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This work investigates the scalability of extreme temperatures over the European
domain with global warming levels. We have used the EURO-CORDEX ensemble
of regional model simulations at 0.11° resolution for daily minimum and maximum
temperatures to analyze future changes in extreme weather daily events. Scaling
with the annual mean global warmingmodeled by the driving GCMwas applied to
future extreme temperature indices changes. Regional changes in each index
were scaled by corresponding global warming levels obtained from GCMs. This
approach asserts that regional patterns of climate change and average global
temperature change are linearly related. It can provide information regarding
climate change for periods or emission scenarios when no simulations exist.
According to the results, the annual minimum of the lowest temperature of the
day (TNn) increasesmore than the annual maximumof the highest temperature of
the day (TXx) for Europe. Themulti-model mean of the changes in scaled patterns
of extreme temperatures emerges early, around 2020, even before it becomes
robust. Individual scaled patterns of TNn and TXx emerge from around 2040.
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1 Introduction

Differences in climate models and their systematic model errors make obtaining useful
information about climate change more difficult. Typically, projected climate change is
portrayed for a particular time. The baseline scenario [e.g., RCP (van Vuuren et al., 2011) for
CMIP5 and/or SSP (Riahi et al., 2017) for CMIP6] that was employed, the structural
uncertainty related to model climate sensitivity and their internal variability are three
noteworthy sources of uncertainty in estimates for such defined future periods. However,
estimates about global mean temperature changes are more crucial for climate change and
mitigation policies (i.e., global warming levels, GWLs). For instance, IPCC’s SR1.5 report
assessed regional warming and precipitation variation patterns for 1.5°C and 2°C warming in
globally averaged surface temperatures compared to preindustrial levels of 1850–1900
(Hoegh-Guldberg et al., 2018). Thus, analyzing a given global temperature increase, the
geographical patterns of change in a particular climate variable reveal policy-relevant
information differently than addressing change shapes at any given time. Comparing the
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patterns of change for different GWLs gives an insight into the
severity of the GWL. Interestingly, the patterns of change appear
remarkably similar between different GWLs (Hoegh-Guldberg et al.,
2018). This has prompted the practice of pattern scaling to better
compare the role of regional and/or local feedback mechanisms to
the level of warming.

Pattern scaling refers to the methods used to describe spatial
climatic variations at a certain GWL (IPCC, 2021). The pattern
scaling was made explicit to get impact-related regional projections
for scenarios that have yet to be simulated by models (Moss et al.,
2010). It implies a linear correlation between regional and global
mean temperature change patterns. It can provide information
about climate change for periods of time or emission scenarios
when the model result is unavailable (Lustenberger et al., 2014).
When creating various climate scenarios that account for different
emissions, concentrations, forcing scenarios, and uncertainties
related to multiple climate model responses, pattern scaling
methods offer a low-cost alternative to expensive RCM
operations (Herger et al., 2015). It is conditioned on solid
geographical patterns of change, regulated by the analogous
global mean temperature change, which emerges when the
reaction to external forcings arises from the noise and persists
throughout the simulation’s duration across various scenarios
and models.

From the time when Santer et al. (1990) pattern scaling method
has been extensively used (Huntingford & Cox, 2000; Mitchell, 2003;
Sanderson et al., 2011; Lustenberger et al., 2014; Tebaldi & Arblaster,
2014; Christensen et al., 2015; 2019; Matte et al., 2019; Ozturk et al.,
2022). Researching how much Europe will warm against a global
average temperature rise of 6°C to understand better the extreme
scenarios that predict high warming, Christensen et al. (2015)
compared the ENSEMBLES and PRUDENCE projects with
regional climate model projections. It showed that the response
to 6°C of warming is mainly linear. In other words, the temperature
increase in Europe for each GWL varies linearly. Christensen et al.
(2019) used and compared the pattern scaling method on
temperature and precipitation variation using data from many
projects (PRUDENCE, ENSEMBLES, and CORDEX). The data
indicated that this method is reliable among project outputs.
Their results strongly support the pattern scaling method’s
linearity as seen in observations, and this relationship may be
elongated at least until the end of the twenty-first century. In
their studies using data from the EURO-CORDEX regional
climate model projections, Matte et al. (2019) reveal that the
scaled pattern appears before the precipitation data in the
temperature data. Ozturk et al., 2022 show that the pattern
scaling method also applies to the mean state of the circulation-
related variables, and the ensemble mean of regional climate model
projections from EURO-CORDEX appeared well correlated with the
pattern at the end of the century.

