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Abstract15

We explore the feasibility of implementing earthquake early warning (EEW) across Eu-16

rope, where there is a clear need to take effective measures for mitigating seismic risk.17

EEW systems consist of seismic networks and mathematical models/algorithms capa-18

ble of real-time data telemetry that alert stakeholders (e.g., civil protection authorities19

and/or the public), to the nucleation of an earthquake seconds/minutes before strong20

shaking occurs at target sites. During this time, actions can be taken to significantly de-21

crease detrimental impacts. We investigate distributions of EEW warning times avail-22

able across various parts of the Euro-Mediterranean region, based on seismicity mod-23

els and seismic network density. We then determine the risk-reduction potential of these24

times, by defining their spatial relationship with exposure, event-dependent vulnerabil-25

ity, and an alert accuracy proxy, using well-established risk-prediction tools from earth-26

quake engineering. The results are quantitative EEW feasibility maps, which can be used27

to understand how/if effective European EEW systems can be achieved.28

Plain Language Summary29

This study examines the potential for using earthquake early warning (EEW) as30

an effective measure for reducing risks from European earthquakes. EEW systems con-31

sist of physical infrastructure and software that can alert stakeholders (e.g., the public32

and/or civil protection officials) about an incoming earthquake seconds to minutes be-33

fore they experience the resulting strong shaking. During this time, actions can be taken34

to significantly decrease the detrimental impacts of the impending shaking. For exam-35

ple, trains can be stopped to avoid derailment, gas supplies can be shut off to prevent36

fires, and people can take cover to minimise their injury risk. We first investigate the range37

of EEW warning times available across the parts of the continent that are likely to ex-38

perience the largest earthquakes. We then determine the potential of these times to re-39

duce risk, by understanding their spatial relationship with people’s locations, places that40

will experience the strongest shaking, and the chances of an alert being correctly received.41

The results of this study are quantitative maps of EEW feasibility in Europe, which can42

be used to understand where EEW systems would be effective in the continent and there-43

fore to strategically plan the installation of any future European EEW systems.44

1 Introduction45

Earthquake early warning (EEW) systems are a relatively recent innovation in earthquake-46

induced disaster risk reduction and resilience promotion (Allen & Melgar, 2019). They47

consist of seismic sensor networks and mathematical models/algorithms that are designed48

to process and disseminate real-time information about ongoing earthquakes. The re-49

sulting alert messages enable various stakeholders (e.g., individuals, communities, gov-50

ernments, businesses) located at distance to take timely measures for reducing the like-51

lihood of damage or loss before strong shaking reaches them (UNISDR, 2009). Exam-52

ples of important risk-mitigation actions that can be taken in the short warning time pro-53

vided by EEW systems (typically seconds to minutes) include: (1) Performing “drop,54

cover and hold on” (DCHO) (Porter, 2016) or moving to a safer location (either within55

a building or outside), to avoid injuries; (2) slowing down high-speed trains, to reduce56

accidents (Fabozzi et al., 2018); (3) shutting off gas pipelines, to prevent fires (Gasparini57

et al., 2011); and (4) switching signals to stop vehicles from entering vulnerable infras-58

tructure components (such as bridges), to avoid fatalities (Le Guenan et al., 2016). This59

list accounts for merely a small number of the vast array of critical applications that can60

benefit from EEW (Velazquez et al., 2020).61

The process of EEW typically involves up to five main steps: (1) Detecting an earth-62

quake, (2) estimating its location; (3) estimating its magnitude; (4) estimating the ground-63

motion at target sites; and (5) using all of the information collected to decide whether64
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(or not) to trigger an alarm. EEW systems may be broadly categorised as “regional”,65

“on-site” (or “hybrid”), depending on their approach to the first three steps mentioned66

above. This study exclusively focuses on regional systems, which consist of seismic sta-67

tion networks installed within the expected epicentral/high seismicity area that record68

the necessary information for estimating the parameters of Steps 1, 2 and 3. The source69

parameter estimates of Steps 2 and 3 are then used to predict ground shaking (Step 4)70

at target sites located further away from the fault rupture (Satriano, Wu, et al., 2011).71

Regional EEW systems are presently operating in nine countries (including USA,72

Mexico, and Japan), and have been tested for application in a further 13 (Cremen & Galasso,73

