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Abstract 24 

We propose a semi-automatic processing scheme (eBASCO, extended BASeline COrrection) for 25 

recovering the tectonic fling from near-source records. The method, based on a piecewise linear 26 

detrend of the strong motion recordings, is applied to reconstruct the ground displacement field of the 27 

M6.5, 30th October 2016, earthquake (central Italy). The robustness of the results is checked against 28 

geodetic measurements, remote sensing data, ground motion simulations, and existing empirical 29 

models for fling amplitude. The outcomes of the eBASCO are analyzed in order to test its capability 30 

to preserve long period content in strong-motion recordings against alternative processing schemes, 31 

such as the procedure implemented in the ITACA and ESM strong motion archives. We observed 32 

that displacement response spectra ordinates are very sensitive to the adopted processing scheme for 33 

periods larger that 5s; the eBASCO ordinates at 10s and 30s, in particular, can be considered as robust 34 

estimators of the peak ground displacement. 35 

 36 

Introduction 37 

When an earthquake occurs, the elastic strain gradually accumulated for long time on either side of a 38 

fault is suddenly released. The elastic rebound generates the dynamic component of the motion and 39 

the static deformation of the ground. In the proximity of the source of large earthquakes, the tectonic 40 

displacement may be recorded by accelerometric instruments. The corresponding waveforms have 41 

characteristic shapes, that generate a one-sided pulse in the velocity trace and an offset (fling-step) at 42 

the end of the displacement waveform (Figure 1a). The fling-step is on the order of tens or hundreds 43 

of centimeters (Boore and Bommer 2005) and it is typically observed along the slip direction: it 44 

appears along strike-parallel direction for strike-slip faults (Kalkan et al., 2004), whereas it can be 45 

observed both in the strike-normal and vertical directions for dip-slip faults (Mavroeidis and 46 

Papageorgiou, 2002; Bray and Rodriguez-Marek, 2004; Somerville 2005).  47 
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Quantification of long-period motion and fling-step (also called permanent displacement) within a 48 

waveform is of relevant interest in seismic engineering especially for applications to base-isolated 49 

buildings or spatially extended structures like long-span bridges and pipelines (Somerville 2002; 50 

Kalkan and Kunnath 2006; Akkar and Boore 2009; Kamai et al., 2014). Also, a large class of 51 

geotechnical systems, such as underground and retaining structures may be affected by long period 52 

ground motion with permanent displacements.  53 

However, the identification of fling-containing time series is not straightforward since recorded 54 

earthquake waveforms do not provide an exact representation of the ground motion. As a matter of 55 

fact, different sources of noise at high and low frequencies, and non-standard errors such as spurious 56 

spikes, early termination coda or multiple baselines, can mask and distort the true ground-motion 57 

(Boore and Bommer 2005; Puglia et al., 2018). The accurate recovery of flings is difficult, in 58 

particular, due to the presence of baseline offsets that, even though small in acceleration, result in 59 

artificial long period drifts of the ground displacement (Boore 2001; Graves 2004; Paolucci et al., 60 

2008; Wang et al., 2011). The long period distortion of the signal may be caused by numerous sources, 61 

which include not only instrumental effects, such as electrical or mechanical hysteretic behavior of 62 

the transducer, but also electronic noise, distortions due to A/D converter and ground rotation and 63 

tilting (Boore et al., 2002; Chen and Loh 2007; Wang et al., 2011). 64 

Currently, most of the engineering processing tools for accelerometric data remove the low frequency 65 

content of the signal (e.g. Puglia et al. 2018, http://esm.mi.ingv.it/processing/; PEER, Pacific 66 

Earthquake Engineering Research, http://ngawest2.berkeley.edu/), leading to biased estimates of the 67 

ground displacement. Therefore, it is advisable to adopt alternative methods that preserve the long 68 

period spectral content related to the tectonic fling, whenever present. 69 

Many studies were devoted to the recovering permanent displacements from strong motion data, 70 

especially after the 1970s, when modern digital recording was developed (Wu and Wu 2007 and 71 

references therein). Noteworthy approaches based on simple correction of the signal baseline have 72 

been proposed by Graizer (1979), Iwan et al. (1985), Boore (2001), Graves (2004), Wu and Wu 73 
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(2007), Chen and Loh (2007), Chao et al. (2010), Wang et al. (2011), and Whitney (2018). However, 74 

it should be noted that any baseline adjustment can be based only on approximate methods, because 75 

of the difficulty in discerning the origin of the drifts (Boore et al., 2002; Boore and Bommer 2005). 76 

Furthermore, a still open problem among the above-mentioned methods is the objective estimation 77 

of uncertainties of the static displacements retrieved from the strong-motion records (Wang et al., 78 

2011). In fact, different baseline correction schemes may provide different results, as the seismic 79 

displacement is one of the most sensitive ground-motion characteristics to the adopted processing 80 

technique (Boore 2001).  81 

The comparison with geodetic measurements or ground motion simulations may be very helpful to 82 

obtain reliable displacement traces (Chao et al., 2010; Wang et al., 2011; Burks and Baker 2016; 83 

Whitney 2017). Generally, geodetic measurements such as GPS (Global Positioning System) and 84 

