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Abstract

Extreme weather events are triggered by atmospheric circulation patterns and shaped by slower components, including soil

moisture and sea-surface temperature, and by the background climate. This separation of factors is exploited by the storyline

approach where an atmosphere model is nudged toward the observed dynamics using different climate boundary conditions

to explore their influence. The storyline approach disregards rather uncertain climatic changes in the frequency and intensity

of dynamical conditions, but focuses on the thermodynamic influence of climate on extreme events. Here we demonstrate an

advanced storyline approach that employs a coupled climate model (AWI-CM-1-1-MR) where the large-scale free-troposphere

dynamics are nudged toward ERA5 data. Five-member ensembles are run for present-day (2017–2019), pre-industrial, +2K,

and +4K climates branching off from CMIP6 historical and scenario simulations of the same model. In contrast to previous

studies, which employed atmosphere-only models, feedbacks between extreme events and the ocean and sea-ice state, and the

dependence of such feedbacks on the climate, are consistently simulated. Our setup is capable of reproducing observed anomalies

of relevant unconstrained parameters, including near-surface temperature, cloud cover, soil moisture, sea-surface temperature,

and sea-ice concentration. Focusing on the July 2019 European heatwave, we find that the strongest warming amplification

expands from southern to central Europe over the course of the 21st century. The warming reaches up to 10 K in the 4K

warmer climate, suggesting that an analogous event would entail peak temperatures around 50 ºC in central Europe.
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ABSTRACT 10 

Extreme weather events are triggered by atmospheric circulation patterns and shaped 11 

by slower components, including soil moisture and sea-surface temperature, and by the 12 

background climate. This separation of factors is exploited by the storyline approach where an 13 

atmosphere model is nudged toward the observed dynamics using different climate boundary 14 

conditions to explore their influence. The storyline approach disregards rather uncertain 15 

climatic changes in the frequency and intensity of dynamical conditions, but focuses on the 16 

thermodynamic influence of climate on extreme events. Here we demonstrate an advanced 17 

storyline approach that employs a coupled climate model (AWI-CM-1-1-MR) where the large-18 

scale free-troposphere dynamics are nudged toward ERA5 data. Five-member ensembles are 19 

run for present-day (2017–2019), pre-industrial, +2K, and +4K climates branching off from 20 

CMIP6 historical and scenario simulations of the same model. In contrast to previous studies, 21 

which employed atmosphere-only models, feedbacks between extreme events and the ocean 22 

and sea-ice state, and the dependence of such feedbacks on the climate, are consistently 23 

simulated. Our setup is capable of reproducing observed anomalies of relevant unconstrained 24 

parameters, including near-surface temperature, cloud cover, soil moisture, sea-surface 25 

temperature, and sea-ice concentration. Focusing on the July 2019 European heatwave, we find 26 

that the strongest warming amplification expands from southern to central Europe over the 27 

course of the 21st century. The warming reaches up to 10 K in the 4K warmer climate, 28 

suggesting that an analogous event would entail peak temperatures around 50 ºC in central 29 

Europe. 30 

 31 

 32 

 33 
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SIGNIFICANCE STATEMENT 34 

This work explores a new storyline method to determine the impact of climate change 35 

on specific recent extreme events. The observed evolution of the large-scale atmospheric 36 

circulation is imposed in a coupled climate model. Variations in climate parameters, including 37 

ocean temperatures and sea ice, are well reproduced. By varying the background climate, 38 

including CO2 concentrations, it is demonstrated how the July 2019 European heatwave could 39 

have evolved in pre-industrial times and in warmer climates. For example, up to 10 °C warmer 40 

peak temperatures could occur in central Europe in a 4 °C warmer climate. The method should 41 

be explored for other types of extreme events and has the potential to make climate change 42 

more tangible and to inform adaptation measures. 43 

1. Introduction  44 

Europe has recently experienced a number of exceptional heatwaves (e.g., Russo et al. 45 

2015; Vautard et al. 2020). These extreme events matter for society as they are associated, 46 

among others, with extensive crop failures (Lesk et al. 2016; Beillouin et al. 2020), devastating 47 

wildfires (Sutanto et al. 2020), poor air quality (e.g., Konovalov et al. 2011; Garrido-Perez et 48 

al. 2019), and increased mortality, especially in the older people (Barriopedro et al. 2011; 49 

CRED 2020). The most extensively documented heatwaves – both in terms of studying the 50 

underlying dynamics and associated impacts – are the August 2003 heatwave over western and 51 

central Europe (e.g., Trigo et al. 2005; Russo et al. 2015; Bador et al. 2017) and the July–52 

August 2010 event in western Russia (e.g., Barriopedro et al. 2011; Dole et al. 2011). These 53 

heatwaves redrew the temperature record map of Europe. More recently, the 2019 summer was 54 

exceptional in western and central Europe (Mitchell et al. 2019; Madruga De Brito et al. 2020; 55 

Sousa et al. 2020; Vautard et al. 2020) with two large-scale heatwaves occurring in late June 56 

and July 2019. These two extreme events were found to be the world’s deadliest disaster of 57 
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2019 (CRED 2020). The former set a new record for the European-average June temperature. 58 

The most extreme daily maximum 2m air temperature (t2m) was recorded on 28 June near the 59 

city of Nimes (Verargues, 46 ºC), where a new all-time national record for France was 60 

established. The latter resulted in record-breaking temperatures in central and northern Europe. 61 

For example, the historical record of Paris was broken by more than 2 ºC (42.6 ºC); Belgium 62 

and the Netherlands for the first time surpassed the 40 ºC mark; and new national records were 63 

set in Germany, Luxembourg and the UK.  64 

There is consensus that large-scale dynamics, characterized by subtropical ridges and 65 

blocking anticyclones associated with meandering of the jet stream, are the main driving factor 66 

for European heatwaves (e.g., Trigo et al. 2005; Jézéquel et al. 2018; Sánchez-Benítez et al. 67 

2018; Sousa et al. 2020; Suarez-Gutierrez et al. 2020) as warm air advection from lower 68 

latitudes, solar radiative heating and subsidence are enhanced. The 2003 and 2019 heatwaves 69 

were associated with a subtropical ridge in western Europe together with a low-pressure system 70 

in the eastern Atlantic. This configuration advected hot and dry Saharian and Iberian air masses 71 

towards higher latitudes. Soil-atmosphere feedbacks impacted the strength of the heatwaves  72 

(e.g., van der Wiel et al. 2020) as they generate changes in the surface heat fluxes (Wehrli et 73 

al. 2018; Miralles et al. 2019; Sousa et al. 2020). In fact, the heatwaves in August 2003 and 74 

July 2019 were preceded by anomalously warm and dry conditions, generating a soil moisture 75 

deficit. For this type of event, other mechanisms, for example involving local SST, are believed 76 

to be of less relevance, although some controversy remains (Della-Marta et al. 2007; Duchez 77 

et al. 2016; Wehrli et al. 2019). 78 

The Mediterranean region is often referred to as a hotspot of climate change due to a 79 

substantial amplification of global warming, especially in summer (Fischer and Schär 2010; 80 

