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ABSTRACT

On 24–25 June 1967 one of the most intense European tornado outbreaks

produced extensive damage (approximately 960 houses damaged or de-

stroyed) and resulted in 232 injuries and 15 fatalities in France, Belgium, and

the Netherlands. The 24–25 June 1967 tornado outbreak shows that Europe

is highly vulnerable to tornadoes. To better understand the impact of Euro-

pean tornadoes and how this impact changed over time, the question is raised,

“What would happen if an outbreak similar to the 1967 one occurred 50 years

later in 2017 over France, Belgium, and the Netherlands?” Transposing the

seven tornado tracks from the June 1967 outbreak over the modern landscape

would potentially result in 24 990 buildings being impacted, 255–2 580 in-

juries, and 17–172 fatalities. To determine possible worst-case scenarios, the

tornado tracks are moved in a systematic way around their observed posi-

tions and positioned over modern maps of buildings and population. The

worst-case scenario estimates are 146 222 buildings impacted, 2 550–25 440

injuries, and 170–1 696 fatalities. These results indicate that the current disas-

ter management policies and mitigation strategies for Europe need to include

tornadoes, especially because exposure and tornado risk is anticipated to in-

crease in the near future.
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1. Introduction31

The general public, as well as many researchers and meteorologists, do not consider tornadoes32

to be a large threat to Europe because of their supposed rarity and weaker intensity compared to33

their American counterparts. Reliable measures of the number and economic impact of European34

tornadoes were unavailable until recently (Groenemeijer and Kühne 2014; Grieser and Terenzi35

2016; Antonescu et al. 2016, 2017). The results of these studies reveal that, not only are European36

tornadoes not rare events, but they can cause injuries, fatalities, and damage. According to the37

European Severe Weather Database (ESWD, Dotzek et al. 2009; Groenemeijer et al. 2017), 22738

tornadoes and 284 waterspouts were reported on average each year between 2012–2016 (accessed39

on 22 May 2017). From 1950–2015, European tornadoes caused 4 462 injuries, 316 fatalities, and40

damage estimated at more than e1 billion (Antonescu et al. 2017).41

One aspect of understanding the threat that tornadoes pose to Europe is tornado outbreaks, de-42

fined here as “multiple tornado occurrences associated with a particular synoptic-scale system”43

(American Meteorological Society cited 2017). Specifically, multiple tornadoes occurring in close44

proximity in space and time result in an increased likelihood of major damage and fatalities (e.g.,45

Brooks 2004; Fuhrmann et al. 2014). For example, 80% of tornado-related fatalities in the United46

States between 1875 and 2003 were associated with tornado outbreaks (Schneider et al. 2004).47

Yet, despite their importance, only a few studies of European tornado outbreaks exist. Three ex-48

amples show the variety of different synoptic environments in which such outbreaks occur. Apsley49

et al. (2016) performed an observational analysis and model simulation of the largest documented50

outbreak in the UK: 104 tornado reports that formed along a cold front in November 1981. Oprea51

and Bell (2009) analyzed a prefrontal squall line in Romania in May 2005 that produced three tor-52

nadoes in association with a bow echo. Bech et al. (2007) discussed an outbreak over Barcelona53
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in September 2005 that occurred when waterspouts that formed along a convergence line moved54

onshore and caused three injuries and e9 million in damages.55

To understand the characteristics of European tornado outbreaks, Tijssen and Groenemeijer56

(2015) examined proximity soundings from reanalysis datasets for 28 outbreaks between 1950–57

2014. They defined a tornado outbreak in Europe as a group of tornadoes that occurred less than58

500 km and 6 h from each other and for which the sum of F-scale values for each tornado in the59

outbreak is greater than or equal to 7. These 28 outbreaks resulted in 1 578 injuries and 99 fatali-60

ties representing 35% of all tornado-related injuries and 31% of all tornado-related fatalities during61

that period (Antonescu et al. 2017). Figure 1 is a scatterplot of these tornado outbreaks plotted as62

a function of the number of injuries and fatalities. By this measure, the largest European outbreak63

was the 9 June 1984 Russian outbreak with 804 injuries and 69 fatalities (Finch and Bikos 2012,64

ESWD accessed on 22 May 2017), followed by the 24–25 June 1967 western Europe outbreak65

with 232 injuries and 15 fatalities (Bordes 1968; Wessels 1968; Delvaux). The 24–25 June 196766

outbreak is the focus of this article.67

The 24–25 June 1967 tornado outbreak over western Europe provides an excellent opportunity68

to better understand the impact associated with a large outbreak. Furthermore, given the size and69

intensity of this outbreak (one F2 tornado, four F3 tornadoes, one F4 tornado, and one F5 tornado),70

this outbreak could serve as a representative example of a strong outbreak. Is is possible that the71

number of tornadoes from this outbreak was larger, for example, the ESWD contains a report72

of a tornado (most likely an F0 or an F1 tornado) at Jüterbog (Germany) on 24 June 1967. An73

important feature of this event is that detailed damage surveys were performed at the time of the74

event and can be used to determine footprints of damage and estimated financial losses. Similar75

to prior works (e.g., Rae 2000; Wurman et al. 2007; Hall and Ashley 2008; Risk Management76

Solutions 2009; Cannon et al. 2011; Rosencrants and Ashley 2015; Montes Berrı́os et al. 2016;77
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Ashley and Strader 2016), to understand what might be the case for a similar outbreak occurring78

in the same-or similar-location, we can take the tracks of these tornadoes and transpose them over79

different locations to see how much damage this outbreak could inflict on a modern landscape.80

As a result, the aim of this article is to reconstruct the outbreak using historical data in order to81

estimate the impact of this outbreak on a modern landscape. We thus ask the question, “What82

would happen if an outbreak similar to the 1967 one occurred 50 years later in 2017 over France,83

