
1.  Introduction
Human-induced global warming is shifting the distribution of possible temperatures toward higher values, 
increasing the intensity and frequency of hot extremes globally (Allan et al., 2021). This is concerning as heat 
extremes are associated with a wide range of negative impacts on society such as in the health (Vicedo-Cabrera 
et al., 2018), energy (Miller et al., 2008) and agriculture (Lobell & Field, 2007) sectors, while many animal and 
plant species are vulnerable to heat extremes (Stillman, 2019).

In addition to a simple shift of temperature distributions, there is evidence for recent changes to the width and 
possibly higher moments of temperature distributions and thus the likelihood of extremes, depending on the 
region (Huntingford et al., 2013). For instance, Byrne  (2021) found that the hottest days on tropical land are 
warming approximately 20% faster than the mean and linked this to theory via the “drier get hotter” mecha-
nism. The variance in the summer temperature distribution over much of Eurasia has also increased since 1980 
(McKinnon et  al.,  2016). Station data for many parts of Europe show an increase in day-to-day temperature 
variability within the summer season since the 1960s (Krauskopf & Huth, 2022), while increased temperature 
variability is necessary to account for the magnitude of the 2003 European heat wave (Schär et al., 2004). On 
the other hand, recent studies have found no evidence for faster warming of extremes, relative to the mean for 
the  Pacific Northwest (McKinnon & Simpson, 2022; Thompson et al., 2022).

Differing warming trends for mean and extreme temperature values could arise for a number of different reasons. 
Atmospheric circulation is a key driver of extreme temperatures and hence changes to the frequency of occurrence 
of certain weather regimes could lead to more extreme temperatures (Coumou et al., 2014; Kornhuber et al., 2019; 
Mann et  al.,  2017; Meehl & Tebaldi,  2004; Rousi et  al.,  2022; Teng & Branstator,  2019). Land-atmosphere 
interactions could also play a role. Model simulations of future climate project an increase in European summer 
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temperature variability (Bathiany et  al.,  2018; Fischer & Schär,  2008; Fischer et  al.,  2007,  2012; Giorgi 
et al., 2004) which has been explained through positive feedbacks between evapo-transpiration and temperature 
anomalies in regions where soil-moisture is a limiting factor (Seneviratne et al., 2006, 2010; Whan et al., 2015). 
Additionally, Holmes et al. (2016) argued that changes to thermal advection, such as increases to summertime 
land-sea contrast, could change European summer temperature variability, while Tamarin-Brodsky et al. (2022) 
interpreted changes in the skew of temperature distributions as being driven by meridional thermal advection and 
differing rates of warming with latitude.

Many countries in North-West Europe have experienced severe heat extremes in recent years. The record temper-
ature in France, set during the 2003 heatwave, was broken on 28 June 2019, reaching 46.0 C (Mitchell et al., 2019; 
van Oldenborgh et al., 2019). A few weeks later the UK temperature reached 38.7 C for the first time (Vautard 
et al., 2020). A mere 3 years later, in July 2022, the UK saw a new record of 40.3 C, breaking the previous record 
by 1.6 C (Zachariah et al., 2022). These records are part of a trend in rapidly increasing heat extremes in the 
European region (Christidis et al., 2015; Perkins-Kirkpatrick & Lewis, 2020).

It has recently been noted that the hottest days in the UK are warming faster than mean summer days 
(Kennedy-Asser et al., 2021). However, it is unclear whether this trend difference is observed across Europe and 
indeed further afield or is restricted to the UK. Moreover, the driving mechanism behind this trend difference has 
not been analyzed. In this article I seek to investigate the wider context to the observed difference between mean 
and extreme trends and understand its cause. In Section 2 the data sets and model simulations used in this work 
are detailed. Then, in Section 4, I suggest a potential hypothesis to explain differences between trends in extreme 
temperatures with respect to mean temperature trends, and finally provide some discussion in Section 5.

2.  Data
In this study I utilize ERA5 reanalysis data on a 1 × 1 degree grid spanning the period 1960–2021 (Bell et al., 2021; 
Hersbach et al., 2020). Most of the variables in this study are daily-means with the exception being the maximum 
daily 2 m air temperature, referred to here as tasmax.

I compare the reanalysis data to an ensemble of 26 coupled climate model simulations from the Coupled Model 
Intercomparison Project Phase 6 (CMIP6) archive (Eyring et al., 2016) using historical forcings including vari-
ations in greenhouse gases, aerosols and volcanic activity. Historical simulations end in 2014, hence to make up 
the full period of 1960–2021, historical simulations have been combined with simulations of the high emissions, 
shared socioeconomic pathway 5-8.5 (ssp585) scenario run (O'Neill et al., 2016) to 2021. Combining the histor-
ical results with the ssp585 scenario up to 2021 is justified by the fact that the different ssp scenarios do not 
strongly diverge from one another in terms of radiative forcing until around 2030 (O'Neill et al., 2016). These 26 
models were chosen because they each provided daily tasmax data for both historical and ssp585 simulations.

In order to quantify the extent to which internal variability may influence trends I have investigated the 50-member 
MIROC6 large ensemble (Tatebe et  al.,  2019), 25-member CanESM5 ensemble (Swart et  al.,  2019) and 
30-member CNRM-CM6-1 ensemble (Voldoire et al., 2019). Similar to the other CMIP6 simulations, historical 
(1960–2014) and ssp585 (2015–2021) model runs have been combined for each of the MIROC6 and CanESM5 
ensemble members, though only one of the CNRM-CM6-1 members was extended past 2014 and hence only 
the historical period (1960–2014) is used for this ensemble. All CMIP6 model data have been interpolated to 
a common 1 × 1 degree horizontal grid. A full list of model simulations used in this study can be found in the 
Supporting Information S1.