Barcikowska et al. 2020). The amplification can partly be explained by a substantial decrease 81 
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in soil moisture availability. In future warmer climates, this lack of soil moisture – and hence 82 

the amplification – is expected to propagate northward, impacting central Europe (Vogel et al. 83 

2017; Suarez-Gutierrez et al. 2020; Wehrli et al. 2020). Overall, it is now well established that 84 

climate change has made heatwaves more frequent, intense and prolonged (Chapman et al. 85 

2019; Perkins-Kirkpatrick and Lewis 2020; Sánchez-Benítez et al. 2020); and this trend is 86 

expected to continue in the future (Schoetter et al. 2015; Junk et al. 2019; Suarez-Gutierrez et 87 

al. 2020).  88 

Climate models and observations have been used to quantify how the odds of extreme 89 

temperatures that occurred during specific heatwaves have changed from the past and how 90 

much they will change in the future (e.g., Vogel et al. 2019; Zhou et al. 2019; Vautard et al. 91 

2020). For example, an event like the July 2019 heatwave in France (Germany) is now 92 

considered to be at least ten (three) times more likely to occur than in 1900 (Vautard et al. 93 

2020); and such an extreme event will be ~150 times more probable by the end of the century 94 

for the SSP585 scenario (i.e., 1.8 vs. 273 years return period by the end of the 21st century 95 

compared to 1950–2014; Ma et al. 2020). Despite some obvious successes of this probabilistic 96 

approach, as argued by Shepherd (2016), it has some limitations: Firstly, projected changes of 97 

the polar jet stream in a warmer climate are still highly uncertain (e.g., Shepherd 2014; Hoskins 98 

and Woollings 2015; Woollings et al. 2018). Hence, large ensembles are needed to provide 99 

meaningful statements. Furthermore, it is rather difficult to find good future analogues of 100 

heatwaves, not least given that in terms of impacts (e.g., on hydrology) the temporal evolution 101 

of the system prior to the heatwave is critical as well. Secondly, the probabilistic approach does 102 

not make the anticipated changes in a warming world readily accessible to the general public 103 

and some decision-makers; this is in stark contrast to so-called storyline scenarios – explored 104 
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in this study – where the impact of climate change is illustrated by considering recent extreme 105 

events that people have experienced and can connect to (Shepherd et al. 2018). 106 

The storyline approach provides a way to disentangle dynamic from thermodynamic 107 

changes and has been explored in several recent studies (Schubert-Frisius et al. 2017; Shepherd 108 

et al. 2018; Wehrli et al. 2020; Van Garderen et al. 2021). In contrast to possible dynamic 109 

changes (e.g., meandering of the jet stream), thermodynamic changes associated with 110 

heatwaves in a warmer world are better understood and associated with relatively small 111 

uncertainty (Cattiaux et al. 2015; IPCC, 2018; Fan et al. 2020). Increasing CO2 concentrations, 112 

for example, are known to warm near-surface temperatures locally; and warmer SSTs lead to 113 

enhanced warm-air advection to downstream land regions (e.g., Dommenget 2009). In the 114 

deterministic storyline approach, heatwaves are simulated in alternative past and future 115 

climates, using an atmospheric general circulation model in which the dynamics in the free 116 

troposphere are nudged towards observations using reanalysis data. These simulations start 117 

some years before the event to appropriately capture the evolution preceding the events (e.g., 118 

spinning up soil hydrology). 119 

So far, two different approaches were used for nudging. In Wehrli et al. (2020) the zonal 120 

and meridional winds were nudged; meanwhile, in Van Garderen et al. (2021), divergence and 121 

vorticity truncated at T20 (spectral nudging) were employed to impose the large-scale 122 

dynamical evolution. As both studies used an atmospheric circulation model, the sea-surface 123 

temperatures (SST) and sea-ice concentration (SIC) had to be prescribed. For the present-day 124 

simulations, the observed SST and SIC, including the variability possibly impacting the 125 

considered extreme events, were prescribed. For the past and future climate conditions, a 126 

climate change signal was added to the SSTs. This is a reasonable approach as it preserves the 127 

variability. However, it implies that one needs to rely on the climate change response of a 128 
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separate, coupled configuration of the same (or similar) atmosphere model, as in Van Garderen 129 

et al. (2021), or on the response of one or more completely different climate models, as in 130 

Wehrli et al. (2020). The atmosphere-only storyline approach also assumes that the impact of 131 

a specific extreme event on the ocean state remains the same in different climates, neglecting 132 

possible nonlinearities. Moreover, prescribing SIC poses a particular challenge because the 133 

simple addition of a local climate-change signal can lead to unphysical values and, more 134 

fundamentally, is not suited for the way sea ice responds to climate change by spatial migration 135 

of the ice edge rather than locally continuous changes. Wehrli et al. (2020) addressed this with 136 

a rather complex approach, whereas Van Garderen et al. (2021) neglected SIC changes 137 

altogether. Given that their focus is on European heatwaves, however, details on how sea ice 138 

is treated may not influence their conclusions. 139 

The potential of the uncoupled storyline approach in capturing extreme events such as 140 

the European heatwaves of 2003 and 2018 along with the Russian heatwave of 2010 has been 141 

demonstrated by Wehrli et al. (2020) and Van Garderen et al. (2021). It has been shown, for 142 

example, that the fraction of the AgPop region (i.e., latitudes north of 30ºN with a population 143 

density above 30 km-2 or important for agriculture, as defined by Seneviratne et al. (2018),  144 

experiencing daily maximum temperatures higher than 40 ºC in an event like the 2018 145 

heatwave would quadruplicate in a future 4K warmer climate (Wehrli et al. 2020). Van 146 

Garderen et al. (2021) found robust warming from preindustrial to present-day for the 2003 147 

and 2010 heatwaves, with local  warming of about 0–2.5 ºC (2003) and 0–4 ºC (2010). In both 148 

studies, when the warming is averaged for the heatwave region, an amplified warming 149 

(compared to the global-mean warming) is found, except for the 2003 heatwave. 150 

The purpose of this work is to further explore and extend the storyline approach using 151 

spectral nudging in a coupled model for answering three central questions: First, how would 152 
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the 2019 European summer and particularly the July heatwave have developed in preindustrial 153 

times? Second, how might they unfold in future warmer climates (+2 and +4K)? And third, is 154 

the coupled storyline approach capable of constraining the surface-ocean and sea-ice states? 155 

To this end, we have run experiments with the coupled climate model AWI-CM-1.1-MR 156 

(Semmler et al. 2020) with the large-scale atmospheric circulation in the free troposphere being 157 

nudged to reanalysis data, while allowing thermodynamic and small-scale dynamical processes 158 

to develop relatively freely. Unlike in related previous studies mentioned above, a fully coupled 159 

climate model is used that contributed to the sixth phase of the Coupled Model Intercomparison 160 

