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Abstract:  16 

This paper presents the implementation and testing of a new P-wave shaking-forecast-based early 17 

warning system (EEWS) at the Ibero-Maghrebian Region (IMR). The method integrates PGV 18 

predictions derived from observed P-wave amplitudes with region-specific ground motion 19 

prediction equations to facilitate real-time mapping of the potential damage zone. We determined 20 

empirical relationships between PGV and P-wave peak amplitudes (in acceleration, velocity, and 21 

displacement) and magnitude, along with the development of a GMPE for Mw ≥ 4 earthquakes in 22 

the IMR. These relationships are validated in the EEWS application using data from the 2016 23 

Alboran Sea seismic series (Mw 5.0–6.4), which showed minimal discrepancies in origin time, 24 

epicenter location, and magnitude estimates compared to previous studies. A retrospective 25 
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performance analysis for the Mw 6.4 main shock indicated lead-times of 14 to 62 seconds at a PGV 26 

threshold of 0.20 cm/s, with lead-times increasing with distance. At a higher threshold of 0.60 27 

cm/s, the lead-time was 20 seconds for distances up to 170 km. The accuracy of impact predictions 28 

improved over time, with successful alerts rising from 72% to 90% as the final predictions were 29 

made. Despite some limitations due to focusing on moderate-magnitude earthquakes (Mw ≤ 6.4), 30 

the EEWS method has proven effective for offshore events in areas with sparse instrumentation.  31 
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Introduction 32 

Population growth and infrastructure concentration in metropolitan areas have increased the 33 

vulnerability of society to earthquakes. Earthquakes Early Warning Systems (EEWS) are one of 34 

the most effective tools to prevent and mitigate damage caused by earthquakes. These systems can 35 

evaluate the destructive potential of an earthquake in real time and issue an early warning that 36 

allows the initiation of emergency protocols or the evacuation of vulnerable areas before the arrival 37 

of stronger seismic waves, helping to protect the population and infrastructure while mitigating 38 

damage (Zollo et al., 2023; Rea et al., 2024).  39 

EEWS have been implemented in seismically active regions, tailored to local seismicity and 40 

infrastructure needs (Rea et al., 2024). Operational systems distributing public alerts include 41 

Mexico's SASMEX (Espinosa-Aranda et al., 1995; Suarez et al., 2021), Japan's EEWS (Hoshiba 42 

et al., 2008), Taiwan's system (Hsiao et al., 2011), and South Korea's system (Sheen et al., 2017). 43 

Other systems are in place in Vrancea (Romania) (Clinton et al., 2016), Korokke (India) (Chamoli 44 

et al., 2019), the U.S. west coast (Allen and Kanamori, 2003; Böse et al., 2013), and Istanbul 45 

(Turkey) (Alcik et al., 2011). Alerts also target specific groups like emergency services. In Italy 46 

(Irpinia region) (Satriano et al., 2011; Zollo et al., 2023), China (Peng et al., 2011), Switzerland 47 

(Massin et al., 2021), and Chile (Medina et al., 2022), EEWS have been developed for research 48 

but do not provide public alerts.  49 

EEWS can adopt either a network-based or onsite approach. The network-based configuration 50 

receives real-time information from seismic sensors deployed in the source epicentral area. This 51 

allows automatically identifying the P-wave arrival and define a specific signal time window to 52 

calculate the hypocenter and magnitude of the detected earthquakes. This approach uses Ground 53 

Motion Prediction Equations (GMPE) to predict ground motion by employing region-specific 54 
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empirical attenuation relationships (Zollo et al., 2023; Rea et al., 2024). On the other hand, onsite 55 

EEWSs use a stand-alone station, or arrays of sensors deployed near the site to be protected. The 56 

initial P-wave amplitude is used to estimate the amplitude of other waves (S or surface), without 57 

requiring the location and magnitude of the earthquake (Zollo et al., 2023; Rea et al., 2014).  58 

Most recently, Zollo et al., (2023) proposed a new EEWS methodology combining network-based 59 

and onsite approaches. It estimates main source parameters (Satriano et al., 2008 for location, 60 

Zollo et al., 2023 for magnitude) and predicts Peak Ground Velocity (PGV) using observed P-61 

wave amplitudes and region-specific GMPE, with updates to location and magnitude. The method 62 

issues alerts when ground shaking exceeds a user-set threshold, based on a time-evolving P-wave-63 

derived shakemap. A real-time map of the Potential Damage Zone (PDZ) is generated, when 64 

Instrumental Intensity (IMM), calculated in terms of PGV, exceeds a defined threshold (Zollo et al., 65 

2023). 66 

In October 2015, the Department of Earth Physics and Astrophysics at Universidad Complutense 67 

de Madrid (UCM) installed an EEWS using PRESTo software (Satriano et al., 2011). It employs 68 

a network-based approach adapted to the Ibero-Maghrebian Region (IMR) (Carranza et al., 2013, 69 

2016, 2017, 2021), covering southern Iberia and northern Morocco and Algeria, a tectonically 70 

complex zone at the Eurasian-African plate boundary (Fig. 1). This region has experienced major 71 

earthquakes like Lisbon 1755, Torrevieja 1829, and Arenas del Rey 1884 (Mézcua and Martínez-72 

Solares, 1983; Buforn et al., 2015). While seismic activity was moderate in the 20th century, it has 73 

risen in the last 30 years, with notable events such as Al Hoceima 2004 (Mw 6.4; Stich et al., 2005), 74 

Lorca 2011 (Mw 5.1; Pro et al., 2014), and Alboran Sea 2016 (Mw 6.4; Buforn et al., 2017), some 75 

causing significant damage. The expected seismic hazard level for a 475-year return period in the 76 
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southern Iberian Peninsula and areas near the Alboran Sea ranges from 0.04 g to 0.24 g (IGN, 77 

2013) corresponding to IMM = VI and VIII, respectively (Faenza and Michelini, 2010).  78 

The results of the EEWS installed at UCM show its viability for the IMR (Carranza, 2016; 79 

