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Abstract
Human bodies, ecosystems and infrastructures display a non-linear sensibility to extreme
temperatures occurring during heatwave events. Preparing for such events entails to know how
high surface air temperatures can go. Here we examine the maximal reachable temperatures in
Western Europe. Taking the July 2019 record-breaking heatwave as a case study and employing a
flow analogues methodology, we find that temperatures exceeding 50 ◦C cannot be ruled out in
most urban areas, even under current climate conditions. We analyze changes in the upper bound
of surface air temperatures between the past (1940–1980) and present (1981–2021) periods. Our
results show that the significant increase in daily maximum temperatures in the present period is
only partially explained by the increase of the upper bound. Our results suggest that most of the
warming of daily maximum surface temperatures result from strengthened diabatic surface fluxes
rather than free troposphere warming.

1. Introduction

Extreme weather events have strong impacts on soci-
eties and ecosystems [1]. Among them, heatwaves
have been the focus of extensive attention due to
their increasing frequency and intensity with global
warming [2]. Most biological and technical systems
have a limiting capacity to cope with extreme tem-
peratures and can respond non linearly once cer-
tain thresholds are reached. These include human
bodies [3–6], plants [7, 8], ecosystems [9] and
infrastructures [10]. Urban areas are particularly at
risk due to the so-called heat island effect [11] which
enhancesmaximum temperatures during the day and
minimum temperatures during the night. The capa-
city to predict and anticipate futuremaximum intens-
ities of heatwaves is therefore of primary importance
for adaptation to climate change.

The physical mechanisms leading to heatwaves in
the midlatitudes combine specific atmospheric syn-
optic conditions and anomalously low soil moisture,
which can interact to further increase the intensity

of the event [11–14]. Heatwaves are associated with
a slow moving, sometimes called quasi-stationary,
high-amplitude Rossby wave [15] which is often
embedded in a hemispheric pattern of wave number
5 or 7 [16–18]. Above the heatwave region, a blocking
anticyclone builds up at mid- and upper-level tropo-
sphere in conjunctionwith a change in the jet stream’s
climatological path, towards a large polewardmeridi-
onal meander. The anticyclone sustains the poleward
advection of warm air along its western flank, adia-
batic warming by subsidence and clear skies at its cen-
ter. When linked to abnormally dry soils, these con-
ditions promote warming through short-wave insol-
ation, resulting in the allocation of incoming solar
energy towards sensible rather than latent heat [19–
26]. If the anticyclone stays stationary, extreme tem-
perature can be reached. Although it is well estab-
lished that global warming renders the temperat-
ure distribution hotter on average, how the coupled
dynamics between the atmosphere, the oceans and
the soils will evolve in response to this forcing during
the hottest days is still debated [11, 14, 27–31].
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One way to quantify the risk associated with
heatwaves is to measure the tail probabilities of the
temperature distribution, e.g. the risk of the max-
imum annual temperature reaching a certain level.
A classical approach to deal with this assessment is
extreme value theory (EVT). EVT has been used to
determine statistical models for maxima (or min-
ima) of climate variables of interest [32], such as
temperatures. It is based on a convergence principle
of the probability distribution of block maxima or
peaks-over-threshold [33–35] towards a generalized
extreme value (GEV) distribution. It allows to com-
pute return values corresponding to very large return
periods (i.e. longer than the period of observations),
even in non stationary contexts [36]. This approach is
for example extensively used by attribution methods
to compare the probabilities of reaching extreme tem-
peratures between a counterfactual world without cli-
mate change and a factual world with climate change
[37–39]. This allows to estimate how climate change
made a particular event more (or less) likely.

Fitting a GEV distribution to extreme temper-
atures usually gives estimates of the shape para-
meter that are robustly negative (e.g. [40, 41]). This
implies that, in a stationary context, the distribu-
tion of annual maximum temperatures is bounded
upwards. This upper bound is often the informa-
tion asked to the scientific community by practition-
ers who want to prepare for the worst case scenario.
However, recent intense heatwaves such as in 2010 in
Russia [18], 2019 in Western Europe [42] and 2021
in the Pacific Northwest [43, 44] have challenged the
reliability of this statistical upper bound by breaking
it sometimes by a large margin. Another approach to
estimatemaximal reachable temperatureswould be to
run a long simulation with a climate model to sample
more extreme events than those observed in the past.
Apart from the inherent limitations of models to rep-
resent correctly the entire temperature distribution—
especially at its tail [40, 45, 46]— this method is lim-
ited by the fact that estimating precisely small prob-
abilities requires an extremely long simulation [47],
which is too costly for most complex models. Various
approaches have been suggested to address this prob-
lem, like rare events algorithms [48–50] or ensemble
boosting [51].

