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Abstract. Climate change is an ongoing process that is modifying weather patterns

and influencing weather phenomena and extreme events such as heatwaves, droughts,

and floods. This paper investigates whether climate change can also play a role in

enhancing wildfires by focusing on a set of three recent wildfires in Europe. We employ

the concept of analogues to assess the influence of climate change on the atmospheric

conditions underlying wildfire development monitored through the fire weather index,

by comparing past and present atmospheric patterns similar to those that occurred

during the wildfire. Our analysis focuses on both reanalysis data and high-resolution

regional climate models to verify the observed changes and provide future projections.

Our findings show that climate change has altered critical factors supporting wildfire

development, such as wind patterns, temperature, and humidity. The results from our

sample of three events point out that climate change has increased wildfire hazards in

Europe, which is projected to further increase for similar fire weather conditions in the

future.

Keywords : Wildfires - Atmospheric circulation - Climate Change - Attribution -

Regional climate model - CORDEX
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1. Introduction1

As climate change intensifies, wildfires have transitioned from being sporadic occurrences2

to recurring crises [1, 2]. Weather stands out as a key factor governing regional burned3

area. Atmospheric circulation patterns and meteorological variables such as wind speed4

and direction, temperature, and humidity are crucial in both the ignition and spread5

of fires [3], although available fuel and potential ignition sources are also needed [4].6

Europe is no exception to the global trend towards higher burned area and increased7

occurrence/magnitude, which has been linked to the compound increase of droughts and8

heatwaves, and the resulting high temperatures and low soil moisture [5, 6]. Specifically,9

the IPCC states that there is medium confidence that fire weather conditions in Southern10

Europe have become more likely in the last century and high confidence that they will11

increase in the future for global warming of 2 degrees and above [7, 5].12

The increase in weather conditions favoring wildfire is part of broader climate13

system changes associated with anthropogenic climate change [8]. While long-term14

trends in weather events can often be attributed to climate change with high confidence,15

attributing individual events remains challenging. There is a growing number of16

approaches for attribution analyses [9, 10, 11, 12, 13], yet these often come with17

considerable uncertainty, and event attribution is the subject of ongoing debate [14, 15].18

Consequently, while trends in fire danger have been studied [16, 1], wildfire attribution19

studies are scant.20

This paper employs atmospheric analogues to elucidate the weather conditions21

associated with three recent wildfires in Europe, specifically in Central Sweden (July22

2018), France (summer 2022), and Sicily and Greece (July 2023), in both reanalysis23

and model data. Here we use an approach based on atmospheric analogues, which hold24

promise for attributing extreme weather events to underlying climate change conditions25

by comparing current atmospheric patterns with those from historical records [17, 18].26

This can help us assess whether climate change to date has led to conditions more27

conducive to wildfires. The atmospheric analogues and the associated fire weather28

conditions in high-resolution regional climate models (RCMs) are further examined,29

which can help confirm the observed changes and provide future projections.30

2. Data & Methods31

2.1. Data32

We analyse daily ERA5 reanalysis data [19] with a horizontal grid resolution 0.25◦ ×33

0.25◦, from 01-Jan-1950 to 31-Jul-2023. Two European domains are considered: 2034

W◦-30◦E, 30◦N-60◦N and 5 E◦-30◦E, 50◦N-70◦N. We use 500 hPa geopotential height35

(z500) to identify analogues. To assess the risk of wildfire ignition and spread based on36

multiple meteorological and environmental factors, we use the Fire Weather Index (FWI)37

produced by the Copernicus Emergency Management Service for the European Forest38

Fire Information System (EFFIS) ([20]). This index was developed by the Canadian39
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Forest Service in the 1970s [21, 22]. A higher value in FWI indicates conditions more40

favourable for sustaining a fire once one is ignited.41

RCM data from the Coordinated Regional Climate Downscaling Experiment42

(CORDEX) are also examined in this study [23, 9, 24]. We consider a total of 31 scenario43

simulations from the CORDEX European Domain with 0.11◦ resolution (EUR-11)44

driven by global climate models, details of which are shown in Table S1. The historical45

and RCP8.5 scenarios are considered, with the former covering the period of 1980-46

2005, and the latter 2006-2098. FWI in the models are derived using relative humidity47

(rh), daily accumulated precipitation (tp), maximum 2-meter temperature (tmax), and48

maximum 10-meter wind speed(wspdmax). The obtained FWI, together with z500,49

2-meter temperature (t2m), and 10-meter wind speed (wspd) are then preprocessed50

following the same procedure as used for ERA5.51

2.2. Analogs attribution method52

Following [17], we explore the role of anthropogenic climate change on the occurrence53

of European wildfires by comparing the analogues during the 1950-1979 period to those54

from 1992-2021 (hereafter referred to as the full analysis). We assume that the first55

period represents a counterfactual (CF) world, where a weak to moderate anthropogenic56

influence on climate is present, while the latter represents a factual (F) world, with an57

increased role of anthropogenic-induced climate change. Analogue-based assignment58

(e.g., [25, 17, 26]) relies on the definition of a target event to be compared with a set59

of other events/conditions. In our case, the target event is the z500 pattern associated60

with wildfires observed over a specific region and with a certain duration in time (i.e.,61

number of days). The area and duration of the target event are determined based on62

both its socioeconomic impacts and the location and extent of the meteorological drivers,63

following the approach by ClimaMeter (www.climameter.org) [18].64

The analogues are identified based on the Euclidean distance d(Ev,Y) between65

the target event (Ev) and the remaining z500 maps (Y). We select the best 2266

patterns (∼0.6% days) that minimize d(Ev,Y) in the extended season of the target67

event. With the identified analogues, the composites in the CF/F periods, the68

changes between the two, and the analogues metrics (including the analogue quality69

Q, the instantaneous dimension D, and the persistence Θ) can be calculated. It70

is worth-mentioning that Q indicates how unique a target event is, and the level of71

confidence we can place in our analogues approach. We further evaluate the impact72

of natural climate variability (including the El Niño-Southern Oscillation (ENSO), the73

Atlantic Multidecadal Oscillation (AMO), and the Pacific Decadal Oscillation (PDO))74

on the target event by testing for significant changes between their CF/F probability75

distribution functions. We additionally determine the top 54 analogues (∼0.6% days) for76

the entire time interval and examine the variation in their frequency by gauging a linear77

trend. A detailed description of the definitions and implications of these metrics, as well78

as the tests for statistical significance, is provided in the supplementary materials.79
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2.3. Bias correction, model evaluation and projection80

