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Abstract 8 

 9 

Here we propose a methodology for Earthquake Early Warning able to issue the alert based on the 10 

real-time estimation of the epicentral area where a peak ground Intensity measure is expected to 11 

exceed a user-set ground shaking level. The method provides in output a P-wave-based, time-12 

evolutive “early” shake map. It combines the Peak Ground Velocity (PGV) predictions available 13 

from the observed P-wave amplitudes and from the region-specific Ground Motion Prediction 14 

Equation (GMPE), using progressively updated estimates of earthquake location and magnitude. 15 

The P-wave displacement, velocity and acceleration amplitudes are jointly measured on a 16 

progressively expanded P-wave time window while the earthquake location and magnitude are 17 

evaluated using the first P-arrival time and displacement amplitudes at near source stations. A 18 

retrospective analysis of the 2016, Mw 6.5 Central Italy earthquake records shows that depending 19 

on the network density and spatial source coverage, the method naturally accounts for effects 20 

related to the earthquake rupture directivity and spatial variability of strong ground motion related 21 

to crustal wave propagation and site amplification. Within 1.5 sec since the first alert (5.15 sec 22 

after the origin time), the simulated performance of the system in predicting the event ground 23 
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shaking is very high: in the 40 km-radius area that suffered an Intensity MCS VIII-IX, 41 over 42 24 

strong-motion instrumented sites would have been successfully alerted, with only one false alarm. 25 

Even considering the calculated blind-zone of 15 km radius, a 15-55 km wide annular area would 26 

have received the alert 2-14.5 sec before the occurrence of the strong ground shaking.  27 

The proposed EEW method evolves with time in a way that it minimizes the missed alarms while 28 

increasing successful alarms and to a lesser extent false alarms, so it is necessary for the end-user 29 

to accept these possibilities and account for them in a probabilistic decision scheme depending on 30 

the specific safety actuation measure to be undertaken in real-time. 31 

 32 

1. INTRODUCTION 33 

Earthquake Early Warning (EEW) systems are modern, real-time seismic monitoring infrastructures 34 

aimed at issuing an alert and activating emergency safety measures to protect people, buildings, 35 

and industrial facilities in advance to the impact of strong and potentially damaging shaking waves. 36 

The basic principle on which network-based EEW systems ground on, is to use the time lag 37 

between the alert message issuance and the arrival of damaging seismic waves, to broadcast an 38 

alert soon after the first P-waves are detected at a near-source deployed, seismic network. The 39 

early warning can reach seconds or tens of seconds in advance the sites to be protected against 40 

the arrival of strong shaking waves, depending on the travel distance from the source.  41 

Onsite or stand-alone early warning systems  use a single station or small-aperture arrays of 42 

sensors deployed in proximity of the target site to secure. In this case, the measures of the initial P-43 

wave amplitude and/or the dominant signal frequency can be used as proxies for the late arriving, 44 

strongest shaking wave amplitudes at the same site, with no need for information on the 45 

earthquake location and magnitude (Wu and Kanamori [2005]). Along this same research direction 46 

we mention , among others, the algorithm that has been developed to estimate the seismic 47 

intensity from real-time early P-wave signals (Yamamoto et al., 2008), the threshold-based method 48 
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that uses the time-domain measurement of the cumulative absolute velocity from strong motion 49 

records (Alcik et al.,2009) and the B-delta method that estimates the earthquake epicentral 50 

distance and magnitude from modelling the rise of the early P-wave amplitude envelope (Odaka et 51 

al., 2003).  52 

In the cases where a network of stations is deployed in the source area, network-based EEW 53 

systems analyze the early P-wave signals recorded at the stations, detect the occurrence of the 54 

earthquake, determine its location and magnitude and estimate its shaking potential to nearby and 55 

distant sites, using previously calibrated empirical attenuation relationships (Ground Motion 56 

Prediction Equations, GMPE). The alert notification can reach any distant site within a time interval 57 

from the earthquake origin that typically ranges from a few seconds (few tens of kilometers from 58 

the source) to several tens of seconds (a hundred kilometers from the source). Different factors 59 

may influence the “lead-time”, i.e., the delay between the arrival of the strongest shaking waves at 60 

the target site and the first alert time. Among them, the distance between the source area and the 61 

target site, the geometry of the network, the time of event detection, the time needed for the 62 

automatic waveform analysis and telemetry and, lastly, the complexity of the source. 63 

During the last two decades EEW systems have been widely developed and experimented in 64 

several high seismic hazard countries around the world, such as Japan, USA, Mexico, Taiwan, and 65 

China (Allen and Melgar [2019]). In Europe, several active seismic countries, mostly along the 66 

Mediterranean region (Italy, Romania, Switzerland, Turkey, Greece, and the Ibero-Maghrebian 67 

region), are nowadays experimenting and testing the use of EEW systems mainly for research 68 

purposes, while the technological components of the operational seismic monitoring systems are 69 

yet not fully real-time compliant, such that they can be an effective tool for fast seismic risk 70 

mitigation actions (Clinton et al. [2016]).  71 

Most of the existing EEW systems are based on the standard concepts either of the network-based 72 

system or of the on-site approach. In some cases, such as in Japan, where the station density and 73 
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coverage are high and uniform all over the country and where the largest magnitude earthquakes 74 

may occur offshore, the nation-wide EEW systems benefit from the early P-wave detection at 75 

coastline stations (in an on-site approach), for issuing the warning at inland sites. However, the 76 

actual integration of the onsite and network-based approaches is under development in Japan, 77 

USA and China for providing the output for a timely and robust alert decision scheme.  78 

The Japan Meteorological Agency (JMA) is currently testing the propagation of local undamped 79 

motion (PLUM) method (Kodera et al. [2018]), a wavefield-based EEW approach that predicts 80 

seismic intensities directly from spatial inter- and extra-polation of the observed real-time ground 81 

motion measures near target sites. When integrated with standard point-source EEW methods, the 82 

PLUM method showed an improved performance in terms of more accurate ground-motion 83 

prediction for large earthquake rupture and event detection and declaration in case of multiple 84 

events sequences.  85 

Whichever configuration is used, the standard approaches to EEW are based on simplified 86 

assumptions and models both for the earthquake source and wave propagation processes. This 87 

may result in highly uncertain predictions of the earthquake peak shaking and therefore in an 88 

unacceptable large number of missed or false alarms (Minson et al. [2019]).  89 

To account for the earthquake source finiteness, different methodologies have been recently 90 

proposed and developed to estimate in real-time the fault geometry and size from early P and S-91 

wave signals collected at near-source stations.  92 

The FinDer (Finite Fault Rupture Detector) algorithm (Böse et al. [2012]), assumes a line source and 93 

can automatically detect in real-time its surface projection, the current centroid position, length, 94 

and strike, by comparing the real-time ground motion amplitudes to a set of pre-calculated 95 

templates, using image recognition techniques. Errors in length estimates are typically on the same 96 

order as station spacing in the network so that the method turns out to be useful for accurate 97 

earthquake early warnings wherever the station density is sufficiently high.  98 
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Real-time inversion of amplitudes recorded by high-frequency GPS stations have also been 99 

explored to improve the finite fault description in terms of magnitude and source length (Allen and 100 

