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Abstract: We present the results of a consistency check performed over a flatfile of accelerometric
data extracted from the ITalian ACcelerometric Archive (ITACA), enriched with velocimetric records
of events with magnitude M < 4.0. The flatfile, called ITACAext, includes 31,967 waveforms from
1709 shallow crustal earthquakes, in the magnitude range from 3.0 to 6.9, and occurred in the
period of 1972–2019 in Italy. The consistency check is carried out by decomposing the residuals
obtained from a reference ground motion model, for the ordinates of the 5% damped acceleration
response spectra. The residual components are subsequently analyzed to identify a list of events,
stations, and records that significantly deviate from the median trends predicted by the model. The
results indicate that about 10% of events and stations are outliers, while only 1% of the waveforms
present anomalous amplitudes. The asymmetrical azimuthal coverage of seismic stations around
the epicenter is the most common issue that can affect the estimates of the repeatable event residual
term. On the other hand, peculiarities in the site-response or wrong estimates of the soil parameters
(i.e., the average shear-wave velocity in the first 30 m of the subsoil) are the main issues related to
the repeatable station residuals. Finally, single records can show large residuals because of issues
related to signal acquisition (e.g., multiple events, noisy records) or possible near-source effects
(e.g., rupture directivity).

Keywords: ground-motion models; residual analysis; consistency check; strong motion flatfile

1. Introduction

The seismic waveforms and associated metadata of moderate-to-strong events are
usually stored in structured archives and distributed via web-interfaces or web-services,
which are widely used for engineering applications and seismological studies. These
archives are generally supported by parametric tables, called flatfiles, created to disseminate
intensity measures and associated metadata, widely used for the development of Ground
Motion Models (GMMs) and other engineering applications (e.g., [1,2]).

The rapid growth of seismic monitoring networks in the last twenty years, and the
availability of continuous real-time streaming from centralized repositories (e.g., EIDA; [3]),
led to an exponential increase of seismic waveforms. This huge number of available
records, which is expected to increase considerably over time, needs to be treated with
automatic procedures or machine-learning techniques (e.g., [4–7]), aimed at supporting
data-processing and data-quality control.

In this regard, one possible strategy is to perform some consistency check of the data
stored in the flatfile, assessing how much each data point deviates from a median prediction
model representative of the dataset. This analysis is useful to supply high-quality seismic
data and metadata that allow providing robust estimates of the expected shaking, reducing
the GMMs’ variability, and improving the Probabilistic Seismic Hazard Assessment (PSHA)
(e.g., [8,9]).

One of the earliest proposals for identifying anomalous recording sites and events
was formulated by Bindi et al. [10], in a study related to a subset of the Italian strong
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motion data, extracted by the ITACA database (ITalian ACcelerometric Archive; [11,12]),
performing a residual analysis with respect to a reference ground motion model. Later, the
increased number of earthquakes and recording sites, along with replacement of analog
instruments with digital ones, allowed more robust estimations of systematic event and site
residuals (e.g., [13,14]), in addition to the computation of the repeatable path and source
effects in some densely sampled areas [15,16]. As a matter of fact, residual analysis has
become increasingly important due to its ability to identify peculiar contributions in the
observed ground motion, traceable to different effects, such as source, site, or instrumental
disturbances (e.g., [17–21]), and exploited to systematically assess the quality of strong
motion datasets.

Recently, residual analysis has been applied by Bindi et al. [22] to carry out a consistency
check of the pan-European engineering strong motion (ESM) flatfile [1]. The authors
identified those earthquakes, stations, and recordings showing the largest deviations from
the median predictions of a GMM calibrated over the ESM flatfile data. A similar study
was performed by Traversa et al. [23], applying the consistency check on the dataset
derived from the Réseau Sismologique et géodésique Français (RESIF) network (https:
//www.resif.fr/en/presentation/interactive-map/; last accessed on 18 July 2022). In this
case, the authors have considered the residual distributions obtained for the horizontal
peak ground acceleration, PGA, and for the significant ground-motion duration, D5–95. The
former allowed recognizing atypical amplitudes, whereas the latter allowed identifying
truncated signals or traces with noisy coda waves.

