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Abstract

The Summer Olympic Games in 2024 will take place during the apex
of the temperature seasonal cycle in the Paris Area. The midlatitudes
of the Northern hemisphere have witnessed a few intense heatwaves
since the 2003 event [1]. Those heatwaves have had environmental
and health impacts, which often came as surprises [2]. In this paper,
we search for the most extreme heatwaves in Ile-de-France that are
physically plausible, under climate change scenarios, for the decades
around 2024. We circumvent the sampling limitation by applying a
rare event algorithm [3] on CMIP6 data [4] to evaluate the range of
such extremes. We find that the 2003 record can be exceeded by more
than 4◦C in Ile-de-France before 2050, with a combination of prevail-
ing anticyclonic conditions and cut-off lows. This study intends to build
awareness on those unprecedented events, against which our societies are
ill-prepared. Those results could be extended to other areas of the world.
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1 Introduction

Summer heatwaves in the northern midlatitudes have lead to many impacts
on society and ecosystems, since the major event that struck Western Europe
in 2003 [1]. Since that epitome event, nations have taken measures to mitigate
the effects of such extremes, especially on public health [5] and energy [6].
Climate model projections have suggested that the records of the early 21st
century could be regularly broken in the second part of the 21st century [7].

The Olympic games in 2024 will take place in Paris between July 26th
and August 10th, which is at the apex of the temperature seasonal cycle.
During that event, it is expected that tens of thousands of visitors from the
whole world will stay outdoors, and be exposed to potential heat stress. As
shown in Figure 1a, the preceding summer Olympics in Tokyo (2021) were the
warmest on the record since 1952, with an average temperature that exceeded
the value in Paris in 2003. The Tokyo heatwave had huge impacts on the
athletes and volunteers during outdoor competitions [8]. Health impacts on the
public had been anticipated [9, 10], but the COVID crisis limited the foreign
public exposure in 2021.

Anticipating the risks of an intense heatwave in the present decades, i.e.
a worst case scenario, is crucial for society. The field of Extreme Event Attri-
bution (EEA [11]) has built concepts and methods to evaluate if and how
climate change has altered the probabilities of extreme events. Many of the
results of EEA rely on ensembles of physical or statistical model simulations.
A recently developed approach to gain numerical efficiency has applied rare
event algorithms [12] that nudge trajectories towards extreme values. This
approach allows simulating the most extreme events, without having to con-
sider most “normal” events. So far, this approach has been based on single
model experiments [12, 13] or constrained by reanalysis data [3]. Both stud-
ies focused on present-day or pre-industrial conditions. Therefore there is an
urge to be able to apply this type of methods to scenarios of climate change,
in order to evaluate worst cases in near future climate conditions.

We consider mean daily temperature (TG) and we determine the warmest
period of 15 days (in Ile-de-France) in July-August, for each year (TG15d).
This length (15 days) is motivated by the duration of Olympic games. The
goal of this paper is to estimate worst case scenarios of TG15d heatwaves in
the Paris area in the decades around 2024, and outline the synoptic features
of those events in order to understand whether their causes are unique. The
strategy is to use a stochastic model constrained by the atmospheric circulation
[14, 15] to simulate large ensembles of extreme heatwaves that are consistent
with state-of-the-art climate models. This stochastic model will consider four
scenarios for climate change (SSP1-2.6, SSP2-4.5, SSP3-7.0, SSP5-8.5) and a
panel of coupled climate model simulations as input (see Section 3.5). We use
a set of 14 CMIP6 model simulations [4] to sample the model dependence of
the simulation of extreme heatwaves. A state-of-the-art bias correction method
[16] is applied, so that the main statistics of the present-day model simulations
are close to observations. In order to build robustness, a statistical analysis of
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extremes [17] allows estimating the probabilities of extreme events, and their
dependence on the emission scenarios. The methods and data are described in
the Methods section 3.