Ziv [2011]; Colombelli et al. [2013]; Grapenthin et al. [2014]). In these approaches, the permanent 101 

static offset produced by large earthquakes (i.e., the coseismic ground deformation) is inverted in 102 

real-time to infer the slip distribution on the fault plane, assuming a prior determined fault 103 

orientation. The real-time magnitude and the along-strike extent of the rupture area are finally 104 

used to predict the expected ground shaking due to the finite source.  105 

More recently, the progressive measurement of the P wave displacement amplitude has been 106 

proposed to obtain a fast characterization of the extended earthquake source, in terms of 107 

magnitude and expected length of the rupture (Colombelli and Zollo [2015]; Nazeri et al. [2019]; 108 

Zollo et al. [2021a]). In this approach, the Logarithm of P-wave amplitude vs Time (LPDT curve) is 109 

used as a proxy for the Moment Rate Function, allowing for the real-time tracking of the source 110 

process evolution and for a rapid characterization of seismic moment and source rupture duration, 111 

in the hypothesis of a triangular shape for describing the source process.  112 

Here we present a new methodology that integrates the network and on-site approaches for the 113 

alert release. The methodology is based on the real-time, evolutionary mapping of the Potential 114 

Damage (or strong shaking) Zone (PDZ) as represented by a predicted Intensity Measure (IM), such 115 

as the peak ground velocity/acceleration or the instrumental intensity. The methodology 116 

incorporates the more recent techniques for a refined estimation of the main source parameters 117 

(earthquake location and magnitude) and P-wave-based, peak motion forecast (e.g., Colombelli 118 

and Zollo, 2015; Caruso et al., 2017 and Zollo et al., 2021) that are used to predict the expected 119 

ground shaking level at sites not instrumented by strong motion sensors. 120 

Previous studies, in several seismic regions worldwide, have shown that the P-peak initial 121 

amplitude is a natural proxy for the late maximum amplitude of seismic records acquired from 122 

near-source to regional distance range (epicentral distance < 100 km) (Wu and Kanamori [2005]; 123 
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Zollo et al. [2010]). An empirical log-log relationship is usually adopted to correlate the Peak 124 

ground motion on the entire signal (in acceleration - PGA - or velocity - PGV) to the initial P-wave 125 

peak amplitude (𝑃௔, 𝑃௩ or 𝑃ௗ), measured in a short time window (1 to 5 s) after the P-wave arrival. 126 

These empirical relations have been proposed and used in onsite EEW applications to predict the 127 

peak ground shaking of the potential damaging event, by-passing the estimation of source 128 

magnitude and location.  129 

In the proposed method, previous calibrated empirical relations between early P-wave amplitudes 130 

and peak ground motion parameters are used to predict the shaking intensities at instrumented, 131 

recording sites. As the P wavefront propagates across the network, a time-varying, early shake map 132 

is built through a physics-based interpolation approach, which combines the available observed, P-133 

wave and GMPE predicted PGV (following Worden et al. [2010]).  134 

Here we evaluate the performance of the proposed methodology through its offline application to 135 

the October 30, 2016, Mw6.5 Norcia (Central Italy) earthquake records and discuss the system 136 

performance in forecasting the earthquake peak ground shaking.  137 

 138 

2. METHOD 139 

The methodology combines specific modules aimed at sequential operations, going from 140 

earthquake detection and location to magnitude determination and peak ground shaking 141 

prediction. The block diagram of the method is shown in Figure 1, while the detailed theory and 142 

implementation of the main steps are described separately in the following sections. The adopted 143 

strategy is to combine the principles of onsite EEW methods (Peak ground shaking prediction by P-144 

wave amplitude measurements) and those of network-based approaches (real-time location, 145 

magnitude estimation and PGV prediction through regional-specific GMPEs).  146 

  147 

2.1 Earthquake detection and location 148 
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The system is designed to process the 3-component, ground acceleration records, as acquired by a 149 

real-time, dense network deployed in the earthquake epicentral area and extending to local and 150 

regional (100 km) distances. The first P-wave arrival time signals are detected by the real-time 151 

Filter-Picker 5 algorithm (Lomax et al. [2012]) on the vertical component of the acceleration 152 

waveforms.  153 

As soon as the first two stations have triggered the event, a real-time location estimate is obtained 154 

by using a real-time version of the M-PLOC algorithm described in Zollo et al. [2021b]. M-PLOC 155 

provides a probabilistic solution for the earthquake location, based on the real-time measure of 156 

three different observed quantities (differential arrival times, amplitude ratios, and back-azimuth 157 

from the P-wave polarization) evaluated in progressive (or fixed) time windows after the first P-158 

wave arrival. The most probable estimates of hypocenter coordinates and origin time are provided 159 

as soon as the first stations trigger the event and are progressively updated as the P-wave front 160 

expands across the network and new portions of signals are acquired by more and more distant 161 

stations. In the present application only the differential arrival times at pairs of stations within the 162 

network have been used for earthquake location, since preliminary tests confirmed that the 163 

azimuthal coverage of stations was sufficiently dense to get optimal location without using 164 

additional parameters.  165 

When using only differential P-arrival times, the M-PLOC method determines the earthquake 166 

location as the maximum likelihood location contained in a gridded 3-D crustal volume. A 167 

minimum of 2 stations where the first P-arrival is detected are used to get the first earthquake 168 

location. In this case the epicenter location is set at the half-length of the surface segment joining 169 

the two station locations and a trial-depth value is assumed. In the the case-study application 170 

considered in this paper a trial-depth of 10 km has been set based on the historical seismicity of 171 

the area, but this initial value can be adjusted according to the characteristic depth distribution of 172 

historical seismicity in other seismic regions of interest. However, after few iterations this initial 173 
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location is updated as more P-wave arrival time data are available. With three or more stations at 174 

which the P-arrival is detected, the mutual differential times allow to constrain the hypocenter 175 

location with an accuracy that is progressively improved as more P-arrival times are available from 176 

the automatic picking. Details about the earthquake location uncertainty estimates inferred from 177 

the PDF distribution can be found in Zollo et al. [2021b]. 178 

 179 

2.2 Peak parameter measurement 180 

Following the onsite method and starting from the P-wave arrival time, we measure the initial 181 

peak amplitude parameters, 𝑃௔, 𝑃௩ and 𝑃ௗ, as the absolute, maximum value of the vertical 182 

component of acceleration, velocity and displacement, respectively. The measures are repeated 183 

every 0.5 sec and are stopped at the expected arrival of the S-waves, as predicted by the 184 

earthquake location. The acceleration records are first processed by removing the mean value and 185 

the linear trend. Waveforms are then integrated once to obtain velocity waveforms and the linear 186 

trend is removed again, prior to measure 𝑃௩. A second integration is performed to get 187 

displacement traces, followed by a causal, high-pass Butterworth filter, to remove the artificial low-188 

frequency drifts and baselines on displacement traces, which may appear from the double 189 

integration operation (Boore et al. [2002]). Following the approach already used by Caruso et al. 190 

[2017], we automatically select the proper cut-off frequency for the filter, which can be either 191 