Changes in extreme weather events can also be examined using
the pattern scaling method (Lustenberger, Knutti, and Fischer,
2014). The co-occurrence of several unprecedented extremes can
have significant and uncommon impacts. Also, with higher warming
levels, unprecedented events will become stronger and more
frequent (Herring et al., 2018). Vautard et al. (2014) point out
that even if global warming is kept below 2°C, Europe is expected to
have a warming of more than 2°C. For each degree of global

warming, larger average warming is predicted for land regions
(IPCC, 2013; IPCC, 2021).

This study addresses the reaction of change in extreme
temperatures to global temperature increases. To this end,
regional climate projections for daily minimum and daily
maximum temperatures were used to analyze future changes in
extreme temperatures, addressing climate warming levels. A scaling
was applied with the annual mean global warming modeled by the
GCM. In addition, the occurrence of scaled patterns of minimum
and maximum temperatures on specific extreme weather indices, a
yearly maximum value of daily maximum temperature (TXx), and
yearly minimum value of daily minimum temperature (TNn), and a
yearly minimum of daily maximum temperature (TXn), and a yearly
maximum of daily minimum temperature (TNx) were determined.
The appearance of robust scaled patterns of extreme temperature
was studied. A central objective was to investigate if the scalability of
the change in extreme temperatures holds similarly to the mean
climate state variables.

2 Materials and methods

2.1 Datasets

For the RCP8.5 scenario, maximum and minimum
temperatures of the day from the EURO-CORDEX at 0.11° grid

FIGURE 1
GCM/RCM Matrix containing 64 simulations. Rows represent
RCMs, and columns represent GCMs.
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FIGURE 2
Change in scaled patterns of (A) TXx, (B) TXn, (C) TNx, and (D) TNn for the period of 2080–2099 compared to 1985-2004.

FIGURE 3
Change in (A) TXx, (B) TXn, (C) TNx, and (D) TNn for the period of 2001–2020 compared to 1981–2000 using the ERA5 dataset.
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mesh were used (Jacob et al., 2014). It is a high radiative forcing and
concentration route characterizing that radiative forcing will arrive
at 8.5 W/m2 by 2100, based on a continuous increase in greenhouse
gas emissions (Riahi et al., 2007; Meinshausen et al., 2011; van
Vuuren et al., 2011). The multi-model mean of future changes in
extreme temperature indices projected for 2080-2099 was compared
to 1985-2004, and 64 regional climate simulations were analyzed
(Figure 1; Christensen et al., 1998; Rockel et al., 2008; Skamarock
et al., 2008; Colin et al., 2010; Baldauf et al., 2011; Herrmann et al.,
2011; Kupiainen et al., 2011; Samuelsson et al., 2011; Giorgi et al.,
2012; Jacob et al., 2012; Meijgaard van et al., 2012; Tinker et al.,
2015). Also, the ERA5 dataset covering 1981-2020 was analyzed to
examine the changes in four indices between the last 20 years and
the first 20 years of the dataset (Muñoz Sabater, 2019).