InSAR (Interferometric Synthetic Aperture Radar) provide reliable estimates of ground displacement. 85 

Nevertheless, these measurements are rarely available close to accelerometric stations and only few 86 

recording stations have GPS and accelerometer sensors co-located. Ground motion simulations, 87 

which include specific features of rupture process, seismic waves propagation, and site effects, 88 

directly model both the dynamic and the static component of the displacement. Hence, they may be 89 

useful to verify the evidence of the static displacement when observations are not available.  90 

The scarcity of predictive models for static offset reflects the difficulty in recovering the permanent 91 

displacement from strong motion data. Nowadays, in fact, there are very few published models for 92 

fling parameters, such as those by Abrahamson (2002), Kamai et al. (2014) and Burks and Baker 93 

(2016), which are largely derived from ground-motion simulations based on strike-slip and reverse 94 

faulting scenarios. 95 

In this work, we have developed a semi-automatic scheme, eBASCO (extended BASeline 96 

COrrection), for piecewise baseline correction of near-source accelerometric records, following the 97 

approach proposed by Wu and Wu (2007) and improved by Chao et al. (2010). The method has been 98 

applied to reconstruct the ground displacement field of the MW 6.5 30th, October 2016, earthquake 99 
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(central Italy) and the robustness of the results has been checked against geodetic measurements 100 

(Avallone et al., 2016; De Guidi et al., 2017, Cheloni et al., 2017) and ground motion simulations 101 

(Pizzi et al., 2017). The eBASCO outcomes have been compared with those provided by the standard 102 

processing scheme, implemented in the ITalian ACcelerometric Archive (ITACA, 103 

http://itaca.mi.ingv.it) and the Engineering Strong Motion database (ESM, http://esm.mi.ingv.it). 104 

The final aim of this work is to develop a robust procedure to process strong motion data recorded in 105 

near source condition, that can be linked to accelerometric repositories, making feasible the 106 

dissemination of waveforms exhibiting fling-step. 107 

 108 

Baseline correction scheme 109 

In the ideal case, acceleration waveforms are unaffected by baseline shift, so that velocity and 110 

displacement time series can be directly obtained by integration of the acceleration waveforms. 111 

Hence, the pre- and post-event velocity should oscillate around zero and the displacement trace should 112 

tend to a constant residual value, taking the shape of a smooth ramp function (Figure 1a). Conversely, 113 

in the real case, acceleration waveforms are spoiled by distortions and shifts of the baseline, that 114 

results in artificial features of the velocity and displacement waveforms after the single and double 115 

integrations of the accelerations (Figure 1b). 116 

Piecewise linear detrend 117 

The eBASCO processing is based on a baseline adjustment of the strong-motion waveforms by means 118 

of piecewise linear detrend. The baseline shift of an acceleration record is subdivided into three 119 

contributions (Figure 1d) defined by the following time windows: 1) pre-event window between the 120 

time of the first sample T0 and the time T1 from which the ground starts moving towards the permanent 121 

displacement; 2) transient window, between time points T1 and T2; 3) post-event window from T2 to 122 

the end of the signal. 123 

http://itaca.mi.ingv.it/
http://itaca.mi.ingv.it/
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First, we subtract from the acceleration trace the amplitude of the first sample, so that the velocity 124 

equals zero in T0 Then, the pre-event baseline Vi is removed by subtracting a regression line that 125 

crosses the origin from the velocity time series. The baseline is computed as follows: 126 

𝑉𝑖(𝑡) = 𝐴𝑖𝑡             [1] 127 

where t is the time and Ai is the slope of the line fitting the velocity waveform in the pre-event time 128 

window. 129 

A further least squares fitting is used to remove the linear trend in the post-event window of the 130 

velocity waveforms: 131 

𝑉𝑓(𝑡) =  𝑉0,𝑓 + 𝐴𝑓𝑡             [2] 132 

where Af is the slope of the line fitting the post-event window velocity. 133 

Following Boore (2001), a baseline offset Am, that is representative of the complex shift in baseline 134 

during the strong shaking, is removed in the acceleration transient windows. The correction term Am 135 

(Equation 3) is defined satisfying the condition for which the velocity, at the end of the transient 136 

window, oscillates around zero after the baseline correction. In order to fulfil this requirement, the 137 

velocity of the baseline correction at the end of the transient window should be equal to the velocity 138 

obtained from the fitted line Vf (T2) (Equation 2). 139 

𝐴𝑚 =  𝑉𝑓(𝑇2)/(𝑇2 − 𝑇1)           [3] 140 

The corrected transient-window acceleration is integrated to obtain the corresponding velocity. The 141 

pre-event, transient and post-event windows are then combined into corrected velocity waveform. 142 