0.075Hz or 1Hz, depending on the quality of the input data, as briefly recalled in the following 192 

lines. Two parameters are used to evaluate the quality of data: the signal-to-noise ratio (𝑆𝑁𝑅) and 193 

the 𝑃ௗ/𝑃௩ ratio. Specifically, the 𝑆𝑁𝑅 is computed as 𝑆𝑁𝑅 = 20 ∗ 𝑙𝑜𝑔10(𝑃ௗ/𝑃ௗே), where 𝑃ௗ is 194 

measured on the available signal in the selected time window and 𝑃ௗே is the maximum 195 

displacement of the pre-event noise, over the same time window. As for the 𝑃ௗ/𝑃௩ ratio, both 196 

peak amplitude parameters are measured in the same time window. Based on the idea that 𝑃ௗ and 197 𝑃௩ follow a linear, constant-coefficient empirical relation with magnitude and logarithm of 198 
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hypocentral distance, their ratio is therefore expected to vary in a predetermined range around a 199 

constant level. On the contrary, out-of-range 𝑃ௗ/𝑃௩ values indicate noisy data, with the peak 200 

displacement possibly contaminated by artificial long-period distortions. The observed values of 201 𝑆𝑁𝑅 and of the 𝑃ௗ/𝑃௩ ratio are therefore compared to predetermined threshold values, for the 202 

automatic selection of the proper filter, or data are eventually discarded if the quality control is 203 

failed (see Caruso et al. [2017], for further details).  204 

 205 

2.3 Magnitude estimation 206 

As in network-based approaches, in our method the real-time moment magnitude (Mw) is 207 

obtained by averaging the single magnitude estimates derived from the three P-peak amplitude 208 

parameters (𝑃௔, 𝑃௩ and 𝑃ௗ), measured at few near-source stations. Given a recording station at 209 

hypocentral distance R, for each parameter, we use an empirical attenuation relationship to 210 

estimate the moment magnitude, of the form (Wu et al. [2006]; Zollo et al. [2006]): 211 𝑀௪௫ = 𝐴௫ ∙ log 𝑃௫ + 𝐵௫ ∙ log 𝑅 + 𝐶௫ #(1)  

where 𝑥 = 𝑎, 𝑣, 𝑑 indicates acceleration, velocity and displacement P-waveform records. The 212 

method requires that the coefficients of eq.(1) should be previously derived from the 213 

retrospective, empirical regression analysis of different magnitude-distance earthquake records in 214 

the seismic region of concern. In this study, for demonstration purposes, the coefficients 𝐴௫, 𝐵௫ 215 

and 𝐶௫ are determined by a linear regression analysis using an existing earthquake data set in 216 

Central Italy, the region of our earthquake-application case study (see section 3)  217 

For a given station 𝑖 and for each time step 𝑡, the magnitude value is obtained by the weighted 218 

average of all the available predictions: 219 

𝑀௪௜௧ = 𝑤௔ ∙ 𝑀௪௔ + 𝑤௩ ∙ 𝑀௪௩ + 𝑤ௗ ∙ 𝑀௪ௗ  𝑤௔ + 𝑤௩ + 𝑤ௗ  #(2)  

where the weights 𝑤௫ are estimated from the standard errors 𝜎௫ᇱ  of empirical relations (1) as 220 
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𝑤௫ = ଵఙᇲೣమ. Finally, considering that at the time step 𝑡, a total of 𝑁 stations has recorded the P-wave 221 

signal with a variable signal length 𝑇ௗ௜௧ (𝑖 is the station index), the final, average magnitude is 222 

obtained as: 223 

𝑀௪௧ = 1∑ 𝑇ௗ௜௧ேଵ ෍ 𝑇ௗ௜௧ ∙ 𝑀௪௜௧ே
௜ୀଵ  #(3)  

where the signal length 𝑇ௗ௜௧ is used to weigh the station-magnitude values. Here we assume that 224 

the estimates inferred from larger portion of P-wave signals must have a larger weight than those 225 

obtained from shorter time windows. In our approach, the magnitude is computed using only 226 

stations that satisfy a specific criterion, as explained below.  227 

A previous study (e.g., Colombelli et al. [2015]) has shown that the joint use of the three P-peak 228 

amplitude parameters allows improving the accuracy and reducing the uncertainty on magnitude 229 

estimation, especially when a limited time window and number of stations are available for the 230 

measurement. Furthermore, initial P-wave observation of real earthquakes have shown that when 231 

expanding the time window, the three peak amplitude parameters generally increase with time. 232 

The typical Logarithm of P-peak Displacement vs Time (LPDT) curve starts from small values and 233 

reaches a stable plateau level at a corner-time that depends on the final event magnitude 234 

(Colombelli et al. [2012; 2014]; Trugman et al. [2019]). Additionally, Colombelli and Zollo [2015] 235 

observed the dependency on magnitude of this corner-time and used it to estimate the fault 236 

length of earthquakes in Japan. Nazeri et al. [2019] and Trugman et al. [2019] confirmed this 237 

general behavior of LPDT curves by analyzing extended datasets for Japanese and Central Italy 238 

earthquake sequences. More recently, Zollo et al. [2021a] propose a technique to determine the 239 

rupture radius of a circular earthquake rupture from the estimations of the corner-time of 240 

azimuthally averaged LPDT curves. 241 

Given the general increasing amplitude of initial P-wave peak parameters with time, reliable 242 

magnitude estimates can be obtained only for 𝑃௫ values measured at the plateau of the curves, 243 
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while significant magnitude underestimations can generally occur using shorter time windows (i.e., 244 

while the curve is still increasing). In our method, to avoid the initial underestimations, we 245 

developed an automatic algorithm able to identify the plateau time of the curves, by continuously 246 

monitoring their time derivative and evaluating when it reaches a near-to-zero threshold value. At 247 

this time, i.e., when the plateau has been reached, the corresponding peak parameters start being 248 

used for the magnitude determination. It is worth to note that the three curves (LPAT, LPVT, and 249 

LPDT) are expected to reach the plateau level nearly at the same time (Colombelli et al. [2014]; 250 

Nazeri et al. [2019]), thus, for computational simplicity, we only monitor the time derivative of the 251 

LPVT curve. Figure 2 shows some examples of recorded seismograms (in acceleration) at a few 252 

stations around the epicenter and the corresponding computation of LPDT curves, which are 253 

available at sequential times, as the P-wave front propagates across the array. Finally, to ensure a 254 

rapid convergence to the final magnitude of the event, only the recordings within 100km from the 255 

epicenter are used for the magnitude computation, or alternatively a maximum of 30 triggered 256 

stations. 257 

 258 

2.4 Computation of the “Early” Shake-Map 259 

With the aim of building real-time reliable, P-wave based, shake maps, we predict the peak ground 260 

motion in the region of interest using two different approaches, one for the recording sites and 261 

another for the virtual nodes, i.e., the not-instrumented grid nodes. Specifically, the Peak Ground 262 

Velocity (PGV) at the recording sites is predicted from the recorded P-amplitudes of the early P-263 

wave signals using eq. 1 (onsite approach). The PGV at the virtual nodes is instead predicted 264 

through a physics-based interpolation techniques which uses the available regional ground motion 265 

prediction equation (GMPE) and real-time estimates of earthquake location and magnitude 266 

(network-based approach). The two approaches are described in detail in the following sections.  267 

2.4.1 Peak ground motion prediction at the recording sites 268 
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Like what has been done for the magnitude, the three peak amplitude parameters 𝑃௔, 𝑃௩ and 𝑃ௗ 269 

measured at the recording sites for each time window 𝑡, are jointly used to predict the expected 270 

PGV, based on a scaling relationship of the form: 271 log 𝑃𝐺𝑉௫௧ = 𝐷௫ ∙ log 𝑃௫௧ + 𝐸௫ ;          𝑤௫ = ଵఙమೣ    (4) 272 