2.2 Methods

2.2.1 The scaling method
Analysis of the response of the change in extreme temperatures

to the global temperature increase as deduced from each of the
respectively driving global climate models, using the scaling method,
was investigated. The scaling was computed as the division of the 20-
year mean change in each index (with respect to 1985-2004) by the
global warming of the related GCM in the GCM-RCM matrix
(Matte et al., 2019). The scaling approach is linear scaling
suggesting a linear relationship between regional change and
global warming. First, the 20-year running means regional
change compared to the reference period for each index was
calculated using regional climate model simulations throughout
the century. Then, the regional change signal for each 20-year
running mean was divided by the respective 20-year mean global
mean temperature change compared to the reference period
calculated from the relevant GCM. For example, for the
WRF381P regional model output driven by CNRM-CM5 global
climate model, the scaling parameter was calculated from CNRM-
CM5 global climate model output. This method investigated the
correlation of the change in extreme temperatures with each global
temperature increase.

2.2.2 Levels of global warming
The 20-year averages of the respective GCM in each GCM-RCM

pair were subtracted from the year of global warming of 1°C, 2°C,
and 3°C relative to 1985–2004, respectively. No multiple shifts were
identified as the 20-year averages of global temperature change were
calculated. The 20-year average of regional model projections was
computed from each individual member around the obtained years
and divided by the analogous global mean warming levels.

2.2.3 Signal-to-noise ratio (S/N)
We introduced a S/N, computed for each variable with the

following formula:

S∕ N � < SP >
σSP

(1)

where < SP > is the multi-model mean of all members for scaled
patterns, and σSP is the inter-member standard deviation of the change in
scaled patterns (Christensen et al., 2019). S/N is employed as a measure

to display the robustness of the changing pattern. Gray shading
represented areas where the S/N ratio is less than one in the figures.

3 Results

3.1 Change in scaled patterns of extreme
indices

We investigated the scaled patterns of TXx, TXn, TNx, and TNn for
2080-2099 compared to 1985–2004. Figure 2 presents the multi-model
mean of scaled changes in these four indices. The end-century scaled
patterns of the four indices exhibit positive changes. There is no gray
shading shown in the end-century scaled patterns since the S/N ratio is
larger than one everywhere, indicating robust changes. The change in
scaled patterns of TXx and TNx show similar spatial patterns with a
higher increase in the Mediterranean Basin and Central Europe and less
in Northern Europe since the TXx and TNx occur very likely in the
summer (Figures 2A, C).

Likewise, TXn and TNn occur in winter, showing a similar
spatial pattern with a higher increase in the northern part (Figures
2B, D). These results also align with the mean temperature change in
Europe for summer and winter (Christensen et al., 2019). End-
century scaled patterns for TXx show that the changes projected for
TXx are 1.5-2 times higher than GWL for the Mediterranean, which
includes Turkey and western Africa. However, a lower increase is
expected for the coastal region of Morocco near the Atlantic Ocean
and some parts of Libya and Egypt.

End-century scaled patterns appear to be at the same level as the
global average temperature increases for Central, Western, and Eastern
Europe. For Northern Europe, the increase in TXx will be less compared
to the southern part of the domain (Figure 2A). End-century scaled
patterns for TNx indicating maximum nighttime temperatures show
that increases will be higher for theMediterranean than for other regions
but less warming compared to TXx warming (Figure 2C). This increase
appears less for Central, Western, and Eastern Europe and lower for
Northern Europe. End-century scaled patterns for TXn show less
increase in the Mediterranean than in the northern part of the
domain but still higher than global warming (Figure 2B). It is at least
twice higher than the global mean temperature increases for Eastern and
Northern Europe. This is likely due to fewer future snow projections in
the region (Räisänen, 2021; Ivanov et al., 2022). A similar higher increase
is occurring for Iceland and its surroundings. For Western and Central
Europe, end-century scaled patterns appear to be 1.5 times higher than
GWL. End-century scaled patterns for TNn show that a higher increase
is extended through the southern part, including Turkey (Figure 2D).
There is also a higher increase for high topographical regions, including
the northern Iberian Peninsula and the Atlas Mountains, most likely
related to significant cryospheric changes in those regions (Zekollari
et al., 2019). However, it is anticipated that there will be less increase in
the other areas of the Mediterranean.