Recently, [52] proposed a physics-based theory
to address the question of the upper bound for
extreme temperatures over midlatitude continental
areas. They provide evidence for the hypothesis that
moist convective instability sets a fundamental upper
limit for surface temperatures. This allows for an
estimate of maximal temperatures based on large
scale circulation of the free-troposphere and surface
specific humidity. In this paper, we make use of this
theory to investigate themaximal reachable temperat-
ure in Western Europe in the current climate. We use

the flow analogues attribution method [53–55]. We
condition the estimate of maximal temperatures on
the free-troposphere large scale circulation observed
during the most intense event of the recent years in
Western Europe, namely the July 2019 heatwave. 2019
saw two exceptional heatwaves in June and July [56]
with maximum temperatures very unlikely in a world
without anthropogenic climate change [45, 57].

We focus on the July 2019 heatwave—when most
records of Western Europe cities were broken—and
we estimate the maximal temperatures this event
could have reached in the present climate. We also
investigate how these upper bounds have changed
with respect to the past and detail the physical mech-
anisms related to the changes in daily maximum of
surface temperatures.

This paper is organized as follows: in section 2,
we present the data used, the computation of the
heatwave maximal temperature and the flow analogs
methodology. Section 3 presents and discusses the
results. Finally, the conclusions drawn from our ana-
lysis are presented in section 4.

2. Data andmethods

We use the ERA5 reanalysis data set of the European
Center for Medium Range Weather Forecasting
(ECMWF) over the period 1940–2021 [58]. The data
have a horizontal resolution of 0.25◦ × 0.25◦. For
illustration purposes, we additionally use daily tem-
perature data from the Paris Montsouris weather sta-
tion taken from the Infoclimat website (https://www.
infoclimat.fr/climatologie/globale/paris-montsouris/
07156.html).

To study how more intense an observed heatwave
event could have been, we use the criteria developed
by [52] who provided evidence for the hypothesis that
convective instability fundamentally limits maximal
surface air temperatures over midlatitude land. This
hypothesis states that, during heatwaves, surface air
temperature T reaches its maximal value when the air
column is neutrally stratified. Accordingly, the heat-
wave stops when precipitation is triggered by the con-
vective instability of the boundary layer. This happens
when the surface air parcel moist static energy

MSE= cpT+ Lvq+ gzs (1)

is equal to the free-tropospheric saturation moist
static energyMSE∗a . Here cp is the specific heat of air at
constant pressure, Lv the latent heat of vaporization, q
the specific humidity at the surface, g the gravitational
acceleration and zs the geopotential height of the sur-
face. We choose to define the free-tropospheric situ-
ation as the state of the atmosphere at 500 hPa and
MSE∗a is therefore computed from equation (1) by
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replacing T with the air temperature at 500 hPa T500,
q with the saturation specific humidity at T500:

qsat(T500)≃
ϵesat(T500)

500hPa
(2)

where ϵ is the molar ratio between water vapor and
dry air and esat(T500) is the saturation vapor pres-
sure given by the Clausius–Clapeyron relation—and
zs with the geopotential height at 500 hPa z500. The
maximal surface temperature is therefore:

Ts,max = T500 +
Lv
cp
(qsat(T500)− q)+

g

cp
(z500 − zs).

(3)

This temperature is maximized if q is null.
However, such a low specific humidity is unrealistic
for midlatitude land because of the presence of sur-
face waters and vegetation. In the following, except
specified explicitly, we therefore use the hourly June–
July–August–September (JJAS) minimum qmin ever
observed over the period 1940–2021 at each grid
point. Using q at 2m to compute Ts,max is a con-
servative choice because when an air parcel rises, it
entrains surrounding dryer air, which decreases its
specific humidity. For T500 and z500 we use the daily
mean values as the diurnal cycle does not influence
strongly these quantities.