2 Results

Temperature time series of the warmest 15-day periods (TG15d) in July-
August in Ile-de-France are shown in Figure 1a, for the IPSL climate model
(one simulation for each scenario). As anticipated by the bias correction pro-
cedure, the temperature variability is similar to the ERA5 reanalysis [18]
variability for all models (Figure 1a, b). In the IPSL model, the July-August
average summer temperature increases by ≈1.6 to ≈ 2.1◦C from 1951-2000 to
2001-2050, depending on the scenario. The average TG15d increases by ≈1.4 to
≈ 2.2◦C (Figure 1a) over the same period, depending on the SSP scenario. The
differences of the maximum of TG15d between those two periods range from
1.8 to 3.5 ◦C in the IPSL model, depending on the scenario. The largest differ-
ence is obtained for SSP2-4.5. Therefore, the mean July-August and TG15d
show a similar mean increase, while the maximum values of TG15d yield a
larger increase for this model.

We summarize the variability range of TG15d in CMIP6 simulations in
Figure 1b. This illustrates the most extreme values that can be reached with
this multi-model ensemble, under the four SSP scenarios. This shows that bias
corrected CMIP6 simulations sample the variability of temperature obtained
by ERA5 reanalysis in the historical period. A Kolmogorov-Smirnov test can-
not detect differences between the empirical probability distributions of TG15d
in four CMIP6 SSP scenario simulations between 2001 and 2050. The most
extreme values of TG15d in 2001-2050 (in CMIP6 data) are not necessarily
detected in SSP5-8.5 simulations, because the scenario simulations are barely
distinguishable before 2050. The observed record value (in ERA5) for the sum-
mer warmest 15 days in 2003 (26.8 ◦C) is never exceeded in the 20th century in
CMIP6 simulations (green boxplots in Figure 1b), and is occasionally exceeded
(less than 10% time) in 2001-2050. This plot motivates the simulation of events
that are close to the upper limit of those known values (Figure 1b), as the
mean temperature increase (over the whole season or TG15d) between 1951-
2000 and 2001-2050 is likely to increase the probability of breaking the 2003
record.

For comparison purposes, we report the 15 day average temperatures dur-
ing the summer Olympic games since 1952 at each organizing city (nearest
gridpoint in ERA5, triangles in Figure 1a). The Olympic games were organized
at different periods of the year and different hemispheres, but the temperatures
yield a general increasing trend. Only the last Olympics in Tokyo (23 July
2021 to 8 August 2021) had a temperature that exceeded the French record
in 2003, but had a limited number of attendants due to the COVID-19 crisis,
which lowered the exposure of vulnerable persons to extreme heat.
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Fig. 1 Panel a: Time series of Ile-de-France temperature. The values correspond to the
July-August maximum of moving 15 day averages (TG15d) in IPSL model simulations
with four SSP scenarios. The black line is for the historical period (1900-2014). The col-
ored lines are for the scenarios (2015-2100). The circles represent temperature variations
in the ERA5 reanalysis. The triangles represent the 15-day average temperature during
the preceding Olympics, in each organizing city, since 1952 (the temperatures during the
summer Olympics in 1952 and 1956 were lower than 15◦C). The two horizontal bars repre-
sent the average over the two key periods (1951-2000: green; 2001-2050: red for SSP5-8.5).
Panel b: boxplots of maximum 15 day temperature over Ile-de-France for each model and
each SSP scenario. The grey boxplot on the left is for ERA5 (1950-2021). Green boxplots
are for 1951-2000. black, blue, orange and red boxplots are for 2001-2050, with the SSP1-
2.6, SSP2-4.5, SSP3-7.0 and SSP5-8.5 scenarios, respectively. The horizontal brown dashed
line is the 2003 value (TG15d= 26.8◦ C) in ERA5. Boxplots show the 25th (q25), median
(q50) and 75th (q75) quantiles of the distribution (boxes). The upper whisker is classically:
min {1.5× (q75− q25) + q50,max(TG15d)}. The lower whiskers are the symmetric expres-
sions for lower values. The circles above (or below) the whiskers are the values larger (or
smaller) than 1.5 times the interquartile range.

We illustrate the SWG simulations of extreme events with data from the
IPSL model with four SSP scenarios. We compare 15-day SWG simulations
starting the first day of the TG15d identified in Figure 1a in 2001-2050. There-
fore, the initial conditions depend on the years because TG15d can occur
between the 1st of July and the 31st of August, and the SSP scenarios. Hence
we show how the extremes simulated with the SWG depend on the reference
period of analogs (1951-2000 vs. 2001-2050).