3.2 Observed change in patterns of extreme
indices with ERA5 dataset

We investigated the change in patterns of four extreme
temperature indices using the ERA5 dataset to see whether the
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end-century scaled patterns can be identified already for
observed conditions. Figure 3 shows the change of TXx,
TXn, TNx, and TNn for 2001–2020 compared to the period
of 1981-2000. We find some similarities between model
projections and observations for all four indices. An
increase in the TXx is seen in western North Africa, the
Mediterranean, Central, and Eastern Europe, also identified
in end-century scaled patterns of TXx (Figures 2A, 3A). There
is less increase in Scandinavia in observed conditions which is

in line with model projections. In observations, a decrease in
TXx over the North Atlantic Ocean is also compatible with less
increase projected in model results for the same area. However,
model results do not anticipate a decrease in TXx in eastern
Iceland.

Observed changes in TNx are coherent with model
projections with an increase in western North Africa and
Central Europe, a slightly smaller rise in Scandinavia, and a
decrease in the North Atlantic (Figures 2C, 3C). Change of TXn

FIGURE 4
Spatial correlation of 20-year running means of scaled patterns of model pairs for TXx from 1990 to 2089 with the pattern of the end-of-the-
century. The black line shows the multi-model ensemble mean of TXx.

FIGURE 5
Spatial correlation of 20-year running means of scaled patterns of model pairs for TXn from 1990 to 2089 with the pattern of the end-of-the-
century. The black line shows the multi-model ensemble mean of TXn.
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and TNn in observed conditions has a similar spatial pattern
with an increase in the Northern part and less increase in the
southern part, as we observed in model projections (Figures 2B,
D, 3B, D). The observed conditions also show a high increase in
Eastern Europe in TXn and TNn. It is seen that there is a high
increase in the Northern part of Iceland and the North Atlantic
for both TXn and TNn, which is also expected in model
projections at the end of the century. The model results also
show a higher increase in the northern Iberian Peninsula and the
Atlas Mountains for TNn (Figure 3D).

3.3 The development of the scaled pattern

To investigate the development of the end-of-century scaled pattern
of TXx, TXn, TNx, and TNn, we developed a video animation displaying
the temporal growth of the spatial patterns of the ensemble mean of
individual model pairs (Supplementary Material S1). Animation also
shows the robustness of the scaled patterns by displaying gray shading
showing the areas where S/N<1. Results show that the end-of-century
scaled patterns emerged already around 2010 for all the indices. It
develops for TXn and TNn before the signal is above the noise. The

FIGURE 6
Spatial correlation of 20-year running means of scaled patterns of model pairs for TNx from 1990 to 2089 with the pattern of the
end-of-the-century. The black line shows the multi-model ensemble mean of TNx.

FIGURE 7
Spatial correlation of 20-year running means of scaled patterns of model pairs for TNn from 1990 to 2089 with the pattern of the end-of-the-
century. The black line shows the multi-model ensemble mean of TNn.
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median year 2010 here corresponds to the change for 2001–2020, which
is the same period as we calculated for observed changes. Even though the
signal was upscaled by a low scaling parameter (less than 1-degree global
warming), we see a similar spatial pattern of higher increase over northern
and northeastern Europe in TXn and TNn and relatively higher increase
over theMediterranean in TXx and TNx. The signal is considered robust
for TXn and TNn around 2045 when gray shading disappears over the
North Atlantic Ocean. If we look at the temporal evolution of the scaled
pattern of TXx for each individual model pair, it is shown that the signal
emerges about 2040 (Supplementary Material S2).