The analogues attribution in CORDEX is undertaken on both the raw and the bias-81

corrected z500. The bias correction method employed is the Cumulative Distribution82

Function – transform (CDF-t) method, developed by Michelangeli et al. [27]. The83

calculation is carried out using the “CDF-t” R package [28].84

Model-based changes in z500 and FWI (obtained from the analogues analysis) are85

compared with the ERA5-based ones. The analyses are undertaken over the common86

period of RCM and ERA5, and the counterfactual and factual periods are chosen as87

1980-1999 and 2001-2020, respectively, each containing 20 years (hereafter referred to88

as the validation analysis).89

To better estimate future changes, the models are selected based on their skills in90

simulating event-day z500 patterns. As the days in RCM do not correspond with the91

actual calendar days, the event-day patterns are not defined in the models; therefore, the92

event-day ERA5 patterns is used for analogues identification, and the obtained analogues93

in model data are used as a proxy for model performance. Specifically, for each RCM,94

the correlation coefficients between the event-day pattern in ERA5 and the analogues95

identified in RCM from both counterfactual and factual periods are calculated. The96

average value of the correlation coefficients is used as an indicator of model skill. The97

average correlation coefficients between ERA5 analogues and event-day z500 patterns98

(0.900, 0.763, and 0.906 for the three cases) is used as the selection standard. In addition,99

we consider models with slightly lower skill, i.e., 0.05 less than the ERA5 correlation,100

having adequate performance to be included in the ensemble.101

Future changes in FWI are evaluated in both near and far future. The102

counterfactual period is 1980-2009 for both, and the factual periods are 2022-2051 and103

2069-2098, respectively. Ensemble mean of changes in z500 and FWI are presented.104

The statistical significance of change is evaluated based on a two-sided t-test with a105

significance level of 0.05, and we also applied the Benjamini & Hochberg procedure [29]106

for controlling the false discovery rate as multiple testing correction [30, 31]; the results107

of the latter are similar to those of the former in most of the cases. Additionally, model108

agreement is evaluated; consistent change is considered if over 80% of the ensemble109

members agree on the sign [32]. For each event, the average changes in FWI are also110

evaluated over the area most affected, which are defined by the gray boxes shown in111

Figure 1. Statistical significance in whether ensemble mean and median changes are112

different from 0 is determined based on one-sample t-test and Wilcoxon signed rank113

test.114

3. Results115

3.1. 2023/07/25 Sicily and Greece wildfires116

Summer 2023 is a season of heatwaves in the Mediterranean [34]. It has witnessed a117

series of impactful wildfires, with Sicily and Greece experiencing some of the most severe118
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Figure 1. Fire weather index anomalies (with respect to a reference period of 1950-

2023) on the event day for the three events. The gray boxes mark the area used for

calculating the area average changes. The location of the wildfires (obtained from

Global Wildfire Information System [33]) is marked by the green hatches.

on record. In Sicily, wildfires started on 25 July, isolating its major cities, Catania and119

Palermo, causing power and water shortages. This resulted in a state of emergency120

declaration from the Italian Government. The EFFIS Joint Research Centre (https:121

//effis.jrc.ec.europa.eu/about-effis) reported over 5,000 hectares burnt, with an122

estimated €250 million to address agricultural damage [35]. In Greece, wildfires caused123

at least 28 deaths, injured 75, and led to mass evacuations, forcing the government to124

establish a Crisis Management Unit.125

Figure 2 shows the results of the attribution of the atmospheric circulation126

configuration associated with the Sicily and Greece wildfires based on ERA5 and127

CORDEX data. (Detailed results of the ERA5 full analysis, including those for Q,128

D, Θ, and the natural variability, are shown in Figure S1. Results for bias-corrected129

data are shown in Figure S2.) The event and its analogues are characterised by an area130

of low z500 over Northern Europe and a band of high z500 over the Mediterranean and131

the western North Atlantic (Figure 2a). We observe significant decrease in z500 by about132

25% in Western Europe (Figures 2d), with no variations found in either Sicily or Greece.133

A warming conditional to analogues is visible across most of the domain (Figure S1g).134

The atmospheric pattern of the factual period is further associated with increased FWI135

over Sicily and Greece (Figures 2f). There is a significant signal of decreasing winds over136

these regions (Figure S1m-p). The quality of the analogues Q (Figure S1q) shows that137

the z500 pattern is close to the median/average values of the Q distribution of its CF/F138

analogues, suggesting that the z500 pattern examined here is not unique and that we139

have confidence in our analysis. We detect a significant decrease in D, but no significant140

changes in Θ (Figure S1r, s). There is a slight shift towards an earlier occurrence of141

analogues in the factual period in terms of the seasonality (Figure S1t). The changes in142

https://effis.jrc.ec.europa.eu/about-effis
https://effis.jrc.ec.europa.eu/about-effis
https://effis.jrc.ec.europa.eu/about-effis
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the large-scale modes of natural variability (Figure S1u-w) show a potential contribution143

from PDO. Finally, we observe an increase in analogues frequency of about one event144

per decade (Figure S1x).145

For the CORDEX models, the average correlation coefficients between the ERA5146

event-day z500 pattern and the model analogues are shown in Table S2. For this event,147

the average correlation ranges between 0.871 and 0.910. As all values are above the148

predefined threshold, all models are included in the ensemble. The change in z500 in the149

ERA5 validation analysis (Figure 2g) is similar to that of the full analysis (Figure 2d);150

both show a decrease in western Europe. The CORDEX ensemble suggests a weak151

decrease in the southwestern and southeastern parts of the domain and an increase in the152

eastern parts (Figure 2j). For t2m, ERA5 validation analysis (Figure 2n) shows a similar153

warming pattern as the full analysis (Figure 2h), and the model ensemble suggests154

significant warming over most of the domain (Figure 2k). FWI change in the validation155

analysis shows statistically significant increases in Sicily and Greece (Figure 2i), and so156

does the RCM ensemble (Figure 2l). Such similarity between the RCM ensemble and157

ERA5 suggests sufficient performance of the former for projecting future changes.158

For the near future, a decrease in z500 is projected over the southern parts of the159

domain, covering both Sicily and Greece (Figure 2m). FWI shows significant increases160

in both areas (Figure 2o). In the far future, z500 shows a significant decrease over the161

Mediterranean Sea (Figure 2p), covering both areas of interest. FWI shows significant162

increases of considerable magnitude over most parts of western Europe; such increases163

are consistent among the ensemble members (Figure 2r). The average changes in FWI164

over the area most affected by the wildfire are shown in Figure 3 (results for bias-165

corrected data are shown in Figure S7). ERA5 shows average changes of 1.68 and166

