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Detection of a climate change signal in extreme heat,1

heat stress and cold in Europe from observations2
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Key Points:6

• We detect a clear climate change signal in extreme heat, heat stress and cold over7

Europe that cannot be explained by internal variability.8

• On average across Europe days with extreme heat and heat stress have tripled and9

days with extreme cold more than halved from 1950–2018.10

• Hot and cold extremes warmed significantly more than the corresponding seasonal11

mean in Central Europe, by 2.3 and >3◦C, respectively.12
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Abstract13

In the last two decades Europe experienced a series of high-impact heat extremes. We14

here assess observed trends in temperature extremes at ECA&D stations in Europe. We15

demonstrate that on average across Europe the number of days with extreme heat and16

heat stress has more than tripled and hot extremes have warmed by 2.3◦C from 1950–17

2018. Over Central Europe, the warming exceeds the corresponding summer mean warm-18

ing by 50%. Days with extreme cold temperatures have decreased by a factor of 2–3 and19

warmed by more than 3◦C, regionally substantially more than winter mean temperatures.20

Cold and hot extremes have warmed at about 94% of stations, a climate change signal21

that cannot be explained by internal variability. The clearest climate change signal can22

be detected in maximum heat stress. EURO-CORDEX RCMs broadly capture observed23

trends but the majority underestimates the warming of hot extremes and overestimates24

the warming of cold extremes.25

1 Introduction26

Human activities are estimated to have caused approximately 1.0 ◦C of global warm-27

ing above pre-industrial levels (Masson-Delmotte et al., 2018). On top of the mean tem-28

perature warming, a trend to more frequent and intense heat extremes has been observed29

(Alexander et al., 2006; Coumou & Robinson, 2013; Della-Marta, Haylock, Luterbacher,30

& Wanner, 2007). During the last decades Europe experienced a series of heat extremes31

that broke long-standing temperature records almost everywhere (Barriopedro, Fischer,32

Luterbacher, Trigo, & García-Herrera, 2011; King, 2017) with summer 2018 being very33

warm over most of Europe. Europe turns out to be one of the areas that experienced34

the strongest intensification of hot extremes since the 1950s (Donat et al., 2013; Fischer35

& Knutti, 2014). At the same time there has been a substantial decrease in the frequency36

of cold extremes (Alexander, 2016; Frich et al., 2002).37

From a statistical perspective temperature extremes can change as a result of mean38

warming or changes in variance and skewness of the distribution (Katz & Brown, 1992;39

Loikith, Neelin, Meyerson, & Hunter, 2018; Mearns, Katz, & Schneider, 1984; Schär et40

al., 2004; Seneviratne et al., 2012). Model projections suggest that temperature variabil-41

ity will regionally decrease in winter and increase in summer (Cattiaux, Douville, Schoet-42

ter, Parey, & Yiou, 2015; Fischer, Lawrence, & Sanderson, 2011; Holmes, Woollings, Hawkins,43

& de Vries, 2016; Kjellström et al., 2007; Orlowsky & Seneviratne, 2012) leading to cold44
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and warm extremes warming stronger than the mean. However, the observational ev-45

idence for variability changes is limited, and significant changes in summer temperature46

variability have been documented only at few stations in central and southern Europe47

(Della-Marta et al., 2007; Yiou, Dacunha-Castelle, Parey, & Hoang, 2009). Recently, Gross,48

Donat, and Alexander (2019) found based on a gridded temperature dataset the largest49

differences between extreme and seasonal mean warming rates in the cold tails of the dis-50

tributions for many regions in the extratropical Northern Hemisphere and the smallest51

differences for boreal summer. Thus, differences in changes between extremes and sea-52

sonal means are heterogeneous in space and time. We here test for a large network of53

stations whether changes observed in extreme temperature are only due to a shift in mean54

temperatures towards a globally warmer climate or if there is also a change in the vari-55

ability of the temperature distribution.56

Trend detection of extremes has mostly been done at global to hemispheric scale.57

At regional to local scale internal variability can strongly offset or amplify local to re-58

gional trends in extremes over several decades (Fischer & Knutti, 2013; Perkins & Fis-59

cher, 2013). We here test whether we can detect a climate change signal at stations across60

Europe. In order to minimize the effect of internal variability, it is essential to aggregate61

across large regions and analyze as long periods as possible. Likewise, we also reduce the62

sensitivity to potential inhomogeneities at individual stations. Finally, most observational63

studies focus on temperature only whereas we here account for the effect of ambient hu-64

midity on heat stress, which is potentially relevant for health and labour productivity65

(Diffenbaugh, Pal, Giorgi, & Gao, 2007; Fischer & Schär, 2010; Pal & Eltahir, 2016). Most66

previous studies quantifying changes in heat stress were based on climate models. We67

here address the question whether a signal in heat stress can be detected also in Europe.68

Thus, we aim here at revisiting and detecting trends in temperature extremes for69

Europe. We assess how the recent years fit the earlier trends and the projections. We70

first quantify observed trends in the frequency and intensity of temperature extremes and71

test whether a change can be clearly detected, i.e, whether they are larger than expected72

from internal variability. We also include wet-bulb temperature, which combines humid-73

ity and air temperature, as a measure for heat stress. In addition, we test if changes in74

the extremes are larger than changes in the mean, as has been proposed in multiple mod-75

elling studies. Finally, we assess how well EURO-CORDEX regional climate models (RCMs)76

reproduce the observed trends.77
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2 Data and Methods78

2.1 Data sets79

We use daily mean (TG), daily maximum (TX), daily minimum temperature (TN),80

and daily relative humidity (HU) from the European Climate Assessment & Dataset (ECA&D,81

Klein Tank et al. (2002)). This data set provides quality-controlled station data for around82

4000 stations in Europe, the exact number depends on the variable. Data is available83

from 1950 to present, we use data until October 2018.84

We consider a station to be valid if at least 90% of the data is available over the85

whole time period 1950–2018 and for Figure 1 if at least 80% of data is available for each86

of the three subperiods. Every year needs at least 300 days valid data, otherwise we ex-87

cluded this year when calculating yearly maxima or minima. When calculating seasonal88

means we allowed not more than ≈10% of data to be missing per season (>82 days). These89

constraints reduce the data set to around 1000 stations for temperatures and even less90

for humidity (ca. 440). However, these constraints are necessary to avoid spurious trends91

due to missing data in the time series. For instance, imagine a station which only includes92

data until January 2017. Since we are looking for maximum values per year, including93

this year would lead to very low yearly maxima in 2017. The wet-bulb temperature (WBT)94

we calculate from humidity and mean temperature using the empirical equation by Stull95

(2011) (more details in SI Text S1). We group valid stations into four different groups96

shown in Figure 2 (left panels), Northern Europe (NEU), Central Europe (CEU), Mediter-97

ranean (MED) (Seneviratne et al., 2012), and Europe (EUR).98

We also use the gridded version E-Obs v19e (Cornes, van der Schrier, van den Besse-99

laar, & Jones, 2018) of the same temperature data and RCM output from EURO-CORDEX100