Belgium, and the Netherlands?”84

This article is organized as follows. Section 2 presents a documentary reconstruction of the85

damages associated with 24–25 June 1967 tornado outbreak. Section 3 describes the research86

methods. The potential impact on infrastructure and population of a similar outbreak over a mod-87

ern landscape is analyzed in section 4 and section 5, respectively. Section 6 discusses the results88

and section 7 summarizes this article.89

2. Documentary reconstruction90

We start by presenting evidence of the damage associated with the seven tornadoes recorded91

during this outbreak (Fig. 2). Three tornadoes occurred on 24 June, and four occurred on 25 June.92

All times are presented in UTC, which is 1 hour behind local time (UTC = LT – 1 h). The tornado93

tracks in Fig. 2 are reconstructed based on damage surveys and aerial photography described94

in Bordes (1968) for the Davenescourt, Pommereuil (Fig. 3a), Palluel (Fig. 3b), and Argoules95

tornadoes over France, in Delvaux for the Oostmalle tornado over Belgium, and in Wessels (1968)96

for the Chaam and Tricht (Fig. 3c) tornadoes over the Netherlands.97
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a. Davenescourt tornado: 1840 UTC 24 June98

The first tornado reported in northeastern France on 24 June 1967 was first observed close to99

Sérévillers, 32 km north-northeast of the city of Beauvais at around 1810 UTC and moved north-100

eastward toward Davenescourt (Fig. 4a). The tornado uprooted and severely damaged 3 000–3 500101

trees and “destroyed the roofs of numerous houses and farms” (Bordes 1968) between Villers-102

Tournelle and Chaulnes (Fig. 4a). Close to Davenescourt, the tornado killed more than 24 cows,103

some of them being found 300–600 m from the farm. Between Chaulnes and Busigny, the damage104

reports were infrequent (Fig. 4a). Bordes (1968) indicated that the tornado path length was ap-105

proximately 33 km, but the damage survey showed that the path length was at least 9 km and that106

damages spread over approximately 24 km were not analyzed in detail (KERAUNOS cited 2017b).107

The Davenescourt tornado was classified as a an F3 tornado. Note that there is a damage indicator108

bias present in post-event damage surveys and Fujita or Enhanched Fujita scale procedures which109

depends on the landscape type (i.e., developed or undeveloped). Strader et al. (2015) have studied110

this bias and showed that the intensity of tornadoes that occurred in rural areas (i.e., landscapes111

with a lower number damage indicators) tends to be underestimated, and tornadoes that occurred112

in more developed landscapes (i.e., landscapes with a higher number of damage indicators) are113

typically rated as more intense. Give that the track of the Davenescourt tornado was mainly over114

an undeveloped landscape, it is possible that the intensity of the tornado was underestimated.115

b. Pommereuil tornado: 2000 UTC 24 June116

The Pommereuil tornado was associated with a second tornado track that extended northeast-117

ward over a distance of about 23 km between the Busigny and Mormal forests (Fig. 4a). The118

tornado only damaged the upper part of the tall buildings between Busigny and Saint-Benin, and119

it caused damage at Le Cateau-Cambrésis (several houses were affected in the southeastern part120
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of the village) and Bazuel (the northwestern part of the village being the most affected) (Bordes121

1968). The tornado reached Pommereuil around 2000 UTC producing F4 damage, killing two122

people, and injuring another 50. Of the 240 houses in Pommereuil, 200 received varying degrees123

of damage (Het Vrije Volk 1967, p. 8) before the tornado dissipated in the Mormal forest. Because124

both the Davenescourt and Pommereuil tornadoes were oriented in the same direction and were125

close in time and space, it is probable that they were associated with the same convective storm126

cell (Fig. 4a).127

c. Palluel tornado: 1940 UTC 24 June128

The track of the Palluel tornado was parallel to and approximately 45 km west of the track of the129

Pommereuil tornado (Fig. 4a). According to Bordes (1968), the tornado was first reported between130

Ervillers and Vaulx-Vraucourt around 1940 UTC. Moving northeastward, the tornado affected131

eight villages and produced F5 damage at Écoust-Saint-Quentin and Palluel (Fig. 4a). Along its132

track, the tornado completely destroyed 17 houses and severely damaged another 135, resulting133

in 6 fatalities and 30 injuries (Bordes 1968; Dessens and Snow 1989). A state of emergency was134

declared in Nord and Pas-de-Calais counties, where damage produced by the Pommereuil and135

Palluel tornado was estimated at tens of millions of French francs (1 million French francs was136

valued at e1.7 million1 on 15 March 2017) (De Tijd, 1967, p. 2).137

d. Oostmalle tornado: 1515 UTC 25 June138

The first tornado that occurred on 25 June 1967 was reported over northern France. The tor-139

nado was reported at Arry, Vran, and Argoules. It destroyed crops, damaged roofs to numerous140

houses, and uprooted 500–1000 trees (Bordes 1968). The tornado hit Argoules around 1145 UTC141

1Based on data from http://fxtop.com/en/currency-converter-past.php, accessed on 15 March 2017.
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and produced F2 damage (KERAUNOS cited 2017a) (Fig. 4b). The storm system that produced142

the Argoules tornado moved northeastward, producing another tornado at Oostmalle in northern143

Belgium (Fig. 4c). The first damage associated with the Oostmalle tornado occurred at De Kem-144

pen, a furniture factory situated about 2 km southwest of Oostmalle. On its way to Oostmalle, the145

tornado also uprooted hundreds of trees in Renesse Castle’s park. Around 1515 UTC, the tornado146

reached Oostmalle and produced F3 damage. The tornado completely destroyed the town hall and147

a sixteenth century church; around three hundred people left the church moments before the tor-148

nado hit (Delvaux). Of the 907 homes in Oostmalle, 467 were affected by the tornado, completely149

destroying 117 and severely damaging 105. There were no fatalities, but the tornado caused 43150

serious injuries and another 67 minor injuries. The damage associated with the Oostmalle tornado151

was estimated at 200 million Belgian francs (e33.7 million on 5 March 2017) (Delvaux).152

e. Chaam tornado: 1527 UTC 25 June153

On 25 June, tornadoes were also reported in the Netherlands, affecting the villages of Chaam154

and Tricht (Fig. 4c) The Chaam tornado was first reported touching down east of Ulicoten, then155

moving northeastward and crossing the road between Chaam and Baarle-Hertog. According to156

eyewitnesses, the tornado lifted from the ground between Ulicoten and Chaam. At Chaam, a small157

number of houses were damaged by the tornado. The most affected area was a camping site—158