Project (CMIP6; Eyring et al. 2016). By branching the nudging experiments off certain states 161 

from the CMIP6 trajectories (e.g., 2K warmer climate), plausible states for the sea ice-ocean 162 

component of the climate system are readily available and do not need to be explicitly specified 163 

like in corresponding atmosphere-only experiments. In Section 2, we define the methodology 164 

used in this work, including the nudging parameters selected. In Section 3, the main results are 165 

presented. In Section 4, the obtained results are briefly discussed, and the main conclusions are 166 

highlighted. 167 

 168 

2. Methods 169 

Our simulations are based on the Alfred Wegener Institute Climate Model (AWI-CM-170 

1-1-MR, Semmler et al. 2020). This model has contributed to CMIP6 and employs the 171 

atmospheric model ECHAM6.3.04p1 from MPI-M (Stevens et al. 2013) coupled to the Finite 172 

Element Sea Ice-Ocean Model (FESOM) v.1.4 (Wang et al. 2014). The atmosphere model is 173 

run at T127L95 spectral resolution (~100 km horizontal resolution in the tropics), with 95 174 

vertical levels going up to about 0.01 hPa. The ocean mesh has a variable resolution with 175 

refinement in energetically active areas such as the Gulf Stream (Sidorenko et al. 2015; Sein et 176 
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al. 2017). More specifically, ocean resolution varies from 8 to 80 km, with 8–10 km used in 177 

the North Sea, 10–12 km in the Mediterranean Sea, and 8–20 km in the Arctic (Fig. 1 in 178 

Semmler et al. 2020). 179 

We have used spectral nudging to impose the observed large-scale circulation for 180 

certain atmospheric vertical layers. This technique forces a climate model to follow specific 181 

large-scale circulation conditions using reference data from reanalysis (Waldron et al. 1996; 182 

Von Storch et al. 2000; Zhang et al. 2014). Spectral nudging is implemented by adding an 183 

additional nudging term to the model’s governing equations  184 

        (1) 185 

where represents the spectral coefficient of a meteorological 186 

variable at the vertical level 𝜂 and timestep t (from the reanalysis), 𝐅𝑛
𝑚(𝜂, 𝑡) the model forcing, 187 

and 𝐆𝑛
𝑚(𝜂) the nudging coefficient. 188 

The impact of nudging depends on which meteorological variables, wavenumbers and 189 

vertical levels are constrained. In this work, only divergence and vorticity are nudged. Hence, 190 

all other variables can be freely determined by the model. For our main experiments we use a 191 

T20 triangular truncation, that is, wavenumbers for vorticity and divergence up to 20 are 192 

retained; higher-wavenumber dynamics corresponding to smaller spatial scales can be freely 193 

computed by the model. T20 was chosen since this is the lowest total wavenumber for which 194 

we found the jetstream (winds at 250 hPa) from ERA5 data (Hersbach et al. 2020) to be 195 

qualitatively and quantitatively well constrained (example shown in Fig. 1) when compared to 196 

the full field. Furthermore, we chose to only nudge model levels between 100 and 700 hPa. 197 

Sensitivity experiments with different vertical profiles of the nudging coefficient have shown 198 

that the influence of additionally constraining the stratosphere or lower troposphere is 199 
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negligible (Fig. 2). To avoid overfitting and allow the boundary layer to respond freely, 200 

therefore, model levels above 100 hPa and below 700 hPa were not nudged in our simulations. 201 

Similar to previous studies (Schubert-Frisius et al. 2017; Wehrli et al. 2018; Van 202 

Garderen et al. 2021), a constant nudging strength is used for the constrained levels. To avoid 203 

an abrupt transition between neighboring levels, however, the vertical nudging profile has also 204 

been smoothed using a sigmoid function (Fig. S1). The nudging strength is related to an e-205 

folding time (τ), with the latter being the inverse of the former (i.e., the larger the e-folding 206 

time, the weaker the nudging effect). It turns out that an e-folding time of 24 hours provides a 207 

good balance between constraining the large-scale atmospheric circulation and allowing 208 

differences depending on the boundary conditions to emerge. Fig. 3 shows 850 hPa winds on 209 

one randomly selected day (18 July 2018) from experiments with e-folding times of 6, 24 and 210 

48 hours. Results are almost indistinguishable between 6 and 24 hours, with some differences 211 

emerging if an e-folding time of 48 hours is used. Hence, 24 hours appears to be a good 212 

compromise between imposing the observed atmospheric flow onto the coupled climate model 213 

and providing the model with a maximum of freedom to simulate relevant processes and 214 

feedbacks, at least for mid-latitude heatwaves considered in this study. 215 

With this configuration, we have run nudged storyline experiments using atmospheric 216 

forcing fields for the period 1 January 2017 to 30 September 2019. More specifically, nudging 217 

experiments with AWI-CM have been branched off the corresponding historical CMIP runs 218 

(Semmler et al. 2018) on 1 January 1851 to give pre-industrial climate conditions; present-day 219 

conditions were obtained by branching off the ssp370 scenario (Semmler et al. 2019) on 1 220 

January 2017; and 2K and 4K warmer climates were explored by branching off the ssp370 221 

scenario on 1 January 2038 and 1 January 2093, respectively (Semmler et al. 2020). For each 222 

of the different time slices we have run five ensemble members.  223 
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The nudged simulations started from different ensemble members of the free-running 224 

climate model with different initial states for the atmosphere and ocean. Among others, this 225 

allows us to quantify how the different ensemble members adjust to the imposed observed 226 

forcing. Fig. 4 shows the temporal evolution of the ensemble spread of European t2m 227 

(computed as the difference between the maximum and minimum of all ensemble members for 228 

each day) for the nudging experiment under present-day conditions (similar results are obtained 229 

for other boundary conditions or variables, not shown). The ensemble spread is larger than 10 230 

K at the beginning of the simulations; however, it reduces to about 1.5 K within the first few 231 

months, suggesting that the first few months should be discarded from the analysis for 232 

atmospheric fields. Nevertheless, we allow for one year of spin-up time to reach a stabilization 233 

for more slowly responding parameters such as soil moisture, sea-ice concentration and SST. 234 

Accordingly, where not stated otherwise, simulations with the large-scale dynamical conditions 235 

for the period 1 January 2018 to 30 September 2019 prescribed for pre-industrial, present-day, 236 

and 2K as well as 4K warmer climates are analyzed.  237 

Similar to previous studies (e.g., Takhsha et al. 2018; Wehrli et al. 2019), we have 238 

found that the global model climatology is not strongly affected by the nudging, with 239 

differences within the ensemble spread (not shown). Furthermore, the AWI-CM-1-1-MR free-240 

runs from the CMIP6 archive have been used to compute climatologies (e.g., to determine 241 

anomalies and explore weather-dependent amplification of climate change). 242 

 243 

3. Results 244 

3.1 Assessment of the nudged simulations for Europe under present-day conditions 245 
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Before discussing the storyline scenarios, we compare the present-day nudged 246 

simulations with ERA5. Here we focus on Europe; section 3.3 provides an assessment for 247 