The probability distribution of all TG15d values slightly changes with SSP
scenarios (similar medians and non significant Kolmogorov-Smirnov tests on
the horizontal lines in Figure 2). The record 2003 value is exceeded in the
three ”intense” SSP scenarios, although not in SSP1-2.6, with this IPSL model
simulation. The highest values for TG15d can occur with any scenario, when
considering the CMIP6 ensemble (not shown).
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Fig. 2 Upper panels (a, c, e, g): Boxplots of 200 SWG simulated mean 15 day tempera-
tures, with analogues in 1951-2000 (blue) and 2001-2050 (red) in the IPSL model data for
the four SSP scenarios (see Methods Section on simulation protocol). The reported SWG
simulations start on the initial condition of the warmest TG15d identified in 2001-2050
(orange horizontal dashed line) from each IPSL model simulation. Each panel is for an SSP
simulation. Horizontal lines represent TG15d in each IPSL model SSP simulation (obtained
from Figure 1a). The dashed black line is the median, for each SSP simulation. The horizon-
tal brown dash dotted line is the value that was observed in 2003, from ERA5 (Figure 1a).
Lower panels (b, d, f, h): time variations of the simulated temperatures with the SWG. The
blue lines are for SWG simulations with analogs in 1951-2000. The red lines are for SWG
simulations with analogs in 2001-2050. The thick continuous lines represent the median of
200 simulations. The dashed lines are the daily 5th and 95th quantiles of the 200 simula-
tions. The thick orange lines are the daily variations for the record year identified in the
upper panels. The temperature range for daily variations sometimes exceeds 32◦C (panel
g) and is close to the 95th quantile most of the time. Daily mean temperatures can exceed
32◦C for SSP3-7.0 (panel (f)).

This results with SWG simulations from the IPSL model data (boxplots in
Figure 2a–d) show that the temperature increase of the most extreme events
between 1951-2000 and 2001-2050 exceeds 3.5 ◦C in three SSP scenario sim-
ulations. The SWG heatwaves with analogs in 1951-2000 span the upper half
of the TG15d values in 2001-2050, but not the outliers (Figure 2). The value
observed in 2003 (in ERA5) is not reached with SWG simulations from the
IPSL model and analogs in 1951-2000. The 2003 observed record (red dash-
dotted lines in Figure 2) is exceeded by a large margin in SSP2-4.5, SSP3-7.0
and SSP5-8.5 scenarios (orange lines vs. brown lines in Figure 2), between
2040 and 2050, although it is still a rare value in 2001-2050. The most intense
TG15d heatwaves detected in the IPSL model data (orange dashed lines) can
be exceeded by 1 ◦C or with probability that exceeds 20% (upper whiskers
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in Figure 2) with the SWG simulations and analogs in 2001-2050. The occur-
rence of a heatwave that exceeds the 2003 record value (red dash-dotted lines)
by almost 2 ◦C in the 2001-2050 is possible, except in the SSP1-2.6 scenario.

Daily time series of simulated temperatures with SWG are shown in the
lower panels of Figure 2. The simulations with analogs in 1951-2000 yield a
larger temporal variability, as shown by the 90% confidence intervals. The ini-
tial conditions are chosen in 2001-2050 for all SWG simulations. This explains
why the simulations with analogs in 1951-2000 sometimes decrease after the
second day (e.g. in SSP2-4.5 and SSP5-8.5). The simulations with analogs in
2001-2051 mostly stick to the upper quantile, leading to a lower variance.

We investigate the atmospheric circulation patterns during the 15-day heat-
waves, for the IPSL model. Figure 3 (first column) shows the 15-day average
of SLP and SLP anomalies during the most extreme heatwaves in 2001-2050
detected in each scenario simulation. The four identified extreme heatwaves
occur between 2033 (SSP5-8.5) and 2049 (SSP2-4.5). As expected from other
studies [19, 20], the four record heatwaves are characterized by strong anticy-
clonic conditions over Scandinavia and west of France. A cyclonic SLP anomaly
is detected over France, which is reminiscent of a cut-off low that advects warm
air into France from North Africa. As was observed in the summer 2022, this
combination of general anticyclonic conditions and a cut-off low contributes to
temperature increases in the summer. The stochastic simulations with analogs
in 1951-2000 (Figure 3, central column) exhibit very similar circulation pat-
terns, with this combination of anticyclonic conditions and a cut-off low. The
stochastic simulations with analogs in 2001-2050 (Figure 3, right column) are
very similar to the record events (left column) because the simulations can
select analogs during those events.