Klein Paradjjs (“Little Paradise”) situated 2.2 km southeast of Chaam—where ten people were159

seriously injured and two were killed. After passing Chaam, the tornado reached Chaam Forest,160

uprooting and breaking trees over an area about 0.75 km2 (Wessels 1968). The Chaam tornado161

track ended southwest of Gilze where “a lot of objects from the damage path came to [the] ground”162

(Wessels 1968). The total damage associated with the Chaam tornado was estimated at several163
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million Dutch guilders (1 million Dutch guilders was valued at e2.3 million on 15 March 2017)164

(Limburgs Dagblad 1967).165

f. Tricht tornado: 1610 UTC 25 June166

The Tricht tornado, the second tornado reported in the Netherlands on 25 June, started near an167

orchard at 1.5 km south of Nieuwall. The tornado damage was minimal in Nieuwall (i.e., some168

greenhouses were destroyed), but, after crossing the Waal river, the tornado completely destroyed169

a farm near Hellouw (Fig. 4c). Moving northeastward, the tornado was photographed south of Deil170

by passing motorists. The tornado then reached Tricht and produced extensive damage, especially171

in the western part of the village, resulting in five fatalities and 32 injuries (Fig. 4c). A third of172

the population of Tricht (approximately 500 people) became homeless after 50 houses were com-173

pletely destroyed and another 91 were severely damaged. The total damage was estimated at 6174

million Dutch guilders (e13.8 million or $12.0 million on 15 March 2017). An article describing175

the Tricht tornado published in a regional newspaper also mentions that “KNMI [i.e., The Royal176

Netherlands Meteorological Institute] have given a ‘unique’ warning via the radio for possible177

whirlwinds” on 25 June (Dagblad van het Noorden 2013). A more recent article, commemorat-178

ing 50 years since the Chaam tornado, indicated that the Dutch weatherman Joop den Tonkelaar179

(1926–2001) warned on an early morning radio show about the possibility of tornadoes over the180

Netherlands on 25 June. His warning was based on the fact that the synoptic-scale pattern on 25181

June was similar to the one associated with the tornadoes over France on the previous day. Because182

KNMI did not want to cause any panic, the warning was changed from ”possible tornadoes” to183

”possible severe wind gusts” (BN DeStem 2017). Thus, the warning issued by KNMI on 25 June184

1967 was probably the first verified tornado warning ever issued in Europe (Rauhala and Schultz185

2009).186
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3. Data and methods187

Previous studies that have analyzed the potential damages and fatalities associated with torna-188

does have focused mainly on tornadoes striking major U.S. cities. To our knowledge, our study189

is the first analyzing the impact resulting from a European tornado outbreak. For example, the 3190

May 1999 tornado outbreak over northern Oklahoma and Kansas (Thompson and Edwards 2000)191

motivated the North Central Texas Council of Governments and the National Weather Service in192

Fort Worth to conduct a tornado-damage risk assessment for the Dallas–Fort Worth Metroplex193

(Rae and Stefkovich 2000). Using Geographic Information System (GIS) technology, 53 tornado194

tracks from 3 May 1999 tornado outbreak were mapped and distributed across the Dallas–Fort195

Worth Metroplex. For the Moore F5 tornado (Marshall 2002), the most damaging tornado of the196

outbreak that affected Oklahoma City and surrounding areas, the actual wind and damage contours197

were imported from engineering surveys. Thus, the tornado outbreak was exactly the same as on198

3 May 1999, but transposed from Oklahoma City to Dallas–Forth Worth. The goal was to esti-199

mate the potential impact on buildings, traffic, and people using an infrastructure and population200

database (e.g., land use classifications, demographic data, building locations, aerial photographs)201

upon which the tornado tracks were overlaid. Five scenarios were then devised by considering all202

the tornado tracks as a group and maintaining their length, width, and direction and then moving203

the focal point of the tornado outbreak (i.e., the Moore tornado) slightly north–south and east–west204

across the Dallas–Fort Worth Metroplex. In addition to the five scenarios, a smaller subset of tor-205

nado tracks that included the track of the Moore tornado was mapped 50 times, side by side in 2.5.206

miles increments across the core of the Dallas–Fort Worth Metroplex. Rae and Stefkovich (2000)207

showed that as many as 17 000 single family homes, 19 000 apartments, 84 000 residents, and208
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94 000 employees would be in the direct path of the tornadoes, and they estimated the potential209

damages at approximately $3 billion.210

Wurman et al. (2007) argued that the methodology used by Rae and Stefkovich (2000) to esti-211

mate the effects of tornadoes crossing urban areas can underestimate the maximum damage po-212

tential. For example, the track of the 3 May 1999 Moore tornado crossed sparsely populated213

rural regions in Oklahoma, so the full damage potential of the tornado was likely underestimated.214

Transposing the track of the Moore tornado over the Dallas–Fort Worth urban area is also likely to215

significantly underestimate the full damage potential of the tornado. To address this issue, Wurman216

et al. (2007) simulated the impacts of intense tornadoes crossing urban areas with high population217

density using axisymmetric modeled wind fields from actual and hypothetical tornadoes cross-218

ing residential and commercial areas of major U.S. cities (e.g., Chicago, Illinois; Houston and219