2020). This paper investigates the feasibility of their application in the Euro-Mediterranean74

area, where there is a strong need to develop effective measures for mitigating seismic75

risk (Crowley et al., 2018); this is underlined by the fact that the average annual Euro-76

pean GDP affected by earthquakes exceeds $20 billion (World Bank, 2017). In addition,77

the only European countries with current operational EEW systems are Romania (Mârmureanu78

et al., 2011) and Turkey (Alcik et al., 2009). In particular, we focus on EEW warning79

time (i.e., the time between the delivery of an EEW alert and the arrival of strong shak-80

ing at target sites). We compute probabilistic distributions of warning times available81

for various seismicity scenarios in high-hazard areas across the continent, using a sophis-82

ticated travel-time algorithm incorporating wave propagation physics. We also explic-83

itly quantify the risk-mitigation potential of these times for specific magnitude events,84

by establishing their spatial relationship with values of proxy measures for seismic vul-85

nerability, exposure, and alert accuracy.86

A number of studies have previously explored the feasibility/potential of EEW in87

different parts of the world, including France (Auclair et al., 2015), Italy (Picozzi, Zollo,88

et al., 2015; Picozzi, Emolo, et al., 2015; Emolo et al., 2016), Spain (Pazos et al., 2015),89

Portugal (Oliveira et al., 2015) Turkey (Oth et al., 2010), Japan (Meier et al., 2020), Cal-90

ifornia (Minson et al., 2018, 2019), Hawaii (Thelen et al., 2016), the New Madrid Seis-91

mic Zone (Ogweno et al., 2019), and Kyrgyzstan (Picozzi et al., 2013). This work sig-92

nificantly advances the state-of-the-art established by the aforementioned studies for a93

number of reasons. It examines EEW feasibility on a much larger (i.e., continental level)94

scale by combining EEW methods, models, and tools in a harmonised framework across95

Europe. Furthermore, we introduce a novel feasibility metric that enables identification96

of priority regions for further, more refined EEW feasibility analyses and/or actual in-97

vestment in EEW systems for targeted end users. This study therefore offers a unique98

trans-national perspective on the potential of EEW that is highly relevant for intergov-99

ernmental stakeholders, such as the International Search and Rescue Advisory Group100

(INSARAG) of the United Nations (United Nations Office for the Coordination of Hu-101

manitarian Affairs, 2015). It also provides valuable new insights on the possible bene-102

fits/limitations of EEW for regions (e.g., Iceland and Georgia) that have not recently103

experienced large earthquakes, but are likely to do so in the future.104

2 Methods and Results105

2.1 Lead-time mapping for high hazard areas106

We focus on crustal point sources associated with large seismic hazard of engineer-107

ing significance, which we define as those for which the event with a recurrence inter-108

val of 500 years is at least Mw 6.5. We use the area source model of the 2013 European109

Seismic Hazard Model, which accounts for crustal seismicity with depth ≤ 40 km (Giardini110

et al., 2014; Woessner et al., 2015). To define seismic sources, we discretise the model111

into 0.1◦×0.1◦ cells. We specifically make use of the depth, maximum magnitude, style-112

of-faulting, and Gutenberg-Richter a,b parameters from the model. Each source is as-113

sumed to be characterised by all parameter values associated with the corresponding area114

source zone. We use the values associated with the highest weight in the logic tree, where115
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applicable, and average depth values for stable continental regions. The moment mag-116

nitude of the event with a recurrence interval of 500 years for a given source (m) sat-117

isfies the following equation:118

λm − λmmax
= 0.002 (1)

where λm is the annual rate of earthquakes with magnitude greater than m, according119

to the Gutenberg-Richter magnitude-frequency relationship (de Santis et al., 2011), and120

mmax is the modal maximum magnitude for the given source. We focus on the 37,869121

sources for which m >= 6.5. The catalog generated to quantify alert accuracy consists122

of 1,000 eathquakes per source that are Gutenberg-Richter distributed and have uniform123

annual rates of occurrence (from equation 1) between 0 and 1. Predictions of PGA and124

and peak ground velocity (PGV) associated with all events are computed/sampled us-125

ing the epicentral distance version of the Akkar et al. ground motion model (Akkar et126

al., 2014). The site amplification input to this model is the shear wave velocity in the127

uppermost 30 m, which is estimated at each target site from a topographic slope map128