1.81 for the full and validation analyses, respectively. For the validation period, the167

CORDEX models suggest an ensemble-mean change of 2.18 (ensemble median of 2.3),168

which corresponds well with the ERA5 results. FWI over Sicily and Greece is projected169

to experience a mean increase of 3.11 and 9.32 (median of 2.75 and 9.63) in the near170

and far future, respectively.171

3.2. 2022/07/12 France wildfires172

In July 2022, Western Europe experienced a series of heatwaves, marked by record-173

breaking temperatures exceeding 40°C at multiple locations [36]. These high174

temperatures resulted from prolonged anticyclonic conditions and the influx of warm air175

from Morocco [37]. On July 12, 2022, two distinct forest fires erupted in the Bordeaux176

region of southwest France, specifically in Landiras and La Teste-de-Buch. They were177

exacerbated by moderate winds and ravaged more than 20,000 hectares of forested land,178

resulting in evacuation of 36,000 residents [38].179

Figure 4 shows the results for the attribution of this event. (More for the ERA5 full180

analysis are shown in Figure S3. Results with bias correction are shown in Figure S4.)181

The salient features of the event were high z500 values over the British Isles and North-182
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Western Europe, an area of low z500 over Eastern Europe, and a small area of low z500 to183

the south-east of Iberia Figure 4a). We observe significant increases in z500 of about 50184

m, in the region affected by wildfires (Figure 4j). The warming conditional to analogues185

is over 2 °C near the fire location (Figure 4e). The atmospheric pattern of the factual186

period is further associated with increased FWI in western France (Figure 4f). There187

is a signal of decreasing winds over the same region (Figure S3m-p). The quality of the188

analogues Q (Figure S3q) shows that z500 is higher than the median/average values of189

the Q distribution of its CF/F analogues, suggesting that this pattern is highly unusual.190

The results of our analysis should therefore be interpreted with caution. We do not191

detect any significant changes in D or Θ (Figure S3r, s). For the seasonal occurrence of192

analogues (Figure S3t), there is a slight shift of this type of events towards later seasons193

in the factual world. The changes in the natural variability (Figure S3u-w) highlight a194

potential contribution from ENSO and the PDO. Finally, we observe an increase in the195

analogues frequency of about one event more per decade (Figure S3x).196

CORDEX models show less skill in simulating the z500 patterns for this event; the197

correlation coefficients range between 0.711 and 0.797 (Table S2). Given the predefined198

threshold, 30 models without bias correction and all models after bias correction are199

selected. For ERA5, the change in z500 in the validation analysis is similar to that of200

the full analysis; however, the significant increase over France is shifted to the northern201

Atlantic Ocean to the south of Portugal and Spain (Figure 4g). The change in t2m and202

FWI is shifted accordingly to lands near this area (Figure 4h, i). Over parts of southern203

France, increases in FWI can be identified (not significant). The patterns of changes of204

z500, t2m, and FWI in the CORDEX ensemble agree with the ERA5 ones (Figure 4j-l).205

In the near future, z500 is projected to increase over the northern Atlantic Ocean,206

similar to the ERA5 pattern (Figure 4m). FWI shows significant increases over western207

Europe (Figure 4o). For the far future, z500 shows a decrease over parts of France208

(Figure 4p). FWI shows significant and substantial increases over western Europe,209

with agreement in the ensemble (Figure 4r). For the most affected areas (Figure 3),210

ERA5 shows average changes of 4.44 and 0.23 in FWI for the full and validation211

analyses, respectively. CORDEX ensemble shows a change comparable to the latter212

in the validation period. In the near and far future, FWI is projected to show ensemble-213

mean increases of 1.04 and 6.44 (ensemble median of 0.44 and 5.36), respectively.214

3.3. 2018/07/16 Sweden wildfires215

July 2018 is the hottest on record in Sweden, characterised by unusually warm and216

dry conditions [39]. This resulted in a high fire risk, and an unprecedented number217

of wildfires in Southern and Central Sweden. The largest of these ignited around218

July 12, and grew rapidly since July 16 [40]. Sweden activated the European Union’s219

Civil Protection Mechanism, and received firefighting support from, amongst others,220

Denmark, France, and Italy [41].221

Figure 5 shows the results for the Central Sweden wildfires of July 2018. (More222



Analogues Attribution of European Wildfires in CORDEX 8

for the ERA5 full analysis is shown in Figure S5. Results for bias-corrected data are223

shown in Figure S6.) The event and its analogues are characterised by an area of high224

z500 over northern Scandinavia (Figure 5a). z500 has not changed markedly between the225

counterfactual and factual periods (Figure 5d). A warming conditional to analogues is of226

moderate magnitude near the location of the largest wildfires (Figure 5e). Conditioned227

on the analogues, significant increases in FWI can be identified over central Sweden228

(Figure 5f). For wind, no clear signal emerges at the wildfire location (Figure S5m-p).229

The quality of the analogues Q (Figure S5q) shows that the z500 pattern is close to the230

median/average values of the Q distribution of its CF/F analogues, suggesting that this231

event is not unique and that we have confidence in our analysis. We detect no significant232

changes in D and Θ (Figure S5r, s). There is no systematic shift in seasonal timing233

of the analogues (Figure S5t). The changes in the natural variability (Figure S5u-w)234

highlight a potential contribution from ENSO. Finally, we observe an increase in the235

analogues frequency of almost two events per decade (Figure S5x).236

The CORDEX ensemble shows sufficient skill in simulating the z500 patterns similar237

to the event-day pattern in ERA5, with average correlation coefficients ranging between238

0.842 and 0.928 (Table S2); therefore, 30(31) models without(with) bias correction are239

included in the ensemble. z500 does not show significant change over the domain in the240

validation analysis (Figure 5g), which is similar to the full analysis (Figure 5d). FWI,241

on the other hand, shows a significant decrease over southern Sweden (Figure 5i). The242

CORDEX ensemble does not show significant change in both variables (Figure 5j, l).243

For the near future, a decrease in z500 can be found over southern parts of Sweden244

(Figure 5m), and an increase in FWI can be identified over its central parts (Figure 5o).245

In the far future, the models project a significant decrease in z500 near the center of the246

domain (Figure 5p), and a significant increase in FWI over parts of Sweden and Norway247

(Figure 5r). The models do not show high agreement for this event. For the most248

affected areas (Figure 3), ERA5 shows average changes of 3.46 and −1.56, respectively,249

for the full and validation analyses. The models show an ensemble-mean change of −0.13250