Dallas–Fort Worth, Texas; New York, New York; Saint Louis, Missouri). U.S. census block data220

and satellite imagery, among other data sources, were used to estimate the number of buildings221

impacted and the number of fatalities. Their results indicated that a large and intense tornado222

crossing high-density residential areas of Chicago and Illinois could destroy up to 239 000 houses223

and could kill 4 500–45 000. Brooks et al. (2008) argued that the potential damage from torna-224

does in urban areas described by Wurman et al. (2007) is an overestimation of the real potential225

due to a combination of unrealistic hight death rate associated with the destroyed homes and the226

area covered by the highest winds (see also the reply from Wurman et al. 2008a). Blumenfeld227

(2008) indicated that the mortality estimates from Wurman et al. (2007) were undermined by an228

oversimplified population model used in conjunction with a very detailed tornado model (see also229

the reply from Wurman et al. 2008b). Furthermore, Ashley et al. (2014) (their Fig. 3) and Strader230

et al. (2015) (their Fig. 6) noted that the tornado tracks used by Wurman et al. (2007) were 50% to231

100% wider than the widest tornado on record in the United States.232
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Our approach in estimating the potential damages and fatalities associated with the 24–25 June233

1967 tornado outbreak transposed over a modern landscape is similar to the previous approaches.234

As in Rae and Stefkovich (2000), the seven tracks from the 24–25 June 1967 tornado outbreak235

were moved at equally spaced 0.1◦ intervals in longitude and latitude within a 1◦ by 1◦ box cen-236

tered in the original position of the track. This resulted in 121 scenarios, one in which the track is237

maintained in the same position as observed on 24–25 June 1967 and 120 scenarios resulting from238

moving the track systematically around the observed position (Fig. 4). Also as in Rae and Ste-239

fkovich (2000), only the actual tornado tracks were included in this analysis. The Davenescourt,240

Pommereuil, Palluel, and Argoules tornado tracks were extracted from Bordes (1968, their Fig. 1),241

imported as a high-resolution image into ArcMap GIS software [Environmental Systems Research242

Institute, Inc. (ESRI)], georeferenced, projected onto a Mercator projection, and saved in a ESRI243

shapefile format. The same procedure was used to extract the Oostmalle tornado track based on244

Delvaux (, p. 6) and the Chaam, and Trich tornado tracks based on Wessels (1968, their Figs. 9 and245

11 respectively). Unlike previous studies in which the tornado impact was analyzed by moving246

the observed and simulated tracks to a different location (e.g., Rae and Stefkovich 2000; Wurman247

et al. 2007), here the orientation of the tracks is maintained and only their positions are changed248

in a systematic way (i.e., fixed spatial intervals) over distances up to approximately 65 km from249

the observed position. This approach, similar also with the approach used, for example, by Hall250

and Ashley (2008) and Ashley et al. (2014) in the United States, allows us not only to estimate the251

impact of the tornado outbreak over a modern landscape, but also to understand how the impact252

has changed since 1967.253

No information could be retrieved from the contemporary sources about the structure of the254

wind swaths inside each tornado track. Thus, we were unable to provide a detailed analysis of255

the damages to buildings along the tornado track by relating the degree of damage to the ground-256

12



relative horizontal wind profiles as, for example, in Wurman et al. (2007). Here we assume that257

all the buildings intersected or inside each tornado track were impacted, without quantifying the258

impact on each building.259

4. Impact on infrastructure260

To estimate the impact on buildings, the observed tornado tracks from 24–25 June 1967 were261

placed over the modern landscape retrieved from OpenStreetMaps (OpenStreetMap contributors262

2017). Next, for each of the 121 scenarios resulting from moving the 24–25 June 1967 tornado263

tracks around their observed positions, the number of buildings that were either inside or inter-264

sected by the tornado track were extracted. Figure 5 is an example showing the buildings im-265

pacted by the Davenescourt tornado track for the scenario in which the track is maintained in the266

same position as on 24 June 1967. In OpenStreetMaps, the buildings are created from “blocks”267

which can be a single detached property, a row of individual terraced houses, or an arrangement268

of properties. These blocks limit our approach because the analysis does not include any informa-269

tion about the structure of the buildings destroyed (i.e., construction material, number of stories).270

A visual inspection based on aerial photography showed that the majority of the buildings in the271

areas affected by the outbreak correspond to low-rise residential buildings.272

In addition to the 121 scenarios for each tornado track, three scenarios were constructed in273

which the entire tornado outbreak is considered. The IDENTICAL OUTBREAK scenario results274

from maintaining the positions of all tornado tracks as observed on 24–25 June 1967 [i.e., center275

cell (0,0) in Figs. 6d and 7e]. The MAXIMUM OUTBREAK scenario is the scenario with the276

maximum number of buildings impacted by the outbreak (i.e., the maximum value in Figs. 6d and277

7e). This scenario is obtained by adding together the scenarios associated with each tornado track278

(Fig. 6a–b and 7a–d), and then extracting the maximum value. For this scenario, the position of279
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each tornado track changes relative to the observed position, but the position of tracks relative280

to each other is maintained. The MODIFIED OUTBREAK scenario corresponds to the case in281

which the number of buildings impacted is obtained by moving the tracks to their corresponding282

maximum (i.e., maximum values in Figs. 6a–c and 7a–d). For this scenario, the positions of283

tornado tracks relative to the observed positions and also relative to each other are changed.284

The Davenescourt, Pommereuil, and Palluel tornado tracks over a modern landscape would re-285

sult in 21 868 buildings being impacted (Table 2), being the IDENTICAL OUTBREAK. These286

tornado tracks resulted in 352 houses being destroyed or damaged on 24 June 1967 which is ap-287

proximately 22 times lower than the minimum number of buildings (i.e., 7667 buildings) impacted288

considering all 121 scenarios (Fig. 6d). By moving all of the tornado tracks from 24 June 1967289

approximately 39 km northwest from the observed position (MAXIMUM OUTBREAK scenario290

in Table 2), 131 085 buildings would be impacted, the majority (52%, 67 542 buildings) resulting291

from the Davenescourt tornado track crossing Amiens (France). Changing the position of tornado292

tracks relative to each other would result in 182 368 buildings being impacted (MODIFIED OUT-293