Ts,max defines a heatwave potential in the sense
that it gives the maximal temperature potentially
reachable given the synoptic situation. Whether this
temperature will be reached is however not certain
because, for example, the circulation pattern may
change too fast for the temperature to have time to
increase under the forcing of incoming energy fluxes.
LettingTX1d be the observed daily temperaturemax-
imumat the surface, one can therefore define an index
ITX1d for how much an observed heatwave is close to
its maximal potential:

ITX1d :=
TX1d−Tclim

Ts,max −Tclim
, (4)

where Tclim is a climatological temperature and TX1d
is the observed daily maximum temperature. Here
we use the July averaged daily mean temperature as
a climatological value. When this index is close to 1,
the event is close to its maximal potential intensity: it
could not have been more intense.

To determine how global warming may have
impacted the physical mechanisms leading to the
extremely intense event of July 2019 in Western
Europe, we employ an attribution methodology. The
most common attribution method of a specific event
[37] consists in comparing the probabilities of an
observable reaching a certain level in a counterfactual
world and in a factual world. The difference between
the two periods usually lies in their global mean

temperature, i.e. worlds with or without anthropo-
genic global warming. The ratio of the probabilit-
ies gives how much more likely an observed event
has been rendered because of global warming. This
method however does not condition the result on the
large scale circulation and therefore bears the risk of
comparing atmospheric dynamics that are different
even though they give rise to the same values for the
observable of interest.

Here we make use of the flow analogues attri-
bution methodology proposed by [55] and adapted
from [53] (see also [59, 60]). The idea of the method
is to compare the expectation of a variable of interest
X in the counterfactual world (F= 0) and in the fac-
tual world (F= 1), conditional on the large scale cir-
culation C(ζ) of the observed event ζ :

∆C(ζ)X= E[X | F= 1,C(ζ)]−E[X | F= 0,C(ζ)].
(5)

In our analysis, ζ corresponds to the 25 July 2019
situation, the day where the heat peak was reached.
The conditioning on the large scale circulation C(ζ)
should be understood as being in a reasonable vicin-
ity of the circulation of the event rather than as a
strict equality, which cannot be enforced. This frame-
work allows to answer the question: how a similar
large scale circulation pattern in the two worlds leads
to different outcomes in an observable of interest?
If the difference ∆CX is statistically significant, then
one can say that in the factual world the event has
been rendered more (or less) intense by ∆CX. This
method allows to disentangle the role of thermody-
namics and dynamics (see [61] for the 2019 event).
Whether the event has become more likely can in
principle be obtained [53] if one can estimate the
probabilities P[C(ζ) | F] and P[C(ζ) | X> x], where x
is a given threshold, in the two worlds.

This method can be used with climate mod-
els output with or without anthropogenic forcing
to define the factual and counterfactual worlds.
However, models have known deficiencies, including
biases [62] and incorrect dynamics of extremes under
forcing over Western Europe [40, 45, 46]. As in [55]
we therefore choose to rely on reanalysis outputs only,
which, even though they also present limitations, are
the closest we have to the actual past state of the atmo-
sphere. Here, we define the counterfactual world as
the past period (1940–1980) and the factual world as
the present period (1981–2021).

To condition on the synoptic circulation, we select
in both periods the best 40 analogs as the daily
mean 500 hPa geopotential height (z500) maps min-
imizing the pointwise Euclidean distance with the
daily mean z500 map of the target day ζ . In the fac-
tual period we also impose that no analog can be
found within a 20 calendar days window around the
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25 July 2019 to avoid selecting the event itself. The
reason for choosing to condition on z500 is that in the
quasi-geostrophic approximation relevant for synop-
tic scales, z500 acts as an approximate streamfunction
for the general circulation and has been shown to be
a good conditioning field for temperatures [54]. Over
the period 1940–2021, the troposphere has warmed
and geopotential heights may therefore have inflated.
To avoid this factor to bias the analogs selection, we
remove a spatially uniform trend to the geopoten-
tial heights before computing the Euclidean distance.
This ensures that the spatial gradients are preserved
and therefore that analogs have a similar synoptic cir-
culation. To compute the trend we average spatially
the z500 maps and fit a second degree polynomial to
this time series. The second order was chosen because
of the so-called warming pause in the global temper-
ature of the Earth in the period 1950–1970 [63]. The
analogs are computed over the domain depicted with
a dashed box in figure 1 panel (c). This domain is
chosen because it encompasses the observed heatwave
region at the surface and the relevant associated syn-
optic pattern, namely a large polewardmeander of the
jet streamassociatedwith a strong anticyclonic anom-
aly overWestern Europe. The analogs are chosen only
in the months June, July, August and September to
ensure closeness with the event. We verified that the
results are not qualitatively sensitive to the choice of
the number of analogs provided that we extract 20 or
30 analogs maps.

