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record-breaking temperatures tend to occur (respectively) 
less and more often than during the 1960s and 1970s taken 
as representative of a stationary climate. Model simulations 
with natural forcing only fail to reproduce the observed 
changes after the 1980s while the latter are compatible with 
simulations constrained by anthropogenic forcings. The 
deviation from the characteristic behavior of a stationary 
climate record-wise initiated in the 1980s is projected to 
accentuate during the twenty-first century. Annual changes 
become inconsistent with the model-derived internal vari-
ability between the 2020s and 2030s. Over the last three 
decades of the twenty-first century and under the RCP8.5 
scenario, warm records occur on average five times more 
often than initially. Conversely, breaking new cold record 
become extremely difficult. The Mediterranean region is 
particularly affected in summer, whereas central and north-
eastern Europe is more impacted in winter.

Keywords  Temperature record-breaking statistics · 
Detection · Internal variability · Extreme events · Climate 
change

1  Introduction

Anthropogenic greenhouse gas emissions have already 
been proven to influence the Earth climate (IPCC AR4 
and AR5 2007, 2013). How extreme climate events will be 
impacted is among the greatest challenges of climate sci-
ence. The occurrence of extreme temperature events has 
increased steadily over the last few decades (Hansen et al. 
2012), and links have been found between their increase 
and human influence (Coumou and Rahmstorf 2012). 
The Intergovernmental Panel on Climate Change (IPCC) 
reveals, in his special report on extreme events (SREX 

Abstract  Changes in temperature extreme events are 
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manifest regionally. This is especially the case over Europe 
due to different methodologies and definitions of tempera-
ture extreme events. An alternative approach is to exam-
ine changes in record-breaking temperatures. Datasets of 
observed temperature combined with ensembles of climate 
model simulations are used to assess the possible causes 
and significance of record-breaking temperature changes 
over the late twentieth and twenty-first centuries. A sim-
ple detection methodology is first applied to evaluate the 
extent to which the effect of anthropogenic forcing can be 
detected in present-day observed and simulated changes in 
record-breaking temperature. We then study the projected 
evolution of record-breaking daily minimum and maximum 
temperatures over the twenty-first century in Europe with 
a climate model. The same detection approach is used to 
identify the time of emergence of the anthropogenic sig-
nal relative to a model-derived estimate of internal vari-
ability. From the 1980s onwards, a change in the evolution 
of cold and warm records is observed and simulated, but 
it still remains in the range of internal variability until the 
end of the twentieth century. Minimum and maximum 
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report, IPCC 2012), a likely decrease in the frequency of 
observed daily cold temperature extremes, along with an 
increase in the frequency of warm temperature extremes 
over Europe. This contrasted behavior is assessed to be vir-
tually certain to continue in the twenty-first century.

The last decade is described as the warmest since 1500 
(Barriopedro et  al. 2011) and it is very likely that the 
length, frequency and intensity of heat waves will increase 
during the twenty-first century over most land areas (SREX 
report, IPCC 2012). Extreme warm spells can have impor-
tant societal consequences. The 2003 European heat wave 
claimed more than 70,000 human lives in Europe, includ-
ing 15,000 in France, during the summer months. Between 
the 3rd and the 6th of August, unusually high mortality 
rates were observed in 12 European countries (Robine et al. 
2008). Meanwhile, daily temperature records were broken 
over a large part of Europe. The observation dataset used in 
this paper indicates that the 2003 June–July–August (JJA) 
months experienced a larger number of warm records than 
any other months of the 1956–2005 period, as previously 
reported by Elguindi et al. (2012). This was also the only 
summer in which no new cold records were broken over 
France during fifty years of observations (Fig. 1). Barriope-
dro et al. (2011) estimated the 2003 and 2010 summers to 
be the warmest on record over ~25 % of Europe and show 
that the current summer record map of Europe has been 
marked by these two extreme summers. With our observa-
tions, we also estimate that more than 30 % of the Euro-
pean region experienced daily temperature records every 
day between the 5th and the 15th of August (not shown).

One advantage of using record-breaking events in 
assessing changes in extreme events is the independence of 
the probability of a record occurrence and the underlying 
distribution. Hence, different series of records can be com-
pared whether or not they are characterized by the same 
probability density function. For a sequence of independ-
ent, identically distributed (iid) random variables (RVs) 
drawn from a continuous probability density, the prob-
ability for a record to occur at the nth time step after the 
initialization is Pn = 1/n. Such a sequence of RVs is often 
referred to as a stationary climate in the literature. A sta-
tionary climate can be defined simply as a climate in which 
no change in the shape of the temperature (and other vari-
ables) distribution can be found.

The theoretical results of records statistics were first 
used by Benestad (2003, 2004) to build a statistical model 
and detect higher number of observed warm events than 
expected from the hypothesis of iid RVs, or a stationary cli-
mate. Several studies have examined the case of a sequence 
of independent RVs in the presence of a linear trend to 
better represent the observed temporal evolution of tem-
perature-breaking events (e.g. Redner and Petersen 2006; 
Newman et al. 2010; Wergen and Krug 2010; Franke et al. 
2010; Wergen et al. 2014), or the case of sequences of RVs 
from distribution with increasing variance (Krug 2007).

There is a growing body of evidence suggesting that 
the hypothesis of a stationary climate cannot explain the 
observed increase or decrease in warm or cold temperature 
records, which have been found to be much higher or lower 
than expected in the last two decades. From European 

Fig. 1   Evolution of the summer number of upper (red) and lower 
(blue) records summed over France in the E-OBS observations, from 
1956 to 2013. The record evolution expected in a stationary climate 
is represented by the dark grey line. The dot notifies a year of zero-

record occurrences over the entire French domain and illustrates here 
the impacts of the 2003 European heat wave. Caution needs to be 
taken with the logarithmic scale of the Y-axis
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stations, Wergen and Krug (2010) attributed 5 out of 17 
daily temperature records per year to the warming climate. 
Trewin and Vermont (2010) found a 2–1 ratio of warm to 
cold records during the final years of the 1997–2009 period 
from Australian observations. From monthly observations, 
Coumou et al. (2013) showed that the number of maximum 
temperature records is now, on a global scale and despite 
large differences, on average five times larger that the 
expected number in a stationary climate.

Following a medium emission scenario (SRES A1B) 
for the twenty-first century, Meehl et  al. (2009) projected 
with a climate model that the ratio of warm to cold records 
would increase from 2 to 1 at the end of the twentieth cen-
tury to 50–1 at the end of the twenty-first century. Using 
the same emission scenario, an ensemble of 22 climate 
models and a global observation dataset, Ruokolainen and 
Räisänen (2009) found that by 2080 the maximum annual 
warm records could have been broken across 99 % of the 
surface of the globe. With an ensemble of five regional 
climate models, Elguindi et  al. (2012) projected a value 
of ratio of several hundred by the end of the twenty-first 
century. Under a medium scenario (RCP4.5) Coumou et al. 
(2013) predicted the number of monthly heat records to 
be more than 12 times higher by the 2040s than expected 
globally in a climate with no long-term warming.