(Wald & Allen, 2007).129

For each of these area sources, we calculate potential lead times (i.e., warning times130

that would be provided by EEW before shaking occurs) at target sites where the pre-131

dicted median peak ground acceleration (PGA) associated with 500-year recurrence-interval132

events exceeds 0.05 g, which is a commonly used threshold value for strong earthquake133

shaking in several engineering applications, including seismic design aimed at life-safety134

performance (Bolt, 1973; Vanmarcke And & Lai, 1980; Elghazouli, 2016). Seismic sta-135

tion locations are obtained using the IRIS Google map (GMAP) station mapping ser-136

vice (http://ds.iris.edu/gmap/ ). We consider all stations (both temporary and perma-137

nent arrays) between −26◦ and 45◦ longitude, and 34◦ and 72◦ latitude that were in op-138

eration until at least the start of 2020. Target sites are equivalent to all land-based seis-139

mic sources (i.e. those without a water layer at or above zero-elevation in the correspond-140

ing 1-D velocity profile), located within the same coordinate boundaries as the seismic141

stations. The lead-time (in seconds) for target site j due to an event at a given seismic142

source a is calculated as follows:143

LTj = TT s
a,j − TT p

a,st3 − 4 (2)

where TT s
a,j is the S-wave arrival time at j, and TT p

a,st3 is the P-wave arrival time at the144

third closest station to the source. We account for the triggering of three stations, as it145

is the minimum required for many popular regional EEW algorithms to report reliable146

source parameter estimates (Allen et al., 2009; Satriano, Elia, et al., 2011; Cua et al.,147

2009). A four-second interval is assumed to capture both data telemetry delays and the148

P-wave window required by an EEW algorithm to compute location/magnitude estimates,149

in line with previous studies (Picozzi, Zollo, et al., 2015). We use the travel time algo-150

rithm of the open-source NonLinLoc software package (http://alomax.free.fr/nlloc/ ) (Lomax151

et al., 2000). This method calculates first arrival travel times for the nodes of a spatial152

grid using the Eikonal finite-difference scheme of Podvin and Lecomte (Podvin & Lecomte,153

1991), which is an approximation of Huygen’s principle (Wagner et al., 2013). We use154

a grid spacing of 10 km in all directions, and incorporate a normally distributed zero-155

mean timing error with 0.2 variance. Both source-to-site and source-to-station travel times156

are calculated using 1-D velocity profiles from the CRUST 1.0 velocity model (Laske et157

al., 2013), at the location of the target site. Travel times are computed to zero-elevation158

at the target site.159

Figure 1 displays histograms of lead times computed at selected target sites in three160

major capital cities covered by the study area, i.e., Rome, Istanbul, and Athens, due to161

the area sources that comply with the previously outlined criteria. It can be seen that162

the majority of lead times are positive for all three sites. The median lead times for the163

sites are 4.0 seconds (Rome), 6.5 seconds (Istanbul), and 5.8 seconds (Athens), while the164

standard deviations of the times (in the same order) are 3.6, 5.7, and 5.0; these uncer-165
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tainties are significant, reflecting the large variation in source-to-site distances for a given166

site.

(a)

(b) (c)

1/1

Figure 1. Distributions of lead times for target sites in three major European capital cities.

(a) Site in Rome, (b) site in Istanbul, and (c) site in Athens. Note that the red dashed lines indi-

cate the corresponding median lead times and the black solid lines denote the positive lead-time

threshold.

167

Figure 2 contains maps displaying the following three summary statistics for all af-168

fected target sites across the continent: (1) minimum lead time (i.e., “worst case scenario”);169

(2) median lead time; and (3) maximum lead time (i.e., “best case scenario”). Also pro-170

vided is a summary of potential risk-reducing actions that can be carried out for the var-171

ious ranges of lead time investigated. Note that negative lead times correspond to blind172

zones, where no warning is received before strong shaking occurs. Of all target sites ex-173

amined, 7% have positive minimum lead times (<1% greater than 10 seconds, 2% be-174

tween 5 and 10 seconds, and 5% less than 5 seconds); 46% have positive median lead times175