Forty-one years long factual and counterfactual
periods ensure a large enough statistical sample of
z500 maps to be able to select sufficiently representat-
ive analogs over such a limited geographical area. The
counterfactual period can be assumed to satisfy the
assumption of climate stationarity—for examplewith
regards to the mean (not shown) or extreme (see e.g.
figure 1 panel (a)) temperatures in summer—with
respect to anthropogenic climate change. This period
is also long enough for the interannual and inter-
decadal natural variability of the atmospheric circu-
lation to be averaged over. The same is not necessarily
true for the factual period for which there is a strong
warming of Western Europe between the 1980 s and
the 2010 s decades. A direct identification of the fac-
tual period and a stationary warmer world should
therefore be made with care and it is more relevant
to frame our results as showing a difference between
a past world and a present world [64].

Once obtained the two sets of analogs for the
factual and counterfactual periods, we average them
out to search for significant differences in observ-
ables X of interest. To determine significant changes,
we apply a two-tail Welch t-test [65], with different
variances, at each grid point. We mark as signific-
ant only grid point changes for which the p-value of
the test is below 0.05. In the following, as the ref-
erence event takes place in July we chose to display
anomalies with respect to the July monthly mean and

standard deviation over the period 1990–2021. Apart
when specified explicitly, this convention concerns all
anomalies.

3. Results and discussion

3.1. Description of the event and intensity potential
In the end of July 2019, Western Europe was hit
by a heatwave which broke many records in France,
Belgium, the Netherlands and Western Germany
([45], figure 1 panel (b)). The heatwave peaked on the
25 July and, for instance, the Paris Montsouris station
recorded its largest temperature since 1900with a new
record of 42.6 ◦C, breaking the previous 1940 record
by a margin of 2.2 ◦C (figure 1 panel (a)). The synop-
tic situation was characterized by a strongly meridi-
onal meander of the high level jet (figure 1 panel (c))
sustaining advection of warm air and anomalies of up
to 7K at 500 hPa above the North Sea (figure 1 panel
(b)). Extreme surface temperatures were reached after
an anomalously dry and hot month (30% of cli-
matological precipitations and +2.4 ◦C temperature
anomaly for the Paris region) following the previous
June heatwave [56], which made the event develop
under desiccated soils (figure 1 panel (d)). The event
however only lasted a few days and daily max-
imum temperatures decreased by more than 10K on
the 26 July.

Figure 2 panel (a) shows the difference between
the maximal surface air temperature Ts,max and the
observed daily maximum temperature TX1d for the
25 July 2019. To ensure realism in the value of Ts,max,
we use the hourly JJAS minimum specific humidity
qmin ever observed over the period 1940–2021 at each
grid point. Over the core heatwave region (Northern
France and Benelux), the daily maximum temper-
ature provided by the reanalysis data set is close to
the maximal potential intensity by a margin of 4–
6K, and consequently the heatwave potential index is
close to 90%.

Table 1 shows the estimation of Ts,max for several
major urban areas in Western Europe which all set
their 1940–2021 maximum temperature record dur-
ing the July 2019 event. For all of them, we used a
four grid point average encompassing most of the
main city and its surroundings. We compare the
estimated maximal surface temperature to the max-
imum value of a non-stationary GEV distribution
fitted on the summer temperature maxima over the
1940–2021 period using the ERA5 reanalysis data set
(see supplementary materials for more information).
We emphasize that these values are conservative with
respect to what can be actually measured by a weather
station at the surface because they are averaged over
a roughly 50 km by 50 km square. For example, the
value for TX1d for the Paris region with ERA5 gives
41.4 ◦C whereas the Paris Montsouris station meas-
ured 42.6 ◦C.
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Figure 1. (a) Annual maximum temperature for the Paris Montsouris station (black) and the grid point where the station is
located for ERA5 (red). The black dashed line corresponds to the temperature reached on the 25 July 2019 at the Paris Montsouris
station. (b) Daily maximum 2m air temperature (colors) and daily mean 500 hPa temperature anomalies (contours). (c) Daily
mean meridional wind at 250 hPa (colors) and geopotential height at 500 hPa (contours). (d) Daily mean normalized soil
moisture anomaly (colors) and hourly mean 2m specific humidity at the time when maximum 2m air temperature is reached
(hashed). The hashed regions represent anomalies below−0.5 standard deviation. All maps are drawn for the 25 July 2019.