In this study, we present the results of a consistency check performed over ITACAext [24],
a flatfile extracted by the waveforms collection of the version 3.2 of the ITalian ACceleromet-
ric Archive (ITACA) [12], which is the most complete collection of accelerometric records
of moderate-to-severe earthquakes (M > 3.0) which occurred in Italy since 1972, released
with annual frequency to include a periodic revision as well as adding new waveforms
and related metadata (e.g., considering updated seismic catalogs, last site characterization
studies, new types of installation).

The consistency check on the ITACAext flatfile is based on the residual distributions
obtained from the reference ground motion model for shallow crustal earthquakes in
Italy (ITA18) [25], for the ordinates of the 5% damped acceleration response spectra. The
computed residuals were analyzed to identify a list of events, stations, and records that
significantly deviate from the median trends predicted by the model. To this aim, we set
predefined amplitude thresholds for each residual component to identify peculiar features
worthy of further investigations. The peculiarities identified by the consistency check are
manually revised, providing illustrative cases and statistics on the possible causes.

2. Dataset

The investigated dataset is derived from the ITACAext flatfile [24]; https://itaca.mi.
ingv.it/ItacaNet_32/#/products/itacaext_flatfile; last accessed on 18 July 2022], a parametric
table created to disseminate intensity measures and metadata relative to the version 3.2
of ITACA [12]. To have a more robust estimation of the residual terms, ITACAext is
also enriched with records not stored in the ITACA database. In particular, ITACAext
includes some records acquired by the networks of the neighboring countries (such as
France, Switzerland, Slovenia, Albania and Montenegro) and, for low seismicity or poorly
monitored areas, it includes the velocimetric data of the National Seismic Network (RSN,
http://cnt.rm.ingv.it/en/instruments/network/IV; last accessed on 18 July 2022), mainly
for events with M < 4 available from the EIDA data stream [3]. ITACAext is formatted
coherently with the ESM flatfile [1] and collects only waveforms manually processed
following the procedure of Paolucci et al. [26]. Since all the collected signals are manually
checked, the uncertainties on event and site metadata are expected to be the main cause of
anomaly, such as in the case of earthquakes which occurred during seismic sequences or
located offshore, and in the case of stations poorly characterized or equipped with analog
instruments (e.g., [27,28]).

https://www.resif.fr/en/presentation/interactive-map/
https://www.resif.fr/en/presentation/interactive-map/
https://itaca.mi.ingv.it/ItacaNet_32/#/products/itacaext_flatfile
https://itaca.mi.ingv.it/ItacaNet_32/#/products/itacaext_flatfile
http://cnt.rm.ingv.it/en/instruments/network/IV
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To perform the residual analysis, a subset of ITACAext is extracted within the range of
validity of the ground motion model (ITA18) [25] adopted as reference in this study. The
selection criteria are the following: (i) moment magnitude Mw (or local magnitude ML if
not available) larger than 3.0; (ii) epicentral distance lower than 220 km; (iii) exclusion of
volcanic and subduction events (based on the SHARE seismogenic zonation) [29]; (iv) event
shallower than 30 km; (v) exclusion of the borehole stations and of those installed on the
building elevation floors; (vi) data up to 2019. We have not adopted any conversions from
ML to Mw because we observed that the uncertainty introduced by the different conversion
laws would not lead to significant reductions in the total aleatory variability of the ground
motion residuals.