(2% greater than 10 seconds, 9% between 5 and 10 seconds, and 35% less than 5 seconds);176

and 91% have positive maximum lead times (44% greater than 10 seconds, 30% between177
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5 and 10 seconds, and 17% less than 5 seconds). The maximum lead time achieved across178

all target sites examined is 34.0 seconds (near Bafra, northern Turkey). Countries con-179

taining target sites with the longest overall lead times are Iceland, Greece and Turkey,180

which are characterised by some of the strongest seismicity in Europe. On the other hand,181

countries containing target sites with the shortest overall lead times are Iraq, Georgia,182

and Russia.183

We verify the adequacy of the resolution chosen for the lead-time map, by bench-184

marking the resulting times for Italy with those obtained using area source zones dis-185

cretised into 0.05◦×0.05◦ cells, which is equivalent to the resolution used in the coun-186

try’s official seismic hazard map (Stucchi et al., 2004). There are no notable differences187

in the lead times obtained at both resolutions. Therefore, the grid spacing of the European-188

wide map is deemed adequate.189
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Figure 2. Lead-time mapping across all examined target sites. (a) Minimum lead times (b)

median lead times, and (c) maximum lead times. (d) Details the possible risk-mitigation ac-

tions that can be taken by various stakeholders for different lengths of EEW lead time, adapted

from previous work (Iervolino, 2011; James D. Goltz, 2002; Porter, 2016; Iervolino, Galasso, &

Manfredi, 2007; Oliveira et al., 2015).

2.2 Risk Quantification190

We examine the risk-mitigation potential of the calculated lead times, by defining191

their spatial relationship with ambient (average day/night) population distributions and192
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the average seismic intensity across all events with a recurrence interval of 500 years that193

produce a PGA greater than or equal to 0.05 g at the affected site. Seismic intensities194

are calculated from the bilinear equations for EMS-98 macroseismic intensity developed195

by Masi et al. (Masi et al., 2020), using the PGV predictions discussed in Section 2.1.196

Population data are obtained from the 2018 LandScan database (Rose et al., 2019), which197

contains global ambient population distributions at a 30′′×30′′ spatial resolution. Each198

target site is assigned the aggregated population across all LandScan grid points clos-199

est to it.200

Population is an important consideration in seismic risk assessment (Tenerelli et201

al., 2015) that often acts as a proxy for the exposure (i.e., the value at risk) of the built202

environment/assets in earthquake engineering and risk modelling applications (Ceferino203

et al., 2018). Seismic intensity, which describes the effect of earthquake ground shaking204

on the built environment and communities, is a well-established proxy for both damage205

(Wald et al., 1999) and vulnerability (Grunthal & European Seismological Commission.206

Working Group ”Macroseismic Scales.”, 1998). We use the EMS-98 seismic intensity scale207

(Grunthal & European Seismological Commission. Working Group ”Macroseismic Scales.”,208

1998), which is specifically designed for European countries.209

98% of the total ambient population surrounding the examined target sites are af-210

fected by average EMS-98 values between V (“Strong” e.g., top-heavy objects topple over)211

and VII (“Damaging” e.g., many objects fall from shelves and there is some wall dam-212

age). Figure 3 indicates that approximately 38% of the ambient population are affected213

by EMS-98 values between V and VI (“Slightly damaging” e.g., objects fall from walls214

and there is some damage to plaster), while approximately 60% are affected by values215

between VI and VII. 38% of the ambient population affected by average intensities be-216

tween V and VI have maximum lead times greater than 10 seconds, while 10% have neg-217

ative maximum lead times (i.e., they are located in the “blind zone”). 59% of this pop-218

ulation have positive median lead times, and 18% have positive minimum lead times. 65%219

of the ambient population affected by average intensities between VI and VII have max-220

imum lead times greater than 10 seconds, while 4% are located in the “blind zone”. 56%221

of this population have positive median lead times, and 1% have positive minimum lead222

times.223

2.2.1 EEW feasibility calculation224

For a given target site j, we combine estimates of median lead-time (L), average225

seismic intensity (I), and affected ambient population (P ) into a single novel metric of226