Arctic sea ice. 248 

An example for nudged simulations compared to ERA5 data is given for the 25 July 249 

2019 (peak of the heatwave; Fig. 5) before we turn to a quantitative analysis. The anomalous 250 

circulation in the coupled climate model on that day, expressed in terms of 500 hPa geopotential 251 

height (Z500), is an excellent analogue of the observed blocking conditions. The same is true 252 

for parameters such as temperature at 850 hPa (T850) and maximum t2m, which are not directly 253 

constrained by the spectral nudging. Overall, the observed characteristics of the heatwave over 254 

northwestern Europe are thus well captured. As discussed in more detail below, there is 255 

evidence that maximum t2m are slightly underestimated in some regions impacted by the 256 

heatwave (Fig. 5e,f). Anomalies of SST and soil moisture at level 1 (SML1) associated with 257 

this extreme event are also well captured, confirming that climate anomalies associated with 258 

central European heatwaves are strongly driven by atmospheric circulation anomalies. Even 259 

fields like total cloud cover (TCC) are reasonably well captured in the Euro-Atlantic region by 260 

the nudged simulations for present-day conditions (Fig. 5k,l), suggesting the cloud physical 261 

processes are not negatively influenced by the nudging of vorticity and divergence. 262 

There are some mismatches between the storyline simulations and ERA5 for this 263 

particular day (e.g., in the Balkans, central Iberia and some Arctic regions), noting, however, 264 

that for parameters like TCC or SML1 the reanalysis itself is not necessarily well constrained 265 

by direct observations. Overall, our results give confidence that the storyline setup with the 266 

coupled model captures key processes related to European heatwaves – including atmospheric 267 

blocking, warm air advection, clear skies and soil moisture deficits – if driven by large-scale 268 

wind fields from ERA5 in the free troposphere. 269 
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So far, our assessment has focused on one particular day at the peak of the July 2019 270 

heatwave. For a more comprehensive assessment, correlations between our storyline 271 

simulations for present-day conditions and ERA5 as a proxy for observations for the summers 272 

of 2018 and 2019 are shown in Fig. 6. Sizeable correlations are obtained for critical variables 273 

that are not nudged in our simulations. We have repeated the correlation analysis after having 274 

removed low-frequency variability, including the seasonal cycle (i.e., removing a 15-day 275 

running mean prior to the analysis). Even for highpass-filtered data, correlations remain high 276 

with values exceeding 0.6 for all parameters except soil moisture which is probably more 277 

influenced by local convective processes (Fig. S2). In summary, therefore, our methodology 278 

does not only work well for single extreme cases; more generally, it also captures daily to 279 

seasonal variability in Europe during summertime.  280 

This point is further illustrated by Fig. 7, which shows the simulated and reanalyzed 281 

maximum, minimum and mean t2m time series for Europe and Germany for the period 1 June 282 

to 31 August 2019 (see the definition of these areas in Fig. S3). For both regions, the nudged 283 

simulations capture the variability very well. In fact, correlations between simulated and 284 

reanalyzed time series mostly exceed r=0.9. For Europe, however, some differences emerge on 285 

longer seasonal time scales: While the climate model tends to slightly underestimate t2m in 286 

early June, during the course of the summer positive t2m biases emerge. Further analysis 287 

suggests that there are small pan-European cold biases in early summer, turning into larger 288 

warm biases in southeastern Europe from late June (Fig. S4).  The time series for Germany 289 

(Fig. 7) generally indicates smaller maximum t2m biases for the coupled model. However, 290 

there is some evidence for the exceptionally warm periods in June and July 2019 to be 291 

underestimated – especially for maximum t2m during daytime. On the other hand, the coupled 292 

model simulates realistic t2m for the third heatwave in late August 2019. Our analysis suggests 293 
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that the biases are flow-dependent and that there may be even differences between individual 294 

extreme events. In this context, it can be argued that the spectral nudging approach – like more 295 

sophisticated data assimilation methods such as 4D-Var (e.g., Rodwell and Palmer 2007) – has 296 

strong diagnostic potential to help unravel the causes of biases in coupled climate models at 297 

the process level, thus guiding model development. 298 

To further explore the flow-dependence of the t2m biases for Germany, we have 299 

selected the ten days with the strongest positive and strongest negative max t2m differences for 300 

Germany between our nudged simulations and ERA5 (Fig. 8), using summer data from 2018 301 

and 2019. The most striking finding from this analysis is that the climate model tends to 302 

underestimate the maximum t2m during heatwaves in Germany, which are governed by the 303 

presence of a pronounced anomalous anticyclonic circulation anomaly, and thus strong 304 

European blocking events. No such coherent atmospheric circulation anomaly is found for 305 

periods when the simulated t2m in Germany are warmer than in the reanalysis (Fig. 8a,c,e). 306 

The finding that the nudged model underestimates extreme t2m during heatwaves in Germany 307 

is important, especially when it comes to making quantitative statements on the impact of 308 

heatwaves and their future changes. 309 

 310 

3.2 Storyline scenarios for the European summer of 2019 311 

Having demonstrated that the spectral nudging approach with the coupled climate 312 

model works well, we now analyze how the summer of 2019, including the July heatwave, 313 

might have evolved in pre-industrial times and how it might unfold in future 2K and 4K warmer 314 

climates. For Germany, there is very robust warming for maximum and minimum t2m (i.e., the 315 

ensembles for different climates do not overlap) that tends to grow throughout the summer 316 

season – from pre-industrial times to the present and from present-day to 4K warmer climates 317 
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(Fig. 9). Changes in maximum and minimum t2m from present-day conditions (approximately 318 

+1.2K in the storyline experiments) to a 2K warmer climate are smaller, even though they are 319 

still quite robust in terms of the separation of the two ensembles. In general, these findings are 320 

consistent with the free-running CMIP6 simulations (dashed lines in Fig. 9), suggesting that 321 

they are not a particular feature of this specific summer. 322 

Another point illustrated by Fig. 9 is that in nighttime t2m (minimum t2m) in Germany 323 

in a 4K warmer world are projected to become comparable to typical daytime maxima 324 

(maximum t2m) in pre-industrial times – at least for the heatwaves that occurred in late July 325 

and August 2019.  326 

Remarkably, this anthropogenic warming in Germany has an intraseasonal cycle (Fig. 327 

S5 for maximum t2m with similar results for minimum t2m, not shown), with values close to 328 

the global average in early summer, and increasing relative to global value in mid and late 329 

summer. In fact, values around +5.5 K (+4K minus present-day), +0.8 K (+2K minus present-330 

day) and +2.0 K (present-day minus pre-industrial) are obtained for the July heatwave peak. 331 

Hence, there is evidence for global warming amplification in phase with the July event, 332 

particularly in the 4K warmer climate (2-fold increase). Similar results can be found in the free 333 

run, so this amplification is not specific to the events in July 2019. When the differences are 334 

computed for +2K minus pre-industrial and +4K minus +2K, then non-significantly higher 335 

warming is obtained for the latter (Fig. S5, bottom). This suggests that there might be some 336 

feedback mechanisms generating a slightly higher than expected warming in the future.  337 