The final dataset is the 98% of the starting ITACAext flatfile and consists of
31,967 recordings from 1709 shallow crustal earthquakes and 1716 stations. The overall
magnitude-distance distribution (Figure 1a) covers a large range of magnitudes (3–6.9 Mw)
and distances (0–220 km). The spatial distribution of the events across the Italian territory
(Figure 1b) reflects the earthquake occurrence in the last 50 years, with the epicenters of the
most relevant seismic sequences mainly located along the Apennine mountain chain, in
the Po Plain sedimentary basin, and in the Eastern Alps. However, due to the particular
tectonic and geodynamic setting of Italy, several events are also located offshore, along the
coast, or abroad, mainly toward the Balkan peninsula. On the contrary, the collection of
the recording sites in the study dataset allows for a denser spatial sampling and represents
almost all the geologic environments in Italy (Figure 1c).
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In the ITA18 model, the explanatory variable for the site term is the VS,30 parameter
(i.e., the average shear-wave velocity in the first 30 m of the subsoil), which is also adopted
in the European seismic code (EC8) [30] for the soil category assignment. However, only
about 25% of the Italian stations are characterized with a VS,30 value computed from the
measured shear-wave velocity (Vs) profile; for the other stations, this parameter is assessed
from empirical correlations with the topographic slope [31], as well as from the EC8 soil
category [30] inferred from surface geology (for each soil category, the average VS,30 is
considered). Figure 1d shows the availability of site information for the study dataset,
confirming that, for the majority of the sites, surface geology and topographic slope are the
only information available. In these cases, if these two proxies agree on the soil category
assignment, we consider the VS,30 obtained from topographic slope; otherwise we take the
VS,30 inferred from surface geology as this parameter is directly correlated with the type of
deposit rather than on topographic slope, which may provide misleading information. For
example, the station IT.CRV (locality of Carovigno), installed on the Apulian Carbonate
Platform, is a case where despite the rock formation suggests VS,30 > 800 m/s (i.e., soil
category A) [30], the topographic slope is flat, indicating VS,30 between 374 m/s and
421 m/s (i.e., soil category B) [30], depending on the resolution of the digital elevation
model. The disagreement between these two proxies is related to the peculiar geological
setting of the Carbonate Platform, where the stiffness of the stratigraphic deposit is not
correlated to the increase in the topographic slope. In this case, the topographic proxy
would provide an erroneous VS,30 estimate. In some minor cases, the topographic slope is
the only usable proxy, and when no site information is available (none in Figure 1d), the
most common soil class B and VS,30 = 580 m/s (360 m/s < VS,30 < 800 m/s in Eurocode
8) [30] is assumed.

3. Method
3.1. Residual Analysis

For the residual analysis, we consider the partially non-ergodic ground motion model
ITA18 [25], developed for the shallow crustal earthquakes in Italy. The ITA18 model is
calibrated for RotD50 [32] of peak ground acceleration (PGA), peak ground velocity (PGV),
and for 36 ordinates of acceleration response spectra (SA) at 5% damping in the 0.01 to 10 s
period range. The calibration dataset includes 5607 records, relative to 146 earthquakes and
1657 stations. The validity range of the model is in the magnitude range between 4 and
8, with source-to-site distances in the range 0–200 km, and event depths shallower than
30 km. The predictor variables are the moment magnitude Mw, the source-to-site distance
(either the closest distance to the rupture plane Rrup, or the Joyner–Boore distance, RJB),
and the VS,30 as site parameter. The style of faulting, representing the classification of the
events based on the rake angle [33], is also considered.

The total residuals (Res) are computed on the ITACAext flatfile as the difference
between the natural logarithm of observations and predictions. The residual components
related to the events, stations, and to the random variability (see [34] for an excursus on
terminology) are accomplished by decomposing the total residuals with the mixed-effect
regression [35], according to the following expression:

Res = a0 + δBe + δS2Ss + δWo,es, (1)

where the subscripts e and s refer to event and station, respectively. a0 is the average offset
of the ITACAext residuals. δBe represents the between-event residual (event-term), which
corresponds to the average misfit of recordings of the particular earthquake e with respect to
the median ground-motion model (Table 1). δS2Ss is the site-term at the station s (Table 1),
which quantifies the average misfit of recordings from one particular site, with respect
to the median ground-motion predicted for the VS,30 of the site. δWo,es is the remaining
residual after site- and event-terms are subtracted from the total residual (Table 1).
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Table 1. Residual components and corresponding standard deviations (modified after [34]).