Carranza et al., 2017 and 2021). Nonetheless, to enhance performance, the methodology proposed 80 

by Zollo et al., (2023) has been implemented at UCM, adapting it to the seismic characteristics of 81 

the IMR. This new setting uses the QuakeUp software that implements the shaking-forecast based 82 

early warning methodology described in Zollo et al., (2023), as developed by the RISSC-Lab Unità 83 

di RIcerca in Sismologia Sperimentale e Computazionale of Università degli Studi di Napoli 84 

Federico II. 85 

The effectiveness of QuakeUp has already been demonstrated with both large-magnitude (Rea et 86 

al., 2024) and moderate-magnitude earthquakes (Zollo et al., 2023), although these tests have been 87 

performed in conditions of densely instrumented areas. The main purpose of this work is to study 88 

the behavior of QuakeUp in a region with lower instrumentation density during moderate-89 

magnitude offshore earthquakes recorded by inland stations. To achieve this aim, we performed an 90 

offline retrospective analysis of the early warning method during the main shock (Mw 6.4; Fig. 1) 91 

and the six Mw ≥ 5 earthquakes from the 2016 seismic sequence in the Alboran Sea. Several 92 

researchers (Buforn et al., 2017; Gràcia et al., 2019) have performed comprehensive studies on 93 

this sequence, providing a robust observational dataset of waveform data to evaluate QuakeUp's 94 

performance. In this paper, we will utilize the relocations and focal mechanisms from Buforn et 95 

al., (2017) for the main shock, foreshock (FOR), and aftershocks (AS) with Mw ≥ 5 (Fig. 1). The 96 

data include three-component velocity records from 38 seismic stations located at the IMR 97 

(epicentral distances < 700 km), sourced from the seismic networks of the Instituto Geográfico 98 

Nacional (IGN), Western Mediterranean (WM), and the Instituto Português do Mar e da Atmosfera 99 



6 
 

(IPMA) (Fig. 1). Additionally, we will assess the system's performance for the main shock in terms 100 

of correct and failed alerts based on various PGV/IMM thresholds and PDZ. 101 

 102 

Methodology 103 

The QuakeUp approach combines earthquake detection and location, magnitude estimation, and 104 

PGV prediction. The process used to obtain these parameters is briefly described below, with the 105 

block diagram of the method shown in Figure 2. More details can be found in Zollo et al., 2023. 106 

QuakeUp uses the velocity components from the 38 broad-band stations (Fig. 1). Displacement 107 

traces are obtained through integration, followed by a high-pass Butterworth filter (cut-off at 0.075 108 

or 1 Hz, as per Caruso et al., 2017) to remove low-frequency drifts and baselines from the 109 

integration process, while acceleration traces are obtained through differentiation without filtering. 110 

The P-wave arrival is identified on the vertical components using the Filter-Picker 5 algorithm 111 

(Lomax et al., 2012). When the earthquake is detected at 5 stations, the first estimate of the 112 

hypocenter location and origin time is provided using the RTLOC algorithm (Satriano et al., 2008). 113 

This time is referred to as TFIRST. The hypocenter location and origin time value are updated as the 114 

P-wave arrival is identified at more stations. To minimize the noise dominant effect of stations at 115 

large epicentral distances, we set QuakeUp to only use records from stations within 400 km of the 116 

first station that detects earthquakes (EALB in Fig. 1). 117 

Peak amplitudes of P-waves are measured at each station, as the absolute maximum amplitude 118 

values of the P-wave on the vertical component of acceleration, velocity, and displacement records 119 

(Pa, Pv, and Pd, respectively). These values are measured in an expanded time window that grows 120 

by an interval of 0.5 s up to 20 s from the first P-wave arrival time (Zollo et al., 2023).  121 
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The moment magnitude (Mw) is determined from an empirical relationship (Eq. 1) between the 122 

hypocentral source-to-receiver distance (R) and the measured P-wave peak amplitude parameters: 123 

 124 

M𝑤
𝑥 (Px , R) = Ax + Bxlog10Px + Cx log10R (1) 

 125 

where the subindex x=a, v, d refers to acceleration, velocity and displacement, respectively; R is 126 

the hypocentral distance measured in km and Ax, Bx, Cx are region-specific coefficients obtained 127 

through linear regression. At each station, the calculated M𝑤
𝑥

 (Px, R) values are averaged at each 128 

time step. Thus, the earthquake magnitude is the average of the magnitudes calculated at all 129 

stations on expanding time windows. The time at which the calculated Mw reaches its plateau value 130 

is referred to as TSTB. 131 

In this work, the IMR-specific coefficients for Eq. (1) have been calculated. For this purpose, we 132 

have selected 15 earthquakes that occurred in the IMR between 2000 and 2024, with 4.4 ≤ Mw ≤ 133 

6.8 (Table S1; Fig. S1). A total of 1095 velocity records were available from seismic stations at 134 

hypocentral distances ranging from 40 to 700 km (Text S1). Empirical relations (Eq. 1) were then 135 

derived for P-wave time windows of 10 and 20 s and used in QuakeUp. At each time instant, if the 136 

P-wave time window is less than 10 s, the coefficients for the 10 s window are used, while if it is 137 

between 10 and 20 s, the coefficients for the 20 s window are applied. 138 

Figure 3a shows the values of Px (where x = a, v, d) for 20 s P-wave time window of the selected 139 

earthquakes (Text S1). Table 1 presents the IMR-specific coefficients for Eq. (1), together with the 140 

standard deviation of the fits, for 20 s P-wave time windows. The solid line in Figure 3a shows the 141 

regression law, with uncertainty indicated by the dashed line, for a hypocentral distance of 350 142 
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km, half of the maximum observed distance. For comparison, Figure S2a and Table S2 illustrate 143 

the interpolation law and parameters for the of 10 s time window case. 144 

The PGV value is predicted at the recording stations from P-wave amplitudes using an empirical 145 

relation (Eq. 2) based on the measured Px (x = a, v, d) values, as follows: 146 

 147 

log10PGV(Px ) = A′x + B′xlog10Px    (2) 

 148 

where A′x and B′x, are region-specific coefficients obtained through linear regression. At every 149 

station, the PGV(Px) values derived from Eq. (2) are averaged at each time step. Furthermore, the 150 

predicted PGV from the vertical Px amplitude (Eq. 2) at each recording station is continuously 151 

compared to the PGV measured on the horizontal components. At any given time, the maximum 152 

between these two values is used as the peak ground motion estimate (Zollo et al., 2023).  153 