(0.44◦ resolution) (Kotlarski et al., 2014). The E-Obs gridded dataset covers the period101

1950–2018. Some of the EURO-CORDEX runs are only available from 1971 onwards.102

Hence, we only use the time period 1971–2018 for the E-Obs versus EURO-CORDEX103

comparison.104

2.2 Statistical Methods105

We investigate yearly maxima and minima and calculate 1-day, 3-day, 5-day and106

7-day means (rolling means, centered day of interest) for summer (June, July, August)107
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and winter (December, January, February). For TX and WBT we extract the yearly max-108

imum, denoted TXx and WBTx (1-day), TX3x and WBT3x (3-day), and so forth. For109

TN we look for the yearly minimum (TNn, TN3n, TN5n and TN7n). In addition, we110

calculate seasonal means of TG for each year for summer (TGJJA) and winter (TGDJF ).111

Anomalies were calculated by subtracting the seasonal mean over the whole 1950–2018112

time period. Then we estimate the linear trends based on anomalies using least-squares113

linear regressions.114

We perform block bootstrapping (Wilks, 1997) over all stations at the same time115

(details in SI Text S2) to estimate trends expected due to internal variability. To assess116

if trends at individual stations are significant we use a two sided p-value (Wald-test with117

t-distribution) adjusted using the false discovery rate (FDR) (Wilks, 2006, 2016) to ac-118

count for multiple testing. We calculate the differences in trend between TXx−TGJJA119

and TNn−TGDJF at individual stations and compare this distribution to a bootstrapped120

distribution (Figure 3). To assess if the median trend change in the extremes is statis-121

tically different than the seasonal mean trend we use a two-sided t-test.122

3 Results123

3.1 More Hot and Less Cold Extremes124

Days with extreme heat (TX>0.99 percentile) as well as extreme heat stress (WBT>0.99125

percentile) have at least tripled over the period 1950–2018. On average across Europe126

(EUR region) they increased from around 2 days per year in 1950 to about 6 days per127

year in 2018 as estimated from a linear trend (Figure 1a,c). The change in the number128

of days exceeding a certain percentile should not necessarily be expected to be linear,129

therefore, we also added the change estimated from a 2nd order polynomial trend. Even130

though these two trend lines are different, the calculated increase over the time series131

is the same. The right side of figure 1 shows the number of days exceeding a certain per-132

centile for three different time periods (note that no trends were calculated for these shorter133

subperiods). While the increase in hot days is small from 1950–1972 to 1973–1995, days134

with extreme heat have doubled up to 1996–2018 and more than tripled over the entire135

period (Figure 1a,b). The magnitude of this increase depends on the extremeness of the136

definition, and is largest for the most extreme bins >99% (Figure 1b,d). The sign of the137

change is robust across different percentile thresholds. Changes are consistent showing138
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more frequent extreme hot days and warm nights across all bins of temperature. The139

increase in extremely warm nights is even more pronounced than for days, with more than140

doubling from the earliest to the most recent period (Figure 1f). Likewise, days with ex-141

treme heat stress increased consistently with day and nights of extreme heat (Figure 1d).142

On the other hand, extremely cold nights (TN <0.01 percentile) have decreased143

by a factor of two to three from more than 5 around 1950 to around 2 days per year in144

2018 (Figure 1e). Again, the relative decrease is strongest for the most extreme events.145

During the last 3 decades there was no single winter with an anomalously high number146

of cold nights averaged across Europe. Both frequency of hot and cold extremes show147

considerable year-to-year variations and multi-decadal trends show spatial heterogeneities148

partly due to internal variability. However, if aggregated across the whole of Europe a149

clear signal emerges with strong trend towards more days and nights with extreme heat150

and heat stress and less days and nights with extreme cold.151

3.2 Amplified Warming of Hot and Cold Extremes152

Figure 2 shows observed trends in the intensity of hot (TXx), heat stress (WBTx)153

and cold (TNn) extremes at station level as well as aggregated over all stations in EUR154

as histograms. Hot extremes have warmed at 94% of all stations with significant trends155

at 60% and a median warming of 0.33◦C per decade or 2.3◦C over the period 1950–2018156

across all stations in Europe (Figure 2b). In CEU the warming was up to 0.8◦C per decade157

at individual stations (Figure 2a) that is more than 5◦C across the whole period. Heat158

stress extremes (WBTx) have significantly intensified at 75% of all stations with a me-159

dian trend of 0.32◦C per decade (Figure 2c,d). Note that the WBTx trends are limited160

to a much smaller network of stations mostly in western Europe that provided the nec-161

essary humidity measurements. In addition, we calculated trends for the hottest multi-162

day extreme episodes (hottest consecutive 3, 5 and 7 days), a metric for heatwave inten-163

sity. We find that the hottest week and the week with the highest heat stress have in-164

tensified at about the same rate as the 1-day extremes (SI Figures S1–S2). This is rel-165

evant particularly for those impacts that only manifest themselves after a period of sus-166

tained heat (stress). Scherrer et al. (2016) even found longer hot extremes (TX7x) to warm167

faster than shorter hot extremes (TXx) in Switzerland. While we see a tendency for longer168

extremes to warm faster than shorter extremes in some regions this is not the case in oth-169

ers and these differences are very small (see Figures S1–S3). The difference may either170
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relate to the different regional coverage or the longer time period (1900–2015) used in171

Scherrer et al. (2016). Overall these multi-day trends are very similar and consistent to172

the one day hottest days per year. Therefore, we concentrate on one-day extremes TXx173

and WBTx in the following.174

Even though trends are negative at few individual stations, a very clear pattern175

emerges across Europe. The trend distribution across all stations is clearly different than176

expected by chance. A first indication is that 94% of the stations show positive and only177

6% negative trends, whereas in the long run the two should balance in the absence of178

change and if the stations were independent. Since this is not the case we further test179

significance by using block bootstrapping and thereby accounting for temporal and spa-180

tial autocorrelation. The grey distributions in Figure 2b,d,f show trends obtained by block181

bootstrapping as measure of what would be possible by chance. The median of the ob-182

served trend distribution is clearly outside the confidence range of medians across the183

block bootstrapped distributions. We also test the significance of the trends at each in-184

dividual station and adjust these p-values for multiple testing using the false discovery185

rate (see Section 2.2, Wilks (2006)). For TXx 60% of stations show statistically signif-186

icant trends, for WBTx 75% of stations. By chance and assuming spatial independence187

we would only expect 2.5% of the stations to show significant positive trends (given that188

we are testing on a 5% level using a two-sided test). Therefore, a clear intensification of189

extreme heat and extreme heat stress can be detected across Europe with a distribution190

of trends that is very different to what would be expected from internal variability. The191

overall trends in heat stress are even more significantly different from internal variabil-192

ity, which is consistent with arguments that the signal-to-noise ratio in models and the193

detectability in observations is higher for heat stress metrics combining temperature and194

humidity (Knutson & Ploshay, 2016).195

To investigate if warming in the hot extremes has been larger than in the mean we196

look at the difference between the trends in hot extremes (TXx) and summer mean tem-197

peratures and plot these trend differences as histograms over all stations within a region198

