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MODEL DESCRIPTION. The HadGEM3-A 
(Christidis et al. 2013) simulations used here are from 
the N216 resolution system described in Ciavarella 
et al. (2018). Historical is a 15-member ensemble 
over 1960–2013 forced by observed SSTs and sea ice 
concentrations from HadISST (Rayner et al. 2003). 
ACT (referred to as HistoricalExt by Ciavarella 
et al.) is a 525-member ensemble for 2018 forced by 
observations from HadISST, and NAT (referred to as 
HistoricalNatExt by Ciavarella et al.) is a 525-member 
ensemble for 2018 without greenhouse gases, forced 
by naturalized SST and sea ice cover calculated by 
subtracting the CMIP5 multimodel mean difference 
between the historical and historicalNat experiments. 
For a full description of the ensemble forcings and 
generation, see Ciavarella et al. (2018).

The other simulations used here are 10 members 
from a bias-corrected (using the cumulative dis-
tribution function transform; Vrac and Vaittinada 
Ayar 2017) version of the multimodel (model names 
available on request) historical plus RCP4.5 EURO-
CORDEX ensemble (1971–2018) (Vautard et al. 
2013; Jacob et al. 2014) and the 16-member RACMO 
regional downscaling of EC-EARTH 2.3 coupled 
climate model in the CMIP5 historical plus RCP4.5 
scenarios (1950–2018) (Aalbers et al. 2018; Lenderink 
et al. 2014).

ADDITIONAL METHODOLOGY.  When 
finding distribution parameters, we use L-moments 
(Hosking 1990) for E-OBS (Cornes et al. 2018) data 
(due to L-moments higher stability under small 
sample sizes) and maximum likelihood estimation 
otherwise. Uncertainties are estimated with a 1,000 
resample non-parametric bootstrap for the regional-
scale analysis, and a 2,000-member bootstrap of the 
parameter standard errors (estimated by the square 
roots of the Hessian inverse diagonals at the maxi-
mum likelihood parameter values) for the gridbox 
scale analysis. Trend-based analysis involves fitting 
parameters to each detrended (against GMST, from 
Berkeley Earth; Rohde et al. 2013) model ensemble as 
in factual/counterfactual analysis, then shifting the 
distribution location with the GMST trend forwards 
to 2018, and backward to 1900. We calculate the prob-
ability ratios treating the 2018 distribution like ACT 
and 1900 distribution like NAT.
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Fig. ES1. The 2018 European summer heat event as seen in E-OBS from different aspects: (a)–(d) Magnitudes, 
(e)–(h) anomalies over 1961:1990 climatology, (i)–(l) return periods, (m)–(p) trend-based probability ratios, and 
(q)–(t) trends against GMST at the gridbox and regional scale for TM1x, TM10x, and TM90x are shown. Note 
that the upper limit on the color scale for both the return period and probability ratio is 1,000, and the lower 
limit for the probability ratio is 1; infinite and probability ratios less than one are shown in dark red and light 
blue respectively. The best-estimate probability ratios were 18,000 for TM1x over Scandinavia and infinite for 
central Europe and the Iberian Peninsula, were 5,000 for TM10x over Scandinavia, and were 1,500 for TM90x 
over the Iberian Peninsula.
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Fig. ES2. (a) Maps of event statistic 
variance, (b) probability ratio, and 
(c) linear trend against GMST in 
RACMO (subpanels 1–3), EURO-
CORDEX (subpanels 4–6), and 
HadGEM3-A Historical (subpanels 
7–9) model ensembles. Variance is 
expressed as model variance divid-
ed by E-OBS variance, and in each 
case is calculated for detrended 
data (trends calculated by OLS 
regression against GMST from 
Berkeley Earth). The probability 
ratio is calculated as described in 
the methods for the trend-based 
analysis. Note that the upper limit 
on the probability ratio color scale 
is 1,000 and grid boxes with an in-
finite ratio are shown in dark red. 
The anomalous dark blue regions 
around Bulgaria and Romania in 
the variance maps are likely due 
to imperfect observations, rather 
than systematic overrepresented 
variability in the models used here.
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