The European heatwaves during the summer of 2019 did not only impact land areas; 338 

they were also accompanied by ocean heatwaves in the North Sea, as demonstrated in Fig. 10, 339 

which shows the evolution of SST in the North Sea and the German Bight (see their definition 340 

in Fig. S3). Generally, the ocean heatwaves are more pronounced for the latter region. This is 341 
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not too surprising given that it represents a smaller and shallow area that lies closer to the area 342 

most impacted by the heatwaves. Around mid-July, SST in the German Bight is about 1 K 343 

cooler in the nudged runs compared to the climatological signal derived from the free runs; 344 

shortly before the 25 July, anomalies turn positive, reaching about +2 K in late July and early 345 

August. Thus, the impact of heatwaves on SST in both areas suggests that using coupled 346 

climate models for storyline scenarios may be an advantage when it comes to capturing events 347 

that are impacted by coupled processes. 348 

From a climatological point of view, the warming of SST in the German Bight from 349 

pre-industrial times to the 4K warmer world amounts to about 4 K. This is quite a substantial 350 

change compared to SST changes in the open ocean (~3 K). The ocean heatwave in early 351 

August, for example, would have been accompanied by SSTs of about 20 ºC in pre-industrial 352 

times; in a 4K warmer world SSTs could reach up to 24 ºC. The change is probably even larger 353 

in the shallow waters closer to the coast not resolved by the climate model (~8 km is used in 354 

the North Sea). Furthermore, it is worth pointing out that, compared to t2m, for SST changes 355 

there is even less evidence for a warming acceleration when comparing the warming from +2K 356 

to +4K against the warming from pre-industrial times to +2K (Fig. A6). This is consistent with 357 

an earlier finding that the observed warming in the North Sea during the last few decades was 358 

quite strong (Wiltshire et al. 2010). 359 

The evolution of SST warming in the nudged 2019 storyline simulations exhibits some 360 

interesting differences compared to the corresponding climatological warming. For example, 361 

considering the change from present-day to the 4K warmer climate, SSTs in the German Bight 362 

increase by about 0.5 K more in the storyline runs in June 2019 compared to the climatological 363 

warming, whereas the opposite holds for August 2019 (Fig. S6), resulting in a dampened 364 

strength of the late-summer heatwaves (Fig. 10). This provides evidence for a dependence of 365 
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the SST climate-change signal on weather patterns which could not be captured by storyline 366 

scenarios using atmospheric models with prescribed SSTs.  367 

Spatial maps of the t2m differences on 25 July 2019 between the different climates for 368 

the wider European region are shown in Fig. 11. These maps describe the “warming signal of 369 

the day”, given the large-scale circulation and its evolution during the preceding days, weeks 370 

and months. Some well-known climate change features (e.g., Fischer and Schär 2010; 371 

Barcikowska et al. 2020; Suarez-Gutierrez et al. 2020) emerge for this particular day: For 372 

example, extreme temperatures over land areas tend to increase more strongly than those over 373 

the ocean; the warming is more pronounced in southern Europe compared to more northern 374 

regions of continental Europe; and the warming signal tends to move northward during the 21st 375 

century. Furthermore, anomalously strong warming signals can be found locally in some of the 376 

regions (e.g., northeastern Spain and southwestern France), which supports the notion that there 377 

may be some “weather-dependent amplification” of climate change. However, not all of the 378 

small-scale structures may be due to this weather dependence. Some of the differences may 379 

simply be “random”, for example depending on the presence of clouds (less well constrained 380 

and thus more uncertain) and hence the strength of the incoming solar radiation. 381 

From Fig. 11 it can also be inferred that for some regions in Germany, the additional 382 

warming from present-day conditions to the end of the 21st century (4K warmer world) would 383 

amount to as much as 7 K. By adding the 3.6 K experienced today compared to pre-industrial 384 

times, locally maximum t2m by the end of the century could exceed 47 ºC; in contrast, 385 

maximum t2m would have stayed below 37 ºC in pre-industrial times – certainly extreme, but 386 

not necessarily dangerously high (see Fig. 18 in the Discussion and conclusions section). 387 

We have also explored the connection between changes in t2m, soil wetness and Bowen 388 

ratio, which is defined as the ratio of sensible to latent heat fluxes. The seasonal evolution of 389 
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soil wetness and the Bowen ratio in the different climates is shown in Fig. 12. The summer of 390 

2019 starts with anomalously dry soils that were comparable for the different climates (i.e., the 391 

ensembles show some overlap). Furthermore, latent heat flux dominates over sensible heat flux 392 

in June, as indicated  by the Bowen ratios remaining below 0.5 for all climates. Driven by the 393 

first heatwave in late June 2019 (Fig. 9), a dramatic decrease in soil wetness is witnessed in all 394 

simulations, with values reaching the 5th quantile obtained from the CMIP6 (dotted lines in 395 

Fig. 12). The more moderate conditions in early and mid-July led to a minor increase in soil 396 

wetness. As a consequence, the July heatwave occurred with anomalously, but not 397 

exceptionally dry soils (below the 4K warmer climate climatology). In early July, the reduced 398 

soil moisture availability triggered an increase in Bowen ratio to values around 1. Nevertheless, 399 

after a small decrease in mid-July, the values on the heatwave peak are only slightly higher 400 

than the climatology. This suggests that dry soils exacerbated the July heatwave but were not 401 

a key factor.  402 

Remarkably, the consequences of the June event in both variables are even greater in 403 

the 4K warmer climate, with robustly drier conditions and a higher Bowen ratio from early July 404 

to the end of the season. Thus, these higher changes in the radiative fluxes (due to a lack of soil 405 

moisture) can partly explain the larger warming amplification observed in this area in the future 406 

4K warmer climate. Therefore, a heatwave in early summer (as in 2003 or 2019) could 407 

exacerbate a heatwave occurring later (high summer) as it creates dry soil conditions that 408 

intensify the second event by changes in the surface heat fluxes. Furthermore, at least for the 409 

2019 summer, this effect would be stronger in the 4K warmer climate than in the preindustrial 410 

to 2K warmer climates.  411 

Maps of soil wetness and Bowen ratio for 25 July 2019 are shown in Fig. 13. They help 412 

to explain the global warming amplification and non-linear changes found for t2m. From the 413 
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pre-industrial to present-day climates, there is a strong and robust drying in the Mediterranean 414 

region which is accompanied by a dramatic increase in Bowen Ratio. Meanwhile, in central 415 

and northern Europe differences are relatively small due to the availability of sufficient soil 416 

moisture. When considering future changes (i.e., +4K minus present-day) the drying of the soil 417 

and the increase in Bowen ratio peak in mid-latitude regions, including central Europe 418 