3.  Results
How do trends in heat extremes and trends in the mean summer temperature differ over Europe? Figures 1a 
and 1b shows the trend in the summer-mean tasmax in boreal summer (June-July-August, JJA) and the trend in 
the summer-maximum tasmax for each year, respectively, evaluated at each grid-point in the European region. 
Broadly speaking, the mean tasmax over much of Europe has warmed by 0.4–0.6 K/decade since 1960, though 
southern countries have warmed more than northern countries (Figure 1a). This pattern differs in Figure 1b with a 
higher rise in the maximum tasmax each year over the UK and other parts of North-West Europe, than in southern 
Europe. Over southern parts of the UK, it is clear when comparing Figures 1a and 1b that the hottest days have 
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warmed at a substantially higher rate than the mean days, in agreement with Kennedy-Asser et al. (2021). Inter-
estingly, this feature of faster warming of extremes is also present over much of France, Belgium, the Netherlands 
and northern Germany. The pattern of the difference in maximum and mean trends is shown even more clearly 
in Figure 1c and the trend differences across much of North-West Europe are statistically significantly different 
following a t-test.

Intriguingly, the difference between maximum tasmax and mean tasmax trends stands out as being particularly 
large over North-West Europe compared to much of the rest of the Northern Hemisphere (Figure 1d). The warm-
est temperatures in northern Russia are increasing more slowly than the mean, but few other areas show statisti-
cally significant differences over a large area. The ratio of the maximum and mean trends indicates that the hottest 
days over much of North-West Europe have warmed more than twice as fast as the mean summer day (Figure S1 
in Supporting Information S1). Note that the difference pattern over Europe is also seen if one considers the trend 
in the 95th percentile of summer tasmax rather than the maximum (Figure S2 in Supporting Information S1).

The studies of Zachariah et al. (2022) and Van Oldenborgh et al. (2022) found that CMIP5/CMIP6 models under-
estimate the magnitude of the observed trend in heat extremes in the UK and de Bilt (Netherlands), respectively, 

Figure 1.  (a) Trend in JJA-mean tasmax (1960–2021), (b) trend in the JJA-maximum tasmax and (c) the trend in the mean 
minus the trend in the maximum tasmax. Finally, (d) is the same as (c), but for the entire Northern Hemisphere. Hatching 
in (c, d) shows where trends are statistically significantly different at the 95% level using a t-test, following Paternoster 
et al. (1998). Hatching for statistical significance is omitted from (a, b) for visual clarity as virtually everywhere shaded is 
statistically significant at the 95% level.
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while similar issues have been found in an older generation of regional climate models for North-West Europe 
(Min et al., 2013). To understand whether this is also the case for the latest models and which locations show 
this discrepancy, I consider the CMIP6 multi-model means of trends in maximum and mean summer tasmax 
over the European region. The models generally show a similar trend in mean tasmax over Europe to reanalysis 
(Figures 1a and 2a), with a magnitude of 0.4–0.6 K and slightly less warming over northern Europe than southern 
Europe. The multi-model mean trend in maximum tasmax is very similar in magnitude and spatial pattern to 
the trend in the mean tasmax (Figures 2a and 2b), in contrast to ERA5 where the trend patterns differ markedly 
(Figures 1a and 1b). This demonstrates that there is no consistent difference between the warming rates of mean 
and extreme temperatures across the multi-model ensemble, as also illustrated by the difference in maximum and 
mean warming rates (Figure 2c). Moreover, the observed trend difference also falls outside of the 2.5th and 97.5th 
percentiles of the multi-model ensemble (stippling in Figure 2a).

However, given that the observational record is just one possible realisation of reality, it is possible that the 
observed trend difference in this region is simply a result of internal variability. For example, at the end of the 
time series there could have been several unusually hot days in otherwise average summers, pushing up the  maxi-
mum tasmax trend by chance. I now test whether any members of three large model ensembles (CanESM5, 
CNRM-CM6-1, and MIROC6), with historical forcing, can reproduce the observed trend. I first define the “trend 
in maximum minus trend in mean index” (hereafter TMTM index) as the spatial average of the trend in the 
summer maximum tasmax minus the summer mean tasmax trend, averaged over the boxed region (48 N–54 N, 
5 W–9 E) in Figure 2c). That is, the difference is taken between the maximum tasmax trend and the mean tasmax 
trend (i.e., Figure 1c for ERA5) and then the TMTM index is the mean of the difference field within the boxed 
region.

TMTM indices for members of the CanESM5, CNRM-CM6-1, and MIROC6 ensembles range from about −0.2 
to about 0.25 K/decade, whereas ERA5 shows a value of 0.34 K/decade, well outside this range. This suggests 

Figure 2.  (a) The multi-model mean of the JJA-mean tasmax trend, (b) is the same as (a) but for the JJA-maximum tasmax trend and (c) is the multi-model mean of 
the JJA-max tasmax trend minus the JJA-mean tasmax trend. In (d), the spread of values for the TMTM index (see text) is shown, calculated for the CMIP6 model runs 
(red); MIROC6 (blue), CNRM-CM6-1 (cyan) and CanESM5 (magenta) ensembles and ERA5 (thick, black line). Panel (e) is as in (c) but for the model CNRM-CM6-1 
(member r1i1p1f2) which has the highest TMTM index of the CMIP6 models and (f) is the same but for NorESM2-MM, which has the lowest TMTM index of the 
CMIP6 models. Note the smaller contour interval in (c) compared to Figure 1c. Stippling in (c) indicates where ERA5 falls outside the 95% confidence interval of the 
multi-model ensemble and hatching in (e, f) shows where max and mean trends are statistically significantly different, as in Figures 1c and 1d. The black box in (c) 
indicates the region used to calculate the TMTM index. Units in all panels are K/decade.
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that the models are incapable of reproducing the observed trend difference considering the models' internal 
variability and response to historical forcing. Moreover, the ERA5 TMTM index is outside the range of all 
CMIP6 models (Figure 2d), in agreement with Zachariah et al. (2022). The CMIP6 model with the largest TMTM 
index is CNRM-CM6-1 (member r1i1p1f2, using 1960–2021, Figure 2e) and interestingly shows a similar, albeit 
weaker, pattern of trend difference to ERA5 (Figure 1c), with positive differences across France, Germany and 
also the Baltic states. On the other hand, many models such as NorESM2-MM, which has the lowest TMTM 
index, show the opposite sign of trend difference (Figure 2f).