Where 𝐷௫, 𝐸௫ are the empirically estimated coefficients and 𝜎௫ are the standard errors of the 273 

relationship between the 𝑃𝐺𝑉 and the 𝑃௫ parameter. Coefficients D and E are empirically 274 

estimated using a linear regression analysis, for each peak amplitude parameter (Px) and each time 275 

window (t). An example of data and linear regression for the 3-s time window is shown in Figure S3 276 

of the Supplemental Material, while the full list of estimated coefficients (and their uncertainties) 277 

is reported in Table S2 of the Supplemental Material. The predicted value of log 𝑃𝐺𝑉 and its 278 

uncertainty at any time 𝑡 are therefore obtained as the weighted average of the three estimated 279 log 𝑃𝐺𝑉௫௧ values: 280 

log 𝑃𝐺𝑉௢௡௦௜௧௘௧ = 𝑤௔ ∙ log 𝑃𝐺𝑉௔௧ + 𝑤௩ ∙ log 𝑃𝐺𝑉௩௧ + 𝑤ௗ ∙ log 𝑃𝐺𝑉ௗ௧𝑤௔ + 𝑤௩ + 𝑤ௗ  #(5)  

 281 

𝜎௟௢௚௉ீ௏௢௡௦௜௧௘ = ඩ𝑤௔ ∙ ൬log 𝑃𝐺𝑉௔௧𝑃𝐺𝑉௢௡௦௜௧௘௧ ൰ଶ + 𝑤௩ ∙ ൬log 𝑃𝐺𝑉௩௧𝑃𝐺𝑉௢௡௦௜௧௘௧ ൰ଶ + 𝑤ௗ ∙ ൬log 𝑃𝐺𝑉ௗ௧𝑃𝐺𝑉௢௡௦௜௧௘௧ ൰ଶ
𝑤௔ + 𝑤௩ + 𝑤ௗ  #(6)  

     282 

Coefficients D and E of equation (4) are region-specific and must be preliminary determined 283 

through analyses that use data from past earthquakes recorded in the region of interest. 284 

Furthermore, the algorithm is designed to monitor both the vertical and the horizontal 285 

components. The predicted PGV from the vertical Px amplitude is continuously compared to the 286 

PGV value measured on the horizontal components. At any time along the waveform, the 287 

maximum between these two values is used as the peak ground motion estimate.   288 

At the end of the event (set at fixed time window of 30 seconds after the first P-wave arrival in our 289 
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application) for each seismogram, the final PGV measured as the maximum of the North-South and 290 

East-West horizontal components, replaces the last P-wave predicted one, so that the evolutive, 291 

“early” P-based, PGV predictions naturally converge toward the final PGV values. 292 

2.4.2 Peak ground motion prediction at “virtual” nodes 293 

At each time step 𝑡, the prediction of PGV at the not-instrumented sites of the grid map, is 294 

obtained using a physics-based, interpolation algorithm combining the available information from 295 

recording stations and the regional scale predictions. Specifically, with the same approach as used 296 

for the shake-map computation (Worden et al. [2010]), the PGV at the time 𝑡 is obtained through 297 

the following relationships: 298 

 299 

 300 

𝑃𝐺𝑉௧(𝑥, 𝑦) = ∑ ቈ  భ഑೚೙ೞ೔೟೐೔మ  ∙ ௉ீ௏೚೙ೞ೔೟೐೟ ೔ ቉೔ಿసభ ା భ഑ಸಾುಶమ ∙௉ீ௏ಸಾುಶ(௫,௬)
∑ ቈ భ഑೚೙ೞ೔೟೐೔మ ቉೔ಿసభ ା భ഑ಸಾುಶమ     for all station 𝑖 with 𝑟∆ > 0  (7) 301 

 302 

where: 303 𝑃𝐺𝑉௢௡௦௜௧௘: the PGV predicted at network stations from P-peak amplitudes through equations (5) 304 

and (6);  305 𝑃𝐺𝑉 ெ௉ா: the PGV predicted by a regional GMPE given the available estimates of earthquake 306 

location and magnitude. In our applications we used the GMPEs derived by Bindi et al.[2011] for 307 

Italy. 308 𝜎௢௡௦௜௧௘௜ = 𝜎௉ீ௏ ∙ (1 − exp (−ඥ0.6 ∙ 𝑟∆))     for 𝑟∆ ≤ 𝑅௥௢௜       309 𝜎௢௡௦௜௧௘௜ = ൫𝜎௢௡௦௜௧௘௜ ห𝑟∆ = 𝑅௥௢௜൯ ∙ ௥೘ೌೣିோೝ೚೔௥೘ೌೣି௥∆       for 𝑟௠௔௫ ≥  𝑟∆ > 𝑅௥௢௜    (8) 310 

𝜎௢௡௦௜௧௘௜ = ∞    𝑟∆ ≥ 𝑟௠௔௫     311 

with:  312 
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- 𝑃𝐺𝑉௧(𝑥, 𝑦) , the PGV predicted at the virtual node located at (𝑥, 𝑦); 313 

- 𝑟∆ , the distance between the i-th network node and the virtual node; 314 

- 𝜎ீெ௉ா , the standard error of the used GMPE; 315 

- 𝜎௉ீ௏, the standard error of the P-wave predicted PGV retrieved from equation 6; 316 

- 𝑅௥௢௜ (roi=region of influence), the distance of the area around the network stations where the 317 

observed data influence the PGV interpolation more than the PGV estimate through the GMPE 318 

(𝑃𝐺𝑉 ெ௉ா); 319 

- 𝑟௠௔௫ , the limiting distance of the area where the observed data influence the interpolation.  320 

 321 

Like their implementation in the ®Shakemap algorithm (Wald et al., 2006), the parameters 𝑅௥௢௜ 322 

and 𝑟௠௔௫ are user configurable, depending on the network aperture and inter-station distance. The 323 

errors in earthquake location and magnitude on PGV predictions, which are variable and sharply 324 

decreasing with time, are not explicitly considered in the present formulation but generally 325 

accounted by the standard errors on GMPE and on the PGV vs P-amplitude relations. Previous tests 326 

of location and magnitude determination (see Zollo et al., 2021b) using earthquakes with different 327 

magnitudes and locations show that in cases of relatively high dense networks around the 328 

epicenter, the errors on magnitude and location using real-time methods after only few seconds 329 

become comparable to ones obtained offline and using all the network stations and the effect on 330 

the predicted PGV (by GMPE) is similar to what is expected in the shakemap computation. After 331 

several trials, in our application to the central Italy network we used a value of 𝑅௥௢௜ = 15 𝑘𝑚 and 332 𝑟௠௔௫ = 30 𝑘𝑚. The interpolation formula of equation (7) is valid for all points (x,y) at the surface, 333 

except for those where stations are located, where the predicted PGV is obtained from equation 5. 334 

Starting from the first P-wave arrival time, equations (7) and (8) allow predicting the PGV and its 335 

uncertainty at any point of the area surrounding the epicenter. This PGV value is expected to vary 336 

with time as new data become available from stations located at increasing distances from the 337 
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epicenter and to finally stabilize at a constant value for a high number of station amplitude data 338 

and wide P-wave time windows. We note that the maximum P-window length is chosen according 339 

to the expected S-arrival time, which is the same criterion used to determine the empirical 340 

relations (4). 341 

The final output is the predicted PGV vs. time at any position (x,y) around the earthquake source, 342 

which can be finally converted to instrumental intensity through regional empirical relations (e.g. 343 

Faenza and Michelini [2010], for Italy) to be included in the early warning alert broadcast message.  344 

 345 

3. Application to the Mw 6.5, October 30, 2016 Norcia (Central Italy) earthquake 346 

We performed an off-line application, by simulating the real-time data streaming of the 2016 347 

