SMSIM package (Boore, 2005). The programs assume linear

0.2

1

2

10

Frequency (Hz)

Figure 10.

Observed and simulated VSC/GRB ratios of FAS.
Shown are ratios for the mainshock (for R and T separately) and
for an average of nine aftershocks. All ratios but one were formed
from smoothed FAS, where the smoothing was over equally spaced
frequencies, using a triangular weighting function with a base width
of 0.5 Hz. Note that the ordinate scale is different here than in
Figure 9. The color version of this figure is available only in the
electronic edition.

elasticity and horizontal constant-velocity layers. They
include the constructive and destructive interference of all
reverberations. The details of the 1D shear-wave velocity
models at the two sites are described in the Appendix A, the
vertical profiles of VSC and GRB differing only in the upper
layers above the clay rock of Rome (see Figs. 2 and A1). The
shallower parts of the shear-wave velocity profile beneath
VSC control the relative VSC and BRH amplification, and
these shallow velocities are based on measurements in the
borehole. In contrast, no measured velocities are available
at GRB, and thus the velocity profile used in the calculations
is based on judgment. After developing the profile, we discovered the apparent amplification at GRB near 1 Hz, based
on the HVSR analysis. The profile in the Appendix A will not
produce a strong resonance at that frequency. We chose not
to modify that profile to produce a resonance near 1 Hz, however, as there would be little basis for choosing among the
many profiles that could be constructed to give a 1-Hz
resonance (and the noise HVSR indicates that the site amplification is rather small). In reading the following, please keep
in mind that the predictions of the VSC/BRH will be much
better determined than for VSC/GRB. We show the latter
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because the overall comparison is in fact not unreasonable,
and we use the VSC/GRB comparison to illustrate the dependence of the theoretical ratios on the angle of incidence, type of
input motion, and choice of half-space velocity.
For the spectral ratio VSC/BRH (Fig. 9) the theoretical
curves were obtained by dividing the nrattle response for a
depth of 00 m (VSC) by the one for a depth of 72 m (BRH),
using the VSC velocity model (this duplicates the actual procedure used to obtain the observed ratio; no extra factors of 2
were applied to either the observed or the theoretical ratios).
Although not shown here, the theoretical ratios are not sensitive to the angle of incidence or to the details of the deeper
part of the velocity model. Theoretical amplification curves
are shown for two Q models (one with Q one-half that of the
standard model, to see if a lower Q would give a better match
to the observed amplification at higher frequencies). The
theoretical curves are shown without smoothing and with the
smoothing used for the amplification from the observations.
Note that the sharpness and amplitudes of the theoretical amplification peaks are a consequence of the perfect constructive and destructive interference of the many reverberations
within the sediment layers (e.g., as discussed in the appendix
to Boore and Joyner, 1991). In reality, we expect lateral nonuniformity of the layers to cause the reverberations to arrive
at times that are not exact multiples of the predicted travel
time through the layers, and this, as well as scattering of
the multiple arrivals, will tend to reduce the resonant peaks.
For these reasons we would be surprised if we found excellent agreement between the observed and theoretical ratios.
In general, there is good agreement in the frequencies of the
fundamental and the high modes, and the gross comparison
of observed and theoretical ratios is reasonable, given the
considerations above.
Figure 10 shows a comparison of the observed and theoretical relative amplifications at VSC and GRB. We used a