IMR-specific coefficients for Eq. (2) were derived using the geometric mean of horizontal PGV 154 

values from the same database as Eq. (1) (Text S1). The coefficients of Eq. (2) are calculated using 155 

linear regression with the Px values (where x = a, v, d) in 10 and 20 s time windows (Table 2; Table 156 

S3). Figure 3b shows PGV values for selected earthquakes (Text S1) versus Px values in 20 s P-157 

wave windows, with Figure S2b presenting results for 10 s windows. This method also allows the 158 

calculation of PGV at locations for which no observations are available (virtual nodes) and at 159 

recording stations where the P-wave has not been identified. At each time step, the PGV prediction 160 

is generated using the physics-based interpolation algorithm, implemented in USGS ShakeMap 161 

software (Worden et al., 2010). Therefore, QuakeUp combines the available information from 162 
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recording stations (PGV values, onsite approach) with regional GMPE and real-time estimates of 163 

earthquake location and magnitude (network-based approach) (Zollo et al., 2023). 164 

The GMPE proposed by Picozzi et al., (2015) for the IMR is used here, which is inferred from a 165 

waveform database of 119 earthquakes that occurred in the IMR between 2006 and 2011 166 

(Carranza, 2013). The maximum magnitude used in this database is Mw 6.4, corresponding to the 167 

2004 Al-Hoceima earthquake (Fig. 1; Cakir et al., 2004; Stich et al., 2005), while many of the 168 

records (35%) correspond to events with magnitudes smaller than Mw = 4.0 (Carranza, 2013). 169 

Therefore, given the larger number of earthquakes with Mw ≤ 4.0 in this database compared to 170 

those of greater magnitude, a specific GMPE was developed for this study (Text S2). With this 171 

aim, twenty-eight earthquakes that occurred in the IMR between 2000 and 2024, with 4.0 ≤ Mw ≤ 172 

6.8, were selected (Table S4; Fig. S3). The outcome of such an ad hoc refinement is expressed by 173 

the following simplified GMPE (Eq. (3)): 174 

 175 

log10PGV = −2.74 + 0.99 ∙  Mw − 1.78 ∙ log10R (3) 

 176 

where PGV is measured in cm/s and R is the hypocentral distance in km. This result is significant 177 

as it enables PGV prediction based on time and distance from the seismic source. While time is 178 

not explicit in the equation, it is implicit through time-dependent changes in earthquake magnitude 179 

(Eq. 1).  180 

The PGV values were further converted into IMM by using the empirical relationship of Faenza and 181 

Michelini (2010) (MCS scale). As a result, a shakemap in terms of IMM is generated and updated 182 

over time, allowing for the monitoring of the PDZ. The method is time-evolving, as the shape of 183 
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the PDZ is modelled based on new data received from progressively distant stations, and larger P-184 

wave windows are integrated into the EEWS system (Zollo et al., 2023).  185 

For each station, IMM
pred

  is the IMM value calculated from PGV estimated by QuakeUp (Eq. 2 and 186 

3). The observed PGV is the geometric mean of the two maximum horizontal ground motion 187 

velocity values. IMM
obs   is computed from this observed PGV. Lead-time is the time between when 188 

IMM
pred

 exceeds the user-defined intensity threshold (IMM
thres) and when IMM

obs   reaches the same 189 

threshold. The maximum observed intensity of the 2016 Alboran seismic series is VI (EMS-98), 190 

according to the IGN catalogue. Two operational PGV thresholds were used: 0.20 cm/s (IMM
thres = 191 

IV) and 0.60 cm/s (IMM
thres = V) (Faenza and Michelini, 2010).  192 

The accuracy of impact prediction using the EEWS method is assessed by comparing IMM
obs  and 193 

IMM
pred

 in terms of whether they exceed a user-defined threshold, IMM
thres. By applying the decision 194 

matrix of Zollo et al., (2023), the number of Successful Alerts (SA), Successful No-Alerts (SNA), 195 

Missed Alerts (MA), and False Alerts (FA) can be assessed: 196 

 197 

SA:  IMM
pred

 ≥   IMM
thres  &   IMM

obs   ≥   IMM
thres 198 

SNA:  IMM
pred

<   IMM
thres  &   IMM

obs  <   IMM
thres 199 

MA:  IMM
pred

<   IMM
thres  &   IMM

obs  ≥   IMM
thres 200 

FA:  IMM
pred

≥   IMM
thres  &   IMM

obs  <   IMM
thres 201 

 202 
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The Time of the First Alert (TFA) is defined as the time when, for the first time, the value of 203 

IMM
pred

 at one of the recording stations (Fig.1) exceeds the previously established IMM
thres. The Blind 204 

Zone is the region where, due to its proximity to the epicentre, it is not possible to provide a 205 

warning before the arrival of the most destructive waves (Carranza, 2016). This occurs when IMM
thres 206 

is observed at the recording station (IMM
obs  ≥  IMM

thres)  before QuakeUp can predict it (IMM
pred

<207 

 IMM
thres). 208 

 209 

Results 210 

The performance of QuakeUp in IMR has been evaluated in terms of speed of warning and the 211 

goodness of the impact prediction, for the main shock, Mw 6.4, and the foreshock and aftershocks, 212 

Mw 5.0 - 5.2, of the 2016 Alboran Sea seismic series. The hypocentral location, origin time and 213 

Mw calculated by QuakeUp are compared with those of Buforn et al., (2017). Differences in origin 214 

time (ΔOT), epicentre location (ΔR), depth (Δh) and magnitude (ΔMw) between the two studies 215 

are calculated. 216 

Performance of EEWS during the main shock 217 

The main shock (Mw 6.4, black star, Fig. 1) on 25 January 2016 had a hypocenter at (35.63°N, 218 