October, 30, Mw 6.5 Norcia (Central Italy) earthquake (Figure 2). The event was caused by the 348 

activation of an about 20 km long system of two normal faults along the Central Apennine chain, 349 

rupturing two main slip patches (peak-slip ~3 m) and producing a strong ground shaking and 350 

severe building damage and collapses in a wide area extending over 50 km distance around the 351 

epicenter (Scognamiglio et al. [2018]). According to Scognamiglio et al. [2018] the rupture 352 

nucleated at about 9 km depth and propagated up-dip and south-eastward along the N155°E fault 353 

with a rupture velocity of 2.8 km/sec and then triggered a secondary rupture on a smaller fault, 10 354 

km southern of the main fault epicenter, with a clockwise rotated strike direction (N210°E). The 355 

two rupture episodes produced average fault slips of 0.4 and 0.6 meters with seismic moments 356 5.9 × 10ଵ଼ 𝑁𝑚 and 2.9 × 10ଵ଼ 𝑁𝑚, respectively. The maps of strong ground shaking (expressed in 357 

MCS intensity scale, Peak Ground Velocity and Peak Ground Acceleration) are reported in the 358 

November 2016 INGV Working Group’ report (Gruppo di Lavoro INGV, [2016]). The maps are 359 

computed using the peak ground shaking data available from the European Strong Motion 360 

database (Luzi et al. [2016]) containing the earthquake waveforms from a total set of 240 stations 361 

with a maximum epicentral distance of 673 km. The shaking intensity reported in the map ranges 362 
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from IV to IX, with the level of VI, corresponding to “strong perceived shaking” in the MCS scale 363 

(PGA of 4.8 %g and PGV 2.4 cm/sec), affecting a wide portion of the Central-Italy territory and 364 

extending over an area of about 100 km radius out of the epicenter.  365 

For our simulation, we used the three component earthquake records acquired by 60 stations of 366 

the Italian Accelerometric Network (RAN) located within an area of 50 km radius centered at the 367 

event epicenter (Figure 2). The selected sub-network provides a rather dense azimuthal and dis-368 

tance coverage of the source with an average inter-station spacing of 15-20 km.  369 

The coefficients of eq. 1 have been preliminarily determined by a linear regression analysis using 370 

an existing earthquake data set spanning a wide magnitude (Mw 3.5 – 6.5) and distance ranges (R 371 

0-100 km). The dataset for calibrating the coefficients of eq.1 did not include the waveforms of the 372 

analysed M 6.5 earthquake in the Norcia region. We used a total number of 286 earthquakes and 373 

3786 records (3 components each) from 504 RAN and INGV stations. The data have been gathered 374 

from the ITACA database - http://itaca.mi.ingv.it (Luzi et al. [2019]). Details about the calibration 375 

dataset are reported in Text S1 of the Supplemetal Material. The empirical regression coefficients 376 

(A, B, C) and their uncertainties are reported in Table S1 of the Supplemental Material, together 377 

with the standard error of the regression. Plots of calibration data and scaling relationships are 378 

shown in Figure S2 of the Supplemental Material. 379 

Figure 3 shows the time changes of the location error (distance in km from the INGV bulletin solu-380 

tion) and moment magnitude, using the P-wave arrival times and peak amplitudes available at 381 

each time step, as the P-wave front progressively expands across the network. In the EEW method 382 

these data are used to update the PGV predictions at virtual nodes (eq.7) using the specific GMPE 383 

for Central Italy. The moment magnitude estimated by the EEW method is generally smaller (first 384 

estimate, Mw 5.6, late estimate Mw 6.2) relative to offline measures using regional and teleseismic 385 

S and surface waves (6.5+) while it is better consistent with Mwp (6.3) but still underestimated. In 386 

this case, the difference of -0.1 between the EEW-Mw and Mwp can be attributed to the shallower 387 
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hypocentral depth (about 6 km, relative to the bulletin depth of 9 km) determined in RT by the 388 

EEW method using only near-source P-wave arrival-times. We note that despite the underestima-389 

tion of the final earthquake depth and moment magnitude, as discussed later in this article, the 390 

EEW method can predict and track with great accuracy the peak ground shaking area, this infor-391 

mation being used for early warning.  392 

Figure 4 shows the space-time evolution of the P-wave-based prediction of instrumental intensity 393 

(𝐼ெெ ) (derived from PGV though the empirical relations of Faenza and Michelini [2010]). 394 

Snapshots are shown at different times from the event origin time. 395 

The Potential Damage Zone (PDZ) is here defined as the area where the predicted peak ground 396 

velocity is larger than a threshold. In our method this is quantified in terms of instrumental 397 

intensity (𝐼ெெ ) (derived from PGV through the empirical relations of Faenza and Michelini [2010]) 398 

with a threshold (𝐼ெெ=VII) that, in the ®shakemap implementation in Italy by INGV, is associated 399 

with the potential impact level of “very strong shaking” and “moderate” damage. The chosen PGV 400 

threshold corresponds to the minimum intensity for which damage of buildings can potentially 401 

occur in Italy, according to the reference Intensity vs PGV relationship of Faenza and Michelini 402 

(2010). A different intensity scale or ground motion intensity measure can be adopted and easily 403 

implemented in the approach when exporting the methodology to other areas than Italy. 404 

 405 

The PDZ is observed to clearly expand with time, changing its shape and extent, as new data from 406 

the P waves propagating across the array are available. At its initial stage (4-5 sec, Figure 4a,b) the 407 

PDZ assumes a near-circular shape, since it is totally controlled by the GMPE-predicted PGV, with 408 

the contribution of only few near-source stations. At larger times (10-30 sec, Figure 4c,d,e) the PDZ 409 

depicts a nearly elliptical area with a predominant elongation to south-east of the epicenter. The 410 

anisotropic shape of the PDZ is the effect of larger P-wave and PGV-predicted amplitudes toward 411 

the South-East direction which is consistent with a dominant SE earthquake rupture propagation, 412 
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as revealed by the kinematic source modelling of near-source strong motion and GPS records 413 

(Cheloni et al. [2017]).  414 

A precautionary first alert could be issued to the whole region of interest at the time of the first 415 

alert (around 4 sec) when a ground shaking of 𝐼ெெ ≥ 𝑉𝐼𝐼 is predicted to affect a wide near-circular 416 

area (radius 30 km) around the epicenter.  417 

After about 15-20 seconds from the first P-arrival at the network, the shape of the PDZ remains 418 

stable and unchanged even adding the contribution of more distant stations (Figure 3d,e). A 419 

qualitative comparison of the 15 sec “early” shake-map (Figure 3d) with the final released by INGV 420 

(Figure 4f) shows a very good matching of 𝐼ெெ > 𝑉𝐼𝐼 areas between P-wave predicted and final 421 

ground shaking maps. In particular, the rupture directivity toward SE is evident from the shape of 422 

the PDZ dominantly elongated in this direction.  423 

We define the “time of the first alert” (𝑇ி஺) as the time measured from the origin time (OT), at 424 

which the first PGV (IMM) prediction overcomes the threshold for the alert, that has been set to 425 