To summarize, different rates of increase of warm 
records or different ratio of warm to cold records can be 
found in the literature. Christiansen (2013) found a sig-
nificant increase in the annual number of daily warm 
records over Europe in a reanalysis dataset, which is lost 
when considering individual seasons. Wergen et al. (2014) 
found that their statistical model is better appropriate for 
monthly than for daily temperatures over the US, because 
of a reduced variability. Hence, the effect of the warming 
on the occurrence of record events is controlled by a gov-
erning parameter: the ratio of the temperature change to 
the interannual standard deviation (Wergen and Krug 2010; 
Newman et  al. 2010; Rahmstorf and Coumou 2011). Dif-
ferences in the global warming pattern and in year-to-year 
variability suggest differences in the evolution of tempera-
ture record-breakings. Thus, the strongest and most statisti-
cally significant effects of warming are found in studies in 
which the data are monthly-to-annually averaged over large 
regions. The projections of temperature records must then 
be assessed at regional scales in order to better estimate the 
future extremes and better approach the adaptation to these 
events.

The important role played by changes in variance com-
pared to changes in mean in assessing future extremes has 
been proven (Katz and Brown 1992) and evoked as a cause 
for the 2003 heat wave, for example (Schär et al. 2004). In 
addition to these studies focused on mean changes, Ander-
son and Kostinski (2010) developed a metric based on the 

number of records and the reversibility in time to evalu-
ate changes in interannual variability. Using a global (but 
mostly North American) ensemble of monthly time series 
of observations, they found a significant decrease in year-
to-year variability of about −0.2 °C (over their 106 years 
of observations). Observations point to an increase in vari-
ability for the European summers in response to anthropo-
genic-induced warming (Scherrer et  al. 2005; Parey et  al. 
2009), most specifically over central and eastern Europe 
(Della-Marta et  al. 2007). On the other hand, observa-
tions show a decrease in year-to-year variability in winter 
(Scherrer et al. 2005; Parey et al. 2009).

In this paper, we mainly study daily temperatures from 
the E-OBS observations (Haylock et  al. 2008) and an 
ensemble of simulations performed using the CNRM-
CM5 model (Voldoire et  al. 2012) to approach the fol-
lowing questions: Can the recent changes in observed 
record-breaking temperature be linked to the natural and 
anthropogenic forcings? How do the records evolve during 
the twentieth and twenty-first centuries? Are these evolu-
tions comparable with one driven purely by internal varia-
bility? Do the model projections show any changes in inter-
annual variability?

Section  2 introduces the datasets and the different 
methodologies developed in this paper. First, the past and 
future evolution of the mean annual number of tempera-
ture records is analyzed (Sect. 3). Then, Sect. 4 presents the 
projections of the seasonal evolution of records, as along 
with changes in interannual variability. Finally, we dis-
cuss and summarize our findings in the context of ongoing 
research in the field of temperature extremes and records 
(Sects. 5, 6).

2 � Data and methods

2.1 � Observed and simulated temperatures

Daily minimum and maximum observed temperatures (tas-
min and tasmax) are taken from the European E-OBS ver-
sion 9 dataset (Haylock et al. 2008). This dataset, on a half-
degree regular grid, covers the time period from January 
1950 to June 2013. The observed temperatures are interpo-
lated on the model grid.

Simulated temperatures are taken from an ensemble of 
simulations from the CNRM-CM5 model (Voldoire et  al. 
2012). This model is used in the Coupled Model Inter-
comparison Project Phase 5 (CMIP5). Atmospheric fields 
(including tasmin and tasmax) are given by the atmospheric 
component (ARPEGE-Climat, v5.2) with a 1.4-° horizontal 
resolution (both in latitude and longitude).

The control simulation (henceforth referred to as the 
CTRL simulation) is a long simulation (850 years of daily 
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data) in which all external forcings remain constant at 
their pre-industrial 1850 values. Non-physical long-term 
changes (model drift) can alter the estimates of the inter-
nal variability as well as the response to external forcings 
(Gupta et al. 2013). Therefore, we linearly detrend CTRL 
to remove spurious changes in daily minimum and maxi-
mum surface temperatures. Because CTRL also provides 
the initial conditions of the different historical simulations, 
the drift is removed from the historical simulations as well 
by a simple extrapolation of the appropriate CTRL drift.

A 10-member ensemble of historical simulations 
(HIST), forced by observed external forcings (natural and 
anthropogenic) over the 1850–2005 period, is used. In addi-
tion to HIST, two other single-forcing sets are also consid-
ered over the same period in order to isolate the effect of 
various external forcings. These attribution simulations use 
either all the natural forcings (solar activity and volcanic 
aerosols) or all anthropogenic forcings (greenhouse gases 
and aerosols), referred to as the NAT and ANT ensembles, 
respectively.

Three climate scenarios (Representative Concentra-
tion Pathways—RCP8.5, RCP4.5 and RCP2.6) based on 
different temporal evolutions of anthropogenic forcing 
are studied over the 2006–2100 period (van Vuuren et  al. 
2006, 2007). CNRM-CM5 has only one simulation for both 
RCP2.6 and RCP4.5, but an ensemble of five simulations 
for the RCP8.5 scenario (RCP8.5 ensemble from now on).

2.2 � Calculation of temperature records

By definition, an upper or lower record is broken when a 
higher or lower value of maximum or minimum surface 
temperature appears in the annual time series, recorded 
after an initial date and dependent on the calendar day. As 
previously stated, for a sequence of iid RVs, the probability 
for a record to occur at the nth time step after the initializa-
tion is Pn = 1/n. The number of records is thus expected to 
decrease with n, the number of years from the initial date. 
This theoretical decay expresses the increasing difficulty 
for a record to break along the years if the climate can be 
viewed as a stationary random process (the dark grey line 
in Fig.  1). The probability Pn is commonly referred to in 
the literature as the record number expected in case of a 
stationary climate.

To assess the number of records and their evolution, 
we will either refer to the Pn form or its normalized nPn 
variant, where the theoretical expected number of records 
is then 1. When comparing at a given time or period the 
number of observed and simulated records to the values 
expected in a stationary climate (meaning that their rate of 
change is then given by Pn), we will simply and system-
atically refer to the latter as “the expected record number” 

instead of the longer expression “the expected record num-
ber in a stationary climate”.