3.75°W) and a depth of 7 km (Buforn et al., 2017). The origin time (OT) used for this earthquake 219 

is the one proposed earlier by Buforn et al., (2017), which is 04.22:00.40. 220 

Figure 4a-c shows the values of ΔOT, ΔR, and Δh for the main shock, while Figure 4d illustrates 221 

the calculation of Mw made by QuakeUp. The first estimation of all these parameters by QuakeUp 222 

is performed 23.11 s after the OT (TFIRST) using 5 stations.  The final estimate of these parameters 223 

is made 75.5 s after the OT, by using a total of 23 stations. The values of ΔOT (Fig. 4a) and ΔR 224 
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(Fig. 4b) are consistently less than 2 s and 10 km, respectively. Overall, location results are quite 225 

stable in time. Figure 4c shows Δh = 63 km at TFIRST. However, one second later, this value drops 226 

to 20 km. Throughout the rest of the simulation, Δh fluctuates between 20 and 18 km, with 18 km 227 

being the value in the final estimate.    228 

The magnitude is estimated at each station from Eq. (1) at each instant (grey curves, Fig. 4d) and 229 

then averaged over time (blue curve, Fig. 4d), resulting in the calculated Mw value for the 230 

earthquake. At TFIRST, QuakeUp calculates an Mw value of 6.3, which decreases to 6.0 in 1 s, and 231 

then varies between 6.0 and 6.1 for the next 17 s. The magnitude reaches a plateau value of 6.1 at 232 

41.11 s after OT (TSTB). 233 

A similar behaviour of Mw is observed at all stations (grey curves, Fig. 4d). There is an initial 234 

increase in Mw during the first 6-8 s of P-wave recording, until a plateau value is reached. Despite 235 

the similar trend, the magnitude curves at different stations exhibit variability due to factors such 236 

as azimuthal location, site conditions, and propagation effects, not accounted for in the empirical 237 

relationship (Eq. 1) (Rea et al., 2024). The distribution of the magnitude estimates at the stations 238 

at the final estimate is shown in the histogram on the left side of Figure 4d. The mean value of this 239 

distribution is 6.1, with a standard deviation of 0.3.  240 

Figure 5 shows lead-time (vertical black lines) as a function of epicentral distance for IMM
thres = IV 241 

and V. Green circles indicate when IMM
pred

=IV and V are first reached at 11 stations (Fig. 5a) and 5 242 

stations (Fig. 5b), respectively, while red circles show when IMM
obs   reaches the threshold. The TFA 243 

for both thresholds is OT + 23.11 s. QuakeUp predicts that IMM
thres=IV will be exceeded up to 260 244 

km from the epicenter (Fig. 5a), and IMM
thres=V up to 170 km (Fig. 5b). Considering both thresholds, 245 

stations within 80 km are in the blind zone (more details in the Discussion Section). For stations 246 
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outside this zone, lead-time for IMM
thres=IV ranges from 14 to 62 s, generally increasing with 247 

distance, and is 20 s for IMM
thres=V at 3 stations. 248 

In Figure 6, the impact prediction maps for IMM
thres = IV (Faenza and Michelini, 2010) are presented 249 

at three different times: the TFA (OT + 23.11 s, Fig. 6a), the time when QuakeUp last calculates 250 

 IMM
pred

 at the stations (OT + 105.67 s, Fig. 6c), and an intermediate time (OT + 63.56 s, Fig. 6b). 251 

Additional details for IMM
thres = V can be found in Text S4. 252 

In Figure 6a, at TFA, successful alerts (SAs + SNAs: 74%, green triangles) outnumber missed and 253 

false alerts (MAs + FAs: 26%), with MAs and FAs mainly near the Alboran Sea and SE Iberia 254 

(280–390 km from the epicenter). By 63.56 s after OT (Fig. 6b), successful alerts increase to 86%, 255 

with all MAs in SE Iberia and one FA. At 105.67 s after OT (Fig. 6c), successful alerts reach 89%, 256 

with no FAs but persistent MAs in SE Iberia. The 
 
IMM   

pred
values at these stations remain below the 257 

threshold due to their azimuthal location, a topic explored further in the Discussion Section.  258 

At the same time instant, when considering IMM
thres = V (Text S4, Fig. S5) instead of IV, the number 259 

of successful alerts (SAs + SNAs) increases by about 8-15%. In addition, the number of MAs and 260 

FAs decreases by approximately 8-15% (see Fig. S6). 261 

 262 

Performance of the EEWS for the foreshock and aftershock of the 2016 Alboran Sea seismic 263 

series  264 

Figure 7a-d shows the values of ΔOT, ΔR, Δh, and ΔMw for the foreshock and aftershocks (Mw 265 

5.0-5.2, FOR and AS1-5, Fig.1) of the 2016 Alboran seismic series. The differences between IMM
pred

 266 

and IMM
obs at the recording stations (ΔIMM) are also calculated. These differences are measured at 267 
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two-time instants: TFIRST and TSTB (Table S5 and S6). For these earthquakes, TFIRST is observed 268 

between 23.19 s (FOR) and 24.18 s (AS2), and TSTB between 39.38 s (FOR) and 56.07 s (AS5) 269 

after the origin time calculated by Buforn et al., (2017) (Table S5; Text S3).  270 

In Figure 7a, it is observed in TFIRST that -4 s ≤ ΔOT ≤ 0.5 s, while in TSTB, the differences are 271 

reduced to 0 s ≤ ΔOT ≤ 2.5 s. Regarding the location of the hypocenters, in TFIRST, 67% of the 272 

earthquakes have ΔR ≤ 20 km (Fig. 7b) and Δh ≤ 30 km (Fig. 7c). The remaining earthquakes 273 

show ΔR ≥ 30 km (AS2 and AS3) and Δh ≥ 60 km (AS3 and AS4). In TSTB, all earthquakes have 274 

ΔR ≤ 12 km, and all hypocenters are deeper than those calculated by Buforn et al., (2017) [12 km 275 

(AS3) ≤ Δh ≤ 25 km (AS4)]. In TFIRST, QuakeUp calculates a value of Mw higher than that 276 

determined by Buforn et al., (2017) for all earthquakes (0.2 ≤ ΔMw ≤ 1.1, Fig. 7d), while in TSTB, 277 

these differences are reduced to -0.1 ≤ ΔMw ≤ 0.2 (Fig. 7d). 278 

Figure 7e shows that, at TFIRST, ΔIMM = 0 in 41.21% of the stations. A difference of ΔIMM = 1 is 279 

found in 30.65% of the stations, while higher differences (2 ≤ ΔIMM ≤ 4) are observed in the 280 

remaining stations. In TSTB, the percentage of stations with ΔIMM = 0 increases to 60.80%. At this 281 

point, ΔIMM = -1 is observed for 3.02% of stations, and the percentage of stations with 1 ≤ ΔIMM 282 

decreases significantly to 9.04%. 283 

 284 

Discussion 285 

The performance of an EEWS based on the progressive temporal prediction of ground motion 286 