PGV=3.9-4 cm/sec for IMM=VII, following the scale proposed by Faenza and Michelini [2010]. In 426 

our simulated scenario, 𝑇ி஺=3.6 sec, which accounts for the P-wave propagation from the 427 

earthquake depth to the surface and for the time required to get to the plateau level of LPDT 428 

curves at the two stations nearest to the epicenter. 429 

The early warning system performance for this single earthquake scenario can be assessed as the 430 

ability of the system to forecast the earthquake shaking and potential impact (IMM, instrumental 431 

intensity above the threshold) in terms of the number of successful (positive and negative), missed 432 

and false alerts. 433 

In detail, we can define the following criteria: 434 

Successful Alert (SA):    𝐼ெெ௣௥௘ௗ  ≥ 𝐼ெெ௧௛௥௘ & 𝐼ெெ௢௕௦  ≥ 𝐼ெெ௧௛௥௘  (9a) 435 

Successful No-Alert (SNA):  𝐼ெெ௣௥௘ௗ < 𝐼ெெ௧௛௥௘ & 𝐼ெெ௢௕௦ < 𝐼ெெ௧௛௥௘   (9b) 436 

Missed Alert (MA):   𝐼ெெ௣௥௘ௗ < 𝐼ெெ௧௛௥௘ & 𝐼ெெ௢௕௦  ≥ 𝐼ெெ௧௛௥௘   (9c) 437 
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False Alert (FA):   𝐼ெெ௣௥௘ௗ ≥ 𝐼ெெ௧௛௥௘ & 𝐼ெெ௢௕௦ < 𝐼ெெ௧௛௥௘   (9d) 438 

where 𝐼ெெ௧௛௥௘ = 𝑉𝐼𝐼 439 

We evaluate the performance of the EEW method at times 𝑇ி஺=3.65sec, 𝑇ி஺ + 0.5 𝑠𝑒𝑐 (4.15 sec) 440 

and  𝑇ி஺ + 1.5 𝑠𝑒𝑐 (5.15 sec), all times evaluated since OT (Figure 5). Indeed, we expect that the 441 

performance of the system should improve as a function of the time, since additional recorded P-442 

amplitudes become available and more accurate estimations of the earthquake location and 443 

magnitude are derived from distant stations.  444 

Figures 5a,b and c show the performance of the system at the three different times in terms of SA 445 

(dark green), SNA (light green), MA (red) and FA (yellow) with colored circles at the station 446 

locations.  447 

At 3.65 sec after OT (Figure 5a), the percentage of successful alerts (SA+SNA: 57%) is slightly higher 448 

than missed/false alerts (MA+FA: 43%) considering the whole area covered by the seismic 449 

network, while it reaches near 71% when considering epicentral distances smaller than 40 km. 450 

Indeed, at this time, the majority of missed alerts are issued at the largest distances from the 451 

epicenter (R > 30-40 km).  452 

Half a second later (Figure 5b), the shaking forecast performance highly improves, with an overall 453 

increase of the percentage of successful alerts (both SA and SNA), reaching 92%, when considering 454 

the whole 55 km radius area. At this time, a single SNA and MA are recorded, with 4 FA (6.6%). 455 

Within a circle of 40 km epicentral radius we measure 98% of SA with just one FA at a station not 456 

far from the circle. At TFA+1.5sec the system performance evolves to a condition where only SA 457 

(92%) and FA (8%) are recorded. All FAs except one are recorded at outside the 40 km radius, 458 

where all sites still record all SAs except a single FAs.   459 

The change with time of the relative proportion of SA, SNA,FA and MA is a typical  effect of our 460 

evolutive early warning systems that will be discussed later in the paragraph “Discussion”. 461 

Concerning the lead-times, these are estimated as 𝑇௅் = 𝑇ௌ − 𝑇ி஺, where 𝑇ௌ is the predicted S-462 
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wave arrival time given the earthquake location and the average crustal velocity values (𝑉௉=5.5 463 

km/s; 𝑉ௌ=3 km/sec) for the area. Although a more complex calculation of the lead-time using the 464 

observed S-wave arrival time could have been implemented, here we meant to provide an 465 

approximate estimate of the lead-time as a function of the distance, having preliminary verified 466 

that the observed S-wave arrival is within +-0.3 seconds than what predicted by a homogeneous 467 

crustal velocity model. 468 

The map of lead-times (Figure 6) shows values ranging from 2 s to 14.6 sec at 15 km and 55 km 469 

from the epicenter, respectively. For the considered event and station distribution the blind-zone, 470 

e.g., the area where the first S-waves are expected to arrive before the alert is issued, covers a 471 

circular surface with a radius of 6.5 km centered at the epicentral position. 472 

 473 

Discussion 474 

We propose a new earthquake early warning method where the alert is issued based on the 475 

progressive tracking of the potential damage zone (depending on the chosen PGV/IMM threshold) 476 

which is mapped using a predicted PGV value resulting from the physics-based interpolation of the 477 

recorded P-amplitude and GMPE-derived PGV values. The GMPE values are determined using the 478 

earthquake location and magnitude estimated by near source recording of early P-wave signals. An 479 

update of PGV/IMM predictions is done as new locations and P-wave data are available from more 480 

distant stations. Since it is based on the recorded ground motion P-amplitudes at stations around 481 

the epicenter, the proposed technique naturally accounts for the spatial variability of strong 482 

ground motion related source (i.e., rupture directivity), crustal wave propagation and site 483 

amplification as inferred from the early P-signals. 484 

The onsite PGV at instrumented sites is predicted from the P-peak acceleration, velocity and 485 

displacement values measured on the original vertical component record. In this study, the 486 

empirical relations log PGV vs log (Pd,Pv,Pa) have been determined and calibrated for the Central 487 
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Italy region using the available waveform data-bank for previous earthquakes in the magnitude 488 

range 3-6.5 and distance interval 10-100 km. 489 

The use of the three P-amplitude, observed parameters showed to improve, in general, the 490 

accuracy of the predicted PGV relative to the use of a single parameter, since they carry on 491 

information about the P-amplitude in different frequency bands. In addition, since the P-peak 492 

amplitude for moderate-large earthquakes is expected to increase with time from the first P-493 

arrival, the method implements an algorithm allowing to start measuring the P-amplitude only 494 

after the LPDT curves reach their plateau. This would make more robust the technique by reducing 495 

the number of missed alerts at the expenses of a longer P-wave time window to explore. Recently 496 

Colombelli et al. [2014, 2020] showed that the initial slope of the LPDT curves scales inversely with 497 

the earthquake magnitude, suggesting that this initial slope parameter could be used as a proxy for 498 

the rapid assessment of the earthquake size during an ongoing rupture. Future developments of 499 

the described method will include initial slope measurements to provide constraints on the 500 

ongoing event magnitude, to be used for a faster time of the first alert.  501 

The proposed methodology integrates the principles of onsite EEW methods with those used for 502 

network-based approaches, to provide reliable and physics-based estimations of the expected 503 

shaking distribution. An intrinsic advantage of the methodology is the capacity of being adapted to 504 

a variety of potential stakeholders and target applications, that could make use of outcomes of the 505 

method in different ways. For example, on-site estimates could be used to control dedicated 506 

actions at specific sites (such as industrial settlements, schools, hospitals), while distributed targets 507 