(median of −0.24). The change in ERA5 is below the lower quartile of the CORDEX251

ensemble (−0.93), suggesting a possible overestimation in the models. The ensemble252

projects mean changes of 0.48 and 0.91 (median of 0.36 and 0.39) in the near and far253

future, respectively.254

4. Discussion255

The attribution of extreme weather events to climate change remains a challenging256

task due to the complex nature of the climate system and the limitations of available257

data. Our study adopts an approach based on atmospheric analogues and examines the258

atmospheric circulation associated with recent wildfires. For the events analysed here,259

we see no systematic shifts in the large-scale atmospheric pattern. In the French fires, we260

see a significant increase in z500 overlapping the location of the fires, while in the other261

two cases the significant changes are spatially limited and distant from the fire locations.262
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For the French wildfires, the higher z500 could be a contributing factor to the dry, hot263

conditions which characterised the event. In all three cases, we observe a warming of the264

analogues across large parts of the domain, which reflect the overarching background265

of global warming. The FWI of the analogues increased during the factual periods266

for all three cases. This demonstrates the strong connection between the atmospheric267

circulation patterns and the fire weather conditions for these three events.268

Following the ClimaMeter approach, we further discuss the analogue quality. Two269

of the analysed cases – Sicily/Greece and Sweden – have a good analogue quality in both270

periods, suggesting high confidence in our analysis. For France, the analogues are of271

poor quality, suggesting that the event is highly unusual and that our results should be272

interpreted with care. In particular, in Figures S3a-c it is evident that the analogues miss273

the negative z500 anomaly in the south-western part of the domain. Moreover, possible274

contributions from large-scale modes of climate variability are observed for all three275

cases. Although we do not relate causally the observed changes in the meteorological276

fields to those in the distribution of the climate variability indices, we cannot exclude277

that these may have a modulating effect. At the same time, arguments have been made278

for the need to radically change the null hypothesis in attribution studies ([42]). That is,279

we should, by default, assume that observed changes are due to anthropogenic climate280

change, and only attribute them to other factors when this null hypothesis is disproved.281

Leveraging this perspective, we would attribute the observed changes in the fire weather282

to anthropogenic climate change, with a possible contribution from natural variability.283

In addition, when examining the analogues frequency for the entire period, we observe284

in all three cases a systematic increase. This points to atmospheric patterns similar285

to the ones associated with these impactful fire events becoming increasingly frequent286

with time. This is in qualitative agreement with the literature evidencing an increased287

wildfire risk in the historical period across several European regions [43].288

To address the issue of limited data and to better understand the connection289

between extreme events and atmospheric circulation, the high-resolution CORDEX290

ensemble is employed. All models show high skill in simulating the event-day z500291

pattern for the Sicily/Greece and Sweden events, but less skill for the France case, which292

could be due to the fact that the latter is highly unusual. From another perspective,293

it can also be considered that the models have faithfully reproduced the rarity (low294

analogue quality) of this event. The ensemble-mean changes in z500 and FWI in295

CORDEX models are similar to those obtained in ERA5, suggesting the models’ ability296

to capture the connection between atmospheric circulation patterns and the fire weather297

conditions. On the other hand, in the validation analyses, less than 80% of the ensemble298

members agree on the sign of change in z500 and FWI for all three events, emphasizing299

the uncertainty in these variables among models. In the mid-21st century, the CORDEX300

ensemble projects significant decreases in z500 in and/or near the location of the wildfire301

for all three events. These are associated with significant and consistent increases in302

t2m over almost the entire domain and significant increases in FWI over the areas of303

interest. The decrease in z500 does not contradict the current consensus on a global304
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mean increasing trend [44], since this variable is detrended before the analogue search.305

This decrease may also be related to reduced relative humidity, which has been shown306

to decrease over the Mediterranean region [7, 5] and significantly impact fire weather307

conditions [45]. In the late 21st century, similar changes are projected, but with a larger308

magnitude and/or over a larger area. The ensemble members show a high agreement309

in their projected sign of change in FWI for the Sicily/Greece and France events in the310

late 21st century.311

5. Conclusions312

Our study attributed changes in atmospheric circulation patterns and associated surface313

variables during recent destructive wildfires in Sicily and Greece (2023), southwest314

France (2022) and Sweden (2018). We utilized the 500 hPa geopotential height field to315

identify analogues for past (factual) and recent (counterfactual) periods in the reanalysis,316

as well as under the present-day and future climate in a high-resolution RCM ensemble,317

providing a framework for studying changes in meteorological conditions favouring the318

occurrence of wildfires under climate change.319

In all three cases, we find that differences between the two periods resulted in320

increased fire weather conditions. In other words, atmospheric patterns similar to321

those that coincided with the selected wildfire events correspond today to a higher fire322

weather index than they did in the past. This implies an increased wildfire hazard, given323

comparable atmospheric states. We attribute this to human-driven climate change, with324

natural variability possibly playing a contributing role. These attributable changes can325

be identified in the CORDEX ensemble. Conditioned on similar atmospheric patterns,326

the models project, with consistency, increases in fire weather index in the study areas327

in the future.328

Our study underscores the challenges inherent to attributing extreme weather329

events and associated hazards – such as wildfires – to climate change. The intrinsic330

difficulty in isolating sources of natural variability, and the comparatively short331

observational period pose considerable hurdles. Nevertheless, the analysis performed332

here provides an initial framework by employing a high-resolution climate model333

ensemble to help further develop our understanding of the links between atmospheric334

circulation, climate change, and wildfires. This methodology could be included in the335

pipeline in ClimaMeter to improve the robustness of the attribution process.336
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Demory M E, Bülow K, Teichmann C, Warrach-Sagi K and Wulfmeyer V 2021 Journal of430

https://www.ipcc.ch/report/ar6/wg1/downloads/report/IPCC_AR6_WGI_Chapter12.pdf
https://www.ipcc.ch/report/ar6/wg1/downloads/report/IPCC_AR6_WGI_Chapter10.pdf
https://wcd.copernicus.org/articles/5/959/2024/


Analogues Attribution of European Wildfires in CORDEX 13

Geophysical Research: Atmospheres 126 e2019JD032356431
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Figure 2. ERA5 and CORDEX ensemble Analogs analysis for the

2023/07/25 Sicily and Greece wildfires. Daily mean 500 hPa geopotential height

z500 (a), 2-meter temperature t2m (b), and fire weather index FWI (c) on the day of

the event. ∆z500 (d), ∆t2m (e), and ∆FWI (f) of the full analysis, between factual