(‘shaking’) has been studied for the Mw  5 earthquakes of the 2016 Alboran seismic series (Fig. 287 

1), using velocity records from broadband stations within the IMR, which cover the areas of 288 

highest seismic risk in the region (IGN, 2013). 289 
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In this work, we tested different P-wave time window lengths. Initially, a maximum 10 s window 290 

was used to include the two peaks observed in the source time function of the main shock (occurred 291 

at 3 s and 10 s; Buforn et al., 2017). However, using a time window of 10 s, magnitude values were 292 

systematically underestimated. To avoid this problem, we tested different time window lengths, 293 

ranging from 10 s to 25s. The best results for magnitude estimation were obtained with a time 294 

window of 20 s. Given that most recording stations are located far from the events' hypocenters 295 

(30 of the 38 stations used are located between 170 and 700 km from the epicenter, Fig. 1), the 296 

chosen time window (20 s) should not include the S-waves. Moreover, for such long distances we 297 

have to consider the effect of anelastic attenuation, which tends to lengthen the P-wave phase in 298 

the signal (Udías and Buforn, 2018). Extending the window to 20 s yielded source parameters 299 

closer to those reported by Buforn et al., (2017), improving magnitude estimates, which are crucial 300 

for precise and rapid impact predictions, enabling effective alerts. 301 

 302 

The system's performance for the main shock has been evaluated based on the quickness of issuing 303 

an alert and the accuracy of impact prediction at recording stations. For the sake of clarity, the most 304 

important results (in bold) are highlighted below, followed by a concise explanation.  305 

 306 

• The extension of the blind zone is 80 km from the epicenter for both thresholds 307 

(𝐈𝐌𝐌
𝐭𝐡𝐫𝐞𝐬=IV and V). This is related to the inhomogeneous station distribution within the 308 

epicentral area used in this study (Fig. 1). Inside the blind zone there are only two stations: 309 

EALB and WMELI (Fig. 1), as well as cities such as Al-Hoceima, Imzouren and Melilla 310 

(Fig. 8). Increasing the number of stations (especially along the Moroccan coast) or 311 
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deploying Ocean-Bottom Seismometers would enable earlier localization of the 312 

earthquake, reducing the blind zone. 313 

• The lead-time for stations outside the blind zone ranges from 14 to 62 s for 𝐈𝐌𝐌
𝐭𝐡𝐫𝐞𝐬=IV 314 

and is 20 s for 𝐈𝐌𝐌
𝐭𝐡𝐫𝐞𝐬=V. The best performance is achieved with IMM

thres=IV, as it allows 315 

predicting ground motion at stations up to 260 km (Fig. 5a). Additionally, the 20 s lead time 316 

for IMM
thres=V at stations up to 170 km (Fig. 5b) is equal to or shorter than that obtained with 317 

IMM
thres=IV (Fig. 5a). Therefore, the lower threshold ensures earlier alerts and maximizes 318 

response time. 319 

• The choice of the intensity threshold affects the speed at which alerts are issued. 320 

o For  𝐈𝐌𝐌
𝐭𝐡𝐫𝐞𝐬=IV (Fig. 5a), at TFA, stations already reached by the P-wave (epicentral 321 

distance < 150 km) do not require a long P-wave window to accurately predict the shaking 322 

level ( IMM
pred

  ≥ IV). Even at the recording stations not yet reached by the P-wave (GMPE-323 

predicted PGVs), a reliable alert can still be issued, resulting in lead-times ranging from 324 

14 to 62 s.  325 

▪ The GMPE-predicted PGVs are based on the Mw value in TFA (6.3, Fig. 4d). For 326 

instance, if QuakeUp had calculated Mw=6.1 during offline testing (plateau value, Fig. 327 

4d; Text S5), GMPE-predicted PGVs would not estimate the shaking level at stations 328 

beyond 200 km, relying on onsite prediction and reducing lead time (Fig. S7a). If the 329 

computed Mw value had been 5.8 (6.1 – 0.3, Fig. 4d), GMPE-based-IMM
pred

 would never 330 

exceed the threshold, making lead time fully dependent on onsite prediction (Fig. S7b). 331 

Conversely, if the estimated Mw had been 6.4 (6.1 + 0.3) would yield the same behavior 332 

as Mw=6.3 (Fig. S7c; Fig. 5a). 333 
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o For 𝐈𝐌𝐌
𝐭𝐡𝐫𝐞𝐬=V (Fig. 5b), QuakeUp relies on the P-wave reaching the station (Eq. 2) to 334 

predict that IMM
pred

 will exceed the threshold, resulting in shorter lead times (20 s).  335 

• The quality of EEWS’s strong shaking predictions is affected by the choice of 𝐈𝐌𝐌
𝐭𝐡𝐫𝐞𝐬. 336 

For a specific time, using IMM
thres=V (Fig. S5) instead of IV (Fig. 6) maximizes the ratio of 337 

successful alerts to missed and false alerts (Fig. S6). QuakeUp improves prediction quality 338 

over time, as wider P-wave time windows are recorded at an increasing number of stations. 339 

o Modifying Mw in the TFA would alter the corresponding impact prediction map (Text S5, 340 

Fig. S8). If the Mw value had been lower (6.1 or 5.8), the number of MAs would have 341 

increased, especially as Mw decreased. This occurs because at stations beyond 150 km 342 

(not yet reached by the P-wave), IMM
pred

 from GMPE-predicted PGVs (Eq. 3) would not 343 

exceed the threshold. Conversely, a higher Mw (6.4) would reduce the number of MAs. 344 

The temporal evolution of the impact maps with different Mw values during offline testing 345 

converges to the map in Figure 6c, as IMM
pred

 eventually exceeds the threshold at the same 346 

stations, either earlier or later (Fig. S7), ensuring the same number of correct alerts.  347 