4.  Enhanced Meridional Temperature Gradient Hypothesis
What is causing the hottest days over North-West Europe to warm faster than the mean in summer? In this section 
I posit one potential explanation for this finding.

The hottest days in North-West Europe are often associated with large-scale advection of warm air from Spain or 
the Sahara Desert or other parts of continental Europe (e.g., Black et al., 2004; Burt, 2004; Chiriaco et al., 2014; 
Miralles et al., 2014; Sousa et al., 2020). For example, while the heatwave which hit the UK and France in June and 
July 2019 was largely driven by compression from subsiding air (de Villiers, 2020), the hottest days in the UK (25th 
July) and in France (28th June) were both linked to plumes of hot air from Spain and the Sahara (de Villiers, 2020; 
Vautard et al., 2020). Figure 3a) shows the 2 m temperature anomaly (with respect to 1960–2021) for 25 July 2019, 
with high temperatures over much of Europe and temperatures more than 10 C above the climatology over North-

Figure 3.  Composites of different variables on the days leading up to the hottest summer day in the south of England (defined by the boxed region shown in each 
panel) and for the hottest southern England day in 2019 (25th July), all using ERA5 data (1960–2021). The variables shown are (a–d) near-surface air temperature 
anomalies with respect to the full period; (e–h) 500 hPa geopotential height (colors), with anomalies shown by black, unfilled contours, with contours drawn every 30 m 
and i–l) 850 hPa air temperature, with 285 and 289 K contours in black, and vectors showing 850 hPa winds. The composites are averaged (b, f, j) 4–6 days and (c, g, k) 
1–3 days before the hottest day and d, h, l) on the hottest day.
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West Europe. Synoptically, these high temperatures were associated with a ridge to the east of the UK, being fed 
by a Rossby wave train upstream over the North Atlantic (Figure 3e). The western side of the ridge was linked to 
southerly flow and advection of warm, subtropical air toward the UK and France (Figure 3i).

This pattern can be seen more generally in composites of the hottest day, and the days leading up to it, in southern 
England for each year, 1960–2021 (Figures 3b–3d, 3f–3h, and 3j–3l). Specifically, I center the composites on 
the date of the highest summer tasmax over southern England (averaged over the box in each panel of Figure 3). 
The composites are only calculated here for one small region rather than the whole of North-West Europe, as 
the timing of the hottest day may differ between the different locations within a larger area. However, note that 
the results are very similar for boxes over northern France and northern Germany (not shown). Warm surface 
anomalies begin to build 1–3 days before the hottest day (Figures 3b–3d). The spatial and temporal scales asso-
ciated with the circulation anomalies are consistent with a baroclinic Rossby wave timescale (Figures 3f–3h), as 
seen in 2019 (Figure 3e). In the days leading up to the hottest day, the flow near southern England transitions 
from being westerly to southerly, advecting warm air up from France and Iberia (Figures 3j–3l). This analysis is 
not suggesting that horizontal advection is the only process generating anomalous warming during North-West 
Europe heat extremes, as other factors like adiabatic compression and diabatic heating will also be important 
(Bieli et al., 2015; Zschenderlein et al., 2019). However, it is clear that the large-scale movement of air from 
further south is a common factor for the hottest North-West Europe summer days.

Given the role of movement of warm air from the subtropics in the hottest North-West Europe days, it is possible 
that a warming of subtropical air relative to the ambient mid-latitude air, could increase the magnitude of heat 
extremes over North-West Europe. That is, both North-West Europe and Iberia/North Africa are warming, but if 
the latter is warming faster, then northward-moving subtropical air may be more anomalously warm (with respect 
to mid-latitude air) now than it was previously. This would lead to the hottest days, when warm subtropical air 
often intrudes into the mid-latitudes, warming faster than the mean summer day. Figure 4a) confirms that Iberia 
(particularly eastern Spain) and North Africa are indeed warming faster than the UK. This meridional gradient 

Figure 4.  (a) Shows the ERA5 trend in JJA surface temperature and (b) shows the same but for the multi-model mean of all CMIP6 trends and (c) shows the 
multi-model mean trends minus the ERA5 trend. In (d), the ERA5 JJA trend in air temperature, averaged over 10 W–10 E, is shown, and (e) is the same but for the 
multi-model mean of all CMIP6 trends. All trends are for the period 1960–2021. In (f), the TMTM index (see text) is plotted for the CMIP6 models (red circles) against 
the meridional warming gradient index (see text). The ERA5 values are shown by a black cross. The solid line shows the least-squares best fit to the CMIP6 model data 
and the dashed lines indicate the cross-validated maximum and minimum trend lines if one model is randomly removed. Stippling in (b, c, and e) indicates where the 
ERA5 trend falls outside of the 2.5th and 97.5th percentiles of the ensemble of model trends. Units in all panels are K/decade.
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of warming rates is also present in the lower troposphere, as shown by the zonal average air temperature between 
10 W and 10 E (Figure 4d). Comparing the boxed regions in Figure 4d), lower tropospheric air is warming at 
approximately 0.35–0.4 K/decade compared to 0.2–0.3 K/decade at Iberian/North African and North-West Euro-
pean latitudes respectively.