Definition Residual Component Standard Deviation

Total Res σ

Between-event δBe τ

Site-to-site δS2Ss ΦS2S

Event- and site-corrected δWo,es Φ0

Event- and site-corrected at single-site Φo,s

The same decomposition of the residuals can be adopted for the corresponding stan-
dard deviations. The total standard deviation σ (Table 1), related to the total residual Res, is
computed as:

σ =

√
τ2 + ΦS2S

2 + Φ0
2, (2)

where τ and ΦS2S are the standard deviation of δBe and δS2Ss terms, respectively, and Φ0
is the standard deviation of the event- and site-corrected residuals (Table 1). The remaining
variability can be also estimated for an individual site s, Φo,s (Table 1), as:

Φo,s =

√
∑NEs

e=1 δWo,es
2

NEs − 1
, (3)

where NEs is the number of events recorded at the site s.
First, we verify that the offset term (a0), that quantifies the average deviation of the

ITACAext dataset from ITA18 model is as small as possible. Figure 2 shows that the bias,
normalized to the total standard deviation of the ITACAext residuals, is negative (within
−15%) at all periods, with a peak of −35% around period T = 0.7 s. This offset is further
investigated neglecting the a0 term in Equation (1) and verifying the condition of zero-
mean random variable at the two periods 0.01 s and 0.7 s, for each residual component
(Figure 3), as a function of the corresponding explanatory variable (i.e., magnitude for δBe,
VS,30 for δS2Ss, and distance for δWo,es). We can note that the scaling for small magnitude
earthquakes is not perfectly captured by the ITA18 model (δBe < 0 for M < 3.5; Figure 3a,b),
and this is probably the cause of the overall negative values. Indeed, the single components
are not affected by significant biases, except for the δS2Ss of soft sites (VS,30 < 180 m/s,
Figure 3c,d), and for the δWo,es of near-source records (distance < 5 km, Figure 3e,f), where
very few data are available. These findings support the applicability of the ITA18 model to
the ITACAext flatfile.
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Between-station residuals δS2Ss at T = 0.01 s (c) and T = 0.7 s (d). Event- and station-corrected
residuals δWo,es at T = 0.01 s (e) and T = 0.7 s (f). Gray dots: all data; white dots: mean values.

As expected, the residual analysis on the analyzed dataset provides higher variabilities
than the ITA18 model (Figure 4). This is particularly evident for δBe and δS2Ss terms
(Figure 4a,b), due to the large increment of events and stations in the ITACAext flatfile,
whereas comparable values are observed for δWo,es residuals (Figure 4c).

3.2. Detection and Classification of Peculiar Features

The workflow for the consistency check is reported in Figure 5. Starting from the
ITACAext dataset (step 1 in Figure 5), the residuals analysis is performed to compute,
for each event, station, and record, the between-event (δBe), the site-to-site (δS2Ss), and
the event-and-site-corrected (δWo,es) terms (step 2 in Figure 5). The residual components
computed with less than 5 records are not considered, in agreement with the study of [36],
which suggested a criterion of 3 to 8 recordings per event to have stable results.
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Figure 5. Workflow for the consistency check of the ITACAext flatfile.

The outliers in the ITACAext flatfile are identified based on some predefined thresholds
(step 3 in Figure 5). Bindi et al. [22] adopted, as limit value, 3 times the standard deviations
of the GMM residual components (i.e., 3τ, 3ΦS2S and 3Φ0); this is in agreement with
the current practice in PSHA, in which the ground motion distribution is truncated at
a fixed number (ε = 3) of the logarithmic standard deviation (e.g., [8]). A more restrictive
threshold is selected in Traversa et al. [23], where all records with |δWo,es| > 2Φ0 are
manually inspected.

Considering these previous studies, and after some tests performed on the study
dataset, we conservatively adopt a threshold of 2τITA18 and 2ΦS2S, ITA18 for δBe and δS2Ss,
respectively (step 3 in Figure 5), and a threshold of 3Φ0, ITA18 for δWo,es. The residual
components, normalized w.r.t. the corresponding standard deviation, are computed in
three ranges of periods (i.e., 0.01–0.15 s, 0.15–1 s, 1–5 s) to investigate the ground motion
at short-, intermediate- and long- periods. When the standardized residuals exceed the
corresponding threshold in at least one of the considered period intervals, a warning
is raised.
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Once detected, the outliers are classified in order to investigate the possible causes
(step 4 in Figure 5). Outliers for δBe, δS2Ss and δWo,es may indicate peculiarities related to
the source of the event (e.g., stress drop), the site response of the station (e.g., basin effects),
and the source-site effects (e.g., directivity), respectively, besides possible errors in the cor-
responding metadata, or instrument malfunctions. For example, if a record is characterized
by total residuals Res > 3σITA18 and, eventually, high aleatory variability at single-site
(Φo,s > 1), issues on the acquisition parameters, such as gain, full scale or channel sensitivity
may be occurred. All anomalous cases are presented in the supplementary materials.