• At stations located on a nodal plane, the MAs persist over time. The MS rupture plane 348 

has a strike of 30º, a dip of 87º and a slip of 26º (Fig. 1). Stations located at the nodal plane 349 

have small P-wave amplitude (P-wave radiation pattern ranging from 0.08 to 0.25) while 350 

the high-frequency, large amplitude directivity effect carried by S-waves is significant. So, 351 

it is not possible to accurately predict the observed shaking level (Eq. 2). This limitation 352 

could be overcome by estimating the focal mechanism or fault orientation in real-time with 353 

early P and S-wave signals (Böse et al., 2012; Wang et al., 2024).  354 

 355 
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We have estimated the differences between IMM
pred

 and IMM
obs  at the stations (Fig. 7d). We define an 356 

acceptable margin of error as |ΔIMM| ≤ 1. From the obtained results for foreshock (FOR) and 357 

aftershock (AS1-5, Fig. 1), we observed the following: 358 

 359 

• QuakeUp correctly predicts the observed shaking levels for moderate-magnitude 360 

earthquakes (5.0 ≤ Mw ≤ 5.2). In TFIRST, 71.86% of the stations fall within this margin, 361 

rising to 90.96% in TSTB. In both instants, |ΔIMM| > 1 occurs at stations not yet reached by 362 

the P-wave, where IMM
pred

 overestimates IMM
obs  due to an overvaluation of the magnitude (Fig. 363 

7d). 364 

 365 

It is important to remark that QuakeUp is an impact-based EEWS method, and its primary goal is 366 

not the optimal determination of source parameters but rather the accurate and rapid prediction of 367 

shaking level. However, these parameters are essential for precise impact predictions at non-368 

instrumented sites (Eq. 3). Thus, accurate determination is advisable.  369 

 370 

• QuakeUp provides highly accurate estimates of earthquake source parameters. At 371 

TSTB, for all analyzed earthquakes, QuakeUp achieves ΔOT ≤ 2 s, ΔR ≤ 20 km and |ΔMw| 372 

≤ 0.3 (Fig. 4 and 7) according to the error criteria proposed by Carranza (2016) for the 373 

IMR. Values of 12 km ≤ Δh ≤ 25 km (Fig. 4c and 7c) could be reduced with enhanced 374 

azimuthal coverage from additional stations in North Africa (Carranza, 2016).  375 

• No influence of focal mechanism on source parameter estimation. The 2016 Alboran 376 

seismic series present different types of focal mechanisms. The FOR, MS, and AS1-2 377 
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events have strike-slip mechanisms, and AS3-5 show pure thrusting faulting mechanisms 378 

(Fig. 1). The change in focal mechanisms does not affect the values of ΔOT, ΔR, Δh and 379 

ΔMw. 380 

 381 

Figures 8a-c show the snapshots of the shakemap for the main shock (see Video S1) at different 382 

times after OT, reported in each panel. If we consider IMM
thres=V, (green areas in Fig. 8a-c), associated 383 

with the potential impact levels of "moderate" and "very light" damage (Faenza and Michelini, 384 

2010), the PDZ refers to areas (bounded by black isolines in Fig. 8a-c) where IMM
pred

 exceeds this 385 

threshold.  386 

 387 

• The PDZ expands over time, changing as new P-wave data propagates across the 388 

array. The PDZ is initially shown only in North Africa, while at later times, it extends to 389 

SE Iberia (Fig. 8a-c). In North Africa, the PDZ remains nearly circular as it expands up to 390 

100 km from the epicenter, due to limited station coverage (Fig. 1) it is controlled by the 391 

GMPE-predicted PGV. 392 

• A precautionary first alert could be issued for the areas surrounding the Alboran Sea 393 

at TFA. This includes the municipalities of Al-Hoceima and Imzouren, for which QuakeUp 394 

subsequently calculates IMM
pred

 = VI (1 and 2 in Fig. 8b-c).  As QuakeUp refines the IMM
pred

 395 

calculations, the alert could be extended to municipalities further away from the seismic 396 

source, up to 170 km, where the IMM
thres would eventually be exceeded (Fig. 5b). 397 

 398 
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Figure 8d represents the observed intensity map (EMS-98) of the main shock taken from the IGN 399 

Seismic Catalog (see Data and resources), covering both sides of the Alboran Sea, including Ceuta 400 

and Melilla cities. As the shakemaps (Fig. 8a-c) use MCS scale, we carry out a a qualitative 401 

comparison between the final shakemap (OT + 96.52 s; Fig. 8c) and the observed intensity map 402 

(Fig. 8d). This comparison shows a satisfying match. For instance, for the municipalities of Adra 403 

(Almería) and Salobreña (Granada) (4 and 5 in Fig. 8), QuakeUp estimates IMM
pred

=V (MCS scale, 404 

Fig. 8c), comparable to the observed intensity IV (Fig. 8d), associated with a moderate vibration 405 

level (EMS-98). For Melilla (3 in Fig. 8), the IGN assigns intensity VI, indicating a "moderate" 406 

impact level with "light" potential damage (EMS-98, Fig. 8d), comparable to IMM
pred

=V-VI (Fig. 8c). 407 

This comparison has not been possible for northern Morocco due to the unavailability of intensity 408 

values. 409 

 410 

Conclusions 411 

In this study, we implemented and tested a new P-wave shaking-forecast-based EEWS called 412 

QuakeUp at the IMR. This approach uses PGV predictions from observed P-wave amplitudes, 413 

combined with region-specific GMPE, for real-time mapping of the PDZ. Key findings include: 414 

 415 

• Established relationships for the IMR between PGV and P-wave peak amplitudes 416 

(acceleration, velocity, displacement), as well as between magnitude and P-wave 417 

amplitudes. A GMPE for Mw ≥ 4 earthquakes in the IMR was developed. 418 
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• These relationships were validated using data from the 2016 Alboran Sea seismic series 419 

(Mw 5.0–6.4). Comparisons with Buforn et al., (2017) showed discrepancies of less than 2 420 

s in origin time, less than 12 km in epicenter location, and less than 0.3 in Mw estimation. 421 