We examine annual and seasonal temperature records 
by computing the sum of the record-breaking tempera-
tures of all calendar days for the time period of interest. 
When examining European records, we analyze the sum of 
annual (or seasonal) records of all land grid points (defined 
by a land fraction >99 %). We do not initialize the records, 
so the first year presents the maximum number of records 
that can be broken. This is illustrated in Fig. 1, where the 
sum of the numbers of upper and lower records in sum-
mer over France decays from the initial value of 3036 
(the number of grid points in France times the number 
of days in summer: 33 × 92), and then oscillates around 
the expected record number, according to year-to-year 
variability.

Note that to study the spatial distributions of the changes 
in records between two periods, we calculate temporal 
averages over 30 years. In this case and for the sake of clar-
ity, we analyze the records under their normalized form 
to avoid the decrease in 1/n. In addition, this decay is so 
abrupt that the use of a logarithmic scale is needed for plot-
ting record evolutions, but such a scale compresses the 
highest values. This is not a problem for the lower records 
that decreases along the years, but it is with the increasing 
number of upper records, for which the normalized form is 
thus preferred. Hence, two different visualization forms for 
the upper and the lower records are used to better highlight 
their future evolution.

The minimum and maximum surface temperatures are 
correlated in both space and time. In order to fully respect 
the iid RVs case, our total number of time series would nat-
urally be reduced if only independent time series were con-
sidered. Redner and Petersen (2006) performed statistical 
analyses to study the impact of the temporal correlation on 
the record statistics. They found that the day-to-day corre-
lation does not affect the statistics of records calculated on 
a given calendar day (1 year apart), but they do affect the 
statistics of successive events, such as warm or cold spells. 
However, the temperature in a grid cell is correlated to its 
adjacent cells, and this spatial correlation must be taken 
into account when drawing conclusions about the statistical 
significance of the results.

The calculation of records is also dependent on the 
initialization. A particularly warm first year will, for 
example, imply that the following upper records will be 
harder to break. Elguindi et  al. (2012) have developed 
a method to filter out the impact of the initialization, 
but we do not apply such diagnostics here. However, 
we have tested different initialization dates but did not 
find any significant differences in the mean evolution of 
records.
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2.3 � Assessing changes in record interannual variance

Throughout the century, a mean warming is projected over 
Europe, but it is very important to distinguish year-to-year 
changes from long-term changes. Here we study changes in 
interannual variance using the α parameter formulated by 
Anderson and Kostinski (2010). They developed a metric to 
examine the changes in variance in a time series from the sta-
tistics of records and the reversibility in time, without mak-
ing any assumptions as to the underlying distribution. The 
authors defined their metric by the two following definitions: 
α=

(

URf −URb
)

+
(

LRf − LRb
)

= (UR+ LR)f − (UR+ LR)b , 
with f and b signifying the forward and backward time direc-
tion and UR and LR the upper and lower records’ number 
in the time series. Thus, a negative or positive value of 〈α〉 
(denoting the average of α over a region) indicates a nega-
tive or positive trend in variance, or decreasing or increasing 
interannual variability.

Anderson and Kostinski (2010) tested the metric on 
observed station data on global and monthly scales. Our 
objective is to assess the possible changes in the year-to-
year variance of simulated minimum and maximum tem-
perature records from 1956 to 2100. We first detrended 
the five simulations of that combined (HIST and RCP8.5) 
ensemble by removing a second order fit of the ensemble 
mean to each member, on all grid points and for all days.

2.4 � Detection methodology

In a large number of previous studies, the changes in tem-
perature records where detected using statistical models to 
estimate the internal variability of the considered tempera-
ture dataset. Meehl et al. (2009) used a bootstrap analysis 
within the observation dataset while Christiansen (2013) 
derived an ensemble of surrogates statistically identical to 
the observations with the trend removed.

In this paper, we estimate the internal variability using 
the long CTRL simulation over 850  years as well as the 
intra-ensemble variability of HIST simulations. This 
requires us to make the strong assumption that the inter-
nal variability of CNRM-CM5 is realistic, an assump-
tion which is very difficult to verify as we do not have the 
observed counterpart. We will show that the total model 
variability is consistent with that of the observations 
regarding our analysis variables.

The first-order detection analysis is based on the fol-
lowing null hypothesis HO: the evolution of temperature 
record is consistent with internal variability only. A 90 % 
confidence interval (CI) of the record evolution under 
internal variability alone is built. Records were calculated 
in a large number of blocks from the CTRL and HIST set 
of simulations (the latter from which the ensemble mean 
was previously subtracted). The final number of blocks 

necessarily depends on the length of the time series and 
varies from about 190 to 170 over the 1956–2005 and 
1956–2100 periods, respectively. To increase the number 
of blocks in our sample, we use overlapping blocks. The 
blocks of 50 (145) years have a 40-year (140-year) over-
lapping period. The 90  % CI is then estimated from the 
record distribution. The upper and lower limits of the CI 
have also been smoothed by a 7-year running average for 
the sum of the number of annual records over Europe (15-
year for other diagnostics). Note that the CI is not indi-
cated at the beginning of the time series because the initial 
decay is steep and difficult to capture with a smoothing 
average.

The significance of the record changes can also be inves-
tigated on every grid cell, with regard to the correspond-
ing limits of the CI. When considering a spatial analy-
sis, the initial (and maximum) number of records is then 
reduced from the number of grid points multiplied by the 
number of days to the number of days only, this latter vary-
ing from 91 to 365 between seasonal and annual analyses. 
After 145 years of calculation, the lower limit of the CI is 
very often zero, thus biasing the analysis. Hence we can 
only estimate the significance of the changes for the upper 
records, not for the lower records (which decrease during 
the twenty-first century).

To counter this limitation, we use a different approach 
based on the number of zero-record occurrences, calculated 
in the ensemble of blocks used to build the CI. The number 
of blocks in which no lower records are broken during the 
30-year period of consideration is calculated for every grid 
cell and then spatially averaged over Europe. This gives us 
an indication of the mean number of blocks over Europe 
that experienced a zero-record occurrence in 30 years. We 
will refer to this metric as CTRL-zero in this paper.

The detection of changes in interannual variability from 
1956 to 2100 is also assessed through the following null 
hypothesis HO : α = 0. The α parameter for both tasmin 
and tasmax is calculated for the ensemble of blocks from 
the CTRL simulation, and in every grid cell. A 90 % CI can 
then be estimated from this set of α values.

3 � Annual analyses

3.1 � Historical period (1956–2005)

First, the simulated annual numbers of upper and lower 
records are compared to the observations over the second 
half of the twentieth century (1956–2005; Fig. 2). As pre-
viously mentioned in the literature, the observed annual 
numbers of records follow the decay in 1/n. Until the 
1980s, they oscillate around the expected record number, 
according to interannual and decadal variability. From the 
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1960s to the mid-1970s, we observe a cold period with a 
much higher occurrence for the lower than for the upper 
records, which is then followed by a warmer period. Start-
ing at the beginning of the 1990s, we observe an increas-
ing or decreasing annual number of upper or lower records 
that seems to deviate from the stationary climate behav-
ior in agreement with previous studies (Wergen and Krug 
2010; Meehl et al. 2009; Wergen et al. 2014; Elguindi et al. 
2012). 