BREAK scenario in Table 2), of which 114 826 (63%) would be associated with the Pommereuil294

and Palluel tornadoes tracks crossing Lille (France).295

The impact on a modern landscape of the tornado tracks from 25 June 1967 over France, Bel-296

gium, and the Netherlands is lower compared with the impact of tornadoes from the previous day297

over France. Thus, the IDENTICAL OUTBREAK scenario for 25 June would result in 3 122298

buildings being impacted (Table 2). Initially, the tornadoes on 25 June were associated with 608299

houses being affected, which ranks 119 out the 121 scenarios (Fig. 7e). A maximum of 15 137300

buildings would be impacted if all the tracks were moved 52 km northeast, the major impact re-301

sulting from the Chaam tornado crossing Rotterdam city area (Netherlands) of 11 069 buildings302

(MAXIMUM OUTBREAK scenario in Table 2). For the MODIFIED OUTBREAK scenario, the303
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number of buildings impacted would increase to 34 340 buildings (Table 2) resulting from the304

Argoules tornado crossing Amiens (France), the Oostmalle tornado crossing Brussels (Belgium),305

the Chaam tornado crossing Tilburg (Netherlands), and the Tricht tornado crossing Eindhoven306

(Netherlands).307

5. Impact on population308

The major challenges for preventing tornado-related injuries and fatalities are associated with309

taking the appropriate actions in a prompt manner (e.g., Brown et al. 2002; Schultz et al. 2010).310

As such, quantifying the potential impact of tornado events by the number of injuries and fatalities311

provides valuable information for emergency managers to develop and improve safety recommen-312

dations, effective tornado preparedness plans, and medical response.313

To estimate the impact on population of a modern tornado outbreak similar with the 24–25 June314

1967 outbreak, the same approach to the one described in section 3 was used, in which the building315

dataset from OpenStreetMaps was replaced with the Gridded Population of the World, Version 4316

(GPWv4, Doxsey-Whitfield et al. 2015). The GPWv4 consists of estimates of human population317

based on national censuses, adjusted to match the 2015 Revision of the United Nations World318

Population Prospects country totals for 2000, 2005, 2010, 2015, and 2020. The gridded population319

dataset was created by distributing the population estimates to a 30 arc-second (approximately 1-320

km) grid using an areal-weighting method. Only the grid containing the 2015 population estimates321

was used here. Figure 5b shows an example of how the number of inhabitants was extracted for the322

scenario in which the Davenescourt tornado track is maintained in the same position as on 24 June323

1967. In extracting the number of inhabitants we employed the “intersecting” method (Hall and324

Ashley 2008) in which the total number of inhabitants is obtained by summing all the population325

grid cells that are within or intersected by the tornado track. This can lead to an overestimation of326
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the of the number of inhabitants, because, for example, grid cells with very small portions inside327

the track are considered in their entirety (e.g., Ashley et al. 2014). To provide more accurate328

estimation, Strader and Ashley (2016) used an areal weight method in which, for example, the329

number of inhabitants is adjusted based on the fraction of the grid cells intersected by the tornado330

track. Here we are using the intersecting method given that we are constructing a worst-case331

scenario, and also given the uncertainties in constructing tornado tracks for historical events.332

Figures 8 and 9 show the number of impacted inhabitants from the 121 possible scenarios result-333

ing from moving the tornado tracks from 24–25 June 1967 around their observed position. Based334

on the median values, 25 597 inhabitants will be impacted by a tornado outbreak similar with 1967335

outbreak (Table 3). If all the tornado tracks from 24 June are maintained in the same position as336

observed, then 14 488 inhabitants will be impacted (IDENTICAL OUTBREAK scenario in Ta-337

ble 3). A maximum number of 145 971 inhabitants will be impacted if all the tornado tracks will338

be moved approximately 57 km northeast from their initial position (MAXIMUM OUTBREAK339

scenario in Table 3). This maximum is associated mainly with the track of the Palluel tornado340

intersecting Lille (Fig. 8c), the fourth largest urban area in France after Paris, Lyon, and Marseille.341

For 25 June, the IDENTICAL OUTBREAK scenario will result in 2 675 impacted inhabitants.342

The MAXIMUM OUTBREAK scenario results from moving all the tracks approximately 59 km343

northwest from the initial position and impacts 23 673 inhabitants (Table 3). For the MAXIMUM344

OUTBREAK scenario, 57% of the impacted inhabitants will result from the Tricht tornado track345

intersecting Eindhoven city area.346

So far, we have estimated the number of inhabitants impacted, but we can also estimate, based347

on the previous studies of tornado-related fatalities, the number of fatalities associated with an348

outbreak similar with the 24–25 June 1967 outbreak. For example, Wurman et al. (2007), in their349

study of violent tornadoes (i.e., those rated F4 and F5 on the Fujita scale) in urban areas of the350
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United States, assumed that 10% of the inhabitants in the tornado path would be killed. Brooks351

et al. (2008) argued that this assumption is inconsistent with the previous studies of tornado-related352

fatalities. They indicated that the fatality rate (defined as the number of fatalities divide by the total353

number of inhabitants along the tornado track) ranges from 0.1%, based on a survey of the inhab-354

itants of the damaged and destroyed houses, regardless of the F-scale rating, along the track of the355

3 May 1999 Oklahoma city F5 tornado (Daley et al. 2005) to 1.0%, based on a survey of destroyed356

housed along the track of 8 April 1998 Birmingham F4 tornado (Legates and Biddle 1999). We357

need to note here that there are differences in the building construction standards between Europe358

and the United States. Doswell et al. (2009) argued that that the building construction standards359

in western Europe are more homogeneous and in general higher than in the central United States.360