• Retrospective analysis of the method's performance for the Mw 6.4 main shock revealed 422 

lead-times of 14 to 62 s at IMM
thres = IV (PGV = 0.20 cm/s), increasing with epicentral 423 

distance (up to 260 km). At IMM
thres = V (PGV = 0.60 cm/s), the lead-time was 20 s for 424 

distances up to 170 km. 425 

• The accuracy of impact predictions improved over time; for IMM
thres = IV, successful alerts 426 

increased from 72% at the first alert to 90% at QuakeUp's final prediction. 427 

 428 

While our results are somewhat limited to moderate-magnitude earthquakes (Mw ≤ 6.4), QuakeUp 429 

has shown effectiveness for offshore events in areas with low instrumentation density. 430 

 431 

List of Acronyms: 432 

AS: Aftershock 433 

EEWS: Earthquake Early Warning System 434 

FA: False Alert 435 

FOR: Foreshock 436 

GMPE: Ground Motion Prediction Equation 437 

IGN: Instituto Geográfico Nacional 438 
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IMM: Instrumental Intensity 439 

IMR: Ibero-Maghrebian Region 440 

IPMA: Instituto Português do Mar e da Atmosfera 441 

MA: Missed Alert 442 

MS: Main Shock 443 

OT: Origin Time 444 

PDZ: Potential Damage Zone 445 

PGV: Peak Ground Velocity 446 

SA: Successful Alerts 447 

SNA: Successful No-Alerts 448 

TFA: Time of the First Alert 449 

UCM: Universidad Complutense de Madrid 450 

WM: Western Mediterranean 451 

 452 

Data and resources 453 

The waveform data used for the playback analysis in the study came are from stations belonging 454 

to IGN (https://doi.org/10.7914/SN/ES), WM (https://doi.org/10.14470/JZ581150), and IPMA 455 

(https://doi.org/10.7914/SN/PM) seismic networks. All the waveforms used for the calibration of 456 

the empirical laws and the GMPE came from the same seismic networks. These records were 457 

processed (mean value corrected, linear trend removed, P-wave identified, and divided by 458 

https://doi.org/10.7914/SN/PM
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sensitivity) using Seismic Analysis Code, SAC (Version 101.6a, academic licence, available at 459 

http://ds.iris.edu/ds/nodes/dmc/software/downloads/sac/, last accessed, June 2024). The 460 

hypocentral locations and Mw of selected earthquakes (Table S1, S4 and S5) came from published 461 

sources listed in the references and the IGN Seismic Catalog (https://doi.org/10.7419/162.03.2022; 462 

last accessed, September 2024).  463 

The used EEWS software (QuakeUp) can be found at https://doi.org/10.5281/zenodo.11103858 464 

(last accessed, June 2024). The grids to perform the location were calculated using the software 465 

NLLoc by A. Lomax, available at https://github.com/alomax/NonLinLoc (last accessed, June 466 

2024), with a velocity model specific for the studied area (Carreño et al., 2003). 467 

The supplemental material also includes details on databases, empirical laws for magnitude and 468 

PGV prediction, GMPE for the IMR, differences in source parameters, and impact prediction maps 469 

for the mainshock. 470 

The MATLAB code (24.1.0.2578822 (R2024a) Update 2, academic licence) has been used for the 471 

calibration of the empirical laws and the GMPE. The same software was used to produce Figs. 3, 472 

4,5,7, S2, S4 S6 and S7. Figures 1, 6, 8, S1, S3, S5 and S8 were made using Generic Mapping 473 

Tools Version 6.5.0 (https://docs.generic-mapping-tools.org/6.5/devdocs/team.html, last accessed, 474 

September 2024) 475 
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Table 1.- Coefficients for Eq. (1) obtained for the three parameters Pa, Pv y Pd using a 20 s P-wave 631 

time window. The last column shows the standard deviation (σ) of the adjustments. The 632 

subscript x indicates either a, d, or v.  633 

 Ax Bx Cx σx 

Pa (cm/s2) 2.3 ± 0.5 0.73 ± 0.06 1.6 ± 0.2 0.52 

Pv (cm/s) 2.7 ± 0.3 0.88 ± 0.04 1.9 ± 0.1 0.41 

Pd (cm) 3.4 ± 0.4 0.81 ± 0.04 1.9 ± 0.2 0.46 

 634 

Table 2.- Coefficients for Eq. (2) obtained for the three parameters Pa, Pv y Pd using a 20 s P-wave 635 

time window. The last column shows the standard deviation (σ) of the adjustments. The 636 

subscript x indicates either a, d, or v.  637 

 A'x B'x σ'x 

Pa (cm/s2) -0.60 ± 0.07 0.90 ± 0.05 0.53 

Pv (cm/s) 0.64 ± 0.09 0.98 ± 0.04 0.41 

Pd (cm) 1.5 ± 0.1 0.93 ± 0.04 0.44 

  638 
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Figure 1: Epicenters of the 2016 Alboran seismic series: main shock (MS, black star), foreshock 639 

(FOR) and aftershocks (AS) with Mw ≥ 5 (gray circles) together with their focal mechanism 640 

(Buforn et al., 2017). Triangles are the seismic stations used (blue WM, red IGN and green IPMA). 641 

1: 1755 Lisbon earthquake, 2: 1829 Torrevieja earthquake, 3: 1884 Arenas del Rey earthquake, 4: 642 

2004 Al Hoceima, Mw 6.4, 5: 2011 Lorca, Mw 5.1. SVC: Cape St. Vincent. 643 

Figure 2: Block diagram of the method. The left panel shows on-site processing, including PGV 644 

prediction, while the center panel illustrates focal parameter estimations and network-based PGV 645 

predictions. These are combined for a refined, real-time shakemap construction, shown in the right 646 

panel, along with the dissemination of alerts to target sites. This figure has been modified from 647 

Zollo et al., (2023) for its specific application in the IMR. 648 

Figure 3: a) Mw versus Px (x = a, v, d) for a 20 s P-wave time windows of the selected events 649 

(Table S1). The hypocentral distance is marked by the vertical colorbar. A hypocentral distance of 650 

350 km has been fixed to show the interpolated law (solid line) and its uncertainty (dashed line).  651 

b) PGV versus Px (x = a, v, d) for a 20 s P-wave time windows. The interpolation law (solid line) 652 

and its uncertainty (dashed line) are also shown, along with the vertical Mw colorbar. 653 