. 419 

3.3 Storyline scenarios for Arctic sea ice 420 

The use of a coupled model allows studying coupled environmental extreme events, as 421 

mentioned in Section 3.2 for SST in the North Sea. Here we provide some initial insight into 422 

the value of the coupled storyline scenario approach for Arctic sea ice. In general, studying 423 

sea-ice anomalies in a coupled storyline approach might be useful not only to explore more 424 

directly sea-ice related extremes, such as the opening of polynyas north of Greenland (Moore 425 

et al. 2018; Ludwig et al. 2019); sea-ice anomalies have also been shown to influence mid-426 

latitude events, such as extreme snowfall in northern Europe, through modification of air 427 

masses (Bailey et al. 2021). Here we therefore briefly discuss how Arctic sea-ice anomalies 428 

and changes are represented in our coupled storyline simulations, acknowledging that sea ice 429 

probably had a minor role to play when it comes to thermodynamic processes driving European 430 

heatwaves. 431 

Daily anomalies of the pan-Arctic sea-ice extent (area with SIC > 15%) are relatively 432 

coherent between the nudged simulation and ERA5 (Fig. 14). Omitting the first year, where 433 

the model state might still be affected by the spin-up, the Pearson correlation for the ensemble 434 

mean is ~0.65 (~0.53 if the first year is included). While some of the strong anomalies are 435 

clearly captured, in particular during the second half of 2018, some anomalies are not well 436 

captured by the nudged simulation. In particular, observed negative anomalies around April 437 
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both in 2018 and 2019 are in contrast to positive anomalies in the storyline simulations. 438 

However, it is worth noting that the ensemble spread during these inconsistent periods is much 439 

larger than during the second half of 2018, suggesting that the sea-ice state may be less strongly 440 

constrained by the large-scale circulation in the early melt season compared to other times of 441 

the year. 442 

Another factor that can lead to inconsistent anomalies is model bias. While this 443 

probably holds for any quantity, it may be particularly influential for the sea-ice state. Moderate 444 

temperature biases, for example, can lead to significant errors in the ice-edge location. As a 445 

consequence, the ice-edge location in a biased model will respond differently to the same large-446 

scale circulation anomaly pattern, simply because the ice edge resides in a different place. 447 

Indeed, AWI-CM free runs exhibit non-negligible biases in the ice-edge location (Semmler et 448 

al. 2020), and nudging only the large-scale dynamics does not – and is not meant to – rectify 449 

thermodynamically-induced model biases. In July, for example, the climatological ice edge 450 

extends much further into the Barents and Kara Seas in AWI-CM compared to ERA5 (black 451 

contours in Fig. 15). However, despite these limitations, the regional patterns of sea-ice 452 

concentration anomalies tend to be captured rather well. For example, during the Arctic melt 453 

season 2019 on 25 July (the peak of the central European heatwave), negative SIC anomalies 454 

prevailed in the Chukchi, East Siberian, and Laptev Seas, whereas positive anomalies prevailed 455 

in (or north of) the Barents and Beaufort Seas (Fig. 15, bottom). While the moderately negative 456 

pan-Arctic sea-ice extent anomaly at that time is not reproduced (the simulated anomalies are 457 

near-neutral; Fig. 14), the spatial patterns are reasonably well captured (Fig. 15, top). 458 

The fact that the ice edge responds differently to large-scale circulation anomalies 459 

depending on where it resides on average is even more important when it comes to sea-ice 460 

anomalies in significantly different climates: The climatological sea-ice distributions in the 461 
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pre-industrial, present, +2K, and +4K climates are vastly different (Fig. 16). For example, one 462 

cannot expect that a large-scale circulation pattern that causes, or at least contributes to, a 463 

record-low pan-Arctic sea-ice extent in pre-industrial or present climate would have a similar 464 

effect in a 4K warmer climate, where scarcely any Arctic sea ice remains even in July (Fig. 465 

16), two months before the end of the classical melt season. This may complicate the 466 

assessment to what extent sea-ice anomalies associated with a specific extreme event may 467 

amplify or dampen some aspects of the event when transferred to a different climate. However, 468 

as it is the case for SSTs, it is arguably more physically consistent regarding the two-way 469 

interaction of sea ice with an extreme event to simulate the sea-ice response in a coupled model 470 

rather than to prescribe the sea-ice state and its response in some non-trivial way. 471 

 472 

4. Discussion and Conclusions 473 

In this study we present a method for computing storyline scenarios using spectral 474 

nudging in a coupled climate model. The strength of this approach lies in the use of a coupled 475 

climate model that has contributed to CMIP6 (i.e., AWI-CM-1-1-MR, Semmler et al. 2020). 476 

By using a coupled approach one can study climate and environmental extremes in a coupled 477 

framework, thereby avoiding possible shortcomings that arise from having to specify SST and 478 

sea-ice conditions for past and future climates. In this context, the availability of CMIP6 479 

simulations, from which the nudging experiments can be branched off, is a distinct advantage. 480 

By applying a scale-dependent, spectral nudging approach in the free troposphere only, as in 481 

Van Garderen et al. (2021), it is possible to constrain only the large-scale circulation associated 482 

with the jet stream, which is known to be one of the key drivers of extreme and high-impact 483 

environmental events in mid-latitudes.  484 
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The full potential of this approach can further be inferred from Fig. 17, illustrating 485 

coupled storyline scenarios for 1600 UTC 20 September 2019 – another event in late 486 

summer/early autumn 2019. This confirms that (i) the jet stream, i.e., the dynamically driver, 487 

is realistically represented; (ii) anthropogenic warming is strongest over land, especially when 488 

considering changes from present-day condition to a 4K warmer world; (iii) locally extreme 489 

SSTs anomalies (i.e., ocean heatwaves) emerge in the Mediterranean  Sea, with SSTs 490 

exceeding +30 ºC in the central Mediterranean Sea; and (iv) there are vastly different sea-ice 491 

conditions in the Arctic that are consistent with the atmospheric state and its previous evolution. 492 

We should note that the last two points are treated in a physically more consistent way in 493 

coupled storyline scenarios than it could by prescribing SST and SIC fields in atmosphere-only 494 

storyline scenarios. 495 

The storyline approach, employing nudging, is computationally quite efficient, at least 496 

once CMIP-type simulations are available from which nudged simulations can be branched off. 497 

This is due to the fact that the main source of uncertainty in future projections of European 498 

extreme events – that is strong internal atmospheric variability compared to relatively weak 499 

climate change signals – has been effectively “removed” by prescribing the temporal evolution 500 

of the large-scale mid-troposphere dynamics. In fact, in agreement with Wehrli et al. (2020) 501 

and Van Garderen et al. (2021), for European heatwaves just a few ensemble members are 502 

sufficient to separate signal from noise, once the evolution of the large-scale atmospheric 503 

circulation is prescribed.  504 

As pointed out by Shepherd et al. (2018), storyline scenarios provide a very effective 505 

way of making the impacts of climate change more tangible to experts and non-experts alike 506 