(Figure 3, red). We test whether this warming difference between hot extremes and sum-199

mer mean is different to what is expected by chance. To this end we block bootstrap TXx200

and TGJJA and plot the distributions of their difference in grey, where this difference201

in the mean is zero.202
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We find that in CEU heat extremes warmed more than the summer mean at about203

85% of the stations and with a median warming difference of 0.14◦C per decade (Fig-204

ure 3a). This implies that across CEU heat extremes have warmed by about 50% more205

than the mean. On the other hand the warming of heat extremes and mean is about the206

same in NEU and MED (difference in trends between TXx−TGJJA not significantly dif-207

ferent from zero, p-value >0.05, Figure 3c,e). Hence, only in CEU the warming in the208

extremes was larger than in the mean in this dataset. This is remarkably consistent with209

projections of heat extremes both in many global climate models (GCMs) and RCMs210

that are projected to be amplified due to enhanced variability across central Europe but211

not necessarily over southern and northern Europe (Cattiaux, Douville, & Peings, 2013;212

Fischer & Schär, 2009; Fischer, Sedláček, Hawkins, & Knutti, 2014; Orlowsky & Senevi-213

ratne, 2012; Seneviratne, Lüthi, Litschi, & Schär, 2006). It has been suggested that the214

increase in variability results from (a) land surface feedbacks, which are particularly rel-215

evant for central Europe, a transition region between a wet regime in the north and a216

dry regime in the south (Cattiaux et al., 2013; Fischer & Schär, 2009; Seneviratne et al.,217

2006), (b) the fact that the typical source regions of warming air advection in southern218

and continental eastern Europe warm more than the source regions of cold-air advection219

in northern Europe and in the Atlantic (Holmes et al., 2016), and (c) that the warm-220

ing is amplified due to less clouds and higher incoming shortwave radiation (Tang, Leng,221

& Groisman, 2012). For future projections, Argüeso, Di Luca, Perkins-Kirkpatrick, and222

Evans (2016) find that central Europe and the Mediterranean are regions where changes223

in variability contribute to the increased intensity of heat waves. Therefore, it is possi-224

ble that even though we do not see a significant difference between trends in summer mean225

temperature and extremes in the Mediterranean region so far, this could change in the226

future. However, Argüeso et al. (2016) also find that Europe and North America, the227

two regions mostly studied when looking at climate extremes, are not representative for228

the rest of the globe, where there is less evidence for an amplified warming of heat ex-229

tremes and seasonal mean warming accounts for most of the changes in heat extremes.230

Overall, the trends identified here are broadly consistent with earlier more regional stud-231

ies focusing on daily extremes (Croitoru & Piticar, 2013; Della-Marta et al., 2007; El Ke-232

nawy, López-Moreno, & Vicente-Serrano, 2013; Fioravanti, Piervitali, & Desiato, 2016;233

Ruml et al., 2017) and hot summers (Christidis, Jones, & Stott, 2015; Twardosz & Kossowska-234

Cezak, 2013).235
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Cold extremes have warmed across much of Europe at a rate much higher than hot236

extremes and with trends up to 1◦C per decade at many stations in NEU and Eastern237

Europe (Figure 2e). The median warming trend in cold extremes over all stations is 0.49◦C238

per decade (Figure 2f) and thereby about 50% greater than for hot extremes. 94% of239

all stations show warming trends that are significant at 40% of the stations. Since year-240

to-year variability in cold extremes is substantially higher than in hot extremes it is not241

unexpected that the fraction of significant warming trends is smaller than for hot extremes242

despite the warming rate being larger. Again, the overall distribution is very different243

to what would be expected due to internal variability as estimated by block bootstrap-244

ping (grey distribution).245

This raises the question whether cold extremes have warmed more than winter means?246

We find that the trends in TNn were larger than winter seasonal means in CEU and NEU247

(Figure 3b,d) but around the same in MED (Figure 3f). This implies that along with248

warming, winter temperature variability has decreased over CEU and NEU. Therefore,249

cold extremes have warmed more than the corresponding winter seasonal mean over these250

regions. Again, this behaviour is remarkably consistent with model projections that sug-251

gest amplified warming of cold extremes over these regions (e.g. De Vries, Haarsma, &252

Hazeleger, 2012; Fischer, Rajczak, & Schär, 2012; Holmes et al., 2016). It has been ar-253

gued that the reduction in variability may relate to snow-albedo feedbacks (Fischer et254

al., 2011) and due to advection, that is that the source regions of cold air advection warm255

stronger than those of warm-air advection due to Arctic amplification (Screen, 2014) and256

land sea contrast (De Vries et al., 2012; Holmes et al., 2016). Overall cold winters in Eu-257

rope are generally associated with the negative phase of the North Atlantic Oscillation258

(NAO) (Hurrell, 1995). Circulation patterns like the NAO as well as synoptic patterns259

like blocking events both contribute to thermal advection and, therefore, could play an260

additional role in decreased winter variability (Holmes et al., 2016), which would sup-261

port stronger warming in cold extremes than winter seasonal means.262

3.3 Do Regional Climate Models Reproduce Observed Trends?263

In the following we address the question whether EURO-CORDEX RCMs capture264

the observed warming trend of hot and cold extremes. Due to data availability and to265

allow for a direct comparison we use gridded E-OBS instead station data and restrict266

the analysis to the period 1971–2018. Even though the time period is different and based267
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on gridded rather than on station data as in Figure 2, the pattern and range of observed268

trends are comparable (for the comparison gridded versus station data see Figure 4 g,h).269

Trends calculated from EURO-CORDEX RCM simulations are shown in Figure 4a,b as270

multi-model means from 1971–2018 as maps and for the individual realizations in c,d as271

boxplots. In the multi-model, which represents an estimate for the model-mean forced272

response, the model simulations indicate larger trends in TNn than TXx. For TXx the273

models suggest the largest trends around the Black Sea. For TNn, trends are largest to-274

wards the North and East, potentially as result of declining snow cover and of a reduc-275

tion of temperature variability due to the factors discussed above. For the individual re-276

alizations some models are closer to observations than others. Since local to regional trends277

particularly in extremes are strongly affected by internal variability (Fischer et al., 2014),278

observations should not be expected to agree in their exact pattern with the multi-model279

mean nor individual realizations. Thus, we aggregate data over all three subregions NEU+CEU+MED280

in the following.281

Figure 4e,f shows a direct comparison between the gridded E-OBS data and the282

EURO-CORDEX models as histograms over all models (for EURO-CORDEX) and all283

grid points in NEU+CEU+MED together. The gridded TXx observations show a bi-modal284

distribution. Splitting up the data into the subregions (Figure S4) reveals that the higher285

end of this distribution comes from CEU and the lower end from NEU. Note that the286

histogram for EURO-CORDEX samples across all models, not the multi-model mean.287