Why then do climate models fail to capture the magnitude of the max/mean trend difference? Whilst the 
multi-model mean of surface temperature trends does exhibit greater warming over Iberia than North-West 
Europe, the difference is much smaller than in reanalysis (Figures 4a and 4b). Specifically, the British Isles warm 
faster in the models, whereas Spain and North Africa warm less than in ERA5 (Figure 4c). This weaker surface 
warming gradient in models also corresponds with a weaker atmospheric warming gradient (Figure 4e).

If the enhanced meridional temperature gradient hypothesis is correct, a model with a more pronounced warming 
rate gradient will tend to show more of a difference in temperature trends between average and extreme summer 
days. To show this, I define a meridional warming gradient index as the difference in the mean warming trend 
between the subtropical and mid-latitude boxes shown in Figure 4d). A more positive index therefore indicates 
greater warming in the subtropics than in mid-latitudes. A scatter plot showing the TMTM index against the 
warming gradient index confirms that models with a more positive warming gradient show a greater max/mean 
trend difference (R = 0.66, p < 0.01, Figure 4f). Conversely, the warming rates of the individual boxes are only 
weakly correlated with the TMTM index (−0.37 and 0.12 for the northern and southern boxes, respectively, 
p > 0.05), suggesting that it is the gradient that is important. Note that none of these results are strongly sensitive 
to changing definitions of the boxes by up to 5° or extending the southern box to 25 N (not shown).

On the other hand, a comparison of the values of the warming gradient index in models to ERA5 (black cross 
in Figure 4f) suggests that although ERA5 does have a higher warming gradient than most models, this index 
cannot fully account for the difference in max/mean warming rates. An emergent constraint analysis (e.g., Hall 
et al., 2019; Simpson et al., 2021) using the best fit line to the model trends and the observed value of the warm-
ing gradient (as shown by the dotted lines in Figure 4f) indicates that this hypothesis can account for 25% of the 
difference between the TMTM index in reanalysis (0.34 K/decade) and the multi-model mean TMTM index 
(0.02  K/decade). Therefore, though the meridional warming gradient explains much of the spread of model 
TMTM indices, this can only explain a portion of the difference between ERA5 and models and hence other 
factors are likely to be important in the max/mean warming difference.

5.  Discussion and Conclusions
This work has shown that the hottest days are warming approximately twice as fast as the mean summer day over 
North-West Europe. Understanding the warming rate of the hottest days will be important if we are to improve 
climate model simulation of extreme events and make accurate predictions about how frequently they will occur 
in future.

I have suggested that this difference can partly be explained by differing warming rates between North-West 
Europe and Iberia. It is also possible that land-surface feedbacks could play a role. For instance, the study of 
Fischer and Schär (2010) found that soil moisture feedbacks lead to a larger increase in the temperature variance 
over southern Europe than for northern Europe in future climate change experiments. On the other hand, this is 
clearly in contrast to the pattern of the trend difference as there is no obvious difference in the maximum and 
mean warming rates over southern Europe (Figure 1c). While most of Europe is becoming drier in summer, soil 
moisture trends over the UK are positive (Figure S3 in Supporting Information S1). Consequently, the observed 
pattern of soil moisture trends appears unlikely to explain the spatial pattern of trend differences seen here, that is, 
greater warming of extremes over North-West Europe and little difference elsewhere. Nevertheless, soil moisture 
variability will undoubtedly play some role in the observed temperature trends and will likely play a significant 
role in future changes to temperature variability (e.g., Fischer & Schär, 2008).

The enhanced meridional gradient hypothesis suggested in this study raises the question of the mechanisms 
driving the different warming rates between North-West Europe and Iberia/North Africa. North-West European 
warming is likely moderated by proximity to the more slowly warming sea surface (Figure 4a) and possibly the 
North Atlantic Warming Hole (Caesar et al., 2018; Drijfhout et al., 2012; Robson et al., 2016). Furthermore, 
atmospheric circulation trends, including the southward trend of the summer jet (Dong & Sutton, 2021), may also 
have played a role, as air temperature is fundamentally linked to winds through thermal wind balance (Harvey 
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et al., 2014). If large-scale circulation trends contribute strongly to the observed pattern of western-European 
summer warming then this may explain the discrepancy between the meridional warming gradient in models and 
reanalysis (Figures 4a–4c) as models instead show a northward summer jet trend with climate change (Harvey 
et al., 2020).

An emergent constraint analysis indicated that the enhanced meridional gradient hypothesis could explain a quar-
ter of the difference between models and reanalysis, suggesting other mechanisms may also be driving this bias. 
However, this analysis assumed that the hottest days occur for the same reasons in models and the real world. 
For instance, the relative contributions of warm advection, compressional heating and diabatic heating could be 
different in models. Hence, further analysis could consider the balance of these different processes in driving heat 
extremes in models in comparison with observations. Finally, it would be of interest to investigate the role that 
changes to weather patterns have had on the differential warming rates of maximum and mean summer temper-
atures. For example, changes to Rossby wave dynamics or jet trends, with climate change, could have increased 
the occurrence of weather patterns which favor warm temperatures over North-West Europe.

Data Availability Statement
No new data were created as part of this study. ERA5 data is available via the climate data store https://doi.
org/10.24381/cds.adbb2d47 and CMIP6 data (including the CanESM5, CNRM-CM6-1, and MIROC6 ensem-
bles) are available on the Earth System Grid Federation servers https://esgf-node.llnl.gov/search/cmip6/. The full 
list of CMIP6 models is given in Table S1 in Supporting Information S1.