This change in the evolution of records since the 1980s 
could be explained by the global dimming and brightening 
suggested by Wild (2011). From the 1950s to the 1980s, an 
increasing concentration of anthropogenic aerosols partially 
compensated for the effects of the greenhouse-gas-induced 
warming. Since then, industrial aerosol emissions have 
decreased across Europe and so the solar surface radiation 
has increased, contributing to a more efficient warming.

As expected, the observations are noisier than the HIST 
ensemble mean, yet the model is capable of reproducing 
the slowly varying part of the observed evolution of both 

upper and lower records (Fig. 2). The spread of the HIST 
simulations seems realistic in comparison with the intensity 
of an observed peak. The ratio of upper to lower records 
stays around 1 in both the observations and the model 
until the end of the 1980s, when it increases to about 4–1 
(Fig. 3), as found in Elguindi et al. (2012) using the same 
observation dataset.

The member’s record evolution (Fig.  2) suggests that 
the observed and simulated interannual variability do 
not significantly change during this period. The apparent 
increase of interannual variability from the ratio analy-
sis (Fig.  3c) present at the end of the period should not 
be interpreted as a real signal, as it is likely due to the 
low rate of occurrence of lower records. Hence, with the 
decreasing tendency of the number of lower records, the 
ratio analysis does not appear optimal for describing the 
future evolution of the records: as the denominator tends 
to zero, the ratio can easily reach very large values.

From 1956 to the end of the 1980s, the evolution of 
observed and simulated records does not clearly emerge 

Fig. 2   Evolution of the annual 
number of upper (red) and 
lower (blue) records summed 
over Europe in the observations 
(dashed lines), the ensemble 
mean (solid lines) and the 
ten members (crosses) of the 
HIST simulations, from 1956 
to 2005. The record evolution 
expected in a stationary climate 
is represented by the dark grey 
line. Shaded areas correspond 
to the 90 % confidence interval, 
due to internal variability, of the 
upper (pink) and lower (light 
blue) records. The two bottom 
curves illustrate the observed 
evolutions of natural forcings. 
The volcanic aerosols optical 
depth (grey) is averaged over 
the northern hemisphere. Three 
major eruptions are notified by 
vertical grey lines and the vol-
cano’s name. The solar radiation 
at the top of the atmosphere is 
drawn in orange. Caution needs 
to be taken with the logarithmic 
scale of the Y-axis
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from internal variability estimates. Thereby we cannot 
reject the null hypothesis for either the observations or the 
model. Even though we observe a deviation from the sta-
tionary climate behavior starting at the end of the 1980s, 
the simulated and observed changes are still within the 
range of the model’s internal variability until the end of the 
twentieth century.

Three major eruptions occurred from 1956 to 2005 
(Fig.  2). The Agung volcano, which caused the weakest 
eruption of this period, does not seem to have influenced 
the records. Shindell and Schmidt (2004) show that major 
eruptions such as those of El Chichon and Mount Pina-
tubo result in contrasted seasonal signals on European 
temperatures. Here, it is difficult to conclude a significant 

influence of these two eruptions on the annual number 
of temperature records, despite the visible decrease and 
increase in the number of lower and upper records the 
year of the El Chichon eruption and the year following the 
eruption of Mount Pinatubo, which became active in June 
1991. In addition, the temperature anomalies associated 
with the variations induced by El Niño/Southern Oscil-
lation (ENSO) can mask the volcanoes’ impact on the 
evolution of temperature records (Wigley 2000). Finally, 
the evolution of both the upper and lower records does 
not appear to be significantly influenced by variations in 
solar activity. Indeed, positive or negative phases of the 
solar cycle do not induce higher or lower occurrences of 
records.

Fig. 3   Evolution of the annual 
number of upper (a) and lower 
(b) records summed over 
Europe and the ratio of these 
two (c) in the observations 
(red line), the ensemble mean 
(solid lines) and the members 
(crosses) of the HIST (black), 
ANT (brown) and NAT (blue) 
simulations, from 1956 to 2005. 
Records in ANT and NAT 
ensembles were integrated for 
a slightly longer period (up to 
2012) than in HIST simulations. 
Upper records are under the 
normalized form. The record 
evolution expected in a station-
ary climate is represented by 
dark grey lines. Shaded grey 
areas correspond to the 90 % 
confidence interval due to inter-
nal variability. Caution needs to 
be taken with the logarithmic 
scale of the Y-axis in b
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The spatial distribution of the records from the HIST 
simulations and the observations are compared in Fig.  4. 
The observations are within the model distribution almost 
everywhere in Europe for both records, except for a few 
(<10 %) grid cells. We conclude that the model is capable 
of reproducing a spatial distribution of the records compa-
rable to that of the observations.

Moreover, in comparison with the expected record num-
ber, we can observe an increase in the mean number of 
upper records over almost all of Europe, and a decrease 
in the number of lower records in the central part of the 
domain. This is the result of the previously mentioned 
warming trend from the beginning of the 1980s. Indeed, 
maps of records averaged over the 30-year period before the 
1980s present values close to the expected record number.

3.2 � Simulations with single forcings

We now use ensembles of attribution simulations to link 
the present-day evolution of the records to the natural and 
anthropogenic forcings. Figure  3a, b presents the evolu-
tion of the upper and lower records in the ANT and NAT 
ensemble means up to 2012 (as they were integrated for a 
slightly longer period than the HIST ones), in comparison 
with the HIST ensemble mean.

From 1956 to the beginning of the 1980s, the three 
ensemble means are very similar for both the upper and 
lower records, which is reflected in the mean ratio of 
about 1 (Fig.  3c). Since the 1980s, the upper records in 
the NAT ensemble mean continue to oscillate around the 
expected record number. Meanwhile, the number of upper 
records in the ANT ensemble mean is higher and closer 

to that of HIST, with the presence of a positive trend. The 
lower records in the NAT ensemble mean are also closer 
to expected record number than the HIST ensemble mean, 
unlike the ANT ensemble mean. These differences in the 
evolution of records between these two ensembles are well 
illustrated by the ratio of upper to lower records (Fig. 3c). 
The ANT and HIST ensemble means are much closer to 
each other and to the observations.

Averaged over Europe, the mean number of upper 
and lower records in NAT ensemble is very close to the 
expected record number, but this is not the case in the HIST 
ensemble (Fig.  5). The higher and lower occurrences of 
upper and lower records previously observed in the tem-
poral evolutions are rather homogeneous over the region. 
The ANT simulations are also capable of reproducing these 
changes, even if the maxima and minima are not exactly 
collocated. Note that we do not expect similar patterns 
between HIST and ANT due to internal variability and nat-
ural forcing effects.