The similarities of the atmospheric patterns over the North Atlantic during
the most extreme heatwaves across the four SSP scenarios (in one model)
suggest that ”ultimate” heatwaves that are likely to strike Ile-de-France are
associated with this combination of an extended blocking (which can last for
several weeks) leading to clear skies and low winds, and a cut-off low (whose
lifetime is just a few days) that pumps warm air into Europe. The heatwaves
that occurred in France in the 21st century are examples of this combination.

The SWG simulations are applied to other CMIP6 simulations, to test
the robustness of the results reported in Figure 2 and the IPSL model. The
procedure is the same as for the IPSL model (see Methods).

There is a large variability of extreme heatwave simulations across CMIP6
models (Figure 4). The value of extremes often increases by more than 4 ◦C
between 1951-2000 and 2001-2050. The value of the 2003 observed record is
reached only once (MIROC) with the analogs in 1951-2000, and starting with
an initial condition in 2001-2050. The MIROC model is the only one for which
the record value of 26.8◦C (observed in 2003 in ERA5) is almost reached in the
historical period (26.6◦ in 1984 in the MIROC calendar). The initial condition
leading to the record in 2001-2050 (in 2043 for SSP5-8.5) is similar to the
initial condition leading to the record in 1984, in the MIROC model years.
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Fig. 3 SLP maps over the North Atlantic region during 15 day heatwaves detected in four
IPSL ssp simulations (left panels a, d, g, j). Extreme simulations with analogs in 1951-2000
(central panels b, e, h, k). Extreme simulations with analogs in 2001-2050 (right panels c, f,
i, l). Colors represent SLP anomalies (hPa). Isolines represent SLP (hPa).

This explains the apparent outlier of the temperature distribution for SSP5-
8.5 with the MIROC model (Figure 4d). The 2003 value (of ERA5) is exceeded
for most models in 2001-2050, for all initial conditions.

The mean and median temperatures of average 15-day temperature
marginally increase with the SSP scenario (Figure 1b). Likewise, the most
extreme values that are simulated by the SWG only slightly increase from
SSP1-2.6 to SSP5-8.5, when pooling all models together, from 23.6◦C to 24◦C.
This increase is smaller than the intermodel standard deviation (≈ 1.2◦C).
Some models allow simulating the highest TG15d from ”weaker” SSP scenarios
(e.g., CMCC, EC-Earth). This is due to the fact that those model simulations
(with SSP1-2.6) yield record shattering TG15d events, which exceed the values
obtained in 2001-2050 for the other scenarios.

The SLP maps of CMIP6 simulations are shown in the Supplementary
Information. With few exceptions, the circulation scenario that was described
for the IPSL model can be applied to the CMIP6 ensemble (see figures in the
supplementary information).

We compare those simulations results with a multi-model estimate of
extreme values of temperature (see Methods in Section 3). Most CMIP6 models
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Fig. 4 Boxplots of maximum 15 day averages, starting on the most extreme heatwave
in 2001-2050, detected in each CMIP simulation. Panels are for the four ssp scenarios.
Grey boxplots are for analogs in 1951-2000. Colored boxplots are for analogs in 2001-2050.
Thick horizontal red lines represent estimates of return levels with a return period of 100
years, with a multi-model Generalized Extreme Value (GEV) estimate (see Methods section).
The dashed horizontal red lines represent the 95% confidence interval of the return value
estimates. Orange horizontal lines represent the value in 2003 from the ERA5 reanalysis.

provide estimates that are close to Generalized Extreme Value (GEV) return
levels (red lines, see Methods section) with a return period of 100 years. A few
CMIP6 models exceed the GEV upper estimate by almost 1 ◦C.