linear amplification axis so that the low amplitude ratio for
the R component from the mainshock at a frequency of
2.4 Hz does not dominate the plot. The amplification at each
station is relative to an effective rock surface recording that
would be obtained by stripping off the layers above the halfspace for each model. The VSC/GRB ratio was computed
frequency by frequency. The theoretical amplifications were
computed for vertical (0°) and oblique (30°) incidence for
incident SH waves and 30° and 35° incidence for SV waves
(incidence of 0° for SV waves is the same as for SH waves).
The amplifications for incident SH waves are not very sensitive to incidence angle, but this is not true for SV waves
when the incidence angle exceeds 30°. This is because at
these angles the horizontal slowness of the incident SV wave
exceeds the P-wave slowness in some of the layers, so that
the angle of refraction becomes complex. This leads to large
variations with frequency in the theoretical amplifications, as
shown in Figure 10, and this might be a partial explanation
for the unusual behavior of the R-component VSC/GRB
ratio from the mainshock shown in Figure 7. Theoretical amplifications were computed for the complete model for VSC
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and GRB discussed in Appendix A (with a 2400 m=s halfspace) and with models truncated at depths corresponding to
velocities of 700 and 1600 m=s in the complete models (with
the portions of the complete models below those depths
being replaced with 700 and 1600 m=s half-spaces). We used
models with half-spaces shallower than that for the complete
models because the amplifications for the complete models
had numerous small amplitude oscillations over most of the
frequency range; these occur at different frequencies for the
VSC and the GRB (unlike the VSC and BRH simulations),
and thus appear as oscillations in the VSC/GRB ratio riding
on the more pronounced oscillations due to differences in the
shallower parts of the velocity profiles. These oscillations are
a consequence of the perfect constructive and destructive
interference of waves reverberating through the whole section above the large impedance contrast at the base of each
model (a step change in shear-wave velocities from 1593 to
2140 m=s), and we do not expect these oscillations to exist in
more physically realistic models. The oscillations disappear
when the half-space is taken to have a shear-wave velocity of
1600 m=s, which is close to that of the material just above the
actual half-space in the unmodified models. We noticed that
better agreement between the ratios from observations and
simulations occurs if the half-spaces are taken to be at a relatively shallow depth, where the gradient part of the models
in Figure A1 reaches a shear-wave velocity of 700 m=s. As
we do not know the actual profile beneath either VSC (below
about 70 m) or GRB, we assumed that the deeper parts of the
profiles were the same. In summary, the results shown in
Figure 10 indicate that the theoretical VSC/GRB ratios
are in rough agreement with the observed VSC/GRB ratios,
particularly for the T-component ratio from the mainshock
recordings and the R and T ratios from the average of nine
aftershock recordings. Both types of ratios indicate a fundamental mode amplification around 1 Hz, with the VSC
motion being larger than the GRB motion by a factor of
2–3. They also both show a relative null in the amplification
for frequencies near 2.4 Hz. The predicted frequencies of the
higher modes are somewhat lower than the observed frequencies, which might indicate that the GRB velocity model
needs refinement (recall that only the model for VSC at
depths less than 62 m is based on measurements, and Fig. 9
shows that the frequencies of the observed and predicted
modes are in good agreement for the fundamental and first
few higher modes).