EEW feasibility, termed the EEW Relative Feasibility Index (RFj). RFj is defined as227

follows:228

RFj = FL(Lj) × wL + FI(ij) × wI + FP (pj) × wP (3)229

where FX(xk) is the empirical cumulative distribution function of X (across all exam-230

ined target sites with positive median lead time) evaluated at k, and wX is the stakeholder-231

assigned weight for X (note that wP +wI +wL = 1). Higher values of this index cor-232

respond to key characteristics that maximise the effectiveness of an EEW system (Kuyuk233

& Allen, 2013), i.e.: (1) longer lead times; (2) higher potential for shaking causing losses234

that can be avoided with EEW; and (3) larger affected populations. They therefore in-235

dicate greater EEW feasibility for a given target site.236

It can be seen from equation 3 that the index accommodates a user-defined weight237

for each measurement, to account for stakeholder preferences and priorities. Figure 4 in-238

cludes EEW Relative Feasibility Index mapping of all target sites with positive median239

lead time, for the equally-weighted case (i.e., wP = wI = wL = 0.333) and for cases240

where one variable (e.g., lead time) is weighted three times more than the other two (e.g.,241

wL = 0.6, and wP = wI = 0.2). Also highlighted in each subplot are the fifty target242

sites with the largest index values for the corresponding case.243
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Figure 3. Examining the risk-mitigation potential of calculated lead times. Average EMS-

98 macroseismic intensities experienced by the affected ambient population during events with

a recurrence interval of 500 years that resulted in at least 0.05 g PGA at the associated target

site, categorised by the corresponding times of the maps presented in Figure 2. Note that seis-

mic intensities V, VI, and VII denote “strong”, “slightly damaging”, and “damaging” events,

respectively.

For all cases, the countries containing sites with the fifty largest feasibility indices244

are Italy, Turkey, and Greece. However, both the locations and the number of sites per245

country differ between cases. Relative to the equally weighted case, target sites with the246

largest increase and decrease in feasibility index for the case where lead time is the most247

weighted variable are located in Iceland and Turkey respectively, target sites with the248

largest increase and decrease in this value for the case where seismic intensity is the most249

weighted variable are located in Turkey and Georgia respectively, and target sites with250

the largest increase and decrease in feasibility index for the case where population is the251

most weighted variable are both located in Turkey.252

Finally, we investigate the impact of alert accuracy (i.e., the ability of the system253

not to miss or provide false warnings) on EEW feasibility. We specifically adopt the ap-254

proach of Minson et al. (Minson et al., 2019), which examines the forecasting capabil-255

ity of EEW in terms of ground motion prediction accuracy for a set of known source pa-256

rameters. We randomly sample PGA values at each site for a series of earthquakes across257

nearby sources, assuming that an alert is issued if the corresponding median predicted258

PGA exceeds 0.05 g. The relative feasibility indices of Figure 4a are then scaled by the259

relative proportion of correctly issued alerts to produce Figure 4e, according to:260

RFj,alert = RFj × FCA(caj) (4)261

where caj is the proportion of correct alerts at site j, calculated as:262

caj =
nca,j
nj

(5)263

nj is the total number of catalog earthquakes examined for j, which is all events from264

sources considered in the lead-time calculation that yield a predicted median PGA at265
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Figure 4. Relative Feasibility Index mapping across examined target sites. Indices for (a)

the case in which lead time, intensity, and population are equally weighted by a stakeholder, as

well as differences for cases in which (b) lead time, (c) seismic intensity, and (d) population are

respectively weighted three times more than both other variables. Also shown are (e) equally

weighted indices scaled by the relative number of correctly issued alerts (for 0.05 g alert thresh-

old) and (f) the proportion of different alert outcomes across all of the thresholds examined in

(Minson et al., 2019). Note that for (b)-(d), red colours indicate an increase in the index relative

to (a) and blue colours indicate a relative decrease. Black triangles indicate target sites with one

of the fifty largest indices for each case.
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the site of at least 0.001 g and result in either a false alert, a missed alert, or a correct266

alert (nCA,j) - we ignore cases where the system correctly issues no alert, in line with267