3 Methods

3.1 Data and bias correction

We use the simulations of 14 CMIP6 models (out of 31 models) [4] (see Table
1 in the SI) and four shared socio-economic pathways (SSP) scenarios [21]
(SSP1-2.6, 2-4.5, 3-7.0 and 5-8.5). The criterion to retain these models is their
availability on an ESGF server for the four SSP scenarios on daily increments.
A data quality check is also performed on the available files. The historical
simulations cover 1850-2014. The scenario (SSP) simulations cover 2015-2100.
We extract the model gridpoints that cover continental France. For simplicity,
we take one simulation for each model (some models provide ensembles) and
visually check that this choice samples the overall spread of all simulations.

The multivariate bias correction method R2D2 [16] is used to correct the
bias of the marginals and the dependency structure of the temperature and
precipitation, with respect to the SAFRAN reanalysis [22] (≈ 8km of horizon-
tal resolution). The R2D2 method is based on the CDF-t method [23], which
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takes into account of the climate change signal. The method is trained on the
1976-2005 period, and applied between 1850 and 2100 on moving periods of
10 years.

We compute the spatial average of the mean daily temperature over Ile-de-
France. The 2001-2050 decades stand across the historical and scenario range.
We aggregate the historical (1850-2014) and scenario (2015-2100) simulations,
to obtain 4× 14 = 56 time series of daily temperatures.

Circulation analogs are computed from SLP fields from the same mod-
els over the North Atlantic region. Other fields (e.g. geopotential height at
500hPa) could be used in principle, but only SLP is available on a daily basis
for the 14 models identified for temperature. Since the bias correction cannot
be done with the SAFRAN reanalysis (which covers only France), we con-
sider the ERA5 reanalysis [18] and use the CDF−t univariate bias correction
method [23] for SLP.

For comparison purposes with CMIP6, we extract the mean temperature
over Ile-de-France for the ERA5 reanalysis (1950-2021) [18] from the climate
explorer tool (https://climexp.knmi.nl/).

3.2 Heatwave identification

For each year, we consider moving 15-day periods between July 1st and August
31st. In each temperature time series (for each model, for each scenario), we
determine the warmest yearly 15-day spell (TG15d). These values are reported
in Figure 1. Each temperature value obviously corresponds to a different start-
ing date. We then determine the first day of the moving 15-day hottest spells.
Hence, rather than starting on a 26th of July (beginning of the 2024 Olympics),
we start on the date determined by the warmest 15-day spell in July-August.
This is close to the procedure for ensemble boosting simulations [24]. The
paper then focuses on the most intense TG15d in 2001-2050.

3.3 Extreme Value Analysis

An upper bound estimate of the return value of a 15-day heatwave is inferred
with the method of [25], based on Generalized Extreme Value (GEV) mod-
elling [17]. A multi-model synthesis of non-stationary GEV parameters from
each climate models is used as prior. A posterior is derived using Bayesian tech-
niques based on SAFRAN reanalysis statistics, considered as a reference. This
approach allows us to have a non-stationary GEV model covering the period
1850-2100 for each scenario, and constrained by the a reference reanalysis.
With this procedure we obtain a statistical estimate of return levels associated
to return periods of 100 years. We also compute 95% confidence intervals on
the return level estimates.

https://climexp.knmi.nl/
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3.4 Stochastic weather generator and importance
sampling

We use the approach of [3], which emulates temperature variations with a
stochastic weather generator (SWG) [26] based on analogs of atmospheric cir-
culation. This corresponds to a Markov chain of temperature, with hidden
states of the atmospheric circulation. For each day, we determine the 20 best
analogs of SLP, by minimizing a Euclidean distance. There is an obvious trend
in temperature in 2001-2050. But there is no apparent trend in the years of the
20 best SLP analogs. The reshuffling is done with weights that favor analogs
with higher temperature over Ile-de-France. This corresponds to a procedure
of importance sampling [3]. If the weights are uniform, this is equivalent to
a normal emulator of temporal sequences [14]. Larger weights on higher tem-
peratures help sampling the tail of the temperature distribution. We add a
constraint on the calendar day, in order to emulate a seasonal cycle. We simu-
late 15-day sequences that are nudged towards high temperatures, starting on
identified TG15d periods in 2001-2050, in CMIP6 model simulations.

The parameter that controls the weights towards high temperatures is αT =
0.5, which roughly corresponds to simulating centennial events [3].