Unlike ANT, the NAT ensemble does not appear capable 
of reproducing either the temporal or spatial distribution 
of the HIST ensemble records. However we cannot strictly 
attribute the evolution of the records during the late twen-
tieth century to anthropogenic emissions. According to our 
detection test, the observed and simulated record evolutions 
are still within the range of the internal variability. Yet, the 
HIST and ANT ensemble means are very close to the limits 
of the CI at the end of the period as a result of the ongo-
ing warming trend (particularly true for the lower records). 
Additionally, the number of the records in these two ensem-
bles at the end of the twentieth century seems to differ from 
the expected record number, unlike in the NAT ensemble.

Fig. 4   Spatial distribution of the annual number of upper (a) and 
lower (b) records in the observations, averaged over the 1976–2005 
period. Crosses indicate grid points where the observed values are 
outside the 90  % confidence interval which represents the HIST 

ensemble mean ±1.64 times the intra-ensemble standard deviation. 
Records are under the normalized form, where the expected record 
number in a stationary climate is 1
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3.3 � Future period (2006–2100)

Until the 2020s, the evolution of records under the three 
scenarios is quite comparable (Fig.  6). The 90  % CI for 
both types of record does not significantly widen with time, 

and here we can easily conclude that significant changes 
are detected.

We first focus on the RCP8.5 scenario. The current 
observed emissions of CO2 are actually still higher than those 
established in this scenario (Peters et  al. 2012). From the 

Fig. 5   Spatial distribution of the annual number of upper (a, c, e) and 
lower (b, d, f) records averaged over the 1976–2005 period in HIST 
(a, b), ANT (c, d) and NAT (e, f) ensemble means. There are no sig-

nificant results at the 10 % level. Records are under the normalized 
form, where the expected record number in a stationary climate is 1
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2020s onwards, a clear warming trend is present in the upper 
and lower record time series (Fig. 6). At the end of the twenty-
first century, the projected number of upper records in the 
RCP8.5 ensemble rises to about 5 times the expected record 
number, whereas the projected number of lower records is less 
than 10 compared to an expected one of several hundred.

From the 2060s, the model simulates years with no 
lower record occurrences (in any of the 181 grid cells and 
any of the 365  days). The ensemble mean is outside the 

range of internal variability from the 2030s for the upper 
records, and from the 2020s for the lower records. Hence, 
we detect significant changes in the annual evolution of the 
European upper and lower records beginning in the 2030s 
and the 2020s, respectively.

The maps of Fig.  7 present the annual numbers of 
upper and lower records for the RCP8.5 ensemble means, 
averaged over 2 periods of 30 years and compared to the 
expected record number (here 1).

Fig. 6   Evolution of the annual number of upper (a) and lower (b) 
records summed over Europe in the ensemble mean (solid lines) and 
the members (crosses) of HIST (black), RCP2.6 (purple), RCP4.5 
(cyan) and RCP8.5 (red) simulations, from 1956 to 2100. Upper 
records are under the normalized form. The record evolution expected 

in a stationary climate is represented by dark grey lines. Shaded grey 
areas correspond to the 90 % confidence interval due to internal vari-
ability. Dots notify years of zero-record occurrences over the entire 
European domain, one line per member. Caution needs to be taken 
with the logarithmic scale of the Y-axis in b
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The first period (2021–2050) characterizes the mid-cen-
tury future climate. The deviation from the stationary climate, 
seen in the spatial distribution of the HIST ensemble means 
(Fig. 5), intensifies until 2050. The mean number of annual 
upper records is between 2 and 3 times the expected record 
number. The mean numbers of annual lower records fall to 
0.1 and 0.3. However, we do not find any statistically signifi-
cant changes, and the spatial patterns are quite homogeneous.

At the end of century, the mean number of annual upper 
records rises to 5.5. The upper records indicate a more sig-
nificant warming in southern Europe, with values higher 
than 5 in Southern Spain and in the Alpine region. Using 
an ensemble of RCMs, Elguindi et al. (2012) also found a 
higher number of upper records around the Mediterranean, 
the Iberian Peninsula and France. In contrast with the pre-
vious period, statistical significance is reached for all grid 
points.

As for the lower records, the mean annual number 
falls close to zero, indicating that only a few records were 
established during these three decades. Meanwhile, 5 zero-
record occurrences are found in northern Europe, which 
shows that during this 30-year period, no lower record 
occurs on any of the 365 calendar days among the 5 mem-
bers. In comparison, CTRL-zero is exactly equal to zero, 
indicating that in the ensemble of blocks used to build 
the CI, there are no zero-record occurrences in a 30-year 
period.

It is interesting to note that, under all three scenarios, 
the upper and lower records are almost always above and 
below the expected record number (Fig.  6). Thus, the 
warming trend initiated in the 1980s in the HIST ensem-
ble mean is projected to impact the evolution of records 
throughout the twenty-first century. Under the RCP2.6, this 
results in an evolution of records inconsistent with that of a 

Fig. 7   Spatial distribution of the annual number of upper (a–c) and 
lower (b–d) records averaged over the 2021–2050 (a, b) and the 
2071–2100 (c, d) periods, in RCP8.5 ensemble mean. Crosses indi-
cate grid points with significant results at the 10 % level. Records are 
under the normalized form, where the expected record number in a 

stationary climate is 1. Dots indicate grid points of zero-record occur-
rences over the entire 30-year period and for the five simulations of 
the ensemble. The first number in the box corresponds to the total 
number of zero-record occurrences in the ensemble mean, the second 
is CTRL-zero
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stationary climate, even if the evolution appears quite sta-
ble. Indeed, the evolution of upper records is mostly con-
tained within the CI, but this is less evident for the lower 
records. This scenario presents the lower and even decreas-
ing emissions of greenhouse gases over the course of the 
twenty-first century. Yet, the evolution of the records (and 
the lower records in particular) do not appear consistent 
with internal variability.

During the first half of the twenty-first century, the pro-
jected evolution of both upper and lower records is quite 
comparable between RCP2.6 and RCP4.5. Then, a pro-
nounced warming trend appears under RCP4.5, which is 
particularly noticeable in the evolution of lower records. 
From the beginning of the 2040s, the lower records under 
this medium scenario evolve outside the CI. This is less 
evident for the upper records, whose evolution is very noisy 
due to year-to-year variability.

While it is difficult to claim detection of record change 
under RCP4.5 relying on a single member, the projected evo-
lution of the upper and lower records seems barely compat-
ible with the internal variability of the model in the second 
half of the century. This result is broadly consistent with 
those of Meehl et al. (2009) using a roughly similar green-
house gas scenario. With one simulation, they also found an 

impact of the warming trend on the number of records, along 
with a deviation from the stationary climate that began in the 
1980s and intensifies during the twenty-first century.