For TXx the median trend across all EURO-CORDEX models is smaller than that of288

the gridded observations. Also, the observed median trend across Europe exceeds the289

simulated median of almost 75% of the models (boxplot in Figure 4e), consistent with290

earlier ENSEMBLES RCM which showed a weaker mean warming than observations (Lorenz291

& Jacob, 2010). Out of the 20 models more than 25% (6) simulate a roughly correct me-292

dian, 25% simulate a higher median trend than E-OBS, but almost 50% (9) simulate a293

smaller median warming than E-OBS (Figure 4c). The differences between models and294

observations may partly result from unforced internal variability that affects even the295

distribution of multi-decadal trends, from biased trends in the driving GCMs or in the296

RCMs or from observational uncertainties. Too little warming of hot extremes is in con-297

trast to too much warming of hot extremes found in GCMs (Borodina, Fischer, & Knutti,298

2017; Fischer et al., 2014; Zwiers, Zhang, & Feng, 2011). This may relate to the fact that299

most of the EURO-CORDEX models used a prescribed constant aerosol climatology, while300

–10–
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there has been a substantial decline in aerosol forcing over Europe (Wild, 2009). In ad-301

dition, the missing plant response to increased CO2 in RCMs could play a role (Giorgi302

& Gao, 2018; Kala et al., 2016). Also note that the observed distribution of trends is sub-303

stantially wider than that sampling all simulations and all individual models (Figure 4c).304

This is counterintuitive and suggests that the models underestimate the spatial hetero-305

geneity of trends at these time scales. The medians of the gridded product and the sta-306

tion data are similar over the combined NEU+CEU+MED region (Figure 4g).307

In contrast to hot extremes, the trends in cold extremes tend to be overestimated308

by most of the EURO-CORDEX simulations, as the observed area median trends are309

lower than in 85% of the models (Figure 4d). In particular, there is hardly a model sim-310

ulating a substantial fraction of negative trend, i.e. the low end of the distribution is not311

covered by the RCMs (Figure 4d,f). Again, the behaviour seems to be inconsistent with312

CMIP5 GCMs which on a global scale tend to seriously underestimate the observed warm-313

ing of TNn (Fischer et al., 2014; Min et al., 2013).314

4 Conclusions315

We detect a clear signal from climate change in the trends in extreme temperature316

and heat stress based on observational data that cannot be explained by internal vari-317

ability. We demonstrate that on average across Europe the number of days with extreme318

heat and heat stress has more than tripled from 1950–2018 from less than 2 days to more319

than 6 days per year. Changes are consistent across subregions, daytime and nighttime320

temperatures, and across different percentile thresholds. Likewise, the intensity of daily321

(TXx) to weekly hot extremes has increased by about 2.3◦C (median across Europe) from322

1950–2018. The median rate of change of 0.33◦C per decade is larger than the global av-323

erage temperature warming of about 0.2◦C per decade today (Masson-Delmotte et al.,324

2018). In CEU, the subregion with the strongest intensification, hot extremes have warmed325

about 50% more than the corresponding summer mean temperatures while in NEU and326

MED hot extreme and mean trends are similar.327

Given that trends in annual temperature maxima experience high internal variabil-328

ity it is not surprising that few stations show no trend or even a cooling. When aggre-329

gating across all of Europe a clear signal can be detected. The vast majority of 94% show330

a warming trend and 60% of all stations even a significantly positive trend. We demon-331

–11–
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strate that even when accounting for spatial and temporal autocorrelation the distribu-332

tion of trends across Europe cannot be explained by internal variability alone. We show333

for the first time for Europe that the overall signal can even be clearer detected for ex-334

treme heat stress, expressed as the annual maximum daily mean wet-bulb temperature.335

At the same time extreme cold days and nights have decreased by a factor of 2–336

3 on average across Europe from 1950–2018. Cold extremes have warmed on average by337

0.49◦C per decade, which is more than 3◦C from 1950–2018. Thereby the warming of338

cold extremes in NEU and CEU is substantially higher than the corresponding winter339

mean warming and about 2.5 times larger than todays global average temperature warm-340

ing of about 0.2◦C per decade (Masson-Delmotte et al., 2018). Again a clear signal can341

be detected at European scale: 94% of all stations show warming trends and 40% a sta-342

tistically significant trend, an asymmetry that cannot be explained by internal variabil-343

ity.344

The overall signal in cold and hot extremes is consistent between station network345

and gridded E-Obs data. Nevertheless, the exact trend magnitudes and small-scale pat-346

terns need to be interpreted with caution because not all underlying station data are com-347

plete or have been homogenized (Hofstra, Haylock, New, & Jones, 2009). This can re-348

sult in spurious or doubtful trends at individual stations (Cornes & Jones, 2013) or over349

subregions. Therefore, we carefully select only stations that provide nearly complete time350

coverage and focus on the overall trend distributions across the whole European conti-351

nent containing many stations. By focusing on the overall distribution and the median352

change we expect our findings to be less affected by potential inhomogeneities or biases353

at individual stations. By aggregating spatially we furthermore account for the fact that354

local trends are highly affected by internal variability.355

We further demonstrate that the majority of EURO-CORDEX RCMs, which have356

not been evaluated regarding trends in temperature extremes, tend to underestimate the357

intensification of hot extremes and even more so overestimate the warming of extreme358

cold temperatures. This behaviour is opposite to the behaviour of GCMs evaluated across359

larger scale. We expect that the deviation of EURO-CORDEX models may partly re-360

late to prescribing constant aerosol forcing (Giorgi & Gao, 2018), unforced internal vari-361

ability that affects even the continental average trends over almost 50 years or to a bi-362

ased model response to the forcing (e.g. missing plant stomatal response to increased363

–12–
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CO2 (Kala et al., 2016)). Thus, it is unclear to what extent this potential bias also af-364

fects future projections by these models.365

Acknowledgments366

We acknowledge the data providers in the ECA&D project. Klein Tank, A.M.G.367

and Coauthors, 2002. Daily dataset of 20th-century surface air temperature and precip-368

itation series for the European Climate Assessment. Int. J. of Climatol., 22, 1441-1453.369

Data and metadata available at http://www.ecad.eu. We acknowledge the E-OBS dataset370

from the EU-FP6 project UERRA (http://www.uerra.eu) and the Copernicus Climate371

Change Service. Cornes, R., G. van der Schrier, E.J.M. van den Besselaar, and P.D. Jones.372

2018: An Ensemble Version of the E-OBS Temperature and Precipitation Datasets, J.373