The events, sites and records of the ITACAext flatfile that exceed the residual thresh-
olds are manually reviewed to identify the corresponding features and to provide overall
statistics on the relative occurrences. In the following, some illustrative cases of the warn-
ings distribution on the ITACAext flatfile are presented.

4. Results
4.1. Illustrative Cases

Figure 6 shows two cases relative to the outliers on the event term (event IDs refer to
the ITACA database).

The first event EMSC-20120609_0000005, located in Northeastern Italy with MW 4.0,
presents δBe residuals that exceed on average 3.46 τITA18 in the range 0.01–5 s (Figure 6a,
black curve). This event was recorded by 51 seismic stations, the majority located SouthWest
of the earthquake epicenter. As a matter of fact, this event occurred during the time span
of the 2012 Emilia seismic sequence (e.g., [37]), when several temporary seismic stations
were installed in the Po Plain area to improve the detection performance of permanent
monitoring systems ([38]; Figure 6b). As for many other events of the ITACAext flatfile, this
anomaly may be related to a low azimuthal coverage that does not capture all path effects
and spatial anisotropies in the ground-motion distribution, causing a trade-off between
event, and path effects in δBe estimation that could limit its physical interpretation.

The second event IT-2012-0032, located in the Po Plain area (Northern Italy) with MW
5.5, has negative residuals that are on average −2.9 τITA18 in the range 1–5 s (Figure 6a,
gray curve). This event is part of the 2012 Emilia seismic sequence and occurred in a time
window characterized by several earthquakes that often overlap on the corresponding
records, causing anomalies on δBe residuals estimation. In this case, 20 s before the IT-
2012-0032 event, a smaller event (ID: IT-2012-0076), with a magnitude MW 4.9, occurred.
The overlap of these two events depends on the relative position between the recording
stations and the earthquake epicenters. Figure 6c shows the location of the IT-2012-0032
and IT-2012-0076 epicenters, along with the spatial distribution of recording stations. As
an example, we show the recording of the IV.T0819 station, about 7 km from the epicenters,
where the two events can be easily trimmed on the raw traces (Figure 6d), and the recording
of the IV.T0820 station, at about 50 km from the epicenters, where the two events tend to
overlap (Figure 6e). Moreover, the late-arriving long-period surface waves can significantly
increase the duration of ground shaking, causing overlaps along their propagation path,
in particular in the Po Plain, where many factors strongly favor the generation of surface
waves in the radiation path from the source (e.g., [37,39,40]).

The illustrative cases for the δS2Ss peculiarities are reported in Figure 7. At the IT.BCN
site (locality of Buccino in Southern Italy), the prediction model overestimates the ground
motion at low frequency. The site residual is negative and is on average −2.75 ΦS2S in the
range 0.01–5 s (Figure 7a), due to a probable erroneous site classification (soil category D:
VS,30 < 180 m/s; [30]). In absence of in-situ measurements, the VS,30 parameter was inferred
from surface geology at large scale. However, the 1:100.000 geology map indicates that
the target seismic station is at the boundary between a coarse sedimentary deposit and
an outcropping limestone formation. As a matter of fact, the flat Horizontal-to-Vertical
(H/V) spectral ratio from ambient-noise (Figure 7b) suggests that the station should be
classified in soil category A [30], for which the ground-motion model would provide
lower spectral accelerations in agreement with the observations. Moreover, a soil category
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A is also indicated by the topographic proxy, being the site located on a mountain slope
(Figure 7c,d). Based on this evidence, we prefer to use the proxy from topographic slope
for the soil classification of the IT.BCN station.