[1992-2021] and counterfactual periods [1950-1979]. ∆z500 (g), ∆t2m (h), and ∆FWI

(i) of the validation analysis, between the factual [2001-2020] and counterfactual [1980-

1999] periods. The corresponding ∆z500 (j), ∆t2m (k), and ∆FWI (l) of the historical

period based on EURO-CORDEX ensemble. ∆z500 (m, p), ∆t2m (n, q), and ∆FWI

(o, r) in the near [2022-2051] and far [2069-2098] future with respect to the reference

period [1980-2009] based on EURO-CORDEX ensemble. Colored areas in (d-i) show

significant anomalies with respect to the bootstrap procedure; colored areas in (j-r)

show significant change based on two-sided t-tests; gray dots in (j-r) indicate that over

80% of the ensemble members agree on the sign of change. Note that color ranges are

different for ERA5 and RCM analyses.
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Figure 3. Boxplot for the area-averaged change over the boxes defined in Figure 1

for the three events. The green and blue filled circles indicate changes based on ERA5

full and validation analyses, respectively. The boxplots summarize the changes in

the selected members of the EURO-CORDEX ensemble. The circles and lines inside

the boxes indicate the mean and median, with the red color indicating statistical

significance based on the one-sample t-tset and Wilcoxon signed rank test, respectively.

The top and bottom edges of the boxes indicate the upper and lower quartiles; the

dots indicate outliers that are more than 1.5 inter-quartile distance away from the top

and bottom edges of the box. The labels on the x-axis indicate datasets/experiments.
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Figure 4. ERA5 and CORDEX ensemble Analogs analysis for the

2022/07/12 France wildfires. Daily mean 500 hPa geopotential height z500 (a),

2-meter temperature t2m (b), and fire weather index FWI (c) on the day of the event.

∆z500 (d), ∆t2m (e), and ∆FWI (f) of the full analysis, between factual [1992-2021]

and counterfactual periods [1950-1979]. ∆z500 (g), ∆t2m (h), and ∆FWI (i) of the

validation analysis, between the factual [2001-2020] and counterfactual [1980-1999]

periods. The corresponding ∆z500 (j), ∆t2m (k), and ∆FWI (l) of the historical

period based on EURO-CORDEX ensemble. ∆z500 (m, p), ∆t2m (n, q), and ∆FWI

(o, r) in the near [2022-2051] and far [2069-2098] future with respect to the reference

period [1980-2009] based on EURO-CORDEX ensemble. Colored areas in (d-i) show

significant anomalies with respect to the bootstrap procedure; colored areas in (j-r)

show significant change based on two-sided t-tests; gray dots in (j-r) indicate that over

80% of the ensemble members agree on the sign of change. Note that color ranges are

different for ERA5 and RCM analyses.
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Figure 5. ERA5 and CORDEX ensemble Analogs analysis for the

2018/07/16 Central Sweden wildfires. Daily mean 500 hPa geopotential height

z500 (a), 2-meter temperature t2m (b), and fire weather index FWI (c) on the day of

the event. ∆z500 (d), ∆t2m (e), and ∆FWI (f) of the full analysis, between factual

[1992-2021] and counterfactual periods [1950-1979]. ∆z500 (g), ∆t2m (h), and ∆FWI

(i) of the validation analysis, between the factual [2001-2020] and counterfactual [1980-

1999] periods. The corresponding ∆z500 (j), ∆t2m (k), and ∆FWI (l) of the historical

period based on EURO-CORDEX ensemble. ∆z500 (m, p), ∆t2m (n, q), and ∆FWI

(o, r) in the near [2022-2051] and far [2069-2098] future with respect to the reference

period [1980-2009] based on EURO-CORDEX ensemble. Colored areas in (d-i) show

significant anomalies with respect to the bootstrap procedure; colored areas in (j-r)

show significant change based on two-sided t-tests; gray dots in (j-r) indicate that over

80% of the ensemble members agree on the sign of change. Note that color ranges are

different for ERA5 and RCM analyses.
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1. Procedure for the analogues analysis and tests for statistical significance

Before carrying out the analogues analysis, a linear trend is removed for each grid

point of z500, to account for long-term thermodynamic trend. We also consider 2-meter

temperature (t2m) and the 10-meter wind speed (wspd) during the identified analogues.

For all variables, we deseasonalise the data by using a daily climatology defined as the

average over a given calendar day across the full dataset.

The identification of analogues is based on computing the Euclidean distance

d(Ev,Y) between the target event (Ev) and the remaining set of latitude-longitude z500

maps (Y). We select as analogues of Ev the best 22 patterns that minimize d(Ev,Y).

These correspond to approximately 0.6% of days in the dataset. Previous analyses have

shown a weak dependence of the results on the exact number of analogues chosen. We

constrain our search to the extended season during which the target event occurred, as

this helps ensure that other meteorological conditions beyond the z500 pattern remain

similar to those of the target event. In this study, since all three events happened in

summer, we search for analogues in the extended summer, i.e., June, July, August, and

September. As conventional in attribution studies, the event itself is excluded. We also

exclude a window of 3 days before and after the event. We also compute analogue quality

Q, which is the average Euclidean distance between the target event and its 22 most

similar analogs. Q can be used to determine how unique a target event is, and the level

of confidence we can place in our analogues approach. If the Q value for Ev falls within

the same distribution as its analogs, it implies that the event is not unique, allowing for

attribution with a high degree of confidence. Conversely, if the Q value is in the upper

tail of the distribution, the event largely unique and, consequently, unattributable.

Once analogues are identified, we compute their dynamical systems metrics

instantaneous dimension D and persistence Θ [1, 2, 3, 4]. D is a proxy for the

active number of degrees of freedom of a given atmospheric configuration, and hence

is proportionally related to its intrinsic predictability. Θ is a measure of the clustering

of similar consecutive atmospheric maps. When the dimension D of the target event is

higher(lower) than that of its analogues, then it will be less(more) predictable than the

closest dynamical situations identified in the data. When the persistence Θ of the target

event is higher(lower) than that of its analogues, then it will be more(less) persistent

than the closest dynamical situations identified in the data.

With the identified analogues, the composites in the counterfactual and factual

periods, as well as the changes between the two, can be calculated. Statistical

significance of the change is evaluated using a bootstrap procedure, in which the

analogues of the two periods are pooled together; from it, 1,000 samples of 2 sets of

22 analogues are taken, representing the analogues for the counterfactual and factual

periods, which are then used to calculate the changes. If the actual change of a grid

point is more than 2 standard deviations above or below the mean of the bootstrap

samples, it is then considered as statistically significant [5].