Geophys. Res. Atmos., 123. doi:10.1029/2017JD028200. E-OBS data are available at374

http://surfobs.climate.copernicus.eu/dataaccess/access_eobs.php375

We also acknowledge the World Climate Research Program’s Working Group on376

Regional Climate and the Working Group on Coupled Modeling, the coordinating bod-377

ies behind CORDEX and CMIP5. We in particular thank the climate modeling groups378

(listed in Table S1 accompanying this paper) for producing and making available their379

model output, Urs Beyerle for downloading the data and Sven Kotlarski for further EURO-380

CORDEX information. We acknowledge the Earth System Grid Federation infrastruc-381

ture, an international effort led by the U.S. Department of Energy’s Program for Climate382

Model Diagnosis and Intercomparison, the European Network for Earth System Mod-383

eling, and other partners in the Global Organisation for Earth System Science Portals384

(GO-ESSP). EURO-CORDEX data is available from ESGF, see https://euro-cordex385

.net/060378/index.php.en.386

We also thank the two anonymous reviewers who helped to improve the manuscript.387

References388

Alexander, L. V. (2016). Global observed long-term changes in temperature389

and precipitation extremes: A review of progress and limitations in IPCC390

assessments and beyond. Weather and Climate Extremes, 11 , 4–16. Re-391

trieved from http://dx.doi.org/10.1016/j.wace.2015.10.007 doi:392

10.1016/j.wace.2015.10.007393

Alexander, L. V., Zhang, X., Peterson, T. C., Caesar, J., Gleason, B., Klein Tank,394

–13–

©2018 American Geophysical Union. All rights reserved.



manuscript submitted to Geophysical Research Letters

A. M. G., . . . Vazquez-Aguirre, J. L. (2006). Global observed changes in daily395

climate extremes of temperature and precipitation. Journal of Geophysical396

Research, 111 (D5), D05109. Retrieved from http://www.agu.org/pubs/397

crossref/2006/2005JD006290.shtml doi: 10.1029/2005JD006290398

Argüeso, D., Di Luca, A., Perkins-Kirkpatrick, S. E., & Evans, J. P. (2016, jul).399

Seasonal mean temperature changes control future heat waves. Geophysical400

Research Letters, 43 (14), 7653–7660. Retrieved from http://doi.wiley.com/401

10.1002/2016GL069408 doi: 10.1002/2016GL069408402

Barriopedro, D., Fischer, E. M., Luterbacher, J., Trigo, R. M., & García-Herrera,403

R. (2011, apr). The hot summer of 2010: redrawing the temperature404

record map of Europe. Science (New York, N.Y.), 332 (6026), 220–4. Re-405

trieved from http://www.ncbi.nlm.nih.gov/pubmed/21415316 doi:406

10.1126/science.1201224407

Borodina, A., Fischer, E. M., & Knutti, R. (2017). Emergent constraints in climate408

projections: A case study of changes in high-latitude temperature variability.409

Journal of Climate, 30 (10), 3655–3670. doi: 10.1175/JCLI-D-16-0662.1410

Cattiaux, J., Douville, H., & Peings, Y. (2013, dec). European temperatures in411

CMIP5: origins of present-day biases and future uncertainties. Climate Dy-412

namics, 41 (11-12), 2889–2907. Retrieved from http://link.springer.com/413

10.1007/s00382-013-1731-y doi: 10.1007/s00382-013-1731-y414

Cattiaux, J., Douville, H., Schoetter, R., Parey, S., & Yiou, P. (2015). Pro-415

jected increase in diurnal and interdiurnal variations of European sum-416

mer temperatures. Geophysical Research Letters, 42 (3), 899–907. doi:417

10.1002/2014GL062531418

Christidis, N., Jones, G. S., & Stott, P. A. (2015). Dramatically increasing chance419

of extremely hot summers since the 2003 European heatwave. Nature Climate420

Change, 5 (1), 46–50. doi: 10.1038/nclimate2468421

Cornes, R. C., & Jones, P. D. (2013). How well does the ERA-Interim reanalysis422

replicate trends in extremes of surface temperature across Europe? Journal of423

Geophysical Research Atmospheres, 118 (18), 10262–10276. doi: 10.1002/jgrd424

.50799425

Cornes, R. C., van der Schrier, G., van den Besselaar, E. J., & Jones, P. D. (2018).426

An Ensemble Version of the E-OBS Temperature and Precipitation Data Sets.427

–14–

©2018 American Geophysical Union. All rights reserved.



manuscript submitted to Geophysical Research Letters

Journal of Geophysical Research: Atmospheres, 123 (17), 9391–9409. doi:428

10.1029/2017JD028200429

Coumou, D., & Robinson, A. (2013). Historic and future increase in the global land430

area affected by monthly heat extremes. Environmental Research Letters, 8 (3).431

doi: 10.1088/1748-9326/8/3/034018432

Croitoru, A. E., & Piticar, A. (2013). Changes in daily extreme temperatures in the433

extra-Carpathians regions of Romania. International Journal of Climatology ,434

33 (8), 1987–2001. doi: 10.1002/joc.3567435

De Vries, H., Haarsma, R. J., & Hazeleger, W. (2012). Western European cold spells436

in current and future climate. Geophysical Research Letters, 39 (4), 1–6. doi:437

10.1029/2011GL050665438

Della-Marta, P. M., Haylock, M. R., Luterbacher, J., & Wanner, H. (2007,439

aug). Doubled length of western European summer heat waves since440

1880. Journal of Geophysical Research, 112 (D15), 1–11. Retrieved from441

http://www.agu.org/pubs/crossref/2007/2007JD008510.shtml doi:442

10.1029/2007JD008510443

Diffenbaugh, N. S., Pal, J. S., Giorgi, F., & Gao, X. (2007, jun). Heat stress in-444

tensification in the Mediterranean climate change hotspot. Geophysical Re-445

search Letters, 34 (11), L11706. Retrieved from http://www.agu.org/pubs/446

crossref/2007/2007GL030000.shtml doi: 10.1029/2007GL030000447

Donat, M. G., Alexander, L. V., Yang, H., Durre, I., Vose, R., Dunn, R. J. H.,448

. . . Kitching, S. (2013, mar). Updated analyses of temperature and pre-449

cipitation extreme indices since the beginning of the twentieth century: The450

HadEX2 dataset. Journal of Geophysical Research: Atmospheres, 118 (5),451

2098–2118. Retrieved from http://doi.wiley.com/10.1002/jgrd.50150452

doi: 10.1002/jgrd.50150453

El Kenawy, A., López-Moreno, J. I., & Vicente-Serrano, S. M. (2013). Summer454

temperature extremes in northeastern Spain: Spatial regionalization and links455

to atmospheric circulation (1960-2006). Theoretical and Applied Climatology ,456

113 (3-4), 387–405. doi: 10.1007/s00704-012-0797-5457

Fioravanti, G., Piervitali, E., & Desiato, F. (2016, feb). Recent changes of tempera-458

ture extremes over Italy: an index-based analysis. Theoretical and Applied Cli-459

matology , 123 (3-4), 473–486. Retrieved from http://link.springer.com/10460

–15–

©2018 American Geophysical Union. All rights reserved.