References
Allan, R. P., Cassou, C., Chen, D., Cherchi, A., Connors, L., Doblas-Reyes, F. J., et al. (2021). Summary for policymakers (p. 32).
Bathiany, S., Dakos, V., Scheffer, M., & Lenton, T. M. (2018). Climate models predict increasing temperature variability in poor countries. 

Science Advances, 4(5), eaar5809. https://doi.org/10.1126/sciadv.aar5809
Bell, B., Hersbach, H., Simmons, A., Berrisford, P., Dahlgren, P., Horányi, A., et al. (2021). The ERA5 global reanalysis: Preliminary extension 

to 1950. Quarterly Journal of the Royal Meteorological Society, 147(741), 4186–4227. https://doi.org/10.1002/qj.4174
Bieli, M., Pfahl, S., & Wernli, H. (2015). A Lagrangian investigation of hot and cold temperature extremes in Europe. Quarterly Journal of the 

Royal Meteorological Society, 141(686), 98–108. https://doi.org/10.1002/qj.2339
Black, E., Blackburn, M., Harrison, G., Hoskins, B., & Methven, J. (2004). Factors contributing to the summer 2003 European heatwave. 

Weather, 59(8), 217–223. https://doi.org/10.1256/wea.74.04
Burt, S. (2004). The August 2003 heatwave in the United Kingdom: Part 1—Maximum temperatures and historical precedents. Weather, 59(8), 

199–208. https://doi.org/10.1256/wea.10.04A
Byrne, M. P. (2021). Amplified warming of extreme temperatures over tropical land. Nature Geoscience, 14(11), 837–841. https://doi.org/10.1038/

s41561-021-00828-8
Caesar, L., Rahmstorf, S., Robinson, A., Feulner, G., & Saba, V. (2018). Observed fingerprint of a weakening Atlantic Ocean overturning circu-

lation. Nature, 556(7700), 191–196. https://doi.org/10.1038/s41586-018-0006-5
Chiriaco, M., Bastin, S., Yiou, P., Haeffelin, M., Dupont, J.-C., & Stéfanon, M. (2014). European heatwave in July 2006: Observations and 

modeling showing how local processes amplify conducive large-scale conditions. Geophysical Research Letters, 41(15), 5644–5652. https://
doi.org/10.1002/2014GL060205

Christidis, N., Jones, G. S., & Stott, P. A. (2015). Dramatically increasing chance of extremely hot summers since the 2003 European heatwave. 
Nature Climate Change, 5(1), 46–50. https://doi.org/10.1038/nclimate2468

Coumou, D., Petoukhov, V., Rahmstorf, S., Petri, S., & Schellnhuber, H. J. (2014). Quasi-resonant circulation regimes and hemispheric synchro-
nization of extreme weather in boreal summer. Proceedings of the National Academy of Sciences, 111(34), 12331–12336. https://doi.
org/10.1073/pnas.1412797111

de Villiers, M. P. (2020). Europe extreme heat 22–26 July 2019: Was it caused by subsidence or advection? Weather, 75(8), 228–235. https://doi.
org/10.1002/wea.3717

Dong, B., & Sutton, R. T. (2021). Recent trends in summer atmospheric circulation in the North Atlantic/European Region: Is there a role for 
anthropogenic aerosols? Journal of Climate, 34(16), 6777–6795. https://doi.org/10.1175/JCLI-D-20-0665.1

Drijfhout, S., Oldenborgh, G. J. v., & Cimatoribus, A. (2012). Is a decline of AMOC causing the warming hole above the North Atlantic in 
observed and modeled warming patterns? Journal of Climate, 25(24), 8373–8379. https://doi.org/10.1175/JCLI-D-12-00490.1

Eyring, V., Bony, S., Meehl, G. A., Senior, C. A., Stevens, B., Stouffer, R. J., & Taylor, K. E. (2016). Overview of the Coupled Model Inter-
comparison Project Phase 6 (CMIP6) experimental design and organization. Geoscientific Model Development, 9(5), 1937–1958. https://doi.
org/10.5194/gmd-9-1937-2016

Fischer, E. M., Rajczak, J., & Schär, C. (2012). Changes in European summer temperature variability revisited. Geophysical Research Letters, 
39(19), L19702. https://doi.org/10.1029/2012GL052730

Fischer, E. M., & Schär, C. (2008). Future changes in daily summer temperature variability: Driving processes and role for temperature extremes. 
Climate Dynamics, 33(7), 917–935. https://doi.org/10.1007/s00382-008-0473-8

Fischer, E. M., & Schär, C. (2010). Consistent geographical patterns of changes in high-impact European heatwaves. Nature Geoscience, 3(6), 
398–403. https://doi.org/10.1038/ngeo866

Fischer, E. M., Seneviratne, S. I., Lüthi, D., & Schär, C. (2007). Contribution of land-atmosphere coupling to recent European summer heat 
waves. Geophysical Research Letters, 34(6), L06707. https://doi.org/10.1029/2006GL029068

Acknowledgments
I was funded under the WISHBONE 
project (Grant NE/T013451/1). I 
acknowledge the World Climate Research 
Programme, which, through its Working 
Group on Coupled Modelling, coordi-
nated and promoted CMIP6. I thank the 
climate modeling groups for producing 
and making available their model output, 
the Earth System Grid Federation (ESGF) 
for archiving the data and providing 
access, and the multiple funding agencies 
who support CMIP6 and ESGF. This 
paper was partly inspired by a Twitter 
discussion with Robert Rohde and others. 
I am grateful for helpful discussions with 
Tim Woollings and Chris O'Reilly on this 
work. Finally, I thank the two reviewers 
whose comments helped to substantially 
improve this manuscript.