Comparison of L’Aquila Mainshock Motions in
Rome with Other L’Aquila Recordings and with
Predictions from GMPEs Based on Global Datasets
To see if the motions recorded in Rome from the
L’Aquila mainshock are representative of motions at this distance from earthquakes with M 6.3, in this section we make
two comparisons: (1) response spectra from the GRB recordings with response spectra from three other L’Aquila mainshock recordings at a similar epicentral distance and average
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near-surface shear-wave velocity, but different azimuths, and
(2) response spectra from GMPEs based on a large global dataset. Figure 11 contains the comparisons, where the seismic
intensity measure is GMRotI50, an orientation-independent
measure of 5%-damped response spectral acceleration (PSA)
computed from horizontal ground motion, similar to the geometric mean, as discussed in Boore et al. (2006). The PSAs
for the radial and transverse components are also shown.
Many of the features in the response spectra from the mainshock recordings were seen previously in the FAS plots
(Fig. 3). These include the pronounced peak at 1.25 s on
the radial component for both VSC and GRB (corresponding
to the FAS peak at 0.8 Hz), and the much bigger difference in
the PSA for the radial and transverse components at GRB
than at VSC. Note that the PSA for GRB has a relatively
broadband plateau from about 0.3 to 1.3 s, with local peaks
superimposed on the plateau, whereas the PSA for VSC is
more sharply peaked near 1.25 s.
The lower graph in Figure 11 contains the PSA for three
other recordings of the L’Aquila mainshock, in addition to
that at GRB. These stations (ASS, CDS, and CSS) were
chosen because they are at a similar distance from the earthquake, as is GRB (the distances and azimuths are given in the
Fig. 11 legend; note that the azimuths are very different than
that to GRB). According to Pacor et al. (2011), each of the
three stations falls in the same site class as GRB, with an
estimated V S30 value of 900 m=s (there are no other recordings in the 80–110 km distance range with V S30 as low as that
for VSC, and therefore we only show comparisons of other
recordings with GRB). The PSA from ASS, CDS, and CSS
have been adjusted to a distance of 98 km and a V S30 of
631 m=s (the values for GRB) using the Boore and Atkinson
(2008; the updated GMPE is hereafter referred to as BA08)
GMPEs. The distance term in the BA08 GMPEs have been
modified using Scasserra et al. (2009) adjustments (those adjustments were derived using data from Italian earthquakes
obtained before the L’Aquila sequence). We used the BA08
V S30 adjustments because they are generally in the middle of
those from the Pacific Earthquake Engineering Research
Center Next Generation Attenuation (PEER NGA) GMPEs.
At periods less than about 0.3 s, the PSA from the three added
stations are similar to that from GRB, and all are somewhat
lower than at VSC. For periods around 1 s, the PSA from the
three stations are significantly lower than the PSA from the
recordings at GRB.
Figure 11 also compares the PSA from recordings at
VSC and GRB with the PSA from the median predictions
from four PEER NGA GMPEs, as well as the  one standard
deviation bounds for the Abrahamson and Silva (2008)
PEER NGA model. Shown in the figure are the medians
from the published GMPEs, as well as those after applying
the Scasserra et al. (2009) distance modifications. The comparison between observed and predicted spectra should be
with GMRotI50 (the heavy black line), as that is the measure
predicted by the NGA GMPEs. The most obvious conclusion
is that the shapes of the PSAs from the L’Aquila mainshock