4 � Seasonal analyses

4.1 � Mean evolution of the records

Here we mostly focus on the winter and summer seasons. 
When necessary, we simply mention in the text some of the 
results related to spring and autumn. First, we note that the 
null hypothesis cannot be rejected at the 10  % level over 
the second half of the twentieth century (Fig.  8). Thus, 
the simulated seasonal changes in records (like the annual 
changes) are always within the range of internal variability, 
with no compensation between seasons.

We first focus on the changes of upper records and com-
pare the projected number of records to the expected record 
number. Note again here that this number is 1 when we use 
the normalized form to estimate the expected number of 
records (Fig. 8a–c).

In winter, the RCP8.5 ensemble mean of upper records 
presents a largely linear increase from the 2020s to the 

Fig. 8   Evolution of the seasonal number of upper (a–c) and lower 
(b–d) records summed over Europe in the ensemble mean (solid 
lines) and the members (crosses) of HIST (black) and RCP8.5 (red) 
simulations, in winter (a, b) and summer (c, d), from 1956 to 2100. 
Upper records are under the normalized form. The record evolution 
expected in a stationary climate is represented by dark grey lines. 

Shaded grey areas correspond to the 90 % confidence interval due to 
internal variability. Dots notify years of zero-record occurrences over 
the entire European domain, one line per member. Caution needs to 
be taken with the nonlinearity (a–c) and the logarithmic scale (b–d) 
of the Y-axis
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end of the century, with significant results from the 2040s 
onwards. In the last three decades of the twenty-first cen-
tury, the mean number of records is projected to reach val-
ues around 5, with mean values between 3 and 10 times 
higher than the expected record number. Statistical signifi-
cance for the autumn changes is reached a decade later than 
in winter but several decades earlier than in spring.

In summer, an abrupt change in the middle of the cen-
tury seems to separate the projections of the twenty-first 
century into two distinct phases, with a very slow increase 
during the first and an abrupt rise followed by a plateau in 
the second. This is likely due to sampling as only one of the 
five members presents a very abrupt peak that dominates 
the ensemble mean. By 2100, the mean number of records 
in summer is projected to rise up to about 5, with mean val-
ues between 2 and 7 times higher than the expected record 
number for the second half of the twenty-first century.

Like the annual projections, the seasonal projections 
present a significant continual decrease of lower records 
beginning in the 1980s (Fig. 8b–d). This behavior can also 
be seen in the zero-record occurrences. Independently of 
the season, zero-record occurrences first occur in the 2020s 
and become more numerous in the last four decades. Con-
sequently, the seasonal numbers of records present a sub-
stantial decrease compared to the expected record num-
ber, here about one hundred at the end of the twenty-first 
century.

Contrary to the upper records, we do find a season where 
no significant changes are identified over the future period. 
Indeed, the evolution of lower records in winter is mostly 
included in the CI. It is interesting to note that the winter 
CI is the widest of the four seasons, with a lower limit close 
to 0. By 2100, the mean number of lower records in win-
ter is projected to decrease to about 2, with annual values 
remaining inferior to 20 in the last 30 years of the twenty-
first century.

The decrease in lower records is significant beginning in 
the 2030s in autumn, and the 2050s in spring. The changes 
in lower record are even more intense when considering 
the summer season, which presents a significant decrease 
in record occurrences beginning in the 2020s. Once again, 
it is interesting to note that summer is the season with the 
narrowest CI. In the last two decades, there are almost no 
record occurrences in any of the five members, any of the 
summer days and any of all grid points of Europe. This 
result is highly significant and reveals the impact that cli-
mate change could have on lower records, or on the night-
time temperature in summer.

Maps of mean numbers of upper and lower records are 
presented only for the last 30 years of the twenty-first cen-
tury (Fig. 9), and the projected numbers of records are com-
pared to the expected record number (here 1 again). Note 
that as with the results from annual projections (Fig.  7), 

no significant results are found in any earlier periods (not 
shown).

In winter, about 50 % of the European domain experi-
ences a significant increase in upper records, between 3.8 
and 7.1 times the expected record number, mostly in north-
eastern and central Europe and the Alpine region. The max-
imum increase occurs over the Alps, with values up to 7 
times the expected record number.

The summer season shows a very different pattern, 
with significant results gathered around the Mediterra-
nean Sea and a maximum increase greater than 6. Unlike 
during winter, northern Europe presents a smaller, insig-
nificant increase. The autumn pattern captures the transi-
tion between the contrasting summer and winter patterns, 
whereas the spring season show the smallest increase in 
upper records among all seasons.

These contrasted spatial patterns are not found on the 
map of lower records. Indeed, the spatial distributions of 
lower records show quite similar results between all sea-
sons and the annual distribution. A homogeneous mean 
number of lower records of about 0.1 is found, with almost 
no records occurring over Europe during the last 30 years 
of the twenty-first century. A minimum decrease can be 
found in a few points near the Mediterranean Sea in winter, 
with values up to 0.18.

However, the zero-record occurrences show some con-
trasted patterns between the seasons. In winter, a large 
number of zeros are gathered in northeastern Europe, 
whereas in summer, the zeros cover more that 70  % of 
Europe, especially in the eastern region. The total num-
ber of zero-record occurrences in the ensemble mean is 
compared to the CTRL-zero number, which is extremely 
low. Consequently, we find a large statistically significant 
decrease in lower record occurrences for the four seasons.

Winter and summer patterns bring to mind spatial struc-
tures commonly found in studies focused on mean changes 
in surface temperatures over Europe. Using a multi-model 
approach from a large ensemble of CMIP5 models, Terray 
and Boé (2013) highlighted a southwest–northeast gradient 
in winter with a maximum warming of 8 °C over northeast-
ern Europe. A minimum increase of 2.5 °C occurs over the 
Atlantic coast, protected by the westerly flow and a larger 
land–sea thermal contrast. In summer, a meridional gra-
dient is found, with maximum values of 8  °C around the 
Mediterranean edge, compared to the beginning of the 
twentieth century.

These contrasted patterns are explained by different mech-
anisms. In winter, the temperature-snow albedo feedback 
explains the warming over regions where the snow cover 
is projected to decrease during the century. In summer, the 
warming is mainly controlled by land–moisture–atmosphere 
interactions. The evapotranspiration over the Mediterranean 
land region is limited by the soil moisture, but the soil moisture 
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content is projected to decrease (Boé and Terray 2008) along 
with the cloud cover (less evaporation). In response to the 
enhanced radiative flux at the surface (due to less clouds), an 
increase in sensible heat compensates for the limited latent 
heat and ultimately causes a warming at the surface.