We computed the spatial correlation of the 20-year running mean of
the scaled patterns from 1990 to 2089 (median year of the 20-year running
mean) against the period of 2080–2099 to identify the development of the
scaled pattern. Spatial correlations of the multi-model mean and the
individual model pairs for TXx, TXn, TNx, and TNn are represented
in Figures 4–7, respectively. The ensemble mean of model results for every
index correlates well with the end-of-century scaled pattern. It shows the

earlier emergence than the individual GCM-RCM pairs, as observed in
animations. Almost all individualmodels correlate to end-of-century scaled
patterns from about 2040 for TXx and TNx (Figures 4, 6). The ensemble
mean of model projections is emerging around 2020. For TXn and TNn,
the ensemble mean has a high correlation to end-of-century starting from
very early years (Figures 5, 7). The individualmodel results show that some
regional model outputs forced by CNRM do not correlate until around
2030. Some even correlate negatively to the pattern at the end of the
century. However, starting from 2040, all individual model pairs correlate
well with a higher correlation coefficient than TXx and TNx have.

3.4 Scaled patterns at the different warming
levels

This section investigated when the end-of-century pattern prevails in
different global warming levels. The development of spatial scaled

FIGURE 8
Scaled patterns of (A–D) TXx, (E–H) TXn, (I–L) TNx, and (M–P) TNn for the different warming levels and 2080–2099 relative to 1985–2004.
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patterns throughout the century for each index with gray shading
showing the areas where S/N<1 is presented in Figure 8. Results
show that the scaled pattern of change is considered robust for all
indices in every warming level except the 1°C pattern of TXn and TNn
over the North Atlantic Ocean. This is likely due to high warming in all
indices and agreement between individual model pairs. For all indexes
and different warming levels, the spatial pattern seen at the end of the
century emerges very quickly, starting from the yearwhen the 1°Cpattern
prevails. Results show that scaled patterns of each index are almost the
same throughout the century. This result is also consistent with the early
emergence of the ensemble mean pattern and its high correlation to the
end of the century.

4 Conclusion

We have demonstrated how robust scaled patterns of four indicators
for extreme temperatures behave over Europe and the Mediterranean.
Results for the ensemble mean of model pairs show that positive change
in these four indices is anticipated at the end of the century, and this
change is robust regarding the S/N ratio. Summer extreme indices of TXx
and TNx, which can be taken as the warmest day and the warmest night
of the year, showmore increase in theMediterranean andCentral Europe
and a lower increase in Northern Europe. On the other hand the winter
temperature indices of TXn and TNn, considered the coldest day and
coldest night of the year, are anticipated to increase more in Northern
Europe, Scandinavia, and Northeastern Europe.

When we looked at the temporal evolution of the scaled patterns of
each index, the end-of-the-century pattern emerges as early as around
2010, even before it was robust, as defined by the S/N ratio exceeding a
value of 1. Even though the noisiness of the signal, which is due to the low
scaling parameter, appeared initially, the pattern revealed itself early. Even
if the scaled pattern of the individual model pairs shows a bit different
response, they also emerge by about 2040. Almost all models pair rapidly
set to the end-of-the-century pattern and congregate individually.

We calculated the change in these four extreme indices for the last
20 years of 1981–2020 compared to the first 20 years using the
ERA5 dataset to investigate if the scaled pattern is also identifiable
in observed changes. Indeed, the observed patterns of change show
similar changes with the end-of-the-century scaled patterns identified
by the GCM/RCM sample. According to the results, a pattern at the
end of the century appeared even in the observed conditions for some
parts of the domain. The higher increase of TXx in the Mediterranean
and Central Europe and the lower increase of TXx in Scandinavia, the
higher increase of TNn in the northern and northeastern regions of
the domain, and the lower increase in the southern part, are all seen in
observations that are also to be anticipated as implied by the model
results. The ensemble mean of the scaled pattern was found to be
emerging around 2010, which corresponds to the period of
2001–2020. This result suggests a similar spatial pattern in the
historical EURO-CORDEX runs as well.
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