The analysis of the analogues provides an indication of differences between
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the factual and counterfactual periods, but does not provide a direct indication of

their cause. Observed changes could, in principle, be related to the influence of

low-frequency modes of natural climate variability such as the El Niño-Southern

Oscillation (ENSO), the Atlantic Multidecadal Oscillation (AMO) or the Pacific

Decadal Oscillation. To account for this, we utilize monthly indices sourced from

NOAA/ERSSTv5 data obtained from the Royal Netherlands Meteorological Institute

(KNMI) Climate Explorer. To evaluate their impact on the target event, we test for

significant changes between factual and counterfactual probability distribution functions

(PDFs) using a two-tailed Cramér-von Mises test [6] at the 0.05 significance level. If

the p-value falls below 0.05, we reject the null hypothesis (H = 0), signifying that both

samples originate from distinct distributions, and the role of natural variability cannot

be dismissed.

Additionally, we determine the top 54 analogues (approximately 0.6% of days) for

the entire time interval and gauge a linear trend in the number of analogues per decade.

To assess the significance of these trends, we determine their confidence intervals using

the Wald method [7].

2. Detailed explanation of the Analogues Metrics

2.1. Predictability

The attractor of a dynamical system is a geometric object defined in the space hosting

all the possible states of the system (phase-space). Each point ζ on the attractor can be

characterized by two dynamical indicators: the local dimension D, which indicates the

number of degrees of freedom active locally around ζ, and the persistence Θ, a measure

of the mean residence time of the system around ζ [8].

D can be considered as a proxy for the active number of degrees of freedom of

a given atmospheric configuration, and hence is proportionally related to its intrinsic

predictability. When the dimension D of the target event is higher(lower) than that of

its analogues, then it will be less(more) predictable than the closest dynamical situations

identified in the data.

To determine D, we exploit recent results from the application of extreme value

theory to Poincaré recurrences in dynamical systems. This approach considers long

trajectories of a system — in our case successions of daily Z500 latitude–longitude maps

— corresponding to a sequence of states on the attractor. For a given point ζ in phase

space (e.g., a given Z500 map), we compute the probability that the system returns

within a ball of radius ϵ centered on the point ζ. The [9] theorem, modified by [10],

states that logarithmic returns:

g(x(t)) = − log(dist(x(t), ζ)) (1)

yield a probability distribution such that:

Pr(z > s(q)) ≃ exp

[
−ϑ(ζ)

(
z − µ(ζ)

σ(ζ)

)]
(2)
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where z = g(x(t)) and s is a high threshold associated with a quantile q of the series

g(x(t)). Requiring that the orbit falls within a ball of radius ϵ around the point ζ is

equivalent to asking that the series g(x(t)) is over the threshold s; therefore, the ball

radius ϵ is simply e−s(q). The resulting distribution is the exponential member of the

Generalized Pareto Distribution family. The parameters µ and σ, namely the location

and the scale parameter of the distribution, depend on the point ζ in phase space. µ(ζ)

corresponds to the threshold s(q) while the local dimension D(ζ) can be obtained via the

relation σ = 1/D(ζ). This is the metric of predictability introduced in the manuscript.

When x(t) contains all the variables of the system, the estimation of D based on

extreme value theory has a number of advantages over traditional methods (e.g., the

box-counting algorithm [11, 12]). First, it does not require the estimation of the volume

of different sets in scale space: the selection of s(q) based on the quantile provides

a selection of different scales s that depends on the recurrence rate around the point

ζ. Moreover, it does not require the a priori selection of the maximum embedding

dimension, as the observable g is always a univariate time-series.

2.2. Persistence

The persistence Θ is a measure of the clustering of similar consecutive atmospheric maps.

When the persistence Θ of the target event is higher(lower) than that of its analogues,

then it will be more(less) persistent than the closest dynamical situations identified in

the data.

The persistence of the state ζ is measured via the extremal index 0 < ϑ(ζ) < 1,

an adimensional parameter, from which we extract Θ(ζ) = ∆t/ϑ(ζ). Here, ∆t is the

timestep of the dataset being analysed. Θ(ζ) is therefore the average residence time of

trajectories around ζ, namely the metric of persistence introduced in the manuscript,

and it has unit of a time (in this study days). If ζ is a fixed point of the attractor, then

Θ(ζ) = ∞. For a trajectory that leaves the neighborhood of ζ at the next time iteration,

Θ = 1. To estimate ϑ, we adopt the Süveges estimator [13]. For further details on the

the extremal index, see [14].

2.3. Quality

Q is the average euclidean distance of a given day from its closest 22 analogs [15]. One

can then compare Q for the targeted SLP or Z500 map to Q for each analogue of the

target. If the value of Q for the targeted map belongs to the same distribution as, or

is smaller than, the values of Q for the analogs, then the event has good analogs and

attribution can be performed. If instead the Q for the targeted map is larger than that

of the analogue days, then this indicates a highly unusual Z500 or SLP configuration and

the results of the attribution analysis must be interpreted with care. Differences between

the counterfactual and factual periods in the value of Q for the peak day of the targeted

map indicate whether the the atmosphere is visiting states (analogs) that are more or

less similar to the map associated with the extreme. Differences in the distribution of
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Q for the 22 analogs indicate whether those states are in turn becoming more or less

”typical” of the atmospheric variability. In order to test the homogeneity of the analogs

in the two periods, we have computed Q for all days in the factual and counterfactual

periods on the wide North Atlantic domain and applied the two-sided Cramér-von Mises

test at the 0.05 significance level. The analogs quality diagnostic provides information

on the fact that we have enough good and independent analogs to perform the analysis

for the following reasons: i) the distance of the targeted maps from the analogs (dark

dots in Figures S1, S3, S5(q)) is within the range of that of the analogs of the analogs.