4.2 � Changes in record interannual variance

The different widths of the CIs show that the model’s inter-
nal variability amplitude has a strong seasonal dependence 
(Fig. 8). The winter season has the largest one, and no sig-
nificant changes in lower records are found in this season 
despite a substantial decrease. On the contrary, the lower 
record evolution first leaves the range of the internal vari-
ability in summer, where it is the smallest.

The largest contribution to internal variability comes 
from interannual time scales rather than lower frequencies. 

This year-to-year variability is also noticeable throughout 
the projection ensemble spread. For example, the number 
of upper records during the last 30 winters of the twenty-
first century in the ensemble mean is about 5, but mean-
while the 5 members indicate values between 0 and 24 
(Fig. 8a). As expected, the RCP8.5 ensemble spread indi-
cates greater interannual variability in winter than in sum-
mer, with that of spring and autumn lying in between (not 
shown). At the end of the twenty-first century, despite the 
projected large increase in mean, the internal variability 
could still induce years with few record occurrences as 
well as years with more than 20 times the expected record 
number. This is also reflected in the ratio of the long-term 
trend to the short-term standard deviation, which has been 
shown to control the increase in warm records (Wergen 
and Krug 2010; Newman et al. 2010; Rahmstorf and Cou-
mou 2011).

Fig. 9   Spatial distribution of the seasonal number of upper (a–c) and 
lower (b–d) records averaged over the 2071–2100 period in RCP8.5 
ensemble mean, in winter (a, b) and summer (c, d). Crosses indicate 
grid points with significant results at the 10 %. Records are under the 
normalized form, where the expected record number in a stationary 

climate is 1. Dots indicate grid points of zero-record occurrences over 
the entire 30-season period and for the five simulations of the ensem-
ble. The first number in the box corresponds the total number of zero-
record occurrences in the ensemble mean, the second is CTRL-zero. 
Caution needs to be taken with the nonlinearity of the color scale
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The previous figures could give some clues as to the pos-
sible changes in variance along the twenty-first century, but 
caution must be taken with such analyses. The interannual 
variability seems to increase in both annual and seasonal 
analyses (Figs. 6, 8).

Using the α parameter, we examine the changes in inter-
annual variability in the RCP8.5 ensemble from 1956 to 
2100, independently from the long-term changes (Fig. 10). 
Considering annual analyses averaged over Europe for both 
daily minimum and maximum surface temperatures, we 
find 〈α〉 values close to zero. Thus, no change in variance 
would occur over this period.

But the spatial distributions of α show that this is due to 
compensations between two opposite patterns. The domain 
is divided in two, along a southwest–northeast gradient. 
Because of these spatial compensations, we find values of 
〈α〉 statistically significant only for the maximum tempera-
tures in summer and the minimum temperatures in winter. 
However, the spatial distribution of α still indicates large 
areas of significant values elsewhere. This illustrates the 
limitations of the use of 〈α〉.

We now focus primarily on the spatial distribution 
of α in winter and summer, as annual analyses present a 
mixing of the signals of these two strong seasons. Spring 
and autumn show the same transition gradient, with posi-
tive values in southwestern Europe and negative values in 
northeastern Europe (not shown).

In winter, a negative trend in variance is found for both 
the minimum and the maximum surface temperatures over 
Europe, with significant values gathered over northeastern 
Europe. This result appears stronger for the minimum tem-
peratures, with negative values statistically significant over 
three quarters of the domain.

In summer, maps of α are homogenous over Europe 
(although not significant everywhere) and show a positive 
trend in variance for both minimum and maximum temper-
atures. This increase is particularly pronounced over France 
and northern Spain for the maximum temperatures.

The decrease in winter appears greater than the increase 
in summer. Schär et al. (2004) and Seneviratne et al. (2006) 
have highlighted an increase in the year-to-year variability 
of the summers over central and eastern Europe in response 
of the warming induced by greenhouse gases. This change 
in the variability of the European summer is also found by 
Fischer et  al. (2012), when considering only models with 
interannual variability correctly simulated at the present 
time, but with an increase found further south.

5 � Discussion

From an ensemble of simulated daily data and daily 
observations, we have shown that the current number 

of warm temperature records is still within the range of 
the internal variability of the CNRM-CM5 model. Using 
a set of monthly and global observations, Coumou et  al. 
(2013) show that the current number of warm records is 
already on average five times higher than in a stationary 
climate with no long-term warming. Hence, a much more 
pronounced signal can be found in other studies examin-
ing monthly-to-seasonally averaged data and/or spatial 
averages over large regions. In such cases, the ratio of 
the long-term warming trend to the interannual standard 
deviation is increased, as is the number of warm records. 
This reflects the high sensitivity of the record evolution to 
temporal and spatial scales. Further, distinctions between 
models can also explain differences in the evolution of 
records. Thus, studies evaluating the evolution of record-
breaking temperatures in the same region might have 
different results if based on data with different temporal 
scales. From daily data, the significance of the results is 
also harder to obtain when considering regional domains 
such as Europe, particularly for seasonal analyses (Chris-
tiansen 2013).

Consequently, a quantitative comparison of our results 
to those of previous studies is difficult, but a qualitative 
assessment highlights common findings. From the 1980s 
onwards, we found an observed and simulated deviation of 
the records from the stationary climate that characterized 
the 1960s and 1970s, in agreement with previous stud-
ies (Wergen and Krug 2010; Meehl et  al. 2009; Elguindi 
et al. 2012; Wergen et al. 2014; Coumou et al. 2013). This 
deviation consists of an increasing number of upper records 
accompanied by a decreasing number of lower records. All 
studies also project this change in the evolution of records 
to be accentuated over the course of the twenty-first cen-
tury. Few studies have investigated the spatial distribution 
of these changes. With regard to the future seasonal num-
ber of records, we show that the Mediterranean region is 
particularly affected in summer, whereas central and north-
eastern Europe is more impacted in winter. These results 
are consistent with the findings of Elguindi et  al. (2012) 
based on regional climate models.

Southern Europe and the Mediterranean basin are pro-
jected to be strongly affected by an important increase in 
the number of warm records in summer (Fig. 9). Here we 
discuss the main physical processes responsible for the 
changes in extreme warm temperatures in summer in this 
sensitive region. The evolution of a set of surface variables 
related to soil–moisture interactions and clouds processes 
averaged over southern Europe is now investigated. We do 
not evaluate the possible contribution of the large-scale cir-
culation, although it can also play an important role in the 
surface temperature warming. Changes in large-scale circu-
lation have smaller signal-to-noise ratios and would require 
a larger ensemble to be properly assessed.
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Over the twenty-first century, a strong increase in the 
sum of the number of summer upper records over southern 
Europe is projected to occur, with an acceleration of this 
rise from the 2050s onwards (Fig.  11a). This increase in 

temperature extremes is partly due to a rise in mean daily 
maximum near-surface temperatures (Fig.  11b). Over the 
region, the mean temperature is projected to increase by 
5 °C compared to the 1976–2005 climatology.