For example, most of the houses in Moore (Oklahoma) damaged by the 3 May 1999 tornado were361

one-story and two-story, wooden-framed houses constructed on concrete slab foundations (Mar-362

shall 2002). A simple analysis using street view images from Google Maps along the tornado363

tracks from 24-25 June 1967 showed that the old and new buildings over northwestern France,364

Belgium, and the Netherlands appears to be constructed of concrete masonry of bricks of likely365

greater than one course in thickness and with Spanish tile roofs. Thus, when results associated366

with building construction standards in the United States (e.g., fatality rate) are applied to Europe,367

it is likely that they will result in an overestimation (e.g., number of fatalities).368

Fatality rates proposed by Brooks et al. (2008) were applied to the number of inhabitants along369

the tornado tracks resulting from the scenarios summarized in Tables 2 and 3. For comparison,370

the 1967 tornado outbreak resulted in 15 fatalities and would result over a modern landscape in371

17 to 172 fatalities (IDENTICAL OUTBREAK scenario in Table 3) based on the 0.1% and 1%372

fatality rates. For 24 June, the minimum number of fatalities, based on the 121 scenarios in Fig. 8373

and using the 0.1% fatality rate, is 10 compared with 8 fatalities reported in 1967. For 25 June,374
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the minimum number of fatalities is 2 compared with 7 fatalities reported in 1967, which ranks 63375

out of the 121 scenarios (Fig. 9). For MAXIMUM OUTBREAK and MODIFIED OUTBREAK376

scenarios, the number of fatalities resulting from the 0.1% and 1% fatality rates is between 170 fa-377

talities and 3 564 fatalities. This high number of fatalities is an unrealistic estimate when compared378

with other deadly European tornadoes. The European tornado history contains three tornadoes for379

which the death toll was greater than 50 fatalities: the F5 Montville (France) tornado on 19 Au-380

gust 1845 associated with at least 70 fatalities (Dessens and Snow 1989), the F5 Ivanovo (Russia)381

tornado on 9 June 1884 associated with at least 69 fatalities (Finch and Bikos 2012), and the F4382

Oria (Italy) tornado on 21 September 1897 associated with 55 fatalities2 (Gianfreda et al. 2005).383

A more plausible estimate of the death toll from an outbreak similar to the 24–25 June 1967 tor-384

nado outbreak is 26–256 fatalities, based on the median values in Tables 2 and 3 and the 0.1% and385

1% fatality rates, respectively. This number of fatalities is still large by modern standards (e.g.,386

according to the European Severe Weather Database, of the 117 European tornadoes associated387

with fatalities between 1950–2016, only 12 were associated with more than 5 fatalities), but these388

estimates of the number of fatalities are for an outbreak with seven tornadoes occurring over two389

days.390

In addition to the estimates of the number of fatalities associated with a tornado outbreak over391

western Europe, estimates of the number of injuries, and in particular those requiring hospital392

admission, is also important for emergency managers and disaster-response teams. Brown et al.393

(2002) documented the magnitude of fatal and nonfatal injuries associated with the 3 May 1999394

tornadoes in Oklahoma and showed that there were about 15 people treated at a hospital for395

2The highest number of tornado-related fatalities in Europe after 1800 was reported for a tornado that occurred in Sicily (Italy) in December

1851 (Illustrated London News 1851) where more than 500 people were killed, but this event is documented from secondary sources which could

be an overestimate of the actual number of fatalities.
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tornado-related injuries for each tornado-related fatality. Similar values for the ratio between the396

number of tornado fatalities and tornado injuries were reported by Eidson et al. (1990) for the 28397

March 1984 tornadoes in the North and South Carolina (i.e, approximately 16 injuries for each398

fatality), and by Corfidi et al. (2010) for the Super Outbreak of 3–4 April 1974 (i.e, approximately399

17 injuries for each fatality). Lower rates were reported by Kuligowski et al. (2014) for the Joplin400

tornado on 22 May 2011 (i.e., approximately 6 injuries for each fatality) and by Wang et al. (2017)401

for the Funing (China) tornado on 23 June 2016 (i.e., approximately 7 injuries for each fatality).402

The number of injuries and fatalities associated 24–25 June 1967 tornado outbreak indicated that403

there were approximately 15 injuries for each tornado-related fatality. If we consider this estimate404

for the number of injuries, then an outbreak similar to that of 24–25 June 1967 over a modern405

landscape will result in 255–2 580 injuries (based on the IDENTICAL OUTBREAK scenario)406

and in 2 550–25 455 injuries (based on the MAXIMUM OUTBREAK scenario). For example,407

the Pommereuil and Palluel tornadoes over a modern landscape will result in 150–1 440 injuries408

(based on the IDENTICAL OUTBREAK scenario) and, assuming in the worst case scenario that409

all of the injured people will need hospital admission, 0.6%–5.7% of all available hospital beds in410

the Nord and Pas-de-Calais departments would be required (25 176 beds in 2014 based on data411

from Eurostat 2017). Our approach here does not take into account the indirect tornado-related412

injuries (and even fatalities) associated with the rescue and recovery activities, which will further413

increase the number of hospital admissions (Brown et al. 2002). Furthermore, estimation for num-414

ber of fatalities and injuries associated with the 24–25 June 1967 tornado outbreak over a modern415

landscape assume that the vulnerability and resilience have not changed. Even though the warn-416

ings system for European tornadoes have not changed much (e.g., Antonescu et al. 2017), many417

aspects of vulnerability (e.g., population over 65 years of age, population bellow poverty level,418

population with physical or sensory disability, Dixon and Moore 2102) and resilience (e.g., social419
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capital, physical infrastructure and interdependent of the community, cultural patterns, collective420

action, Houston et al. 2017) have changed.421

6. Discussion422

This re-examination of the 24–25 June 1967 tornado outbreak over western Europe allows us to423

understand and to quantify the impact (e.g., number of buildings impacted, number of fatalities)424

of European tornadoes and also to understand how this impact has changed in time. The scenarios425

devised here that result from transposing the tornado tracks from this historical tornado outbreak426

over a modern landscape indicate that the impact has increased significantly over the last 50 years427