If we did not have good analogs the dots would lie outside of the violins for factual

and counterfactual periods. ii) if the number of independent analogs for study would

not be sufficient, the violin plots in Figures S1, S3, S5 (q) would not show a continuous

distribution probability density function but rather consist of discontinuous and discrete

patches.
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[15] Faranda D, Vrac M, Yiou P, Jézéquel A and Thao S 2020 Geophysical Research Letters 47

e2020GL088002



Supplemental Material 6

Number GCM Ensemble RCM

1 CNRM-CERFACS-CNRM-CM5 r1 GERICS-REMO2015

2 CNRM-CERFACS-CNRM-CM5 r1 SMHI-RCA4

3 ICHEC-EC-EARTH r12 CLMcom-ETH-COSMO-crCLIM-v1-1

4 ICHEC-EC-EARTH r12 DMI-HIRHAM5

5 ICHEC-EC-EARTH r12 KNMI-RACMO22E

6 ICHEC-EC-EARTH r12 MOHC-HadREM3-GA7-05

7 ICHEC-EC-EARTH r12 SMHI-RCA4

8 ICHEC-EC-EARTH r1 DMI-HIRHAM5

9 ICHEC-EC-EARTH r1 KNMI-RACMO22E

10 ICHEC-EC-EARTH r1 SMHI-RCA4

11 ICHEC-EC-EARTH r3 KNMI-RACMO22E

12 IPSL-IPSL-CM5A-MR r1 GERICS-REMO2015

13 IPSL-IPSL-CM5A-MR r1 KNMI-RACMO22E

14 MOHC-HadGEM2-ES r1 CNRM-ALADIN63

15 MOHC-HadGEM2-ES r1 ICTP-RegCM4-6

16 MOHC-HadGEM2-ES r1 KNMI-RACMO22E

17 MOHC-HadGEM2-ES r1 MOHC-HadREM3-GA7-05

18 MPI-M-MPI-ESM-LR r1 CLMcom-ETH-COSMO-crCLIM-v1-1

19 MPI-M-MPI-ESM-LR r1 CNRM-ALADIN63

20 MPI-M-MPI-ESM-LR r1 DMI-HIRHAM5

21 MPI-M-MPI-ESM-LR r1 ICTP-RegCM4-6

22 MPI-M-MPI-ESM-LR r1 KNMI-RACMO22E

23 MPI-M-MPI-ESM-LR r1 SMHI-RCA4

24 MPI-M-MPI-ESM-LR r2 CLMcom-ETH-COSMO-crCLIM-v1-1

25 MPI-M-MPI-ESM-LR r2 SMHI-RCA4

26 MPI-M-MPI-ESM-LR r3 GERICS-REMO2015

27 MPI-M-MPI-ESM-LR r3 SMHI-RCA4

28 NCC-NorESM1-M r1 CLMcom-ETH-COSMO-crCLIM-v1-1

29 NCC-NorESM1-M r1 GERICS-REMO2015

30 NCC-NorESM1-M r1 KNMI-RACMO22E

31 NCC-NorESM1-M r1 SMHI-RCA4

Table S1. List of EURO-CORDEX models used in the analysis.
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Number
2023/07/25 Sicily-Greece 2022/07/12 France 2018/07/16 Sweden

Raw Bias-corrected Raw Bias-corrected Raw Bias-corrected

1 0.876 0.882 0.724 0.739 0.895 0.893

2 0.871 0.871 0.748 0.760 0.902 0.901

3 0.901 0.903 0.747 0.742 0.915 0.914

4 0.892 0.891 0.769 0.771 0.915 0.907

5 0.896 0.889 0.746 0.749 0.924 0.923

6 0.896 0.894 0.759 0.755 0.922 0.918

7 0.895 0.891 0.763 0.755 0.906 0.910

8 0.905 0.891 0.755 0.756 0.923 0.919

9 0.897 0.892 0.711 0.713 0.917 0.912

10 0.909 0.898 0.740 0.746 0.928 0.921

11 0.894 0.890 0.751 0.752 0.919 0.912

12 0.890 0.883 0.792 0.787 0.914 0.908

13 0.896 0.875 0.789 0.797 0.912 0.904

14 0.887 0.884 0.777 0.779 0.909 0.903

15 0.889 0.879 0.751 0.761 0.920 0.918

16 0.884 0.878 0.775 0.772 0.916 0.913

17 0.889 0.879 0.788 0.783 0.919 0.906

18 0.895 0.888 0.768 0.767 0.842 0.877

19 0.894 0.899 0.774 0.769 0.902 0.907

20 0.895 0.890 0.777 0.773 0.905 0.897

21 0.888 0.892 0.747 0.748 0.916 0.923

22 0.899 0.895 0.766 0.767 0.865 0.893

23 0.894 0.890 0.777 0.770 0.890 0.885

24 0.901 0.895 0.778 0.774 0.901 0.901

25 0.905 0.898 0.766 0.766 0.908 0.915

26 0.907 0.900 0.770 0.773 0.900 0.912

27 0.907 0.902 0.761 0.761 0.897 0.907

28 0.910 0.895 0.742 0.740 0.910 0.908

29 0.904 0.888 0.781 0.790 0.890 0.899

30 0.905 0.896 0.761 0.754 0.890 0.878

31 0.905 0.900 0.760 0.762 0.922 0.902

Table S2. Average correlation coefficient between the event-day z500 pattern from

ERA5 and the analogs identified in CORDEX simulations.
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Figure S1. ERA5 Analogs analysis for the 2023/07/25 Sicily and Greece

wildfires. Daily mean 500 hPa geopotential height z500 (a), 2-meter temperature t2m

(e), fire weather index FWI (i), wind speed wspd (m) on the day of the event. Average

of the 22 500 hPa geopotential height analogues found for the counterfactual [1950-

1979] (b) and factual [1992-2021] (c) periods and corresponding 2-meter temperatures

(f,g), fire weather index (j,k), and wind speed (n,o). ∆z500 (d), ∆t2m (h), ∆FWI

(i), and ∆wspd (p) between factual and counterfactual periods: colored areas show

significant anomalies with respect to the bootstrap procedure . Violin plots for

counterfactual (blue) and factual (orange) periods for the analogues Quality Q (q) the

instantaneous dimension D (r), the persistence Θ (s) and the occurrence of analogues

in each month (t). Violin plots for counterfactual (blue) and factual (orange) periods

for ENSO (u), AMO (v), PDO (w). The number of analogues per decade (blue) and

its linear trend (black; x). Values for the peak day of the extreme event are marked

by a dot. Titles in (q–s and u—w) report the results of the Cramer-von Mises test H

and the p-value pval. The title in panel (w) includes the value of the linear trend slope

and its confidence interval CI in square brackets.
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Figure S2. ERA5 and bias-corrected CORDEX ensemble Analogs analysis

for the 2023/07/25 Sicily and Greece wildfires. Daily mean 500 hPa geopotential

height z500 (a), 2-meter temperature t2m (b), and fire weather index FWI (c) on

the day of the event. ∆z500 (d), ∆t2m (e), and ∆FWI (f) of the full analysis,

between factual [1992-2021] and counterfactual periods [1950-1979]. ∆z500 (g), ∆t2m

(h), and ∆FWI (i) of the validation analysis, between the factual [2001-2020] and

counterfactual [1980-1999] periods. The corresponding ∆z500 (j), ∆t2m (k), and

∆FWI (l) of the historical period based on bias-corrected EURO-CORDEX ensemble.