 19448007, 2023, 10, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023G

L
102757 by T

est, W
iley O

nline L
ibrary on [24/08/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.24381/cds.adbb2d47
https://doi.org/10.24381/cds.adbb2d47
https://esgf-node.llnl.gov/search/cmip6/
https://doi.org/10.1126/sciadv.aar5809
https://doi.org/10.1002/qj.4174
https://doi.org/10.1002/qj.2339
https://doi.org/10.1256/wea.74.04
https://doi.org/10.1256/wea.10.04A
https://doi.org/10.1038/s41561-021-00828-8
https://doi.org/10.1038/s41561-021-00828-8
https://doi.org/10.1038/s41586-018-0006-5
https://doi.org/10.1002/2014GL060205
https://doi.org/10.1002/2014GL060205
https://doi.org/10.1038/nclimate2468
https://doi.org/10.1073/pnas.1412797111
https://doi.org/10.1073/pnas.1412797111
https://doi.org/10.1002/wea.3717
https://doi.org/10.1002/wea.3717
https://doi.org/10.1175/JCLI-D-20-0665.1
https://doi.org/10.1175/JCLI-D-12-00490.1
https://doi.org/10.5194/gmd-9-1937-2016
https://doi.org/10.5194/gmd-9-1937-2016
https://doi.org/10.1029/2012GL052730
https://doi.org/10.1007/s00382-008-0473-8
https://doi.org/10.1038/ngeo866
https://doi.org/10.1029/2006GL029068


Geophysical Research Letters

PATTERSON

10.1029/2023GL102757

9 of 10

Giorgi, F., Bi, X., & Pal, J. (2004). Mean, interannual variability and trends in a regional climate change experiment over Europe. II: Climate 
change scenarios (2071–2100). Climate Dynamics, 23(7), 839–858. https://doi.org/10.1007/s00382-004-0467-0

Hall, A., Cox, P., Huntingford, C., & Klein, S. (2019). Progressing emergent constraints on future climate change. Nature Climate Change, 9(4), 
269–278. https://doi.org/10.1038/s41558-019-0436-6

Harvey, B. J., Cook, P., Shaffrey, L. C., & Schiemann, R. (2020). The response of the Northern Hemisphere storm tracks and jet streams to climate 
change in the CMIP3, CMIP5, and CMIP6 Climate Models. Journal of Geophysical Research: Atmospheres, 125(23), e2020JD032701. https://
doi.org/10.1029/2020JD032701

Harvey, B. J., Shaffrey, L. C., & Woollings, T. J. (2014). Equator-to-pole temperature differences and the extra-tropical storm track responses of 
the CMIP5 climate models. Climate Dynamics, 43(5), 1171–1182. https://doi.org/10.1007/s00382-013-1883-9

Hersbach, H., Bell, B., Berrisford, P., Hirahara, S., Horányi, A., Muñoz-Sabater, J., et al. (2020). The ERA5 global reanalysis. Quarterly Journal 
of the Royal Meteorological Society, 146(730), 1999–2049. https://doi.org/10.1002/qj.3803

Holmes, C. R., Woollings, T., Hawkins, E., & Vries, H. d. (2016). Robust future changes in temperature variability under greenhouse gas forcing 
and the relationship with thermal advection. Journal of Climate, 29(6), 2221–2236. https://doi.org/10.1175/JCLI-D-14-00735.1

Huntingford, C., Jones, P. D., Livina, V. N., Lenton, T. M., & Cox, P. M. (2013). No increase in global temperature variability despite changing 
regional patterns. Nature, 500(7462), 327–330. https://doi.org/10.1038/nature12310

Kennedy-Asser, A. T., Andrews, O., Mitchell, D. M., & Warren, R. F. (2021). Evaluating heat extremes in the UK Climate projections (UKCP18). 
Environmental Research Letters, 16(1), 014039. https://doi.org/10.1088/1748-9326/abc4ad

Kornhuber, K., Osprey, S., Coumou, D., Petri, S., Petoukhov, V., Rahmstorf, S., & Gray, L. (2019). Extreme weather events in early summer 2018 
connected by a recurrent hemispheric wave-7 pattern. Environmental Research Letters, 14(5), 054002. https://doi.org/10.1088/1748-9326/
ab13bf

Krauskopf, T., & Huth, R. (2022). Trends in intraseasonal temperature variability in Europe, 1961–2018. International Journal of Climatology, 
42(14), 7298–7320. https://doi.org/10.1002/joc.7645

Lobell, D. B., & Field, C. B. (2007). Global scale climate–crop yield relationships and the impacts of recent warming. Environmental Research 
Letters, 2(1), 014002. https://doi.org/10.1088/1748-9326/2/1/014002

Mann, M. E., Rahmstorf, S., Kornhuber, K., Steinman, B. A., Miller, S. K., & Coumou, D. (2017). Influence of anthropogenic climate change on 
planetary wave resonance and extreme weather events. Scientific Reports, 7(1), 45242. https://doi.org/10.1038/srep45242

McKinnon, K. A., Rhines, A., Tingley, M. P., & Huybers, P. (2016). The changing shape of Northern Hemisphere summer temperature distribu-
tions. Journal of Geophysical Research: Atmospheres, 121(15), 8849–8868. https://doi.org/10.1002/2016JD025292

McKinnon, K. A., & Simpson, I. R. (2022). How unexpected was the 2021 Pacific Northwest heatwave? Geophysical Research Letters, 49(18), 
e2022GL100380. https://doi.org/10.1029/2022GL100380

Meehl, G. A., & Tebaldi, C. (2004). More intense, more frequent, and longer lasting heat waves in the 21st century. Science, 305(5686), 994–997. 
https://doi.org/10.1126/science.1098704