recordings are quite different from the GMPE predictions. At
short periods (less than about 0.3 s) the observed PSA values
are generally lower than those from GMPEs (the exception
being those from the modified AS08 and CY08 GMPEs).
Perhaps the most important conclusion from the comparisons
in Figure 11 is that the PSA at periods near 1 s from both
GRB and VSC are significantly greater than those from the
GMPEs (and from the L’Aquila recordings away from Rome,
as noted in the previous paragraph). While we should not
expect the motions from a few recordings of a single earthquake to be close to the median values from a large global
dataset, we think it significant that the observed motions at
both GRB and VSC exceed the median plus one standard
deviation predictions from the GMPEs.
Ameri et al. (2009), Pacor et al. (2011), and Massa et al.
(2012) also compare the L’Aquila response spectra with
other GMPEs, including the BA08 GMPEs and several others
based on global as well as Italian-only data. They do not
include a distance modification for BA08. These authors also
find that all of the considered GMPEs overestimate the
L’Aquila response spectra at short periods. In contrast, they
find that the motions from the GMPEs and from the many
recordings of the L’Aquila mainshock taken as a whole
are similar for longer periods.

Discussion and Conclusions
The 2009 L’Aquila earthquake and its aftershock
sequence provided the first-ever recordings of earthquake
ground shaking in the urban area of Rome. We study the
recordings from three stations: one station (GRB) is on relatively stiff volcanic deposits in an upland area, and the other
two stations are several kilometers away, in the Tiber River
valley, at a site underlain by soft sediments. Of these latter
two stations, one is at the ground surface (VSC) and one is in
a borehole 72 m beneath the surface (BRH). The VSC and
BRH records show that there are significant resonance
amplifications, with a fundamental mode frequency near
1 Hz and a number of higher modes at higher frequencies.
The frequencies of these modes and the relative amplitudes
of the VSC and BRH motions are in good agreement with
theoretical predictions, which use velocities measured in the
borehole. In spite of the good agreement with theoretical
predictions, however, it is clear that there are complexities
in the polarization of motions at VSC near the fundamental
mode frequency, with the expected linear polarization in a
radial-component direction becoming elliptically polarized.
In contrast, the motions at GRB show the expected linear
polarization for the strongest motions, in agreement with the
radiation pattern of the source. There is a peak in the GRB
motion, however, at a frequency close to the fundamental
mode frequency at VSC. HVSRs (from the mainshock, an
average of nine aftershocks, and from ambient noise) show
peaks at GRB and VSC, near 1 Hz, with that at GRB being
at a somewhat higher frequency than at VSC. If this peak
corresponds to a site resonance, it is not predicted by the
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Figure 11.

PSA at VSC (top) and GRB (bottom) compared with predictions from four PEER NGA models (AS08: Abrahamson and
Silva, 2008); BA08: Boore and Atkinson, 2008; CB08: Campbell and Bozorgnia, 2008); CY08: Chiou and Youngs, 2008), modified using
the Scasserra et al. (2009) distance modifications. In the figure legend, “mean” is actually expln PSA and “mean  σ” is expln PSA  σ,
where ln PSA is the mean value of ln PSA given by the GMPE. Also shown are the geometric means of the PSA computed for horizontal
component recordings of the mainshock at three stations located approximately the same distance from the source as Rome (98 km), but at
different azimuths (given in the legend, clockwise from north; the azimuth to Rome is 237°); these PSAs have been adjusted to
V S30  631 m=s (see text). The distances and azimuths are computed from point “PA” in figure 18 of Herrmann et al. (2011), as an approximation of the center of moment release. The color version of this figure is available only in the electronic edition.

velocity model we have estimated for GRB; although we
have no velocity measurements at this station, it is outside
of the Tiber River valley, and thus is not underlain by the
relatively low-velocity Holocene sediments that lead to the
1 Hz resonance at VSC. The amplification at GRB is unlikely
to be due to the source, because GRB is essentially
perpendicular to the direction of fault rupture, the increased
motions are not present at the other three stations away from
Rome that recorded the mainshock, and the amplification appears on the noise HVSR. Although the agreement of the observed and predicted site response of VSC relative to GRB is
not as good as the VSC/BRH response, both the observed
and predicted FAS at VSC relative to that at GRB show a
peak near 1 Hz, with the motion at VSC being larger than
the motion at GRB by a factor of about 2 to 3. The complications in the waveforms at the Tiber River valley site, as
well as the unexpected apparent site amplification near
1 s at the stiffer upland site, caution against using simple

one-dimensional site amplification predictions and against
using ratios of motions from nearby sites to estimate the station-specific amplification (relative to the motion of the incoming waves below the site).
The observed response spectra from the mainshock exceed the one-standard-deviation bounds from recent GMPEs
based on a global database, for periods around 1 s. The response spectra near 1 s also exceed those from other stations
at similar distances and site conditions as GRB, but at different azimuths. At shorter periods, the observed response spectra are within the one-standard-deviation bounds of several
GMPEs (adjusted to account for differences in distance attenuation between the global dataset and Italian data), but
they are lower than those from other GMPEs.
In summary, the mainshock and aftershock motions, as
well as ambient noise, recorded at a station in the Tiber River
valley (VSC) all agree that there is a pronounced amplification near the theoretically predicted frequency of 1 Hz. There
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is also a smaller amplification, of unknown origin, at a somewhat higher frequency than 1 Hz at a nearby upland site
(GRB). The motion near 1 Hz at GRB is greater than for
other recordings away from Rome (there are no recordings
away from Rome at distances comparable to the Rome–
L’Aquila distances for sites underlain by the velocities
similar to those at VSC, so we can only compare other recordings with those at GRB). The motions near 1 Hz at both
VSC and GRB exceed the mean-plus-one-standard-deviation
motions from a large global dataset.