manuscript submitted to Geophysical Research Letters

.1007/s00704-014-1362-1 doi: 10.1007/s00704-014-1362-1461

Fischer, E. M., & Knutti, R. (2013). Robust projections of combined humidity and462

temperature extremes. Nature Climate Change, 3 (2), 126–130. Retrieved from463

http://dx.doi.org/10.1038/nclimate1682 doi: 10.1038/nclimate1682464

Fischer, E. M., & Knutti, R. (2014, jan). Detection of spatially aggregated465

changes in temperature and precipitation extremes. Geophysical Research466

Letters, 41 (2), 547–554. Retrieved from http://doi.wiley.com/10.1002/467

2013GL058499 doi: 10.1002/2013GL058499468

Fischer, E. M., Lawrence, D. M., & Sanderson, B. M. (2011, oct). Quantify-469

ing uncertainties in projections of extremes-a perturbed land surface pa-470

rameter experiment. Climate Dynamics, 37 (7-8), 1381–1398. Retrieved471

from http://link.springer.com/10.1007/s00382-010-0915-y doi:472

10.1007/s00382-010-0915-y473

Fischer, E. M., Rajczak, J., & Schär, C. (2012, oct). Changes in European474

summer temperature variability revisited. Geophysical Research Letters,475

39 (19), L19702. Retrieved from http://www.agu.org/pubs/crossref/2012/476

2012GL052730.shtml doi: 10.1029/2012GL052730477

Fischer, E. M., & Schär, C. (2009, dec). Future changes in daily summer tempera-478

ture variability: driving processes and role for temperature extremes. Climate479

Dynamics, 33 (7-8), 917–935. Retrieved from http://www.springerlink.com/480

index/10.1007/s00382-008-0473-8http://link.springer.com/10.1007/481

s00382-008-0473-8 doi: 10.1007/s00382-008-0473-8482

Fischer, E. M., & Schär, C. (2010). Consistent geographical patterns of changes in483

high-impact European heatwaves. Nature Geoscience, 3 (May), 398–403. doi:484

10.1038/NGEO866485

Fischer, E. M., Sedláček, J., Hawkins, E., & Knutti, R. (2014). Models agree on486

forced response pattern of precipitation and temperature extremes. Geo-487

physical Research Letters, 41 (23), 8554–8562. Retrieved from http://488

onlinelibrary.wiley.com/doi/10.1002/2014GL062018/abstract doi:489

10.1002/2014GL062018490

Frich, P., Alexander, L. V., Della-Marta, P. M., Gleason, B., Haylock, M., Klein491

Tank, A. M. G., & Peterson, T. (2002). Observed coherent changes in climatic492

extremes during the second half of the twentieth century. Climate Research,493

–16–

©2018 American Geophysical Union. All rights reserved.



manuscript submitted to Geophysical Research Letters

19 , 193–212.494

Giorgi, F., & Gao, X.-J. (2018, mar). Regional earth system modeling: review495

and future directions. Atmospheric and Oceanic Science Letters, 11 (2), 189–496

197. Retrieved from https://www.tandfonline.com/doi/full/10.1080/497

16742834.2018.1452520 doi: 10.1080/16742834.2018.1452520498

Gross, M. H., Donat, M. G., & Alexander, L. V. (2019). Changes in daily499

temperature extremes relative to the mean in CMIP5 models and obser-500

vations. International Journal of Climatology , joc.6138. Retrieved from501

https://onlinelibrary.wiley.com/doi/abs/10.1002/joc.6138 doi:502

10.1002/joc.6138503

Hofstra, N., Haylock, M., New, M., & Jones, P. D. (2009, nov). Testing E-OBS504

European high-resolution gridded data set of daily precipitation and surface505

temperature. Journal of Geophysical Research, 114 (D21). Retrieved from506

http://www.agu.org/pubs/crossref/2009/2009JD011799.shtml doi:507

10.1029/2009JD011799508

Holmes, C. R., Woollings, T., Hawkins, E., & de Vries, H. (2016). Robust future509

changes in temperature variability under greenhouse gas forcing and the rela-510

tionship with thermal advection. Journal of Climate, 29 (6), 2221–2236. doi:511

10.1175/JCLI-D-14-00735.1512

Hurrell, J. W. (1995). Decadal trends in the North Atlantic Oscillation: Regional513

Temperatures and Precipitation. Science, 269 (5224), 676–679.514

Kala, J., De Kauwe, M. G., Pitman, A. J., Medlyn, B. E., Wang, Y.-P., Lorenz, R.,515

& Perkins-Kirkpatrick, S. E. (2016). Impact of the representation of stomatal516

conductance on model projections of heatwave intensity. Scientific Reports,517

6 (January), 23418. Retrieved from http://www.nature.com/articles/518

srep23418 doi: 10.1038/srep23418519

Katz, R. W., & Brown, B. G. (1992). Extreme events in a changing climate : Vari-520

ability is more important than averages. Climatic Change, 21 , 289–302.521

King, A. D. (2017, nov). Attributing Changing Rates of Temperature Record522

Breaking to Anthropogenic Influences. Earth’s Future, 5 (11), 1156–1168.523

Retrieved from http://doi.wiley.com/10.1002/2017EF000611 doi:524

10.1002/2017EF000611525

Kjellström, E., Bärring, L., Jacob, D., Jones, R., Lenderink, G., & Schär, C. (2007,526

–17–

©2018 American Geophysical Union. All rights reserved.



manuscript submitted to Geophysical Research Letters

mar). Modelling daily temperature extremes: recent climate and future527

changes over Europe. Climatic Change, 81 (S1), 249–265. Retrieved from528

http://www.springerlink.com/index/10.1007/s10584-006-9220-5 doi:529

10.1007/s10584-006-9220-5530

Klein Tank, A. M., Wijngaard, J. B., Können, G. P., Böhm, R., Demarée, G.,531

Gocheva, A., . . . Petrovic, P. (2002). Daily dataset of 20th-century surface air532

temperature and precipitation series for the European Climate Assessment. In-533

ternational Journal of Climatology , 22 (12), 1441–1453. doi: 10.1002/joc.773534

Knutson, T. R., & Ploshay, J. J. (2016). Detection of anthropogenic influence on a535

summertime heat stress index. Climatic Change, 138 (1-2), 25–39. Retrieved536

from http://dx.doi.org/10.1007/s10584-016-1708-z doi: 10.1007/s10584537

-016-1708-z538

Kotlarski, S., Keuler, K., Christensen, O. B., Colette, A., Déqué, M., Gobiet, A., . . .539