Figure 2. (a) Difference between the maximal air surface temperature Ts,max and the observed daily maximum temperature TX1d
for the 25 July 2019. (b) Heatwave potential index for the 25 July 2019. We show land grid points where the daily maximum
temperature on the 25 July 2019 exceeded the 99th percentile of daily maximum temperature in July over the period 1990–2021.
Ts,max is computed using the hourly summer minimum specific humidity qmin ever observed over the period 1941–2021 at each
grid point.

Strikingly, even in the current climate, it is not
possible to rule out the possibility of reaching 50 ◦C
in all of these cities once we include the uncer-
tainty on the minimum surface specific humidity.
For example, for the Paris area the ERA5 data-
set provides a daily maximum of 41.4 ◦C, while
Ts,max is 46.6 ◦C [45.2, 53.8]. Reaching such temper-
atures would imply either a very intense drought,
with very low values of surface specific humidity,
and/or massive advection of heat from neighbour-
ing regions. The non-stationary GEV estimate for the
upper bound is significantly lower than Ts,max by 5 to

10K. Themedian estimate is even lower than the 2019
value for Paris and Lille. For most cities, the estim-
ated Ts,max is inside the uncertainty range of the GEV
estimate, but much closer to the upper bound than to
the lower one. This suggests that the statistical analysis
of past time series of maximum temperatures under-
estimates the risk of reaching extreme temperatures.

3.2. Flow analogs analysis
Figure 3 panel (a) shows the difference between the
factual and counterfactual periods of the analogs
averaged daily maximum 2m air temperature TX1d
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Table 1.Maximal temperatures in ◦C for several urban areas in Western Europe. All of them reached their 1940–2021 maximum
temperature record during the July 2019 event. See supplementary materials for the detail of the computation of the uncertainty range.

City TX1d (ERA5) Ts,max (realistic) Ts,max (absolute) GEV estimate

Paris 41.4 46.6 [45.2, 54.6] 54.2 [53.8, 54.6] 40.8 [40.0, 47.2]
Lille 39.7 47.1 [45.0, 55.0] 54.9 [54.6, 55.0] 39.2 [38.3, 48.5]
Bruxelles 38.9 47.1 [45.4, 54.9] 54.8 [54.5, 54.9] 42.8 [37.6, 49.7]
Amsterdam 35.6 47.8 [44.7, 56.2] 55.9 [55.7, 56.2] 37.3 [33.7, 41.5]
Köln 40.2 48.4 [45.9, 55.5] 55.3 [55.0, 55.5] 42.1 [39.6, 48.4]
Franckfurt 39.3 50.1 [46.4, 56.8] 56.6 [56.3, 56.8] 42.2 [39.3, 49.2]
London 35.6 48.6 [46.9, 56.0] 55.8 [55.6, 56.0] 42.9 [36.3, 51.0]
Luxembourg 37.8 45.4 [45.2, 54.1] 53.8 [53.5, 54.1] 41.1 [37.6, 47.5]

Figure 3. Difference between the factual (1981–2021) and counterfactual (1940–1980) analogs averaged (a) daily maximum 2m
air temperature TX1d and (b) absolute maximal surface temperature Ts,max. Hashed grid points correspond to a significant
difference at the 5% level. (c) Percentage of change in TX1d explained by the change in Ts,max between the two periods. For all
panels we show grid points where the maximum temperature on the 25 July 2019 exceeded the 99th percentile of daily maximum
temperature in July over the period 1990–2021 (heatwave event region).

overWestern Europe. In the heatwave region (France,
England, Benelux and Western Germany) TX1d is
between 2 and 3K more intense in the recent period.
It should also be noted that this analogs difference is
stronger by approximately 1 K than the difference in
the daily mean temperature (see figure C1 in supple-
mentary materials).

Figure 3 panel (b) displays the difference of the
absolute maximal surface temperature Ts,max. This
quantity has not changed significantly over most of
Western Europe—except a small region above the
Netherlands which coincides with an increase of T500

(not shown). Figure 3 panel (c) shows the percent-
age of change in TX1d explained by the increase in
Ts,max. The latter corresponds to nomore than 30%of
the actual change between the two period over France
(Paris region) but as much as 70% over Benelux and
Western Germany.