– thus facilitating decision-making in adaptation and mitigation. This point is further illustrated 507 

in Fig. 18, showing “weather maps'' of t2m during the peak of this record-breaking heatwave 508 
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in Germany in July 2019 for present-day, pre-industrial and future conditions: While this 509 

weather event was clearly extreme by nature, with maximum t2m of about 37 ºC even without 510 

anthropogenic warming, the warming since pre-industrial times made it record-breaking (42 511 

ºC in places) with substantial impacts on society, businesses and infrastructure, including a 512 

“meltdown” of the German railway system. In a 4K warmer world (i.e., 3 K warmer than today) 513 

daytime t2m would be reaching dangerously high values, nearing 50 ºC. The value of this 514 

approach for understanding and communicating the impact of climate change could be further 515 

enhanced by using these storyline scenarios to drive impact models. In this way, it would 516 

become possible to draw more complete “pictures”, for example by also making statements 517 

about surface hydrology, river levels and the state of the vegetation. 518 

It seems likely that finding analogs of similar quality from observations, CMIP data 519 

and large ensembles will be difficult, if possible at all. This is especially true if the temporal 520 

dimension is taken into account, which is critical when it comes to parameters such as soil 521 

moisture and SST that memorize past weather and are not only of interest in their own right 522 

but also feedback on temperatures during the evolution of heatwaves. 523 

The coupled storyline approach, presented in this study, also provides a very powerful 524 

way of diagnosing the origin of model error at the process level, thus guiding future model 525 

development. Usually, one of the main challenges in diagnosing coupled models arises from 526 

the fact that a direct comparison with observations from field campaigns, which are usually 527 

comprehensive and of high quality but limited in time, is difficult to carry out. Therefore, 528 

disentangling differences due to different weather from those due to model deficiencies 529 

becomes difficult. Recognizing this, activities such as Transpose-CMIP – that is, running short-530 

term predictions with initialized coupled climate models – have been proposed and applied 531 

(e.g., Voldoire et al. 2019). Here we argue that the storyline simulations, using spectral nudging 532 
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in climate models, provide another promising way of analyzing model shortcomings, including 533 

those that occur only sporadically during certain weather types (i.e., flow-dependent biases). 534 

To explore this idea further, we are planning to extend the experiments until the end of 2020 535 

and provide a thorough comparison with observational data from the MOSAiC expedition – 536 

the year-round drift through the Arctic which lasted from October 2019 to October 2020. 537 

Related to this, the approach proposed in this study provides a powerful technique to 538 

understand and quantify how coupled processes associated with certain phenomena (e.g., 539 

heatwaves, sea-ice polynyas and cold-air outbreaks) change in different climates. The fact that 540 

dry soils in southern Europe at the end of the 21st century in a 4K warmer world are projected 541 

to change the role of how the atmosphere interacts with the soil is a promising example. 542 

Storyline scenarios are in principle not limited to specific types of events. However, it 543 

is likely not a coincidence that studies demonstrating the approach so far have been focussing 544 

on heatwaves; these have a rather large-scale footprint and can thus be reproduced relatively 545 

easily by constraining the large-scale dynamics. While the same may hold for cold-extremes 546 

in winter, events that occur on smaller scales and involve small-scale dynamics and fronts, 547 

including extreme rainfall events like the devastating flash floods in western Germany in July 548 

2021, are more challenging. In our setup, where the nudging is relatively weak and leaves 549 

wavenumbers above 20 free, extreme rains are clearly underestimated (not shown). Dedicated 550 

efforts are needed to extend the storyline approach to different types of events. It is possible 551 

that different event types will require different optimal settings, and that events with a strong 552 

small-scale random component may necessitate a large-ensemble storyline approach. 553 

To summarize, this work presents the first storyline of the European July 2019 554 

heatwave augmenting previous probabilistic attribution studies (Ma et al. 2020; Vautard et al. 555 

2020) in which changes of the frequency of occurrence of certain events in different climates 556 
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are quantified. The most outstanding finding of this study is the global warming amplification 557 

found associated with the July 2019 heatwave  (locally up to 4-fold increase). This 558 

amplification is enhanced and northward displaced in the future 4K warmer climate, with more 559 

than a 2-fold increase in Germany (both for maximum and minimum t2m). In contrast with the 560 

result obtained by Van Garderen et al. (2021) for the European 2003 heatwave, an amplification 561 

is also found from preindustrial to present climate (an ~1.5-fold increase in Germany), with the 562 

highest warming found in the Mediterranean region. The warming obtained for the 2019 563 

summer is similar to the climatological mean warming, as may be due to a climatological 564 

drying of soils comparable to the drying that occurred during the 2019 summer. In addition, 565 

we have not found significant flow-dependent stronger or weaker changes in our simulations 566 

(not shown). However, this last result should be assessed using simulations that span longer 567 

periods, e.g., starting in 1979. Meanwhile, neither a future global warming amplification nor a 568 

summer intraseasonal cycle of warming is found for SST in our study areas, more specifically, 569 

the North Sea. However, the observed SST warming there is close to the global warming and 570 

thus stronger than the mean ocean-surface warming. 571 

Overall, our study adds further support to the notion that storyline scenarios provide a 572 

promising approach that augments traditional probabilistic approaches to the attribution of 573 

extreme events and that help to make climate change and its impact more tangible to scientists, 574 

decision-makers and the general public. 575 
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FIGURES 814 

 815 
 816 

Figure 1. Daily mean winds at 250 hPa on 16 June 2017 from ERA5 for (a) the original field 817 

and for truncated fields retaining only total wavenumbers up to (b) 15, (c) 20 and (d) 30. 818 

 819 

Figure 2. Daily mean temperature (shading) and winds (arrows) at 850 hPa on 16 June 2017 820 

(left) for different vertical profiles indicated in the right panels. For all simulations vorticity 821 

and divergence were nudged up to total wavenumber 20 with a nudging time scale of 𝛕=24h. 822 
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 823 

Figure 3. Temperature (shading) and winds (arrows) at 850 hPa on 18 July 2018 using different 824 

e-folding times: (a) 6 hours, (b) 24 hours, and (c) 48 hours. For all simulations vorticity and 825 

divergence were nudged up to total wavenumber 20 using the vertical profile shown in the 826 

lower right panel of Fig. 2. 827 

 828 
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 829 

Figure 4. Temporal evolution of the range of daily maximum t2m for Europe (See Fig. A3d 830 

for more details on the region). The range is computed as the difference between the daily 831 

maximum and minimum values of the five ensemble members for each day. Larger values 832 

indicate that maximum t2m is less well constrained by the nudging.  The peak of the 833 

European heatwave on 25 July 2019 is marked by the vertical dashed line. 834 

 835 
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 836 

Figure 5. Anomalies from (a,c,e,g,i) the nudged present-day simulations and (b,d,f,h,j,l) ERA5 837 

for 25 July 2019 and different variables: (a,b) 500 hPa geopotential height, (c,d) 850 hPa 838 
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temperature (e,f) maximum 2m temperature, (g,h) sea surface temperature, and (i,j) volumetric 839 

soil moisture in the 1st layer. Anomalies were computed as the differences of daily value from 840 

the 15-days moving average in the 1981–2010 period. Total cloud cover on 25 July 2019 for 841 