Finally, the corrected displacement and acceleration traces are computed by integration and derivation 143 

of the corrected velocity time series, respectively (Figure 1d). In order to avoid unphysical jumps in 144 

the final acceleration trace, a constrain for the amplitudes in T1 and T2 times should be set (i.e. 25% 145 

lower than the PGA, as considered in the present application). 146 

Selection of time correction points 147 

The selection of T1 and T2 plays a key role in retrieving the final permanent displacement. In fact, the 148 

procedure makes the final displacement offset very sensitive to the choice of the correction points. 149 
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Although there are not specific rules to set these two times, some guidelines have been proposed in 150 

literature (Iwan et al., 1985; Boore 2001; Graves 2004). Therefore, in the absence of objective criteria 151 

to choose the correction points, the obtained final displacement could not converge toward an unique 152 

solution, with very large variation both in sign and amplitude (dashed black lines in Figure 1d). In 153 

order to reduce the degree of subjectivity in the choice of T1 and T2, eBASCO applies a procedure to 154 

find the optimal combination of the two correction points as follows: 155 

● Following Chao et al. (2010) T1 is set on the basis of the ratio of the acceleration energy 156 

distribution. We set five values of T1 before the 5% of the energy distribution (logarithmically 157 

spaced between 0.0001% and 5%). 158 

● Following Wu and Wu (2007), an additional time point T3 is considered, representing the time 159 

at which the ground has just reached the permanent deformation (Figure 1a). A set of five 160 

linearly spaced time points T3 is sampled within the last 50% of the energy distribution (Chao 161 

et al. 2010).  162 

● After that, the corrected displacement waveforms are estimated for all the T1 and T3 163 

combinations; the baseline correction, described by Equations 1-3, is performed by sampling 164 

20 logarithmically spaced time points T2 between T3 and the end of the signal. 165 

● To guarantee that the corrected displacement series is flat after T3, a flatness indicator f (Wu 166 

and Wu 2007) is defined considering the displacement trace between T3 and the end of the 167 

signal: 168 

𝑓 =  
𝑟

|𝑏|∙𝜎   
      [4] 169 

where r is the linear correlation coefficient, b is the slope of the linear fit and σ is the variance 170 

of the residual displacement. Note that the displacement waveform is the flatter, the more the 171 

absolute value of r and b tends to 1 and 0, respectively, and the value of σ gets smaller.  172 
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● At the end, we consider as “best solution” the corrected displacement trace characterized by 173 

the maximum f value over all combinations of the T1, T2 and T3 time points (red line in Figure 174 

1d).   175 

The flowchart of the eBASCO procedure is shown in Figure 2. The sampling of the correction points 176 

T1, T2 and T3 makes eBASCO a semi-automatic procedure that avoids visual inspection of the time 177 

series (Wu and Wu, 2007) or a-priori fixing of the acceleration energy thresholds (Chao et al., 2010). 178 

Even though this strategy is relatively more computationally expensive, it ensures more robust 179 

correction of the ground displacement. 180 

Fling-Step Data Sources  181 

Starting from August 2016, one of the major seismic sequences ever recorded in Italy (still ongoing) 182 

struck the central Apennine. The sequence, characterized by normal faulting, started with the first 183 

shock (MW 6.1 24th August 2016 01:36 UTC) occurred near Amatrice and was followed after two 184 

months by other two large earthquakes near Ussita (MW 5.9 26th October 2016 19:18 UTC) and Norcia 185 

(MW 6.5 30th October 2016 06:40 UTC) (Figure 3). The events were recorded by about 250 permanent 186 

and temporary accelerometric stations and the related waveforms are available in ITACA and ESM 187 

strong-motion databases (see Data Resource section). Temporary stations were set up with the aim of 188 

monitoring the seismic sequence at higher resolution and provided several high-quality data in near 189 

source (Luzi et al. 2017), especially for the Norcia event (Figure 3). The Origin times, magnitudes, 190 

hypocentral coordinates, number of recording sites, fault-to-site and epicentral distance ranges of the 191 

three mainshocks of the sequence are listed in Table 1.  192 

The 2016 central Italy sequence occurred along a portion of the Apennine chain characterized by high 193 

geodetic strain-rates, where a number of Global Position System (GPS) stations are operating by 194 

several public or private institutions (Cheloni et al., 2016; De Guidi et al., 2017). The GPS stations 195 

related to the Norcia earthquake, together with the estimated co-seismic values are indicated in Figure 196 

4a,b by grey arrows.  In addition, interferometric synthetic aperture radar (InSAR) measurements of 197 
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the geodetic displacement for the 26 and 30 October earthquakes are also available (Cheloni et al., 198 

2017) and reported in Figures 4c,d.  199 

A further fling-step benchmark is represented by the ground motion simulations of the Norcia event 200 

(Pizzi et al., 2017). The simulated ground motion is based on inverted rupture model obtained by the 201 

LinSlipInv method (Gallovič et al., 2015). This model represents a deterministic description of the 202 

long period waveforms, thus allowing to investigate the displacement behavior and, in particular, to 203 

retrieve permanent displacement. The main patch of slip from Pizzi et al. (2017) is shown in Figure 204 

4 (purple lines). 205 

eBASCO fling-steps versus GPS, InSAR, and simulated data 206 

We applied eBASCO to the strong motion (SM) data recorded in the epicentral area of the three 207 

mainshocks of the 2016 central Italy sequence (Table 1 and Figure 3). About a hundred of records 208 

with fault distance (RJB) up to 50 km have been processed (the eBASCO outcomes of the three events 209 

are in Table S1 of the electronic supplement). In order to test the performance of eBASCO against 210 

nearby GPS data (INGV RING Working Group, 2016), InSAR (Cheloni et al., 2017) maps, and 211 

simulated ground motion (Pizzi et al., 2017), the Norcia earthquake has been considered. Permanent 212 

displacements recovered by eBASCO for RJB < 20 km are listed in Table 2 and indicated in Figure 4 213 

by black arrows. Significant permanent displacements are detectable along the EW component of the 214 