Miller, N. L., Hayhoe, K., Jin, J., & Auffhammer, M. (2008). Climate, extreme heat, and electricity demand in California. Journal of Applied 
Meteorology and Climatology, 47(6), 1834–1844. https://doi.org/10.1175/2007JAMC1480.1

Min, E., Hazeleger, W., Oldenborgh, G. J. v., & Sterl, A. (2013). Evaluation of trends in high temperature extremes in north-Western Europe in 
regional climate models. Environmental Research Letters, 8(1), 014011. https://doi.org/10.1088/1748-9326/8/1/014011

Miralles, D. G., Teuling, A. J., van Heerwaarden, C. C., & Vilà-Guerau de Arellano, J. (2014). Mega-heatwave temperatures due to combined soil 
desiccation and atmospheric heat accumulation. Nature Geoscience, 7(5), 345–349. https://doi.org/10.1038/ngeo2141

Mitchell, D., Kornhuber, K., Huntingford, C., & Uhe, P. (2019). The day the 2003 European heatwave record was broken. The Lancet Planetary 
Health, 3(7), e290–e292. https://doi.org/10.1016/S2542-5196(19)30106-8

O'Neill, B. C., Tebaldi, C., van Vuuren, D. P., Eyring, V., Friedlingstein, P., Hurtt, G., et al. (2016). The scenario Model Intercomparison Project 
(ScenarioMIP) for CMIP6. Geoscientific Model Development, 9(9), 3461–3482. https://doi.org/10.5194/gmd-9-3461-2016

Paternoster, R., Brame, R., Mazerolle, P., & Piquero, A. (1998). Using the correct statistical test for the equality of regression coefficients. Crim-
inology, 36(4), 859–866. https://doi.org/10.1111/j.1745-9125.1998.tb01268.x

Perkins-Kirkpatrick, S. E., & Lewis, S. C. (2020). Increasing trends in regional heatwaves. Nature Communications, 11(1), 3357. https://doi.
org/10.1038/s41467-020-16970-7

Robson, J., Ortega, P., & Sutton, R. (2016). A reversal of climatic trends in the North Atlantic since 2005. Nature Geoscience, 9(7), 513–517. 
https://doi.org/10.1038/ngeo2727

Rousi, E., Kornhuber, K., Beobide-Arsuaga, G., Luo, F., & Coumou, D. (2022). Accelerated western European heatwave trends linked to 
more-persistent double jets over Eurasia. Nature Communications, 13(1), 3851. https://doi.org/10.1038/s41467-022-31432-y

Schär, C., Vidale, P. L., Lüthi, D., Frei, C., Häberli, C., Liniger, M. A., & Appenzeller, C. (2004). The role of increasing temperature variability 
in European summer heatwaves. Nature, 427(6972), 332–336. https://doi.org/10.1038/nature02300

Seneviratne, S. I., Corti, T., Davin, E. L., Hirschi, M., Jaeger, E. B., Lehner, I., et al. (2010). Investigating soil moisture–climate interactions in a 
changing climate: A review. Earth-Science Reviews, 99(3), 125–161. https://doi.org/10.1016/j.earscirev.2010.02.004

Seneviratne, S. I., Lüthi, D., Litschi, M., & Schär, C. (2006). Land–atmosphere coupling and climate change in Europe. Nature, 443(7108), 
205–209. https://doi.org/10.1038/nature05095

Simpson, I. R., McKinnon, K. A., Davenport, F. V., Tingley, M., Lehner, F., Fahad, A. A., & Chen, D. (2021). Emergent constraints on the 
large-scale atmospheric circulation and regional hydroclimate: Do they still work in CMIP6 and how much can they actually constrain the 
future? Journal of Climate, 34(15), 6355–6377. https://doi.org/10.1175/JCLI-D-21-0055.1

Sousa, P. M., Barriopedro, D., García-Herrera, R., Ordóñez, C., Soares, P. M. M., & Trigo, R. M. (2020). Distinct influences of large-scale 
circulation and regional feedbacks in two exceptional 2019 European heatwaves. Communications Earth & Environment, 1(1), 1–13. https://
doi.org/10.1038/s43247-020-00048-9

Stillman, J. H. (2019). Heat waves, the new normal: Summertime temperature extremes will impact animals, ecosystems, and human communi-
ties. Physiology, 34(2), 86–100. https://doi.org/10.1152/physiol.00040.2018

Swart, N. C., Cole, J. N. S., Kharin, V. V., Lazare, M., Scinocca, J. F., Gillett, N. P., et al. (2019). The Canadian Earth System Model version 5 
(CanESM5.0.3). Geoscientific Model Development, 12(11), 4823–4873. https://doi.org/10.5194/gmd-12-4823-2019

Tamarin-Brodsky, T., Hodges, K., Hoskins, B. J., & Shepherd, T. G. (2022). A simple model for interpreting temperature variability and its 
higher-order changes. Journal of Climate, 35(1), 387–403. https://doi.org/10.1175/JCLI-D-21-0310.1

Tatebe, H., Ogura, T., Nitta, T., Komuro, Y., Ogochi, K., Takemura, T., et  al. (2019). Description and basic evaluation of simulated mean 
state, internal variability, and climate sensitivity in MIROC6. Geoscientific Model Development, 12(7), 2727–2765. https://doi.org/10.5194/
gmd-12-2727-2019