Fig. 10   Spatial distribution of the annual (a, b), winter (c, d) and 
summer (e, f) value of α from daily maximum (a, c, e) and minimum 
(b, d, f) surface temperatures. The α parameter has been calculated 
from 1956 to 2100 by combining the five historical simulations with 

the subsequent RCP8.5 ones. Crosses indicate grid points where α is 
significantly different from 0 at the 10 % level. The average value of 
α over Europe is given in boxes
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The second half of the twenty-first century is charac-
terized by an important change in the evolution of surface 
heat fluxes (Fig. 11c). Indeed, from the 2050s onwards, the 
evolutions of the sensible and latent fluxes diverge, with a 
decrease in the latent flux and an increase in the sensible 
flux. This divergence suggests a change from a limitation 
of latent fluxes by the energy at the surface to a limitation 
by the soil moisture availability. Different processes could 
explain this change in regime. First, the total soil moisture 
content is projected to decrease during the twenty-first 
century, with a stronger decrease in the second half of the 
century (Fig.  11d). This progressive loss in soil moisture 
during summer can be linked to an antecedent decrease in 
soil moisture during the spring season and to a decrease of 
precipitation during summer (Fig. 11e). Second, the surface 
downwelling shortwave radiation is projected to increase 
over the twenty-first century, with a stronger increase in 
the second half of the century (Fig.  11f). This is mostly 
due to the decreasing total cloud fraction over the century 
(Fig. 11g), once again accentuated from the 2050s onward. 
The increase in shortwave radiation flux throughout the 

period could also be linked to a decreasing concentration of 
aerosols since the 1990s, but to a lesser extent at the end of 
the century.

The divergence between the evolution of the sensible and 
latent heat fluxes can therefore be explained by the decrease 
in cloud cover and soil moisture. It is likely that changes in 
soil moisture and cloud cover are themselves related through 
a feedback loop. The decrease in atmospheric humidity and 
the increase in temperature potentially associated with a 
decrease in evapotranspiration induced by soil drying are 
expected to lead to a decrease in relative humidity. Conden-
sation becomes more difficult to achieve, which is consist-
ent with a decrease in cloud cover and also a decrease in 
precipitation, which in turn may impact soil moisture.

Consequently, from the 2050s onwards, the model pro-
jects that the surface will receive more solar energy, but 
also contain less moisture. The sensible heat flux is then 
projected to play a stronger role in the repartition of surface 
energy during the second half of the twenty-first century. In 
association with these changes, a strong increase in record-
breaking warm temperatures is projected by the model.

Fig. 11   Summer evolution over the twenty-first century of a set of 
variables in RCP8.5 ensemble mean, averaged over southern Europe 
(10°W–28°E and 37–45°N). a Summer number of upper records 
summed over southern Europe, under the normalized form, where the 
expected record number in a stationary climate is 1. Anomalies are 
estimated relatively to the 1976–2005 period and using the ensem-

ble mean of the five related historical members for b daily maximum 
near-surface air temperature (K), c surface upward sensible (black) 
and latent (red) heat fluxes (W  m−2), d total soil moisture content 
(kg m−2), e precipitation (mm day−1), f surface downwelling short-
wave radiation (W m−2) and g total cloud fraction (%)
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6 � Conclusion

Over the second half of the twentieth century, we cannot 
detect any statistically significant changes in the annual and 
seasonal evolutions of the upper and lower records over 
Europe. At the end of the twentieth century, the upper and 
lower record evolutions are still in the range of the model’s 
internal variability. Yet, from the 1980s onwards, a change 
in the record evolution is observed and simulated. Daily 
minimum and maximum record-breaking temperatures 
tend to occur less and more often, respectively, than in a 
stationary climate.

Using single forcing simulations, we have shown that 
the response to the natural forcings alone is not repre-
sentative of the observed and simulated (with all forcings 
applied) changes over the late twentieth century. Simula-
tions forced by isolated anthropogenic forcings are capable 
of reproducing either the temporal or spatial distributions 
of these present-day numbers of records.

The projected record evolution over the twenty-first cen-
tury under the RCP8.5 scenario exhibits a strong warming 
trend in the annual and seasonal evolutions of daily mini-
mum and maximum record-breaking temperatures. At the 
end of the century, upper records are projected to occur on 
average five (to six, according to the season) times more 
often than during the 1960s and 1970s over Europe. In 
contrast, it is increasingly difficult to break a lower record. 
These changes are significantly inconsistent with the model’s 
internal variability from the 2020s and 2030s onwards for 
the annual numbers of lower and upper records, respectively.

The spatial distribution of the increase in the annual 
number of upper records under the RCP8.5 shows a sig-
nificant and homogeneous fivefold increase over Europe 
during the last three decades of the twenty-first century, 
compared to the expected record number in a stationary 
climate. This spatial distribution of upper records presents 
seasonally contrasted patterns. The Mediterranean region is 
particularly affected in summer, whereas central and north-
eastern Europe are more impacted in winter.

At the end of the current century, the spatial distribu-
tion of the averaged annual number of lower records pre-
sents values ten times lower than expected in a stationary 
climate, particularly over northern Europe. The spatial 
distribution of lower record occurrences once again illus-
trates the extreme difficulty involved in breaking new cold 
records whatever the day of the year at the end of the cur-
rent century, but particularly in summer and winter.

In winter, the CNRM-CM5 model projects a negative 
trend in interannual variability over the 1956–2100 period 
for both minimum and maximum surface temperatures eve-
rywhere over Europe, but with significant results gathered 
over eastern Europe. In summer, an increase in interannual 

variability is found homogeneously over Europe. Signifi-
cant changes are found over northeastern Europe, France 
and northern Spain for daily maximum surface tempera-
tures, whereas central Europe and central Spain present sig-
nificant results for minimum temperatures.

Future work could extend this study to a set of inde-
pendent CMIP5 models. Changes in the evolution of 
records could then be detected in a multimodel ensemble 
with regard to a larger sample to estimate the internal vari-
ability. The study of physical mechanisms in other models 
might help to better understand the processes responsible 
for extreme temperature changes over Europe. Regional 
models could also provide a more accurate representation 
of these extreme events due to an improved representation 
of land–sea and land-orographic effects.

Finally, a comparison between record-breaking tempera-
tures and the evolution of extreme indices might provide 
additional information regarding the assessment of future 
extreme temperature events over Europe. Warm spell indi-
ces could, for example, indicate the evolution of the per-
sistence of these extreme events, which is not included in 
record indices.
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