3.5 Experimental set-up of simulations

We simulate heatwaves between 2001 and 2050, which are the five decades
that roughly bracket 2024. We initiate heatwaves in this period from CMIP6
simulations, and evaluate the role of climate change in heatwave that “could
have been”, in historical and scenario configurations, with a constraint on the
atmospheric circulation.

We compute SLP analogs of 1900-2100 in 1951-2000 (historical period) and
2001-2050 (scenario period). This is done for the four scenarios and 14 models.
This helps sampling low frequency variability, since all models yield different
ocean configurations.

The initial conditions of the SWG simulations are the first day of the
warmest 15-day period (in July and August, TG15d), for each year (between
2001 and 2050), each model and each scenario. We simulate 200 trajectories for
each initial condition. The paper focuses on simulations that are initiated on
the warmest event in 2001-2050, in each model and each scenario. An illustra-
tion of such simulations with data from the IPSL model is provided in Figures
2 and 3. A synthesis with all 14 CMIP6 model data is shown in Figure 4.

4 Discussion

This study is an improvement over existing reports on the risk of heatwaves
from climate projections [7], as we use state of the art bias correction methods,
and a large set of CMIP6 simulations. We generalize the results of [3] by con-
sidering climate change. Rather than simulating many “normal” summers and
extracting the hottest, our approach directly simulates many extremely hot
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summers. The computing efficiency makes this approach appealing: simulating
104 centennial heatwaves (just over France) with general circulation models
would require more than 100 times the volume of available CMIP6 data.

This study is not a forecast for July-August 2024 in Paris, but a risk assess-
ment of extreme heatwaves in a changing climate. Temperatures that exceed
the 2003 record by ≈ 4◦C after 2020 in Ile-de-France are possible, although
with a low probability (return time of ≈ 100 years). Model simulations suggest
that such records could also be shattered in the 2020-2050 decades.

This study comes with caveats. Most selected initial conditions occur after
2020 in the CMIP6 simulations, due to the increase of temperature in the 2001-
2050 period. This does not change the main message of the paper that the
2003 record can be broken, with the atmospheric circulation scenario that we
identified, and which is possible in 1951-2000. No local physical processes are
considered in these simulations. Soil moisture or atmospheric humidity could
also be used to constrain analogs, but these quantities are not always available
on a daily basis for the CMIP6 simulations we used. Taking such processes
into account is possible with our approach, and could potentially enhance the
heatwaves. Therefore, our estimates can be considered as lower bounds that
are based mainly on atmospheric dynamics properties.

5 Conclusion

This paper takes information from 4 scenarios× 14 models = 56 extreme heat-
waves of 15 days (TG15d) from CMIP6 simulations. We have produced an
ensemble of 200 × 56 ≈ 104 centennial heatwaves for the 2001-2050 decades.
Those heatwaves exceed the 2003 record values in France and the record values
in individual CMIP6 simulations.

Such climate events pose a serious health threat, especially for social events
where crowds gather outdoors, like in the Olympic games. Those heat events
seem to occur with anticyclonic conditions, leading to low surface winds, which
enhances the health threat, as air pollutants are not dispersed [27]. The addi-
tion of a cut-off low that transports warm air from North Africa can increase
the temperature in a short time.

Several studies have suggested that the most extreme events (e.g. the most
extreme heatwaves at a given location) should yield the same general condi-
tions [12, 28]. Those statements are based on large deviation theory that leads
to an instanton or a typical extreme, which is the unique pathway leading to
extremes of an observable in a dynamical system [29]. The similarity of SLP
patterns during the most extreme heatwaves (from models and SWG simula-
tions) hints at the validity of such a theory. Proving it requires specific climate
model simulations with rare event algorithms [12, 13], which would require a
major computing exercise.

The domain of application of our simulation approach obviously goes
beyond the Paris Olympics in 2024 (or any major outdoors sports event in
that region). It could be adapted to other regions of the world, where surface



Springer Nature 2021 LATEX template

12 Paris extreme heatwaves

temperature is linked to the atmospheric circulation. Such an approach can be
used to design so-called storylines of events [30, 31], for impact models or for
communication on extreme events in a changing climate.

Supplementary information. This article has a supplementary file (list
and references of CMIP6 models, SLP maps for 14 models).
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