(see Table 1 compared with Tables 2 and 3). This increase is driven by an increase in the number428

of inhabitants and implicitly by an increase in the number of buildings. For example, according to429

United Nations (2017b), the population of France increased from 48.9 million inhabitants in 1965430

to 64.4 million inhabitants in 2015 and is projected to reach 71.5 million inhabitants by 2065 (an431

increase by 46.2% since 1965). Similar increases in the number of inhabitants are projected for432

Belgium (by 33.89% since 1965 reaching 12.6 million inhabitants in 2065) and the Netherlands433

(by 40.0% since 1965 reaching 17.1 million inhabitants in 2065). Ashley et al. (2014) argued that434

is not just the number of inhabitants that is important when analyzing the impact of tornadoes, but435

also how the population and the built environment are distributed across the landscape. The cities436

are expanding the exposure, and vulnerability is increasing (the expanding bullseye effect proposed437

by Ashley et al. 2014, and further discussed by Ashley and Strader 2016, Strader et al. 2017a,438

and Strader et al. 2017b). United Nations (2017a) estimated that 54.4% of the world’s population439

lived in urban settlements in 2016, which will increase to 60% by 2030, with one in three people440

living in a city with at least 0.5 million inhabitants. Thus, the impact of tornadoes in Europe not441

only has increased since 1967, but will continue to increase in the near future. Assuming that442
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the average annual number of tornadoes (i.e., 227 tornadoes per year between 2012–2016) is not443

going to change in a future warmer climate, the impact of European tornadoes will increase due to444

an increase in societal exposure associated with an increasing population and an increasing growth445

of cities through urbanization and urban sprawl.446

Future climate projections summarized by Brooks (2013) and Tippett et al. (2015) have sug-447

gested an increase in the frequency of the environments supportive of severe convective storms448

and their associated hazards (e.g., tornadoes) over the United States and Europe. For example,449

Diffenbaugh et al. (2013) showed that an increase is expected in the occurrence of severe thunder-450

storm environments over the eastern United States in response to global warming by 2100, and the451

number of days supportive of tornadic storms might increase. Púčik et al. (2017) suggested than452

an increase in the frequency of the environments supportive of severe convective storms is pro-453

jected over Europe in the 21st century, especially south-central, central, and eastern Europe. Thus,454

assuming that there is no change in the societal exposure during the 21st century, an increase in the455

frequency of environments supportive of severe convective storms implies an increasing impact of456

European tornadoes if global warming continues (e.g., Strader et al. 2017b).457

Because both the exposure (i.e., population increase, city growth) and risk (i.e., frequency of458

environments associated with severe convective storms) will increase during the 21st century, the459

impact of severe convective storms in general, and tornadoes in particular will increase. On the460

other hand, Schultz and Janković (2014) and Janković and Schultz (2017) have argued that the461

exposure will surpass the effects of climate change. Even if current tornado research and tor-462

nado mitigation strategies are not a priority for European meteorological services, researchers,463

and emergency managers, these topics will become important in the near future. Thus, any miti-464

gation strategies that aim to make communities more resilient will need to include tornadoes.465
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7. Conclusions466

The 24–25 June 1967 tornado outbreak over France, Belgium, and the Netherlands is illustrative467

of the impact associated with European tornadoes. This impact, as argued by Antonescu et al.468

(2017), is currently underestimated, with tornadoes being treated as a curiosity by the general469

public, meteorological services, and emergency managers, rather than as damaging weather phe-470

nomena. The results presented here indicate that the 24–25 June 1967 tornado outbreak transposed471

over a modern landscape could result in 24 990 buildings being impacted, 255–2 580 injuries, and472

17–172 fatalities. A worst case scenario was also constructed by considering the maximum values473

for the number of buildings and inhabitants impacted resulting from moving the tornado tracks474

around their observed positions in a systematic way. In this scenario, 146 222 buildings will be475

impacted, 2 550–25 440 inhabitants will be potentially injured, and 170–1 696 will potentially be476

killed.477

More scenarios can be constructed that can result in a larger number of buildings impacted478

and larger death tolls. For example, transplanting a single tornado track over a high populated479

urban area can produce a weather-related disaster, as some of the scenarios devised here based480

on tornado tracks for the June 1967 outbreak have suggested. Here, we have not considered such481

extreme scenarios (e.g., the Palluel tornado track crossing Paris, the Tricht tornado track crossing482

Amsterdam). Instead, we focused on scenarios in which tornadoes are occurring in the same483

region as in June 1967, which allowed us to understand how the impact of the June 1967 tornado484

outbreak has changed over the last 50 years. Thus, in terms of buildings impacted, the impact of485

the June 1967 outbreak (960 buildings) is approximately 13 times lower than the lowest ranked486

scenario (12 924 buildings) out of the 121 scenarios resulting from moving the tracks around their487
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observed position. The 1967 outbreak would rank 99th in injuries out of the 121 scenarios (232488

injuries) and 121st in fatalities (15 fatalities).489

The potential number of injuries and fatalities that result from some of the scenarios based on490

the June 1967 tornado outbreak over a modern landscape is high even when compared with high-491

impact U.S. tornadoes [e.g., the ”Tri-State Tornado” on 17 March 1925 killed 695 people and492

injured 2,027 in Missouri, Illinois and Indiana (Johns et al. 2013)]. Such a high number of injuries493

and fatalities is conceivable for Europe given the lack of tornado awareness and preparedness494

programs and tornado warnings in the majority of European countries. But, given the differences495

in the construction practices between western Europe and Central United States, it also likely that496

the number of fatalities and injuries is overestimated. Since 1967, when KNMI issued the first497

tornado warning for Europe, tornado warnings have been issued for eight other countries (Rauhala498

and Schultz 2009). Currently, KNMI is the only meteorological service in Europe that is currently499

issuing tornado warning (Holzer et al. 2015).500

Given the potential increase in exposure (i.e., population increase, city growth) and tornado501

risk (i.e., increase in the frequency of environments associate with severe convective storms), the502

results from this study highlights the importance of changing the current disaster management503

policies and mitigation strategies to include tornadoes. These changes will reduce the impact of504

tornadoes in Europe in the current and the future environment. Furthermore, the methodology505

developed here can be used to analyze the impact of tornadoes in other regions of Europe (e.g.,506

the impact of the 9 June 1984 tornado outbreak over the Ivanovo and Yaroslavl regions north of507