CLO and NOR records (-61,7 and -39,7 cm, respectively), while the highest levels of vertical 215 

displacements are observed in correspondence of the CLO and T1214 stations (-85 and -39 cm, 216 

respectively).  217 

The eBASCO estimates reasonably agree with the co-seismic deformations detected by GPS sensors 218 

(arrows in Figure 4a,b). In Table 2 the co-seismic displacements of five GPS stations, located within 219 

3 km from SM stations, are also reported.  As an example, vertical CLO and T1214 values match the 220 

nearby GPS observations at VTW5 and ARQT, respectively, both in terms of orientation and 221 

amplitude (Figure 5).    222 
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The spatial distribution of the permanent displacement interpolated by using GPS and eBASCO 223 

estimates (Figure 4a,b) shows a pattern compatible with the InSAR maps (Figure 4c,d).  224 

The NNW-SSE subsidence area between the Mt. Vettore and Norcia detected by InSAR data (Figure 225 

4c) is also evident in the interpolated displacement field of Figure 4a, whit a maximum around 226 

Castelluccio (~90 cm) in correspondence of the main patch of slip (Figure 4c) proposed by Pizzi et 227 

al. (2017). Moreover, uplifts of ~10 cm in correspondence of the Norcia station (NOR) and eastward 228 

to the Mt. Vettore (VTE1, VETT, VTE2) are comparable with the InSAR values. 229 

InSAR data clearly show opposite sense of movement between areas located north-east and south-230 

west to the rupture surface. A similar trend is found in the GPS-SM interpolated field (Figure 4b): 231 

hanging-wall SM stations reveal a prevailing west component (e.g. -61.7 and -39.7 cm at CLO and 232 

NOR, respectively), whereas footwall GPS sensors are oriented in the opposite sense (e.g., 31,2, 36, 233 

28,2 cm at VTE1, VETT, VTE2, respectively). 234 

In Figure 5, we compare the three components (two horizontal and vertical) displacement traces of 235 

CLO and T1214 stations obtained by the eBASCO piecewise linear detrend, and by the standard 236 

processing scheme implemented in ITACA (Paolucci et al., 2011; Pacor et al., 2011) that involves a 237 

band-pass filter, together with permanent displacement from nearby GPS, InSAR, and synthetic data. 238 

The eBASCO time series for the vertical component feature ramp functions with negative amplitudes, 239 

matching the permanent displacements of the co-seismic benchmarks. On the contrary, the ITACA 240 

traces are affected by distortion before the beginning of the strong-ground shaking characterized by 241 

positive peaks and, mostly, by oscillations around zero in the last portion of the records. The 242 

comparison is satisfactory also for the east-west components. Regarding the north-south components, 243 

the benchmarks are quite scattered making it difficult to give any consideration about the processing 244 

performance. 245 

In Figure 6 we compare the eBASCO traces with the simulated ones for some SM stations either in 246 

hanging-wall (T1214, CLO) or in foot-wall (MMO, ACT, T1212, PRE). The waveforms agree very 247 
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well both in terms of sign and amplitude, except in the case of the north-south component of the 248 

T1214 station and, to some extent, of the east-west component of the CLO station. 249 

Fling-Step Amplitude 250 

In this section we compare the Norcia earthquake fling-step amplitudes recovered by eBASCO with 251 

those provided by two attenuation models (Kamai et al., 2014 in Figure 7; Burks and Baker 2016 in 252 

Figure 8).  253 

As already pointed out, the drawback of the predictive equations for the ground permanent 254 

displacement is the paucity of near-source records containing fling. As a consequence, they are 255 

simulation based with magnitude validity range of 6.0-8.2 (Kamai et al., 2014) or derived from a 256 

dataset of simulated and recorded data with event magnitudes in the magnitude interval 7.0-8.3 (Burks 257 

and Baker 2016).  258 

Since the majority of records comes from SM stations located in the hanging-wall, we only discuss 259 

this case. The geometrical mean horizontal component for permanent displacement larger than 1 cm 260 

attenuates with distance according to Kamai et al. (2014) and to the GPS data, whereas the vertical 261 

one tends to be over-predicted by the model. Indeed, the attenuation relationship is calibrated for 262 

strike-slip and reverse fault scenarios, while our data refer to a normal fault event.  263 

The model proposed by Burks and Baker (2016) is also in agreement with the eBASCO results for 264 

permanent displacement values greater than 1 cm (Figure 8), supporting the reliability of the 265 

processing scheme.  266 

eBASCO vs ITACA 267 

In order to highlight the differences between alternative processing schemes, we compare in Figure 268 

9 the peak ground displacement (PGD) and velocity (PGV) of the Norcia earthquake from eBASCO 269 

with those available in ITACA. As it can be noted, especially for stations located above the fault (e.g. 270 

CNE, T1214, and CLO), PGDeBASCO tends to be larger than PGDITACA. This is due to the fact that the 271 