Geosciences 2022, 12, 334 9 of 18 
 

 

  

Figure 6. (a) examples of peculiar δB𝑒 residuals; (b) spatial distribution of the epicenter (star) and 

recordings (triangles) for the event EMSC-20120609_0000005. The colors represent the Peak Ground 
Figure 6. (a) examples of peculiar δBe residuals; (b) spatial distribution of the epicenter (star)
and recordings (triangles) for the event EMSC-20120609_0000005. The colors represent the Peak
Ground Acceleration (PGA) at each station. The black box indicates the epicentral area of the
2012 Emilia seismic sequence. (c) Spatial distribution of the epicenters related to the IT-2012-0032
and IT-2012-0076 events. The recording stations highlighted in red are those whose accelerometric
time series are reported in panels (d) (raw traces) and (e) (processed traces). The red box indicates
the IT-2012-0076 event in the pre-signal noise of IT-2012-0032, whereas the blue lines delimitates the
trimmed waveforms.
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1 

 

 Figure 7. (a) examples of peculiar δS2Ss residuals in different shades of gray, along with the threshold
of 2ΦS2S in blue lines. (b) Microtremor H/V spectral ratios, where the solid lines indicate the average
values and the gray shadows the corresponding standard deviations. (c) Installation site of the
IT.BCN seismic station (red box), with a zoom in panel (d).

Another representative example of the δS2Ss peculiarities in the ITACAext flatfile is
the IV.SACR seismic station (locality of S. Croce del Sannio in Southern Italy), classified in
soil category A (VS,30 > 800 m/s; [30]) from surface geology, with δS2Ss residuals that are
on average −2.81 ΦS2S between 0.01–0.15 s (Figure 7a). This site is classified as reference
site, i.e., sites in soil category A (VS,30 > 800 m/s; [30]) free of any amplification phenomena
(Figure 7b) according to the study of Lanzano et al. [20]. Indeed, compared to ground
motion predictions at generic rock sites in soil category A, the high frequency median
ground-motion predicted for reference rock sites is significantly reduced (up to 40% at
T = 0.1 s, [20]). In addition, the IV.SACR site has a high-frequency attenuation parameter
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k0 of 0.0449 s, which is particularly high among the reference rock sites in Italy that have
an average k0 around 0.025 s [41].

Finally, the site IT.MLC (locality of Malcesine in Northern Italy), classified in soil
category B (360 < VS,30 < 800; [30]) based on geophysical surveys, shows a particular δS2Ss
residual that exceed 2.15 ΦS2S between 0.01–0.15 s. This feature may be related to specific
site effects between 3 and 10 Hz (i.e., 0.1–0.2 s), as indicated by the microtremor H/V
spectral ratio in Figure 7b, and to the reflections from the Moho discontinuity that enhance
PGA and short period spectral ordinates at distance larger than 70 km [15,42,43].

The illustrative cases for the peculiar δWo,es residuals are reported in Figure 8.
Figure 8a shows the δWo,es residuals as a function of azimuth, for all recordings of the event
EMSC-20160903_0000009 (MW 4.2). The residuals, computed from the RotD50 [32] of the
horizontal components, are averaged in the short (0.01–0.15 s), intermediate (0.15–1 s), and
long (1–5 s) period ranges. This visualization allows recognizing anomalies in the spatial
distribution of the ground motion. These anomalies may be ascribed to rupture directivity
effects, i.e., the focusing of the radiated seismic wave energy in specific directions linked
to the rupture propagation along the fault [44–47], which may induce peculiar residuals
on the δWo,es component. In this case (Figure 8a), we observe high ground-motions in the
direction of 315–360◦ North, particularly in the short-period range between 0.01–0.15 s. This
observation is in agreement with the findings of Colavitti et al. [48], which report directivity
effects also for small-to-moderate events in different frequency ranges. In particular, for
the event EMSC-20160903_0000009 considered in Figure 8a, Colavitti et al. [48] indicate
a rupture directivity at 332◦ North, between 1–25 Hz. This effect can be also appreciated
on the spatial distribution of the PGA amplitudes in Figure 8b.
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Figure 8. (a) example of peculiar δWo,es residuals due to rupture directivity of the event EMSC-
20160903_0000009, and (b) spatial distribution of the corresponding PGA values. (c) Example of
peculiar δWo,es residual due to a bad quality recording of the event EMSC-20160824_0000192 (filled
squares highlight the anomalous values); and (d) accelerometric time history of the anomalous record
highlighted in panel (c).
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Besides source effects, the anomalies on the δWo,es residuals can be also related to
low quality data that escaped manual control. For example, Figure 8c shows the δWo,es
residuals of the event EMSC-20160824_0000192, located in Central Italy, with MW 3.9. In
this case, the accelerometric recordings of the IT.VNF1 seismic station, at a distance of
161 km from the epicenter, present anomalous δWo,es residuals that exceeds 4.54Φ0, ITA18
in the short period range (0.01–0.15 s). The accelerometric time history of this record is
reported in Figure 8d.