Moscow, Russia). Understanding how the impact is changing in time and how it varies across508

Europe is essential for developing pan-European mitigation strategies that aim to make commu-509

nities more resilient to tornado damages and to reduce the number of tornado-related injuries and510

fatalities.511
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TABLE 1. Summary of the tornado reports for the 24–25 June 1967 tornado outbreak.

Tornado Country Date Time (UTC) F scale Path length Path width Fatalities Injuries Houses

track (start–end) (km) (m) (damaged or destroyed)

Davenescourt France 24 Jun 1810 F3 33(9) 400 no data no data no data

Pommereuil France 24 Jun 2000 F4 23 500 2 50 200

Palluel France 24 Jun 1940 F5 25 250 6 30 152

Argoules France 25 Jun 1245 F2 10 150 no data no data no data

Oostmalle Belgium 25 Jun 1515 F3 6 300 no data 110 467

Chaam Netherlands 25 Jun 1527–1540 F3 11 300 2 10 no data

Tricht Netherlands 25 Jun 1610–1624 F3 15 200 5 32 141
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TABLE 2. Impact of the 24–25 June 1967 tornado outbreak showing minimum, median, and mean number

of buildings impacted by each tornado track (Figs. 6a–c and 7a–d). The IDENTICAL OUTBREAK scenario

indicates the number of impacted buildings if all tornado tracks are maintained in the same position as observed

(center cell in Figs. 6d and 7e). The MAXIMUM OUTBREAK scenario indicates the maximum number of

impacted buildings if the positions of tornado tracks relative to each other are maintained (maximum in Figs. 6d

and 7e). The MODIFIED OUTBREAK scenario shows the maximum number of impacted building if each track

is moved to its maximum (maximum in Figs. 6a–c and 7a–d). For the MODIFIED OUTBREAK scenario, the

position of the tornado tracks relative to each other is altered.

729

730

731

732

733

734

735

736

Tornado track minimum median mean
IDENTICAL OUTBREAK MAXIMUM OUTBREAK MODIFIED OUTBREAK

scenario scenario scenario

Davenescourt 3 242 9 091 11 384 10 107 67 542 67 542

Pommereuil 126 5 368 8 793 6 829 37 442 61 719

Palluel 403 4 440 8 151 4 932 26 101 53 107

Total 24 June 21 868 131 085 182 368

Argoules 0 959 1 352 1 185 0 7 272

Oostmalle 3 246 547 729 11 5 134

Chaam 8 1 091 2 020 321 11 069 11 981

Tricht 33 769 1 457 887 4 057 9 953

Total 25 June 3 122 15 137 34 340
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TABLE 3. Same as in Table 2, but for the number of inhabitants impacted.

Tornado track minimum median mean
IDENTICAL OUTBREAK MAXIMUM OUTBREAK MODIFIED OUTBREAK

scenario scenario scenario

Davenescourt 3 509 8 116 12 791 4 861 7 619 76 729

Pommereuil 1 063 7 300 13 378 7 112 13 492 103 048

Palluel 1 432 4 723 12 299 2 515 124 860 124 860

Total 24 June 14 488 145 971 304 637

Argoules 0 912 1 575 620 0 16 925

Oostmalle 89 625 954 453 664 6 255

Chaam 171 2 393 3 475 663 9 452 15 032

Tricht 322 1 528 2 366 939 13 557 13 557

Total 25 June 2 675 23 673 51 769
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FIG. 2. Tornado tracks during the 24–25 June 1967 tornado outbreak. The tornado tracks from 24 June are

shown in red and those from 25 June in blue.
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FIG. 3. Tornado damages associated with the (a) Pommereuil, (b) Palluel tornadoes from 24 June 1967 over

France (courtesy of Jean Dessens), and (c) Tricht tornado (Netherlands) from 25 June 1967 (courtesy of ANP

Historisch Archief).
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FIG. 5. An example showing how (a) the number of buildings (in red areas inside of the tornado track) and

(b) the number of inhabitants have been extracted for the original position of the Davenescourt tornado track.

Black areas in (a) represent buildings.
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(a) Damages from Davescourt tornado track
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FIG. 6. The number of buildings (based on OpenStreetMaps) impacted (shaded according to the scale) as a

result of systematically moving (a) Davenescourt, (b) Pommereuil, and (c) Palluel tornado tracks from 24 June

1967 over a modern landscape (Fig. 4). The impact of all tornadoes from 24 June 1967 is shown in (d) as a sum

of impacts from each of the three tornado tracks.
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FIG. 7. As in Fig. 6, but for 25 June 1967.
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(b) Pommereuil tornado track
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FIG. 8. The number of impacted inhabitants (shaded according to the scale) as a result of systematically

moving (a) Davenescourt, (b) Pommereuil, and (c) Palluel tornado tracks from 24 June 1967 over a modern

landscape (based on OpenStreetMaps). The impact of the outbreak form 24 June 1967 is shown in (d) as a sum

of impacts from each of the three tornado tracks.
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FIG. 9. As in Fig. 8, but for 25 June 1967.
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