ITACA processing scheme (Paolucci et al., 2011; Pacor et al., 2011) removes the low frequency part 272 
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of the signal, leading to a loss of information related to both the static (PD) and dynamic (PGD) 273 

displacement. Conversely, eBASCO applies only a piecewise baseline correction, thus preserving the 274 

low frequency content of the signal. PGVs are generally not affected by the adopted processing 275 

scheme being related to higher frequencies with respect to the displacement; for two stations located 276 

above the fault (i.e. T1214, and CLO), however, the PGVs retrieved by eBASCO are larger than that 277 

from ITACA. The same discrepancy can be observed in Figure 5; it is a clear effect of the artificial 278 

signal distortion before the beginning of the strong-ground shaking induced by the ITACA 279 

processing. 280 

In the upper panel of Figure 10, we compare displacement response spectra (SD) obtained from 281 

ITACA and eBASCO. As it can be observed, with increasing oscillator period eBASCO provides 282 

spectral ordinates larger than ITACA. In particular, it is noted that the spectra start diverging for 283 

periods longer than 5s. As an example, Figure 10 (lower panel) shows the comparison between SD 284 

obtained by eBASCO and ITACA for a station located over the fault projection (CLO), whose 285 

displacements are consistent with the GPS and the synthetic data. eBASCO ordinates significantly 286 

increase between 5s and 15s, until they are more than 2 times greater than those of ITACA at larger 287 

periods.  288 

Furthermore, we analyze eBASCO long-period spectral ordinates (30 and 10s) as a function of 289 

PDeBASCO and PGDeBASCO (Figure 11). In this case only the recordings related to the vertical 290 

component and characterized by permanent displacements larger than 1 cm were considered (25 291 

records). As can be observed, the PDeBASCO is poorly correlated to the long-period ordinates, whereas 292 

the PGDeBASCO shows a good correlation, as it was expected. This is also in agreement with Faccioli 293 

et al. (2004), who stated that the ordinates at T = 10s represent a realistic estimator of the PGD.  294 

CONCLUSIONS 295 

In this work, we have developed a semi-automatic scheme, eBASCO, for piecewise baseline 296 

correction of near-source records, taken the cue from the approach proposed by Wu and Wu (2007) 297 
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and successively improved by Chao et al. (2010). In particular, one of the main goals was to fine-tune 298 

a procedure that leads to a more objective criterion to evaluate coseismic displacements. Indeed, this 299 

allows avoiding the manual choice of the correction points as well as speeding up the estimation of 300 

the permanent displacement amplitude and thus the definition of the final solution. This is a key factor 301 

in populating strong motion database with well qualified data, useful for earthquake engineering 302 

purposes. 303 

The comparison between SM, GPS, InSAR and synthetic data for the MW 6.5 Norcia earthquakes 304 

highlights how the eBASCO processing is generally efficient in estimating the fling-step. 305 

Furthermore, the comparison with fling-step amplitude predictive models (Kamai et al. 2014 and 306 

Burks and Baker 2016) proves to be satisfactory, although they are calibrated on strike-slip and 307 

reverse fault scenarios with slightly larger magnitude values. 308 

The analysis of the results has demonstrated the following: 309 

● Generally, the PGD obtained from eBASCO results to be larger than that retrieved from 310 

ITACA. An explanation lies in the fact that the processing scheme adopted in ITACA removes 311 

the low frequency content of the signal, leading to a loss of information related to both the 312 

static (PD) and dynamic (PGD) displacement. This is particularly relevant in case of strong-313 

motions recordings over the fault, characterized by co-seismic displacements in the range 40-314 

85 cm (i.e., T1214 and CLO along the vertical component).  315 

● The comparison between displacement response spectra proves to be very useful for 316 

engineering purposes, especially for issues concerning performance-based seismic design. 317 

Indeed, eBASCO and ITACA spectral ordinates start diverging from oscillating period larger 318 

than 5 s; SDeBASCO for stations located over the fault, in particular, can provide spectral 319 

ordinates more than 2 times greater than those obtained by band-pass filter at periods larger 320 

that 15 s. 321 

● Spectral ordinates at periods equal to 10 s and 30 s prove to be well correlated to the PGD, so 322 

that they can be considered as a realistic estimator of the peak ground displacement. 323 
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These results are in line with the conclusion of Paolucci et al. (2008), that highlight the problem of 324 

high-pass filtering strong-motion data to compute displacement trace without baseline drift. This 325 

corroborate the need of implementing alternative processing schemes that preserve the long-period 326 

information and provide reliable fling-step estimates. The application of the eBASCO procedure to 327 

large near-source strong-motion dataset will allow to calibrate fling-step models amplitude and pulse-328 

period duration for moderate-to-large earthquakes, as well as to test existing Ground Motion 329 

prediction Equations developed for long-period spectral ordinates.  330 

 331 

Data and Resources 332 

The full dataset of strong-motion waveforms of the three mainshocks of the 2016 central Italy 333 

sequences is available at the Engineering Strong Motion database (ESM, http://esm.mi.ingv.it/) and 334 

the ITalian ACcelerometric Archive (ITACA, http://itaca.mi.ingv.it). ESM and ITACA provide 335 

access to information about events and stations metadata, as well as to ground motion parameters; 336 

uncorrected waveforms can be also processed by a web interface (e.g.,  337 

http://esm.mi.ingv.it/processing/; Puglia et al., 2018) following the procedure described by Paolucci 338 

et al. (2011). 339 
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Table 1. Mainshocks of the 2016 Italian seismic sequence selected to the fling-step recovering; Mw = moment 482 
magnitude; #Sites: number of recording sites; RJB = Joyner and Boore distance range; Repi = epicentral distance 483 
range. Events and stations metadata are from the Engineering Strong Motion database (ESM1.0, Luzi et al. 484 
2016; http://esm.mi.ingv, last accessed April 2018).  485 
Event  

date 

Event 

Name 

Mw Lon.  