(k) the nudged present-day simulations and (l) ERA5. 842 

 843 

 844 

Figure 6. Pearson correlation between present-day simulations and ERA5 for the summers of 845 

2018 and 2019 using daily fields:  (a) 500 hPa geopotential height, (b) 850 hPa temperature, 846 

(c) maximum 2m temperature, (d) sea surface temperature, (e) volumetric soil moisture in the 847 

1st layer, (f) total cloud cover. Grid points with non-significant correlation are shown with dots. 848 

 849 

 850 

 851 
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 852 

Figure 7. Seasonal evolution of daily minimum (purple), daily mean (green) and daily 853 

maximum (orange) 2m temperature for (a) Europe and (b) Germany and the period 1 June to 854 

31 August 2019. Results are shown for the nudged simulations under present-day conditions 855 

(shading) as well as for ERA5 reanalysis data (dashed lines).  Shading denotes the min/max 856 

range of values obtained from the respective 5-member ensembles. The peak of the European 857 

heatwave on 25 July 2019 is marked by the vertical dashed line. 858 

 859 

 860 
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 861 

Figure 8. (a,b) max t2m differences between the nudged present-day simulations and ERA5, 862 

(c,d) max t2m anomaly and (e,f) Z500 anomaly for the ten days with (a,c,e) strongest positive 863 

and (b,d,f) negative Germany maximum t2m differences between the simulations and ERA5. 864 

The summers of 2018 and 2019 were included. Grid points where the differences are significant 865 

are shown with points.  866 

 867 

 868 

 869 

 870 

 871 
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 872 

Figure 9. Seasonal evolution of (a) daily maximum and (b) minimum t2m averaged for 873 

Germany and different climates (pre-industrial in blue, present-day in grey, +2K in orange and 874 

+4K in red).  Shading spans the min/max range of values obtained from the 5-member 875 

ensembles and dashed lines show the mean from the free-run. Differences are shown in Fig. 876 

A5.  The peak of the European heatwave on 25 July 2019 is marked by the vertical dashed line. 877 
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 891 

 892 

 893 

Figure 10. Same as Fig. 9, except for sea surface temperature in (a) the North Sea and (b) the 894 

German Bight. The peak of the European heatwave on 25 July 2019 is marked by the vertical 895 

dashed line. 896 

 897 
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 898 

Figure 11. Daily maximum t2m differences on 25 July 2019: (a) +4K minus present-day, (b) 899 

+2K minus present-day, and (c) present-day minus pre-industrial. Locations where the 900 

ensembles overlap between different climates are indicated with points. 901 

 902 

 903 

 904 

 905 
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 906 

Figure 12. Seasonal evolution of (a) soil wetness and (b) Bowen ratio in Germany between 1 907 

June to 31 August 2019 in different climates (pre-industrial in blue, present-day in yellow and 908 

2K and 4K warmer worlds in orange and red, respectively). Shading spans the min/max range 909 

of values obtained by the respective 5-member ensembles. Dashed lines show the mean and 910 

dotted lines the 5th and 95th quantile for Soil Wetness and Bowen Ratio respectively.  The 911 

peak of the European heatwave on 25 July 2019 is marked by the vertical dashed line. 912 

 913 

 914 
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 915 

 916 

Figure 13. (a,c,e) Soil wetness and (b,d,f) Bowen ratio differences between (a,b) 4K warmer 917 

and present, (c,d) 2K warmer and present and (e,f) present and preindustrial climates on 25 918 

July 2019. Locations where the two ensembles do not overlap are indicated by dots. 919 

 920 
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 921 

Figure 14. Arctic sea ice extent anomalies (climatology computed using the 2007–2016 period) 922 

from ERA5 (blue solid line) and the present-day nudged simulation. The peak of the European 923 

heatwave on 25 July 2019 is marked by the vertical dashed line. 924 

 925 

 926 

 927 

 928 
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 929 

Figure 15. SIC anomalies (climatology computed using the 2007-2016 period) on 25th July 930 

2019 from (a) AWI-CM nudged simulations  and (b) ERA5. Black contours show the 931 

respective climatological 15% sea-ice concentration. 932 

 933 
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 934 

Figure 16. Sea ice concentration on 25th July 2019 from AWI-CM nudging experiments for 935 

different climates: (a) pre-industrial, (b) present-day, (c) 2K warmer world and (d) 4K warmer 936 

world.  Orange contours show the respective climatological 15% sea-ice concentration contour. 937 

 938 

 939 

 940 
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 941 

Figure 17. Storyline simulations of maximum 2m temperature, sea-surface temperature, sea ice 942 

and 250 hPa winds at 1600 UTC on 20 September 2019: (left) for a pre-industrial climate, 943 

(middle) present-day conditions, and (right) a 4K warmer world. 30C and 40C isotherms are 944 

indicated by red and purple bold contours, respectively. 945 

 946 

Figure 18. Schematic maps of 2m temperature for weather conditions in Germany at 1500 UTC 947 

on 25 July 2019: (left) for a pre-industrial climate, (middle) present-day conditions, and (right) 948 

a 4K warmer world. The maps have been produced by graphic designers of the communication 949 
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team of the Helmholtz Climate Initiative using observed values for the locations shown on the 950 

map and by adding temperature increments from the storyline scenarios for pre-industrial and 951 

4K warmer conditions. 952 



Supplemental Material.

Figure S1. Vertical profile of the nudging coefficient used in our simulations.



Figure S2. As Fig.6 but computed after having removed low-frequency variability (15-days

running mean).



Figure S3. Illustration of the different areas used in this study.



Figure S4. Evolution of the mean maximum t2m differences (in ºC) between the present-day

nudging simulations and ERA5 in summer 2019. Locations  where the ensemble overlaps

with ERA5 are indicated by dots.



Figure S5.  Seasonal  evolution  of  daily  maximum t2m differences  averaged for  Germany

heatwave different climates. (a) Present-day minus pre-industrial (blue), +2K minus present-

day (yellow), and +4K minus present-day (red). (b) +2K minus pre-industrial (purple) and

+4K minus +2K (orange).   Shading spans  the min/max range of  values  obtained  by the

respective 5-member ensembles. Solid and dashed lines show differences for the ensemble

mean  and  the  climatology  (from the  free-run),  respectively.   The  peak  of  the  European

heatwave on 25 July 2019 is marked by the vertical dashed line.



Figure S6. Seasonal evolution of SST differences averaged for (a,c) the North Sea and (b,d)

German Bight between different climates. (a,b) Present-day minus pre-industrial (blue), +2K

minus present-day (yellow), and +4K minus present-day (red). (c,d) +2K minus pre-industrial

(purple) and +4K minus +2K (orange).  Shading spans the min/max range of values obtained

by the respective 5-member ensembles. Solid and dashed lines show the ensemble mean and

the climatology (from the free-run), respectively.  The peak of the European heat wave on 25

July 2019 is marked by the vertical dashed line.