(as the case of railway applications) could benefit from the real-time regional mapping of the 508 

expected shaking to trigger automatic emergency measures as slowing-down/arrest high-speed 509 

trains, disrupting the gas/electric energy supply to a pipeline, halting the high-way circulation of 510 

vehicles transporting hazardous materials.  511 

The off-line application of the EEW method to the M 6.5 October,30, 2016 Norcia earthquake in 512 
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Central Italy shows the reliability and robustness of the methodology. It provides a rapid alert 513 

message with a time-varying assessment of the earthquake shaking and potential impact as 514 

obtained by the algorithm of data interpolation able to build a realistic, P-wave-based, “early” 515 

shake map. We showed that the latter is very consistent with the shake-map computed by INGV 516 

tens of minutes after the earthquake occurrence, using the recorded PGV data on the horizontal 517 

components at strong motion stations over a wide distance range. 518 

The considered scenario case confirms a good performance of the system in terms of reliability of 519 

the predicted intensity map which naturally includes the spatially variable ground motion shaking 520 

as originated by source directivity effects, although inferred from near-source recorded P-521 

amplitudes. This is already visible on maps after few seconds from the first P-wave recorded at the 522 

near-epicenter stations.  523 

The rapidity of the system in processing data and releasing the warning along with the reliability of 524 

ground shaking predictions may depend on the network density and azimuthal coverage in the 525 

epicentral area. However, the joint use of regional-scale and on-site predictions for the ground 526 

shaking distribution is expected to provide better constrained predictions, even in those situations 527 

where the distribution and coverage of stations are non-optimal. This could be the case, for 528 

example, of off-shore subduction earthquakes (such as the 2011, Tohoku-Oki earthquake), for 529 

which we expect that the addition of coastal stations will strongly constrain the regional-predicted 530 

shaking distribution, as discussed by Colombelli at el., (2012) when rapidly mapping the Potential 531 

Damage Zone for this event.  532 

We showed that the capability of the EEW system to predict the strong motion above the 533 

threshold improves with time. Only 1.5 sec after the TFA (5.15 sec after the OT) the performance 534 

of the system in predicting the event peak shaking is very high: in the area of 40 km radius around 535 

the epicenter, that impacted an Intensity MCS VIII-IX as estimated by INGV shakemap), all 42 536 

instrumented sites except one showed a successful alert with only one false alarm. Considering the 537 
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calculated blind-zone of 6.5 km radius, there is still a wide annular area, where the alert could have 538 

reached the population before the strong ground shaking occurrence. 539 

In Figure 5c, the circular blind-zone and lead-times are calculated at 𝑇ி஺=3.65 sec which 540 

corresponds to the time of the P-waves detected at the first two stations, and when the first 541 

location, magnitude estimations and peak amplitudes are available. According to this simulation, 542 

only 1 municipality of the 170 located within 55 km of the epicenter and belonging to the regions 543 

of Abruzzo, Marche, Umbria and Lazio, would be located within the blind-zone. For these 2 544 

municipalities the minimum negative lead-time is -0.5 sec at the town of Norcia, i.e. half-second is 545 

the maximum time in advance of the S-wave arriving at these sites before the alert issuing.  546 

Even considering a later first alert, i.e., at 5.15 sec after the OT, the calculated blind-zone radius 547 

would have been 15 km long. 165 municipalities, located in the 15-55 km circular ring around the 548 

epicenter show positive lead-times, and might have been alerted 2 to 14.5 sec in advance to the 549 

arrival of the first S-wave at those sites. 550 

At 𝑇ி஺=3.65 sec, for 26 of the 60 accelerometric station sites, located at epicentral distances 551 

between 25 and 55 km, the EEW system incorrectly predicts a PGV below the threshold (e.g. a 552 

missed alert, MA). The numbers of MA at 𝑇ி஺=3.65 sec for distant sites is mainly due to the 553 

underestimated PGV predicted by the GMPE with an initial lower magnitude as evaluated from 554 

near-source stations while using short P-wave time windows. As the time increases, larger portions 555 

of the P-wave time window are considered for the analysis and sites previously labelled as MA or 556 

SNA evolve towards SA and FA, respectively, with a final picture where only successful and false 557 

alerts are declared at the network. This is a common characteristic of similar time-evolutive EEW 558 

system that naturally tend with time to increase SA and FA at the expenses of MA and SNA.  559 

This effect can be explained starting from the definitions of SA, SNA, MA and FA, provided by 560 

equations 9a,d. For each of the four possible situations, indeed, the second member of inequalities 561 

(related to 𝐼ெெ௢௕௦) does not change with time at the recording nodes. The first condition (related to 562 
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the predicted intensity (𝐼ெெ௣௥௘ௗ), instead, may evolve with time. Specifically, the instrumental 563 

intensity is continuously predicted from the vertical Px amplitude and, by definition of the Px 564 

parameter, it can only increase or remain stable with time, so that once the predicted intensity has 565 

exceeded the threshold for warning declaration, the alert cannot be cancelled. With this in mind, 566 

the prediction performance at any recording sites may potentially evolve with time from SNA (light 567 

green) to FA (yellow) or from MA (red) to SA (dark green). Other transitions between alert states 568 

are, de facto, not possible. 569 

Indeed, initial PGV underestimations leading to MA and SNA can be related to P-window lengths 570 

shorter than the half-duration of the earthquake source time function (Colombelli and Zollo 571 

[2015]) resulting in an initial magnitude underestimation. As the P-window time increases, since 572 

the max P-peak amplitude can only increase, the MAs can be confirmed or evolve in Successful 573 

Alerts, if the predicted PGV becomes larger than the threshold.   574 

On the other hand, SNAs can be confirmed or, if the predicted PGV increases, can only evolve in 575 

False Alerts. With similar arguments, we note that, since the predicted PGV can only increase with 576 

an enlarged P-window, both all SAs and FAs would not change their status. 577 

Building an EEW system that evolves with time in a manner that missed alerts and successful no-578 

alerts tend to be minimized while increasing the number of successful alerts represent a strong 579 

advantage of the proposed EEW method, although this result is achieved at the expenses of an 580 

increase of false alerts. A similar conclusion was drawn by Minson et al. [2021] who analyzed the 581 

ideal case of a rail system in California’s San Francisco Bay Area to explore potential uses of a 582 

network-based EEW system for rail systems. 583 

 With this regard, we note that, at the first alert time and after, the relative percentage of SA, SNA, 584 

FA and MA critically depends on the predicted PGV (through the measured Px (eq.4)) and on the 585 

chosen IMM (or PGV) threshold, due to the natural distribution and scattering of data around the 586 

empirical laws that are used to predict PGV from the P-peak amplitude. This is clearly depicted in 587 
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Figure 6, that shows an example of the used empirical attenuation relations between PGV and Pv. 588 

For a given PGV threshold and a measured value of Pv, the diagram Predicted PGV vs measured P-589 

amplitude is partitioned in 4 regions, around the predicted PGV point: the regions of SAs (dark-590 

green, top-right), SNAs (light-green, bottom-left), FA (yellow, bottom-right) and MA (red, top-left). 591 

It is clear how the relative proportion of SA, SNA, FA and MA depends on the measured Px and 592 

selected PGV threshold, that can change with time as the Px value and associated predicted PGV 593 

increase. This example demonstrates that if PGV’s predictions are based on empirical regressions 594 

of P-wave amplitude data, the optimal future solution to improve the performance of the time-595 

evolutive EEW system is to refine and make more robust the empirical PGV prediction laws. This 596 

will be possibly achieved using AI-based machine learning approaches or through the exploration 597 

of more complex multi-parametric regression models (which includes site, azimuthal, distance 598 

effects) than the ones represented by eqs. 4.  599 

Conclusions 600 

We have proposed an EEW method which uses the real-time P-peak amplitudes progressively 601 

measured at a dense accelerometric network around the epicenter to track the time-evolving 602 

potential damage zone, i.e the area within which the strong ground motion is expected to exceed a 603 

given instrumental intensity threshold. Compared with source-based early warning approaches, 604 

where the event magnitude and location are used to issue an alert, our method follows a shaking-605 

forecast-based strategy, where the alert is rather issued upon the prediction of the strong ground 606 

shaking amplitudes at sites to be secured during the earthquake emergency. The method is time-607 

evolutive, since the shape of the potential damage zone is modeled according to new data 608 

incoming from progressively distant stations and larger P-wave windows are assimilated by the 609 