Minson et al (Minson et al., 2019). A false alert occurs if the predicted median PGA ex-268

ceeds the threshold and the actual (randomly simulated) PGA does not, while a missed269

alert occurs in the opposite case. All other considered combinations of predicted median270

and actual ground shaking produce a correct alert.271

It can be seen that alert accuracy has a significantly detrimental effect on the fea-272

sibility of some target sites, reducing indices by up to approximately 0.8. It causes the273

smallest and largest feasibility decreases in Slovenia and Turkey, respectively. However,274

target sites with the largest feasibility are still located in Italy, Turkey, and Greece (along275

with Iceland). It is important to note that alert accuracy is highly dependent on the se-276

lected threshold. To demonstrate this, Figure 4f shows a summary of the proportion of277

different alert outcomes obtained across all sites considered in this study, as a function278

of the various alert thresholds examined in Minson et al. (Minson et al., 2019). In par-279

ticular, it can be seen that the number of correct alerts decreases with increasing thresh-280

old. This trend was also observed for California data by Minson et al, who obtained sim-281

ilar alert outcome proportions to those in Figure 4f.282

Discussion283

This study has examined the feasibility of EEW for Euro-Mediterranean regions284

affected by significant seismic hazard. Probabilistic distributions of EEW lead (warn-285

ing) times were determined for target sites in these areas, by randomly varying the lo-286

cation of seismic sources in line with regional seismicity. Summary statistics of these times287

were then translated into maps, which give additional promising indications of the po-288

tential usefulness of EEW in Europe. For example, they show that almost half (i.e., 44%)289

of the examined target sites benefit from warning times greater than 10 seconds in a “best290

case scenario” that are long enough to accommodate major risk intervention actions, such291

as the shutting down of industrial equipment or the removal of vehicles from garages.292

11% of all examined target sites have a 50% chance of receiving an EEW alert greater293

than 5 seconds ahead of shaking that at least allows time for people to “drop, cover and294

hold on”, shut off gas supplies, or evacuate ground floors in buildings. Even in a “worst295

case scenario”, more than 5% of target sites have enough warning time (up to 5 seconds)296

for the switching on of semi-active control systems in structures (Maddaloni et al., 2011),297

which could significantly reduce structural vulnerability and resulting damage/loss. We298

found that the longest overall lead times occur at sites in Iceland, Greece, and Turkey.299

Areas associated with the shortest overall lead times, and therefore where the feasibil-300

ity of EEW could be particularly improved through increased seismic station density, are301

northern Iraq, north-western Georgia, and southern Russia.302

We further contextualised the significance of the lead times by combining them with303

spatial distributions of two risk proxies often used in earthquake engineering (i.e., pop-304

ulation and seismic intensity). We found that almost all (i.e, approximately 98%) of the305

affected ambient population are exposed to average seismic intensities from nearby seis-306

mic sources that at least result in some falling objects. More than 50% of these people307

have greater than 10 seconds of warning time in a “best case scenario”, which enables308

them to carry out the major risk intervention actions mentioned in the previous para-309

graph. A significant proportion (> 55%) have positive warning times from events at 50%310

of relevant sources, while approximately 8% have some warning time in a “worst case311

scenario”.312

Finally, we translated the aforementioned features (i.e., (1) lead time; (2) average313

seismic intensity from nearby sources; and (3) ambient population affected) into a novel314

indicator for measuring relative EEW feasibility at a given target site that also accounts315

for stakeholder-specific preferences. A corresponding feasibility map was developed for316

–10–



manuscript submitted to Geophysical Research Letters

the case in which the features were equally weighted, as well as cases where each feature317

was weighted three times more than the other two. While there was some variation in318

the results obtained for different weighting strategies, all maps indicated that Turkey,319

Italy, and Greece contain the target sites with the highest EEW feasibility. We addition-320

ally examined the impact of alert accuracy on the equally weighted feasibility map, and321

found that Turkey, Italy, and Greece still demonstrated the highest feasibility (along with322

Iceland). The indices of some target sites were significantly reduced (by up to almost 90%)323

in this case. However, this outcome is highly dependent on the assumed alert threshold324

(i.e., 0.05 g) (Minson et al., 2019). Using an alternative threshold of 0.02 g, for exam-325

ple, would have increased the accuracy of the worst-performing source-site combination326

by more than 20 times, due to less missed alerts. Note that in reality, the optimal thresh-327

old will be application-specific, depending on structural characteristics at the target site328

(Iervolino, Giorgio, & Manfredi, 2007) as well as stakeholder preferences/tolerances to-329

wards risk(Le Guenan et al., 2016).330

The findings of this study suggest that an expansion/enhancement of Istanbul-focused331