 19448007, 2023, 10, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023G

L
102757 by T

est, W
iley O

nline L
ibrary on [24/08/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1007/s00382-004-0467-0
https://doi.org/10.1038/s41558-019-0436-6
https://doi.org/10.1029/2020JD032701
https://doi.org/10.1029/2020JD032701
https://doi.org/10.1007/s00382-013-1883-9
https://doi.org/10.1002/qj.3803
https://doi.org/10.1175/JCLI-D-14-00735.1
https://doi.org/10.1038/nature12310
https://doi.org/10.1088/1748-9326/abc4ad
https://doi.org/10.1088/1748-9326/ab13bf
https://doi.org/10.1088/1748-9326/ab13bf
https://doi.org/10.1002/joc.7645
https://doi.org/10.1088/1748-9326/2/1/014002
https://doi.org/10.1038/srep45242
https://doi.org/10.1002/2016JD025292
https://doi.org/10.1029/2022GL100380
https://doi.org/10.1126/science.1098704
https://doi.org/10.1175/2007JAMC1480.1
https://doi.org/10.1088/1748-9326/8/1/014011
https://doi.org/10.1038/ngeo2141
https://doi.org/10.1016/S2542-5196(19)30106-8
https://doi.org/10.5194/gmd-9-3461-2016
https://doi.org/10.1111/j.1745-9125.1998.tb01268.x
https://doi.org/10.1038/s41467-020-16970-7
https://doi.org/10.1038/s41467-020-16970-7
https://doi.org/10.1038/ngeo2727
https://doi.org/10.1038/s41467-022-31432-y
https://doi.org/10.1038/nature02300
https://doi.org/10.1016/j.earscirev.2010.02.004
https://doi.org/10.1038/nature05095
https://doi.org/10.1175/JCLI-D-21-0055.1
https://doi.org/10.1038/s43247-020-00048-9
https://doi.org/10.1038/s43247-020-00048-9
https://doi.org/10.1152/physiol.00040.2018
https://doi.org/10.5194/gmd-12-4823-2019
https://doi.org/10.1175/JCLI-D-21-0310.1
https://doi.org/10.5194/gmd-12-2727-2019
https://doi.org/10.5194/gmd-12-2727-2019


Geophysical Research Letters

PATTERSON

10.1029/2023GL102757

10 of 10

Teng, H., & Branstator, G. (2019). Amplification of waveguide teleconnections in the boreal summer. Current Climate Change Reports, 5(4), 
421–432. https://doi.org/10.1007/s40641-019-00150-x

Thompson, V., Kennedy-Asser, A. T., Vosper, E., Lo, Y. T. E., Huntingford, C., Andrews, O., et al. (2022). The 2021 western North America heat 
wave among the most extreme events ever recorded globally. Science Advances, 8(18), eabm6860. https://doi.org/10.1126/sciadv.abm6860

van Oldenborgh, G. J., Philip, S., Kew, S., Vautard, R., Boucher, O., Otto, F., et al. (2019). Human contribution to the record-breaking June 2019 
heat wave in France (p. 32).

Van Oldenborgh, G. J., Wehner, M. F., Vautard, R., Otto, F. E. L., Seneviratne, S. I., Stott, P. A., et al. (2022). Attributing and projecting heatwaves 
is hard: We can do better. Earth's Future, 10(6), e2021EF002271. https://doi.org/10.1029/2021EF002271

Vautard, R., Aalst, M. v., Boucher, O., Drouin, A., Haustein, K., Kreienkamp, F., et al. (2020). Human contribution to the record-breaking June 
and July 2019 heatwaves in Western Europe. Environmental Research Letters, 15(9), 094077. https://doi.org/10.1088/1748-9326/aba3d4

Vicedo-Cabrera, A. M., Guo, Y., Sera, F., Huber, V., Schleussner, C.-F., Mitchell, D., et al. (2018). Temperature-related mortality impacts under 
and beyond Paris Agreement climate change scenarios. Climatic Change, 150(3), 391–402. https://doi.org/10.1007/s10584-018-2274-3

Voldoire, A., Saint-Martin, D., Sénési, S., Decharme, B., Alias, A., Chevallier, M., et al. (2019). Evaluation of CMIP6 DECK experiments with 
CNRM-CM6-1. Journal of Advances in Modeling Earth Systems, 11(7), 2177–2213. https://doi.org/10.1029/2019MS001683

Whan, K., Zscheischler, J., Orth, R., Shongwe, M., Rahimi, M., Asare, E. O., & Seneviratne, S. I. (2015). Impact of soil moisture on extreme 
maximum temperatures in Europe. Weather and Climate Extremes, 9, 57–67. https://doi.org/10.1016/j.wace.2015.05.001

Zachariah, M., Vautard, R., Schumacher, D. L., Vahlberg, M., Heinrich, D., Raju, E., et al. (2022). Without human-caused climate change temper-
atures of 40oC in the UK would have been extremely unlikely (p. 26).

Zschenderlein, P., Fink, A. H., Pfahl, S., & Wernli, H. (2019). Processes determining heat waves across different European climates. Quarterly 
Journal of the Royal Meteorological Society, 145(724), 2973–2989. https://doi.org/10.1002/qj.3599

 19448007, 2023, 10, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023G

L
102757 by T

est, W
iley O

nline L
ibrary on [24/08/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1007/s40641-019-00150-x
https://doi.org/10.1126/sciadv.abm6860
https://doi.org/10.1029/2021EF002271
https://doi.org/10.1088/1748-9326/aba3d4
https://doi.org/10.1007/s10584-018-2274-3
https://doi.org/10.1029/2019MS001683
https://doi.org/10.1016/j.wace.2015.05.001
https://doi.org/10.1002/qj.3599

	
          North-West Europe Hottest Days Are Warming Twice as Fast as Mean Summer Days
	Abstract
	Plain Language Summary
	1. Introduction
	2. Data
	3. Results
	4. Enhanced Meridional Temperature Gradient Hypothesis
	5. Discussion and Conclusions
	Data Availability Statement
	References