Finally, for the peculiar features related to the acquisition parameters, an illustrative
case is reported in Figure 9a, with the δWo,es residuals of the event IT-2011-0056, located
in the Tyrrhenian sea, with ML 3.5. Among the corresponding records, the IV.IFIL ve-
locimetric station, located on the Filicudi Island (Aeolian Islands) at 37.8 km from the
epicenter, presents anomalous δWo,es residuals that exceed 5.06Φ0 in all the 0.01–5 s period
range (filled squares in Figure 9a). This record shows also anomalous amplitudes on Res
residuals that are lower than 3.53σ for the N-S component and lower than 3.88σ for the
E-W component, in all the 0.01–5 s period range (Figure 9b). The evolution in time of the
total residuals for PGA (Figure 9c) and Sa 1 s (Figure 9d) at the IV.IFIL seismic station
shows a systematic bias between the observed and predicted ground-motion levels, on both
broadband (HH) and medium band (EH) velocimetric sensors. Indeed, the total residuals
are centered around positive median values between 0 and 2 for both PGA (Figure 9c)
and Sa 1s (Figure 9d). However, there are some records that do not follow this median
trend. These records are referred to as outliers (Figure 9 c,d) and are detected when total
residuals exceed more than three scaled Median Absolute Deviations, MAD (for a ran-
dom variable vector A made up of N scalar observations, the median absolute deviation,
MAD, is defined as: MAD = median(Ai −median(A)) for i = 1,2, . . . , N), away from
the median. They indicate that the EH sensor of the IV.IFIL seismic station could have
some issues related to the signal acquisition (e.g., gain, full scale, channel sensitivity),
shortly before being replaced with the HH sensor, after a period of no data transmission
(http://www.orfeus-eu.org/data/eida/quality; last accessed on 18 July 2022).

The outliers with these features are reported in Table 2, such as the accelerometric
station of the North-East Italy Broadband Network (NI.DST2) that presented anomalous
recordings in 2019, besides two French stations near the Italian border (FR.ESCA and
FR.REVF) that were already reported in [23] for the anomalous high PGA values between
2012 and 2016.

4.2. Percentage of Outliers

The statistics computed on the anomalies detected on the ITACAext flatfile (Tables S1–S3
of the electronic supplement) are reported in Figure 10.

Figure 10a shows that 14% of the events on the ITACAext flatfile (252 out of 1709)
presents peculiarities on the δBe residuals. Most of these (~ 2/3) are characterized by
an uneven distribution of stations that may affect the computation of the δBe. A further
12% of the identified events occurred during seismic sequences, when multiple overlapping
events often affect the recorded ground-motion, if not properly separated. Just a small
amount of events (8%) may be related to other causes that need to be further investigated.

As regards the sites, Figure 10b shows that 11% (195 out of 1716) presents anomalies
on the δS2Ss residuals. Among these, a 61% of the sites is characterized by peculiar site-
effects not properly modeled by the target ground motion model (e.g., site amplifications
at specific frequencies or systematic amplification/deamplification in the high-frequency
range) and the remaining 39% is affected by a possible incorrect attribution of the soil
category or VS,30 value.

http://www.orfeus-eu.org/data/eida/quality
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Figure 9. Example of peculiar δWo,es residual due to a possible issue with the acquisition parameters.
(a) δWo,es residuals of the event IT-2011-0056. The filled squares indicate the anomalous δWo,es values
at the IV.IFIL seismic station. (b) Res residuals relative to the recording of the IT-2011-0056 event at the
IV.IFIL seismic station. (c) Evolution in time of the total residuals of the PGA on both the broadband
(HH) and medium band (EH) velocimetric sensors at the IV.IFIL seismic station. (d) Same for Sa 1s.