[°] 

Lat.  

[°] 

Depth 

[km] 

#Sites Strike 

[°] 

Dip 

[°] 

Rake 

[°] 

RJB  

[km] 

Repi  

[km] 

2016-08-24 

01:36:32 

UTC 

Amatrice 6.0 13.2340 42.6980 8.1 19 156 50 -85 1.4-26.3 8.5-45.7 

2016-10-26 

19:18:06 

UTC 

Ussita 5.9 13.1288 42.9087 7.5 28 159 47 -75 0-24.3 2.5-29.6 

2016-10-30 

06:40:18 

UTC 

Norcia 6.5 13.1107 42.8322 9.2 60 151 47 -95 0-50 4.6-66.6 

 486 

http://esm.mi.ingv/
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Table 2. Permanent displacement recovered from strong motion (SM) waveforms by means of eBASCO compared to synthetic and nearby GPS data. Closely 487 
spaced SM and GPS are in grey (inter-distance less than 3 km); Repi: epicentral distance; RJB: Joyner and Boore distance; Rrup: distance from the rupture plane; Rx: 488 
hanging-wall distance; Ry: footwall distance. 489 

SM 

Station 

Repi 

[km] 

RJB 

[km] 

Rrup 

[km] 

Rx 

[km] 

Ry 

[km] 
EWeBASCO NSeBASCO UDeBASCO EWsynth NSsynth UDsynth 

GPS 

Station  
EWgps NSgps UDgps 

CLO 7.8 0 1.9 2.6 0 -61.7 -14.5 -85.0 -37.4 -19.9 -96.5 VTW5 -41.8 -35.3 -70.7 

CNE 7.7 0 2.1 2.9 0 -19.9 -32.3 -17.3 4.2 -15.6 -17.4     

T1214 11.4 0 4.5 6.2 0 -12.4 -7.2 -38.6 -9.4 5.9 -42.6 ARQT -4.4 5.3 -44.7 

T1244 17.4 0 0 0 0 -1.9 15.0 -0.2 11.6 2.1 3.4     

ACC 18.6 2.2 5.7 7.3 2.2 14.9 -17.8 -3.8 -4.4 7.2 -14.2 ACCU 0.8 -0.7 -7.4 

PRE 8.2 2.7 9.0 12.2 0 -9.1 -0.3 2.5 -7.9 0.7 1.3     

NRC 4.6 2.8 9.1 12.4 0 -27.2 7.5 7.9 -21.8 -8.5 4.3     

T1216 9.9 3.1 9.3 12.6 0 -8.2 -3.4 1.8 -6.0 0.8 0.9 MUVI -6.9 0.0 -0.4 

NOR 4.7 3.1 9.3 12.7 0 -39.7 8.1 13.6 -21.6 -8.1 4.3     

T1213 12.0 4.4 10.3 14.0 0 -15.7 -10.0 -4.7 -12.8 -7.7 2.4     

T1201 22.6 6.3 8.9 8.7 6.3 -0.4 0.9 -2.6 -2.9 3.2 -3.0     

T1212 10.5 8.8 13.4 18.4 0 -20.0 -10.0 4.7 -13.8 -5.7 1.9     

ACT 25.6 9.2 9.2 -9.0 1.6 7.5 1.6 0.1 6.9 0.7 0.3     

MMO 19.2 9.8 9.8 -9.8 0 10.0 11.5 0.6 8.9 5.3 0.5     

AMT 26.4 10.1 11.5 7.5 10.1 -0.5 1.0 2.4 -1.3 2.5 -0.3 AMAT 0.4 0.3 1.0 

MCV 20.0 10.2 11.9 8.3 10.3 -2.2 -2.7 1.1 -0.6 0.1 0.4     

CIT 26.8 12.5 16.1 18.4 8.9 -3.8 -1.9 0.8 -1.6 -1.8 0.5     

490 
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Captions 491 

 492 

Figure 1. (a) Analytical model of the fling-step and acceleration waveform recorded at the station 493 

T1214 (vertical component) during the MW 6.5 Norcia earthquake. Middle and bottom panel represent 494 

the velocity and displacement time histories after integration of the acceleration record. (b) 495 

Uncorrected acceleration time history, and the same datum corrected by band-pass filter following 496 

(c) Puglia et al. (2018) or (d) the present piecewise linear detrend. Pre-event, transient and post-event 497 

windows are highlighted by their limits set at T1 and T2. T3 represents the time at which the ground 498 

displacement reaches the final offset. PD: amplitude of the permanent displacement; red line: 499 

eBASCO ground displacement corresponding to the optimal choice of T1 and T2 time correction 500 

points (maximum f-value); dashed black lines: solution set corresponding to different combinations 501 

of T1 and T2 correction points. 502 

 503 

Figure 2. Flowchart of the eBASCO procedure (modified after Wu and Wu, 2007 and Chao et al., 504 