Data and Resources
The seismic data used in this article are part of the database of the ongoing Project FIRB/MIUR-Abruzzo; although
not publically available at present, they will be available at
the end of that project. The site amplifications were
computed using the programs nrattle and roll (written by
C. Mueller; nrattle was revised by R. Herrmann), available
as part of the SMSIM package of programs; the programs are
included in SMSIM with their permission. The latest version
of SMSIM can be obtained from the online software link on
http://www.daveboore.com (last accessed April 2012); the
use of the SMSIM programs is described in Boore (2005).
Hypocenters are from the INGV bulletin (at http://iside
.rm.ingv.it; last accessed July 2011). Moment magnitudes
M from the USGS catalog (http://earthquake.usgs.gov/
earthquakes/eqarchives/sopar/ (last accessed February 2012)
are available for the two largest shocks.
The notes http://www.daveboore.com/daves_notes/
daves_notes_on_poissons_ratio.pdf (last accessed January
2013) and http://www.daveboore.com/daves_notes/daves
_notes_on_relating_density_to_velocity_v1.2.pdf (last accessed January 2013) referred to in Appendix A are available
upon request from the second author of this article.
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Velocity, Density, and Q Models for Computed
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The shear-wave velocities, depths, and lithology shown
in Figure 2 are based on several boreholes (in particular, the
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work in the area of Rome; the primary references used in
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(2008), Cinti et al. (2008), and Pagliaroli et al. (2011). For
the purpose of computing site response at VSC and GRB, we
need models of both shear-wave (V S ) and compressionalwave (V P ), velocity, density, and Q as a function of depth.
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Figure A1. Velocity models used for the theoretical amplification calculations (the inset graph shows the models in the upper
100 m). The starting depth of the VSC model has been adjusted
to make it clear that the velocities under both VSC and GRB are
assumed to be the same below about 100 m. This assumption is
physically plausible and simplifies the computation of the theoretical VSC/GRB spectral ratio. This ratio is computed as the ratio of
the site responses at the individual stations relative to motions on
various equivalent half-spaces (see text). The color version of this
figure is available only in the electronic edition.
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The measurements of Bozzano et al. (2008) at VSC, with
slight adjustments, were used to provide V S to depths of
about 62 m. At GRB the velocities down to 43 m are based
on general experience of the correlations of velocity and
lithology. At greater depths below both VSC and GRB, a
power-law gradient model was constructed subject to the
constraints shown in Figure 2 that V S be 500 and 1600 m=s
at depths of 84 and 950 m below GRB, respectively. These
constraints are based on judgement from several of the
authors of this article. The continuous V S from the power
law were converted to a multilayer, constant velocity model
using the SMSIM program pwr2lyr, which ensures that the
travel time across the constant velocity layer equals that for
the power law over the same depth range. The half-space V S
of 2140 m=s is taken from Herrmann et al. (2011).
The V P velocities at shallow depths beneath VSC are
taken from an unpublished study by one of this article’s
authors. At deeper depths below VSC and at all depths below
GRB a mapping between V P and V S was used, according to
this algorithm:

V P and V S contained in unpublished notes of one of the authors (DMB, daves_notes_on_poisson’s_ratio.pdf; see Data
and Resources for availability). Equation (A1) is based on an
assumed Poisson’s ratio of 0.35. The last relation in equation (A2) (for 808:4 < V S ) is from equation (9) in Brocher
(2005), with units converted to m=s for velocity.
For density we used the algorithm given on pp. 10
and 11 of daves_notes_on_relating_density_to_velocity_v1
.2.pdf (see Data and Resources for availability). For Q we
used equations (19)–(21) of Brocher (2008).
The models used in the site-response calculations are
given in the Ⓔ electronic supplement. The models are
plotted in Figure A1.

• for material above the water table:
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• for material below the water table:
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The units of velocity in equations (A1) and (A2) are m=s.
This algorithm is based on the relations between measured
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