∆z500 (m, p), ∆t2m (n, q), and ∆FWI (o, r) in the near [2022-2051] and far [2069-2098]

future with respect to the reference period [1980-2009] based on bias-corrected EURO-

CORDEX ensemble. Colored areas in (d-i) show significant anomalies with respect

to the bootstrap procedure; colored areas in (j-r) show significant change based on

two-sided t-tests; gray dots in (j-r) indicate that over 80% of the ensemble members

agree on the sign of change. Note that color ranges are different for ERA5 and RCM

analyses.



Supplemental Material 10

Figure S3. ERA5 Analogs analysis for the 2022/07/12 France wildfires.

Daily mean 500 hPa geopotential height z500 (a), 2-meter temperature t2m (e), fire

weather index FWI (i), wind speed wspd (m) on the day of the event. Average of

the 22 500 hPa geopotential height analogues found for the counterfactual [1950-1979]

(b) and factual [1992-2021] (c) periods and corresponding 2-meter temperatures (f,g),

fire weather index (j,k), and wind speed (n,o). ∆z500 (d), ∆t2m (h), ∆FWI (i), and

∆wspd (p) between factual and counterfactual periods: colored areas show significant

anomalies with respect to the bootstrap procedure. Violin plots for counterfactual

(blue) and factual (orange) periods for the analogues Quality Q (q) the instantaneous

dimension D (r), the persistence Θ (s) and the occurrence of analogues in each month

(t). Violin plots for counterfactual (blue) and factual (orange) periods for ENSO (u),

AMO (v), PDO (w). The number of analogues per decade (blue) and its linear trend

(black; x). Values for the peak day of the extreme event are marked by a dot. Titles in

(q–s and u—w) report the results of the Cramer-von Mises test H and the p-value pval.

The title in panel (w) includes the value of the linear trend slope and its confidence

interval CI in square brackets.
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Figure S4. ERA5 and bias-corrected CORDEX ensemble Analogs analysis

for the 2022/07/12 France wildfires. Daily mean 500 hPa geopotential height

z500 (a), 2-meter temperature t2m (b), and fire weather index FWI (c) on the day

of the event. ∆z500 (d), ∆t2m (e), and ∆FWI (f) of the full analysis, between

factual [1992-2021] and counterfactual periods [1950-1979]. ∆z500 (g), ∆t2m (h), and

∆FWI (i) of the validation analysis, between the factual [2001-2020] and counterfactual

[1980-1999] periods. The corresponding ∆z500 (j), ∆t2m (k), and ∆FWI (l) of the

historical period based on bias-corrected EURO-CORDEX ensemble. ∆z500 (m, p),

∆t2m (n, q), and ∆FWI (o, r) in the near [2022-2051] and far [2069-2098] future with

respect to the reference period [1980-2009] based on bias-corrected EURO-CORDEX

ensemble. Colored areas in (d-i) show significant anomalies with respect to the

bootstrap procedure; colored areas in (j-r) show significant change based on two-sided

t-tests; gray dots in (j-r) indicate that over 80% of the ensemble members agree on the

sign of change. Note that color ranges are different for ERA5 and RCM analyses.
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Figure S5. ERA5 Analogs analysis for the 2018/07/16 Central Sweden

wildfires. Daily mean 500 hPa geopotential height z500 (a), 2-meter temperature t2m

(e), fire weather index FWI (i), wind speed wspd (m) on the day of the event. Average

of the 22 500 hPa geopotential height analogues found for the counterfactual [1950-

1979] (b) and factual [1992-2021] (c) periods and corresponding 2-meter temperatures

(f,g), fire weather index (j,k), and wind speed (n,o). ∆z500 (d), ∆t2m (h), ∆FWI

(i), and ∆wspd (p) between factual and counterfactual periods: colored areas show

significant anomalies with respect to the bootstrap procedure . Violin plots for

counterfactual (blue) and factual (orange) periods for the analogues Quality Q (q) the

instantaneous dimension D (r), the persistence Θ (s) and the occurrence of analogues

in each month (t). Violin plots for counterfactual (blue) and factual (orange) periods

for ENSO (u), AMO (v), PDO (w). The number of analogues per decade (blue) and

its linear trend (black; x). Values for the peak day of the extreme event are marked

by a dot. Titles in (q–s and u—w) report the results of the Cramer-von Mises test H

and the p-value pval. The title in panel (w) includes the value of the linear trend slope

and its confidence interval CI in square brackets.
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Figure S6. ERA5 and bias-corrected CORDEX ensemble Analogs analysis

for the 2018/07/16 Central Sweden wildfires. Daily mean 500 hPa geopotential

height z500 (a), 2-meter temperature t2m (b), and fire weather index FWI (c) on

the day of the event. ∆z500 (d), ∆t2m (e), and ∆FWI (f) of the full analysis,

between factual [1992-2021] and counterfactual periods [1950-1979]. ∆z500 (g), ∆t2m

(h), and ∆FWI (i) of the validation analysis, between the factual [2001-2020] and

counterfactual [1980-1999] periods. The corresponding ∆z500 (j), ∆t2m (k), and

∆FWI (l) of the historical period based on bias-corrected EURO-CORDEX ensemble.

∆z500 (m, p), ∆t2m (n, q), and ∆FWI (o, r) in the near [2022-2051] and far [2069-2098]

future with respect to the reference period [1980-2009] based on bias-corrected EURO-

CORDEX ensemble. Colored areas in (d-i) show significant anomalies with respect

to the bootstrap procedure; colored areas in (j-r) show significant change based on

two-sided t-tests; gray dots in (j-r) indicate that over 80% of the ensemble members

agree on the sign of change. Note that color ranges are different for ERA5 and RCM

analyses.



Supplemental Material 14

Figure S7. Boxplot for the area-averaged change over the boxes defined in Figure 1

for the three events. The green and blue filled circles indicate changes based on ERA5

full and validation analyses, respectively. The boxplots summarize the changes in the

selected members of the bias-corrected EURO-CORDEX ensemble. The circles and

lines inside the boxes indicate the mean and median, with the red color indicating

statistical significance based on the one-sample t-tset and Wilcoxon signed rank test,

respectively. The top and bottom edges of the boxes indicate the upper and lower

quartiles; the dots indicate outliers that are more than 1.5 inter-quartile distance

away from the top and bottom edges of the box. The labels on the x-axis indicate

datasets/experiments.
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