Wulfmeyer, V. (2014, jul). Regional climate modeling on European scales:540

a joint standard evaluation of the EURO-CORDEX RCM ensemble. Geo-541

scientific Model Development , 7 (4), 1297–1333. Retrieved from https://542

www.geosci-model-dev.net/7/1297/2014/ doi: 10.5194/gmd-7-1297-2014543

Loikith, P. C., Neelin, J. D., Meyerson, J., & Hunter, J. S. (2018, dec). Short Warm-544

Side Temperature Distribution Tails Drive Hot Spots of Warm Temperature545

Extreme Increases under Near-Future Warming. Journal of Climate, 31 (23),546

9469–9487. Retrieved from http://journals.ametsoc.org/doi/10.1175/547

JCLI-D-17-0878.1 doi: 10.1175/JCLI-D-17-0878.1548

Lorenz, P., & Jacob, D. (2010). Validation of temperature trends in the ENSEM-549

BLES regional climate model runs driven by ERA40. Climate Research, 44 (2-550

3), 167–177. doi: 10.3354/cr00973551

Masson-Delmotte, V., Zhai, P., Pörtner, H.-O., Roberts, D., Skea, J., Shukla, P. R.,552

. . . Waterfield, T. (2018). Summary for Policymakers. In V. Masson-Delmotte553

et al. (Eds.), Global warming of 1.5◦c. an ipcc special report on the impacts of554

global warming of 1.5◦c above pre-industrial levels and related global greenhouse555

gas emission pathways, in the context of strengthening the global response to556

the threat of c (p. 32pp). World Meteorological Organization, Geneva, Switzer-557

land. Retrieved from https://www.ipcc.ch/site/assets/uploads/sites/2/558

2018/07/SR15_SPM_High_Res.pdf559

–18–

©2018 American Geophysical Union. All rights reserved.



manuscript submitted to Geophysical Research Letters

Mearns, L. O., Katz, R. W., & Schneider, S. H. (1984). Extreme High-Temperature560

Events: Changes in Their Probabilities with Changes in Mean Temperature.561

Journal of Applied Meteorology , 23 , 1601–1613.562

Min, S.-K., Zhang, X., Zwiers, F., Shiogama, H., Tung, Y.-S., & Wehner, M.563

(2013, oct). Multimodel Detection and Attribution of Extreme Temper-564

ature Changes. Journal of Climate, 26 (19), 7430–7451. Retrieved from565

http://journals.ametsoc.org/doi/abs/10.1175/JCLI-D-12-00551.1 doi:566

10.1175/JCLI-D-12-00551.1567

Orlowsky, B., & Seneviratne, S. I. (2012, feb). Global changes in extreme events:568

regional and seasonal dimension. Climatic Change, 110 (3-4), 669–696. Re-569

trieved from http://www.springerlink.com/index/10.1007/s10584-011570

-0122-9http://link.springer.com/10.1007/s10584-011-0122-9 doi:571

10.1007/s10584-011-0122-9572

Pal, J. S., & Eltahir, E. A. B. (2016, feb). Future temperature in southwest Asia573

projected to exceed a threshold for human adaptability. Nature Climate574

Change, 6 (2), 197–200. Retrieved from http://www.nature.com/articles/575

nclimate2833 doi: 10.1038/nclimate2833576

Perkins, S. E., & Fischer, E. M. (2013, nov). The usefulness of different realizations577

for the model evaluation of regional trends in heat waves. Geophysical Research578

Letters, 40 (21), 5793–5797. Retrieved from http://doi.wiley.com/10.1002/579

2013GL057833 doi: 10.1002/2013GL057833580

Ruml, M., Gregorić, E., Vujadinović, M., Radovanović, S., Matović, G., Vuković,581

A., . . . Stojičić, D. (2017, jan). Observed changes of temperature ex-582

tremes in Serbia over the period 1961–2010. Atmospheric Research, 183 ,583

26–41. Retrieved from https://linkinghub.elsevier.com/retrieve/pii/584

S016980951630254X doi: 10.1016/j.atmosres.2016.08.013585

Schär, C., Vidale, P. L., Lüthi, D., Frei, C., Häberli, C., Liniger, M. A., & Ap-586

penzeller, C. (2004, jan). The role of increasing temperature variabil-587

ity in European summer heatwaves. Nature, 427 (6972), 332–6. Re-588

trieved from http://www.ncbi.nlm.nih.gov/pubmed/14716318 doi:589

10.1038/nature02300590

Scherrer, S. C., Fischer, E. M., Posselt, R., Liniger, M. A., Croci-Maspoli, M., &591

Knutti, R. (2016, mar). Emerging trends in heavy precipitation and hot592

–19–

©2018 American Geophysical Union. All rights reserved.



manuscript submitted to Geophysical Research Letters

temperature extremes in Switzerland. Journal of Geophysical Research: Atmo-593

spheres, 121 (6), 2626–2637. Retrieved from http://doi.wiley.com/10.1002/594

2015JD024634 doi: 10.1002/2015JD024634595

Screen, J. A. (2014, jun). Arctic amplification decreases temperature variance in596

northern mid- to high-latitudes. Nature Climate Change, 4 (7), 577–582. Re-597

trieved from http://www.nature.com/doifinder/10.1038/nclimate2268598

doi: 10.1038/nclimate2268599

Seneviratne, S. I., Lüthi, D., Litschi, M., & Schär, C. (2006, sep). Land-atmosphere600

coupling and climate change in Europe. Nature, 443 (7108), 205–209. Re-601

trieved from http://www.ncbi.nlm.nih.gov/pubmed/16971947 doi: 10.1038/602

nature05095603

Seneviratne, S. I., Nicholls, N., Easterling, D. R., Goodess, C. M., Kanae, S., Kossin,604

J., . . . Zhang, X. (2012). Changes in Climate Extremes and their Impacts on605

the Natural Physical Environment. In Managing the risks of extreme events606

and disasters to advance climate change adaptation [field, c.b., v. barros, t.f.607

stocker, d. qin, d.j. dokken, k.l. ebi, m.d. mastrandrea, k.j. mach, g.-k. plattner,608

s.k. allen, m. tignor, and p. m. midgley (eds.)]. a (pp. 109–230). Cambridge609

University Press, Cambridge, UK, and New York, NY, USA.610

Stull, R. (2011, nov). Wet-Bulb Temperature from Relative Humidity and Air611

Temperature. Journal of Applied Meteorology and Climatology , 50 (11), 2267–612

2269. Retrieved from http://journals.ametsoc.org/doi/abs/10.1175/613

JAMC-D-11-0143.1 doi: 10.1175/JAMC-D-11-0143.1614

Tang, Q., Leng, G., & Groisman, P. Y. (2012). European hot summers associated615

with a reduction of cloudiness. Journal of Climate, 25 (10), 3637–3644. doi: 10616