Figure 4: Time differences between the focal parameters in this study and those of Buforn et al., 654 

(2017) for the main shock: a) origin time (ΔOT), b) epicenter location (ΔR) and c) depth (Δh). d) 655 

Time evolution of the earthquake Mw (blue curve) and of the magnitude calculated at each 656 

recording station (gray curves). At the bottom-left, the histogram shows the estimated Mw recorded 657 

at the stations at the end of the simulation. 658 

Figure 5: Lead-time at each station versus the epicentral distance. a) Time after OT in which 659 

the IMM
pred

 exceeds the threshold IMM
thres=IV (Faenza & Michelini, 2010) (green circles). Time after 660 
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OT in which IMM
obs  exceeded the same threshold (red circles). The segment lengths connecting the 661 

points represent the lead-time. b) Same as a) but using the threshold IMM
thres=V (Faenza & Michelini, 662 

2010).  663 

Figure 6: Impact prediction.  Performance of the system at recording stations in terms of SA 664 

(light green), SNA (dark green), MA (red) and FA (yellow). Each panel reports three different 665 

times after OT, arranged in a clockwise direction. The threshold IMM
thres

 =IV (Faenza & Michelini, 666 

2010) was considered. The yellow and red circles represent the P-wave and the S-wave fronts, 667 

respectively, while the epicenter is shown (black star). The Alboran Sea (A.S.) and Gulf of Cadiz 668 

(G.C.) regions are highlighted. 669 

Figure 7: Histograms of the differences ∆OT (a), ∆R (b), ∆h (c), ∆Mw (d) and ∆IMM (e) at two 670 

different times after OT: TFIRST (right column) and TSTB (left column). 671 

Figure 8: a-c) P-wave based early shake maps at different times after OT (reported in each panel) 672 

based on the law of Faenza & Michelini (2010). The stations are represented by gray triangles, and 673 

the black star indicates the epicenter of the main shock. The contour line of the PDZ considering 674 

IMM
thres=V (Faenza & Michelini, 2010), is shown (black line). d) Intensity map (EMS-98) for the 675 

main shock. The felt reports of the IGN are used. 1: Al Hoceima 2: Imzouren 3: Melilla 4: Adra 5: 676 

Salobreña.   677 
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 678 

Figure 1: Epicenters of the 2016 Alboran seismic series: main shock (MS, black star), foreshock 679 

(FOR) and aftershocks (AS) with Mw ≥ 5 (gray circles) together with their focal mechanism 680 

(Buforn et al., 2017). Triangles are the seismic stations used (blue WM, red IGN and green IPMA). 681 

1: 1755 Lisbon earthquake, 2: 1829 Torrevieja earthquake, 3: 1884 Arenas del Rey earthquake, 4: 682 

2004 Al Hoceima, Mw 6.4, 5: 2011 Lorca, Mw 5.1. SVC: Cape St. Vincent. 683 
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 684 

Figure 2: Block diagram of the method. The left panel shows on-site processing, including PGV 685 

prediction, while the center panel illustrates focal parameter estimations and network-based PGV 686 

predictions. These are combined for a refined, real-time shakemap construction, shown in the right 687 

panel, along with the dissemination of alerts to target sites. This figure has been modified from 688 

Zollo et al., (2023) for its specific application in the IMR. 689 
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 690 

Figure 3: a) Mw versus Px (x = a, v, d) for a 20 s P-wave time windows of the selected events 691 

(Table S1). The hypocentral distance is marked by the vertical colorbar. A hypocentral distance of 692 

350 km has been fixed to show the interpolated law (solid line) and its uncertainty (dashed line).  693 

b) PGV versus Px (x = a, v, d) for a 20 s P-wave time windows. The interpolation law (solid line) 694 

and its uncertainty (dashed line) are also shown, along with the vertical Mw colorbar. 695 
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 696 

Figure 4: Time differences between the focal parameters in this study and those of Buforn et al., 697 

(2017) for the main shock: a) origin time (ΔOT), b) epicenter location (ΔR) and c) depth (Δh). d) 698 

Time evolution of the earthquake Mw (blue curve) and of the magnitude calculated at each 699 

recording station (gray curves). At the bottom-left, the histogram shows the estimated Mw recorded 700 

at the stations at the end of the simulation. 701 
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 702 

Figure 5: Lead-time at each station versus the epicentral distance. a) Time after OT in which 703 

the IMM
pred

 exceeds the threshold IMM
thres=IV (Faenza & Michelini, 2010) (green circles). Time after 704 

OT in which IMM
obs  exceeded the same threshold (red circles). The segment lengths connecting the 705 

points represent the lead-time. b) Same as a) but using the threshold IMM
thres=V (Faenza & Michelini, 706 

2010). 707 

 708 

 709 

 710 
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 711 

Figure 6: Impact prediction.  Performance of QuakeUp at recording stations in terms of SA (light 712 

green), SNA (dark green), MA (red) and FA (yellow). Each panel reports three different times after 713 

OT, arranged in a clockwise direction. The threshold IMM
thres

 =IV (Faenza & Michelini, 2010) was 714 

considered. The yellow and red circles represent the P-wave and the S-wave fronts, respectively, 715 

while the epicenter is shown (black star). The Alboran Sea (A.S.) and Gulf of Cadiz (G.C.) regions 716 

are highlighted. 717 
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 718 

Figure 7: Histograms of the differences ∆OT (a), ∆R (b), ∆h (c), ∆Mw (d) and ∆IMM (e) at two 719 

different times after OT: TFIRST (right column) and TSTB (left column). 720 
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 721 

Figure 8: a-c) P-wave based early shake maps at different times after OT (reported in each panel) 722 

based on the law of Faenza & Michelini (2010). The stations are represented by gray triangles, and 723 

the black star indicates the epicenter of the main shock. The contour line of the PDZ considering 724 

IMM
thres=V (Faenza & Michelini, 2010), is shown (black line). d) Intensity map (EMS-98) for the 725 

main shock. The felt reports of the IGN are used. 1: Al-Hoceima 2: Imzouren 3: Melilla 4: Adra 5: 726 

Salobreña. 727 