EEW efforts could be significantly beneficial for mitigating seismic risk in many regions332

throughout Turkey. The results are particularly notable for Italy and Greece, since nei-333

ther has a currently operational EEW system. In summary, we ultimately conclude that334

this work provides strong evidence to suggest that EEW could be an effective tool for335

supporting earthquake-related disaster risk reduction across a significant proportion of336

Europe. A new three-year Horizon 2020 European research project called TURNkey (To-337

wards more Earthquake-resilient Urban Societies through a Multi-sensor-based Informa-338

tion System enabling Earthquake Forecasting, Early Warning and Rapid Response ac-339

tions; see Acknowledgements section) aims to address this issue by developing a holis-340

tic earthquake information system that incorporates state-of-the-art seismic risk miti-341

gation tools for both operational earthquake forecasting and EEW in real- and near-real342

time, with selected testbeds in Italy and Greece (as well as Iceland) to be the focus of343

more detailed analyses for EEW and the target of end-user-orientated applications of the344

system.345

It is important to note that there are some limitations/simplifying assumptions as-346

sociated with this work. Firstly, it is assumed that the seismic stations currently installed347

across the Euro-Mediterranean area (both permanent and temporary) are capable of be-348

ing used for early warning purposes (i.e., they have adequate data acquisition/transmission349

systems, real-time communication capability, robust dissemination methods, power sup-350

ply systems, etc. (Auclair et al., 2015; Thelen et al., 2016)), which may be an over-simplification351

(Allen & Melgar, 2019). We did not explicitly consider the performance of existing EEW352

algorithms in the lead-time calculations. Instead, we simply assumed that four seconds353

was sufficient to capture both data telemetry delays and the length of time required by354

the algorithms to estimate relevant source parameters (see Section 2.1); a slightly longer355

time (∼ five seconds) may be required for certain algorithms and transmission features356

(Allen, 2007; Behr et al., 2015). Our detailed EEW feasibility analysis only accounted357

for crustal seismic sources, thereby yielding conservative lead times for target sites that358

would additionally be affected by the deeper seismicity of subduction zones in the Cen-359

tral and Eastern Mediterranean Sea. It therefore also neglected the seismicity of the Vrancea360

region in Romania (Ismail-Zadeh et al., 2012), which has significant associated hazard361

(Sokolov et al., 2009); examination of this region is not crucial in the context of our study362

however, given that it already has an operational EEW system (Mârmureanu et al., 2011;363

Ionescu et al., 2007). To maintain a consistent approach for the entire examined region,364

the considered seismicity scenarios were defined using an area source model (see Section365

2.1), which assumes a uniform occurrence of earthquakes as point sources; thus, the re-366

sulting calculations of hazard near faults (large seismogenic sources) may not be com-367

pletely realistic (Valentini et al., 2017). Our approach to quantifying alert accuracy only368

considered the variability of a ground motion model (Minson et al., 2019). Precisely char-369

acterising warning accuracy would involve more detailed analysis with the specific al-370
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gorithms of operational EEW platforms, including the quantification and propagation371

of uncertainties at each step of the calculations. This type of examination was carried372

out for select testbed sites across Europe in a previous study by the same authors (Zuccolo373

et al., 2020). It is outside the scope of this paper, given the continent-wide extent of the374

study. Finally, we did not consider the economic value of EEW, i.e., the costs required375

to build and maintain EEW systems compared to the monetary savings they provide through376

avoided damage (Klafft & Meissen, 2011). Despite these constraints, this study never-377

theless represents an innovative attempt to comprehensively quantify EEW feasibility378

on a continental scale and to identify priority regions for more detailed EEW feasibil-379

ity analyses/investment in EEW implementation.380
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Oth, A., Böse, M., Wenzel, F., Köhler, N., & Erdik, M. (2010). Evaluation529

and optimization of seismic networks and algorithms for earthquake early530

–14–



manuscript submitted to Geophysical Research Letters

warning-the case of Istanbul (Turkey). J. Geophys. Res, 115 , 10311. doi:531

10.1029/2010JB007447532

Pazos, A., Romeu, N., Lozano, L., Colom, Y., López Mesa, M., Goula, X., . . . Car-533
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