.1175/JCLI-D-12-00040.1617

Twardosz, R., & Kossowska-Cezak, U. (2013, may). Exceptionally hot summers618

in Central and Eastern Europe (1951–2010). Theoretical and Applied Climatol-619

ogy , 112 (3-4), 617–628. Retrieved from http://link.springer.com/10.1007/620

s00704-012-0757-0 doi: 10.1007/s00704-012-0757-0621

Wild, M. (2009, jun). Global dimming and brightening: A review. Journal of Geo-622

physical Research, 114 (12), D00D16. Retrieved from http://doi.wiley.com/623

10.1029/2008JD011470 doi: 10.1029/2008JD011470624

Wilks, D. S. (1997). Resampling Hypothesis Tests for Autocorrelated Fields. Jour-625

–20–

©2018 American Geophysical Union. All rights reserved.



manuscript submitted to Geophysical Research Letters

nal of Climate, 10 (1), 65–82. Retrieved from http://journals.ametsoc.org/626

doi/pdf/10.1175/1520-0442%281997%29010%3C0065%3ARHTFAF%3E2.0.CO%627

3B2 doi: 10.1175/1520-0442(1997)010<0065:RHTFAF>2.0.CO;2628

Wilks, D. S. (2006). On "Field Significance" and the False Discovery Rate. Journal629

of Applied Meteorology and Climatology , 45 , 1181–1189.630

Wilks, D. S. (2016). "THE STIPPLING SHOWS STATISTICALLY SIGNIFI-631

CANT GRID POINTS". Bulletin of the American Meteorological Society ,632

97 (December), 2263–2274. doi: 10.1175/BAMS-D-00267.1633

Yiou, P., Dacunha-Castelle, D., Parey, S., & Hoang, T. T. (2009). Statistical repre-634

sentation of temperature mean and variability in Europe. Geophysical Research635

Letters, 36 (4), 9–12. doi: 10.1029/2008GL036836636

Zwiers, F. W., Zhang, X., & Feng, Y. (2011, feb). Anthropogenic Influence on Long637

Return Period Daily Temperature Extremes at Regional Scales. Journal of Cli-638

mate, 24 (3), 881–892. Retrieved from http://journals.ametsoc.org/doi/639

abs/10.1175/2010JCLI3908.1 doi: 10.1175/2010JCLI3908.1640

–21–

©2018 American Geophysical Union. All rights reserved.



manuscript submitted to Geophysical Research Letters

(a)

1952
1962

1972
1982

1992
2002

2012

Year

2

4

6

8

10

12

#
 h

o
t 

d
a
y
s 

p
e
r 

y
e
a
r

Hot days over time in EUR

0.99 percentile exceedance

Overall linear trend: +4.5 days

2nd order polynomial: +4.5 days

(b)

<
1%

1-
2.

5%

2.
5-

5%

5-
10

%

90
-9

5%

95
-9

7.
5%

97
.5

-9
9%

>
99

%

percentiles

0

5

10

15

20

25

n
u
m

b
e
r 

o
f 

d
a
y
s 

p
e
r 

y
e
a
r

99th: 30.0 °C
TX Europe

1950-1972

1973-1995

1996-2018

(c)

1952
1962

1972
1982

1992
2002

2012

Year

0

2

4

6

8

10

#
 h

e
a
t 

st
re

ss
 d

a
y
s 

p
e
r 

y
e
a
r

0.99 percentile exceedance

Overall linear trend: +4.6 days

2nd order polynomial: +4.6 days

(d)

<
1%

1-
2.

5%

2.
5-

5%

5-
10

%

90
-9

5%

95
-9

7.
5%

97
.5

-9
9%

>
99

%

percentiles

0

5

10

15

20

25

n
u
m

b
e
r 

o
f 

d
a
y
s 

p
e
r 

y
e
a
r

99th: 20.1 °C
WBT Europe

1950-1972

1973-1995

1996-2018

(e)

1952
1962

1972
1982

1992
2002

2012

Year

0.0

2.5

5.0

7.5

10.0

12.5

15.0

17.5 0.01 percentile exceedance

Overall linear trend: -3.7 days

2nd order polynomial: -3.7 days

(f)

<
1%

1-
2.

5%

2.
5-

5%

5-
10

%

90
-9

5%

95
-9

7.
5%

97
.5

-9
9%

>
99

%

percentiles

0

5

10

15

20

25

n
u
m

b
e
r 

o
f 

d
a
y
s 

p
e
r 

y
e
a
r

99th: 17.6 °C
TN Europe

1950-1972

1973-1995

1996-2018

High heat stress days over time in EUR

Cold nights over time in EUR

#
 c

o
ld

 n
ig

h
ts

 p
e
r 

y
e
a
r

hot dayscold days

low heat stress high heat stress

cold nights warm nights

Figure 1. Frequency of hot (top row), heat stress (middle), and cold (bottom) extremes over

time. The left column shows the number of days (a) TX >0.99 percentile, (c) WBT >0.99 per-

centile, and (e) TN <0.01 percentile from 1950–2018 for region EUR. For illustration we added

a linear trend and a 2nd order polynomial. The right column shows the number of days which

fall within certain percentile bins for three different time periods, 1950–1972 (orange), 1973–

1995 (red), and 1996–2018 (purple). The percentiles were calculated using the whole time period

1950–2018. Be aware that the bins are unequally spaced and the middle of the distribution was

excluded in the figure.
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Figure 2. The left column shows trends in (a) TXx, (c) WBTx, and (e) TNn at valid stations.

In addition, the other subregions used in the analysis are indicated on the map. The right col-

umn shows histograms of trends in (b) TXx, (d) WBTx, and (f) TNn in light red (all stations)

and dark red (only stations with statistically significant trends) and from randomly bootstrapped

time series in grey for EUR. The black range indicates the 5th to 95th percentile of the median

area averaged trends from the bootstrapped samples.
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Figure 3. Histograms of the difference between TXx and TGJJA (left column), and TNn and

TGDJF (right column) in red and differences in trends from randomly bootstrapped timeseries

in grey for different regions (a,b) CEU, (c,d) NEU, (e,f) MED. The black range indicates the 5th

to 95th percentile of the median averaged trends from the bootstrapped samples. The p-value

compares station data and bootstrapped distributions using a t-test.
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Figure 4. (a) TXx and (b) TNn multi-model mean trends in EURO-CORDEX 0.44◦ runs

from 1971–2018 in ◦C/decade. (c, d) E-Obs trends and individual EURO-CORDEX modelled

trends as boxplots (whiskers are 5th and 95th percentile, box 25th–75th percentile). The fol-

lowing panels show histograms of trends in (left) TXx and (right) TNn. (e, f) show the gridded

E-Obs data in orange versus all EURO-CORDEX 0.44◦ runs in green. The green box shows the

medians of all individual models. (g, h) show the gridded E-Obs data versus the ECA&D station

data in blue in ◦C/decade for the three SREX regions together.
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