2010). 505 

 506 

Figure 3. Geographic overview of the study area: stars are the epicenters of the Amatrice (red), Ussita 507 

(green) e Norcia (blue) earthquakes; rectangles are the surface projection of the faults. Location of 508 

strong-motion stations are also mapped (gray triangles). Events and stations metadata are from the 509 

Engineering Strong Motion database (ESM1.0, Luzi et al. 2016; http://esm.mi.ingv, last accessed 510 

April 2018).  511 

 512 

Figure 4. a-b) Interpolated maps for the vertical (a) and the sum vector of the horizontal components 513 

(b) of the coseismic deformations of the MW 6.5 Norcia earthquake determined by GPS (grey arrows) 514 

(Cheloni et al., 2016; De Guidi et al., 2017 INGV Working Group - GPS Geodesy, 2016) and SM 515 

http://esm.mi.ingv/
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stations (balck arrows) applying the eBASCO procedure; c-d) Interpolated map of the geodetic 516 

displacements for the 26 and 30 October earthquakes from ALOS-2 descending interferograms 517 

(Cheloni et al., 2017) for the vertical (c) and the sum vector of the horizontal components (d). Yellow 518 

star indicates the epicenter of the earthquake. The contours of 0.3m (thin purple line) and 1.5m 519 

(dashed purple line) of slip for the Norcia event from Pizzi et al. (2017) are also shown. It should be 520 

noted that the maximum length of the arrows is set to 15 cm. 521 

 522 

Figure 5. Comparison between ITACA (grey lines) and eBASCO (red lines) displacement 523 

waveforms (north-south [NS], east-west [EW] and vertical [UP] components plotted at the same 524 

scale). GPS (squares), synthetic (diamonds) and InSAR (circles) permanent displacements values are 525 

also plotted. The inter-distances between SM-GPS stations are also reported. 526 

 527 

Figure 6. Comparison between synthetic (blue) and eBASCO (red) displacement waveforms (north-528 

south [NS], east-west [EW] and vertical [UP] components plotted at the same scale) for six SM 529 

stations (MMO, ACT, T1212, PRE, T1214 and CLO). SM waveforms are low-pass filtered at 0.5Hz 530 

for graphical needs. The values next to the waveforms are static displacements in centimeters. 531 

 532 

Figure 7. Permanent displacement (PD) from GPS (squares) and SM (blue circles) stations as a 533 

function of rupture distance (RRUP). Kamai et al. (2014) model (green lines, horizontal H [a, b] and 534 

vertical V [c, d] components) is plotted specifically for the foot-wall and hanging-wall positions. Gray 535 

rectangle highlights the PD values ≤ 1 cm.  536 

 537 

Figure 8. Horizontal permanent displacement (PDH) amplitude as function of Joyner-Boore distance 538 

(RJB) for Burks and Baker (2015) model (dark green). Gray rectangle highlights the PD values ≤ 1 539 

cm.  540 

 541 
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Figure 9. Peak parameters (PGD and PGV) of the MW 6.5, 30th October earthquake retrieved by 542 

eBASCO compared to values from ITACA. Vertical component PGDs are plotted with a different 543 

scale compared to the two horizontal components. 544 

 545 

Figure 10. Upper panel: logarithm of the ratio between SDeBASCO and SDITACA as a function of the 546 

period (MW6.5, 30th October 2016) for all the stations considered. Lower panel: displacement 547 

response spectra calculated by eBASCO (red lines) for station CLO compared to those available in 548 

ITACA (grey lines). Orange circles highlight the spectral ordinates of the CLO station. 549 

 550 

Figure 11. eBASCO spectral displacement (SD) ordinates (vertical components) at T = 30s and T = 10s as a 551 

function of PDeBASCO (top) and PGDeBASCO (bottom).  552 

 553 

 554 

  555 
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 556 

Figure 1. (a) Analytical model of the fling-step and acceleration waveform recorded at the station T1214 557 

(vertical component) during the MW 6.5 Norcia earthquake. Middle and bottom panel represent the velocity 558 

and displacement time histories after integration of the acceleration record. (b) Uncorrected acceleration time 559 

history, and the same datum corrected by band-pass filter following (c) Puglia et al. (2018) or (d) the present 560 

piecewise linear detrend. Pre-event, transient and post-event windows are highlighted by their limits set at T1 561 

and T2. T3 represents the time at which the ground displacement reaches the final offset. PD: amplitude of the 562 

permanent displacement; red line: eBASCO ground displacement corresponding to the optimal choice of T1 563 

and T2 time correction points (maximum f-value); dashed black lines: solution set corresponding to different 564 

combinations of T1 and T2 correction points. 565 

 566 
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 567 

Figure 2. Flowchart of the eBASCO procedure (modified after Wu and Wu, 2007 and Chao et al., 2010). 568 