EEW system. The potential damage zone is traced by combining the Peak Ground Velocity values 610 

predicted by early P-wave amplitudes at accelerometer sites with values predicted by the regional 611 

GMPE using the updated values of location and moment magnitude.  612 
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We showed that the P-wave-based, early shake-map well reproduce the elongation and shape of 613 

the final shake-map and the extent of the area driven by the rupture directivity and that suffered 614 

the largest shaking and damage during the October 30, 2016, M 6.5 Central Italy event.  615 

The offline simulation of the EEW method illustrates a common characteristic of time-evolutive 616 

systems, i.e. while trying to reduce uncertainties as much as possible, it will not be possible to 617 

eliminate the occurrence of false and missed alarms, so it is necessary for the end-user to accept 618 

these eventualities and account for them in a probabilistic frame to be implemented in a user-619 

specific, decision-making strategy for minimizing the earthquake impact in real-time.  620 

Despite these intrinsic limitations, a time-evolutive EEW as the one illustrated in our study, can 621 

help to implement strategies to mitigate the earthquake impact on false alert-tolerant users, who 622 

set the threshold and time of the alerts based on their specific risk mitigation actions, thus 623 

averaging between the requirement of the system to be fast in alerting (long lead-times) and 624 

accurate in the shaking predictions (reduced number of missed and false alarms).  625 
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 763 
 764 

Figure Captions 765 

Figure 1: Block Diagram of the method. The figure shows the block diagram of the methodology, 766 

in which on-site PGV predictions (left) are combined with network-based PGV predictions (center), 767 

for a refined, real-time shake map construction and dissemination of alerts at target sites (right).  768 

 769 

Figure 2: Example of seismogram and LPDT curves . a) Examples of acceleration records at 770 

increasing distance from the source (from top to bottom). Colors are used to identify the 771 

corresponding stations in panels b) and c) and for each station, the hypocentral distance is 772 

reported on the plot. b) LPDT curves computed at each station, starting at the P-wave arrival 773 

(shown with a coloured circle on each seismogram) and stooping at the expected arrival of S-774 

waves. For a matter of visualization, the LPDT curves are initialized to a common, amplitude value. 775 

c) Map of the epicentral position of the earthquake and recording stations within a maximum 776 

distance of 50 km.  777 

 778 

Figure 3: Time evolutive estimation of event location and magnitude. The plot shows the 779 

comparison between the real-time earthquake location (top panel) with the bulletin solution, both 780 

for the epicentral position (black line) and for the earthquake depth (grey line). The bottom panel 781 

shown the real-time estimate of the earthquake magnitude, as average values (gray circles) and 782 

their uncertainties (error bars). Magnitude estimates form available agencies are also shown for 783 

reference, with horizontal lines. In both panels, the x-axis shows time in seconds form the origin 784 
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time of the event.  785 

 786 

Figure 4: Result for the 2016-10-30 Mw6.5 Norcia (Italy) earthquake. Examples of the 787 

evolutionary, P-wave based early shake maps at different seconds from origin time (reported in 788 

each panel). In each panel, stations are the gray triangles, the red star is the epicenter of the event 789 

and the contour lines for the predicted intensity levels VII and VIII are also shown. The bottom-790 

right panel is the reference INGV shake map.  791 

 792 

Figure 5: Performance Evaluation. The figure shows the performance of the system at the three 793 

different times in terms of Successful Alerts (dark green), Successful No-Alerts (light green), 794 

Missed Alerts (red) and False Alerts (yellow) at each station position. In all panels, the yellow circle 795 

is the 40km radius around the epicenter, while the red circle represents the blind zone.  796 

 797 

Figure 6: Lead-Time map. The figure shows values the map of available lead-times in the 798 

epicentral area and the position of municipalities that could have benefit from the warning. Each 799 

circle on the map represents the area in which the corresponding lead-time (indicated in white) 800 

would have been available. 801 

 802 
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Figure 1: Block Diagram of the method. The figure shows the block diagram of the methodology, in 

which on-site PGV predictions (left) are combined with network-based PGV predictions (center), for 

a refined, real-time shake map construction and dissemination of alerts at target sites (right).  

 

 

 

   om o e t  a eform 
  eal  me or  la  ack 

                    
                      

             

1.    a e   rri al
  Filter icker  

 arameter 

 .  a eform  ualit    Filter 
 elec o          

 .     redic o         
       d     a  from
   a e     er cal  

      

 egre  io   a  

 .      ea ure
 from      a e     ori o tal  

       

1.  oca o 
        : Di ere  al  ick  ime 

   o  o al   ra o     o  o al Back   imuth   

 .  ag itude
   eighted a erage of  ta o  

   d                   a     at  lateau  

 .      redic o  from       oc.   ag. 

 .  hake a    orde  et al. 

     a e       a e         

                          B   D           

 .  og       .  ime  ur e
    D :  lateau  eached   

  

     

 lert  to
  eci c  arget 

                    D 
                     

   
        

  

      
      

          
ma        D          

   
    

aldoz
Rectangle



Figure2.



 

Figure  :   am le of  ei mogram  a d   D  cur e . a  Examples of acceleration records at 

increasing distance from the source (from top to bottom). Colors are used to identify the 

corresponding stations in panels b) and c) and for each station, the hypocentral distance is reported 

on the plot. b) LPDT curves computed at each station, starting at the P-wave arrival (shown with a 

coloured circle on each seismogram) and stooping at the expected arrival of S-waves. For a matter 

of visualization, the LPDT curves are initialized to a common, amplitude value. c) Map of the 

epicentral position of the earthquake and recording stations within a maximum distance of 50 km.  
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Figure  :  ime e oluti e e timatio  of e e t locatio  a d mag itude. The plot shows the 

comparison between the real-time earthquake location (top panel) with the bulletin solution, both 

for the epicentral position (black line) and for the earthquake depth (grey line). The bottom panel 

shown the real-time estimate of the earthquake magnitude, as average values (gray circles) and their 

uncertainties (error bars). Magnitude estimates form available agencies are also shown for 

reference, with horizontal lines. In both panels, the x-axis shows time in seconds form the origin time 

of the event. 
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Figure  :  e ult  for the  016 10  0     6.    orcia   tal    arthquake. Examples of the 

evolutionary, P-wave based early shake maps at different seconds from origin time (reported in each 

panel). In each panel, stations are the gray triangles, the red star is the epicenter of the event and 

the contour lines for the predicted intensity levels VII and VIII are also shown. The bottom-right panel 

is the reference INGV shake map.  
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Figure 5: Performance Evaluation. The figure shows the performance of the system at the three different 

times in terms of Successful Alerts (dark green), Successful No-Alerts (light green), Missed Alerts (red) and 

False Alerts (yellow) at each station position. In all panels, the yellow circle is the 40km radius around the 

epicenter, while the red circle represents the blind zone.  
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Figure 6: Lead-Time map. The figure shows values the map of available lead-times in the epicentral area and 

the position of municipalities that could have benefit from the warning. Each circle on the map represents 

the area in which the corresponding lead-time (indicated in white) would have been available.  

.  
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