Table 2. Anomaly due to a possible issue with the acquisition parameters (format: network
code.station code_event ID).

Records

FR.ESCA_EMSC-20140912_0000057

FR.ESCA_EMSC-20150411_0000019

FR.ESCA_EMSC-20151106_0000016

FR.ESCA_EMSC-20160623_0000055

FR.ESCA_EMSC-20160730_0000088

FR.REVF_IT-2012-0043

FR.REVF_IT-2012-0045

FR.REVF_IT-2012-0047

FR.REVF_IT-2012-0079

FR.REVF_IT-2012-0087

IV.IFIL_IT-2011-0056

IV.IFIL_IT-2011-0097

NI.DST2_EMSC-20190922_0000076

NI.DST2_EMSC-20191001_0000131
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Finally, as regards the records of the ITACAext flatfile, Figure 10c shows that just
1% (272 out of 31967) presents peculiarities on the δWo,es residuals. Most of these (47%)
are related to source effects (e.g., near-source or directivity effects) that may induce high
ground-motions. Among the remaining records, a 38% is related to low-quality data that
escaped manual control (e.g., one component is twice the other, noisy records, presence of
spurious spikes) and a 15% is related to other still unexplained causes.

5. Conclusions

In this study, we presented the results of a consistency check over the ITACAext
flatfile [24], based on the computation of the residuals obtained from a reference GMM,
for the ordinates of the 5% damped acceleration response spectra. The total residuals (log
difference between observations and predictions) are then further decomposed in between-
event, site-to-site, and event-and-station-corrected residuals by applying a mixed-effect
regression [35]. When a residual exceeds a predefined threshold, we detect a peculiarity
that is subsequently analyzed in order to identify the possible causes. The outliers are
manually reviewed to provide overall statistics on the occurrences of each peculiarity.

The study dataset includes data up to 2019, consisting of 31,967 recordings from
1709 shallow crustal earthquakes and 1716 stations. The results of the consistency check
indicate that low percentages of events (14%), sites (11%) and records (1%) are outliers,
confirming the high quality of the data and metadata included in the ITACA database, from
which the ITACAext flatfile is extracted. The list of outliers is reported in the electronic
appendices for the events (Table S1), sites (Table S2), and records (Table S3).

Overall, the residual-based consistency check of the strong and weak motion flatfiles
can be a powerful tool, since it allows:



Geosciences 2022, 12, 334 15 of 17

• identifying erroneous event (e.g., magnitude estimates, localization), site (e.g., soil
category, VS,30), and record (e.g., wrong acquisition parameters) metadata;

• discarding remaining low quality data;
• identifying physical effects not modeled by the reference GMM (e.g., peculiar site

effects, rupture directivity).

The proposed method is effective in detecting possible anomalies in large flatfiles of
seismic records, and it appears particularly useful for: (i) supporting automatic processing
of seismic waveforms by identifying low-quality data; (ii) supporting the maintenance of
seismic networks by detecting problems on the acquisition parameters; or (iii) guiding
decisions on site characterization studies in case of anomalous site responses. For future
developments, we plan to apply the same consistency check on a flatfile extracted from the
ESM database [49], which stores and distributes the records in the European-Mediterranean
regions and the Middle East.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/geosciences12090334/s1, Table S1: list of peculiar events, with
notes on the incorrect metadata or peculiar features, Table S2: list of peculiar sites, with notes on
the incorrect metadata or peculiar features. EC8 class: (*) if inferred from surface geology, (**) if
inferred from topographic slope. f0 assigned from Horizontal-to-Vertical (H/V) spectral ratios on
ambient noise. Reference rock sites are indicated according to [20], Table S3: list of peculiar records,
with notes on the incorrect metadata or peculiar features. The records flagged as “near-source” have
a source-to-site distance of less than 10 km.
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