 569 
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 570 

Figure 3. Geographic overview of the study area: stars are the epicenters of the Amatrice (red), Ussita (green) 571 

e Norcia (blue) earthquakes; rectangles are the surface projection of the faults. Location of strong-motion 572 

stations are also mapped (gray triangles). Events and stations metadata are from the Engineering Strong Motion 573 

database (ESM1.0, Luzi et al. 2016; http://esm.mi.ingv, last accessed May 2018).  574 

 575 

http://esm.mi.ingv/
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 576 

 577 

Figure 4. a-b) Interpolated maps for the vertical (a) and the sum vector of the horizontal components (b) of 578 

the coseismic deformations of the MW 6.5 Norcia earthquake determined by GPS (grey arrows) (Cheloni et al., 579 

2016; De Guidi et al., 2017 INGV Working Group - GPS Geodesy, 2016) and SM stations (balck arrows) 580 

applying the eBASCO procedure; c-d) Interpolated map of the geodetic displacements for the 26 and 30 581 

October earthquakes from ALOS-2 descending interferograms (Cheloni et al., 2017) for the vertical (c) and 582 

the sum vector of the horizontal components (d). Yellow star indicates the epicenter of the earthquake. The 583 

contours of 0.3m (thin purple line) and 1.5m (dashed purple line) of slip for the Norcia event from Pizzi et al. 584 

(2017) are also shown. It should be noted that the maximum length of the arrows is set to 15 cm. 585 
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 586 

 587 

Figure 5. Comparison between ITACA (grey lines) and eBASCO (red lines) displacement waveforms (north-588 

south [NS], east-west [EW] and vertical [UP] components plotted at the same scale). GPS (squares), synthetic 589 

(diamonds) and InSAR (circles) permanent displacements values are also plotted. The inter-distances between 590 

SM-GPS stations are also reported. 591 

 592 

 593 

Figure 6. Comparison between synthetic (blue) and eBASCO (red) displacement waveforms (north-south 594 

[NS], east-west [EW] and vertical [UP] components plotted at the same scale) for six SM stations (MMO, 595 

ACT, T1212, PRE, T1214 and CLO). SM waveforms are low-pass filtered at 0.5Hz for graphical needs. The 596 

values next to the waveforms are static displacements in centimeters. 597 

 598 
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 599 

 600 

Figure 7. Permanent displacement (PD) from GPS (squares) and SM (blue circles) stations as a function of 601 

rupture distance (RRUP). Kamai et al. (2014) model (green lines, horizontal H [a, b] and vertical V [c, d] 602 

components) is plotted specifically for the foot-wall and hanging-wall positions. Gray rectangle highlights the 603 

PD values ≤ 1 cm.  604 

 605 

 606 

 607 

a) b) 

c) d) 
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 608 

Figure 8. Horizontal permanent displacement (PDH) amplitude as function of Joyner-Boore distance (RJB) for 609 

Burks and Baker (2015) model (dark green). Gray rectangle highlights the PD values ≤ 1 cm.  610 

 611 

 612 

 613 

Figure 9. Peak parameters (PGD and PGV) of the MW 6.5 Norcia earthquake retrieved by eBASCO compared 614 

to values from ITACA. Vertical component PGDs are plotted with a different scale compared to the two 615 

horizontal components. 616 

 617 

 618 
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 619 

Figure 10. Upper panel: logarithm of the ratio between SDeBASCO and SDITACA as a function of the period 620 

(MW6.5, Norcia earthquake) for all the stations considered. Lower panel: displacement response spectra 621 

calculated by eBASCO (red lines) for station CLO compared to those available in ITACA (grey lines). Orange 622 

circles highlight the spectral ordinates of the CLO station. 623 

 624 

 625 
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 626 

Figure 11. eBASCO spectral displacement (SD) ordinates (vertical components) at T = 30s and T = 10s as a 627 

function of PDeBASCO (top) and PGDeBASCO (bottom).  628 
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MOTION RECORDS: INSIGHTS FROM THE Mw 6.5, 2016, NORCIA EARTHQUAKE (CENTRAL 
ITALY) by Maria D’Amico, Chiara Felicetta, Erika Schiappapietra, Francesca Pacor, František 
Gallovič, Roberto Paolucci, Rodolfo Puglia, Giovanni Lanzano, Sara Sgobba and Lucia Luzi for 
publication to Seismological Research Letters.  
 
In this manuscript, we setup a processing scheme (named eBASCO) to recover the tectonic 
ground displacement (the so-called “fling-step” or “permanent displacement”) from near source 
strong motion waveforms. The method, that is based on a piecewise linear detrend of strong 
motion recordings, has been applied to reconstruct the co-seismic displacement field of one of 
the largest earthquakes occurred in the central Italy (M6.5, 30th October 2016, Norcia 
earthquake).  
 
The proposed method is found to be efficient since eBASCO outcomes are comparable with 
geodetic measurements, remote sensing data, ground motion simulations, and existing empirical 
models for fling amplitude. 
 
Our results confirm the importance of the processing schemes in retrieving reliable ground 
displacements and long-period spectral ordinates. Moreover, the eBASCO procedure could 
contribute to populate strong motion databases with well qualified data, useful for earthquake 
engineering purposes. 
 
We believe that this manuscript is appropriate for publication because it fits the aims and scope 
of the Journal.  
 
 
 
Sincerely, 
 
Maria D’Amico 
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