The change in T500 is the dominant factor for
the stronger increase in absolute Ts,max over the
Netherlands, with an increase of 0.7 K, whereas only
0.4 K over Paris (see vertical profiles in figure C2).
There is also a more significant drying of surface
air over the Netherlands (figure C2 panels (b) and
(d)). These two elements lead to a much stronger

increase in the analogs averaged lifting condensa-
tion level (LCL) between the two regions: 21 hPa
over the Netherlands vs 14 hPa over Paris, although
the difference between the two periods is non sig-
nificant at the 5% level. Dryer air parcels in a hot-
ter troposphere follow the dry adiabatic temperat-
ure profile longer, which leads to increased sur-
face temperature as can be seen when comparing
white and magenta lines in figure C2 panels (a) and
(c). These elements suggest that under the synop-
tic atmospheric conditions associated with the 25
July 2019 event, most of the observed change in 2m
air temperature maximum in France between the
two periods is caused by surface processes—either
local diabatic heating or advection from neighboring
regions.

Figure 4 shows the analogs analysis for TX1d and
z500 (first row), surface specific humidity q and T500

(second row). In both periods the averaged z500 pat-
tern matches the event z500 pattern (figure 1 panel
(c)) and the difference between the periods is min-
imal as can be seen by the fact that there are almost
no significant differences in the z500 field (figure 4
panel (c)). We are therefore confident on the quality
of the analogs and the relevance of the comparison

6



Environ. Res. Lett. 18 (2023) 094061 R Noyelle et al

Figure 4. First row: analogs averaged TX1d anomalies (colors) and daily mean z500 (contours) for (a) the counterfactual and
(b) the factual periods. (c) Difference between panels (a) and (b). For TX1d the anomalies are computed with respect to the
1990–2021 July monthly mean 2m air temperature climatology. Second row: analogs averaged hourly mean 2m specific humidity
at the time when TX1d is reached (colors) and daily mean T500 (contours) for (d) the counterfactual and (e) the factual periods.
(f) Difference between panels (d) and (e). In the last column, for all fields only the grid point with a significant difference at the
5% level are displayed.

between mean observables conditional on the synop-
tic circulation.

Figure 4 panel (f) shows no significant difference
in theT500 fields between the twoperiods. This should
however be taken with care because in equation (3)
this variable is used to compute esat(T500) which
evolves strongly non-linearly with T500. A small dif-
ference in T500, even non significant, can therefore
lead to significant Ts,max differences at the surface as
shown in figure 3 panel (b). Finally, over the heatwave
region the difference in specific humidity is not signi-
ficant (figure 4 panel (f)), except over a small area in
Western Germany.

In figure C3 in supplementary materials we
present the same plot for upper layer soil mois-
ture, which is a variable closely related to 2m spe-
cific humidity (low soil moisture reduces the evapo-
transpiration potential). There is a general drying
pattern overmost of the heatwave region in the factual
period, but it is significant only over the same region
as specific humidity in figure 4 panel (f).

The flow analogsmethod for these two variables is
however less robust because soil moisture may show
a much slower dynamics than z500. The distribution
of soil moisture (and therefore specific humidity) is
likely to depend on the full trajectory followed by the
atmospheric dynamics rather than its last state. The
association between the synoptic circulation C(ζ) of
the 25 July 2019 and dry soils/low surface specific
humidity may therefore be a coincidence, especially
for such a short extreme. As a consequence, it is pos-
sible that the framework presented in equation (5)
may not be relevant for these variables.

Figure C4 in supplementary materials indeed
shows that the JJAS daily minimum of hourly
mean specific humidity at 2 m displays a significant

increase between the two periods for Western Europe
(figure C4 panel (c)), probably as a result of moisture
advection fromnearby oceans [66]. This is apparently
in contradiction with the analogs analysis presented
here only if one dismisses the conditioning on the
z500 pattern. Nonetheless, whether the soil desiccation
pattern observed between the two periods is a relev-
ant feature of the change in the physical mechanisms
leading to extreme temperatures in the two periods
can be questioned.

Previous literature showed that there is a decrease
of surface specific humidity during the hottest days
[56, 67–69], but this may arise as both a cause and
a consequence of intensifying surface temperature
extremes [70]. We note also that although soil mois-
ture is well represented in ERA5, the temporal drying
trend may be underestimated [71].

Figure 5 shows the Ts,max indicator computed in
both periods using either the actual specific humid-
ity at the surface q or the 1940–2021 minimum
specific humidity qmin. As already shown above,
figure 5 panel (f) shows a significant change in abso-
lute Ts,max only over a limited region, which can-
not explain the intensity change in TX1d between
the two periods. Moreover, if one takes into account
the moistening of minimum surface specific humid-
ity over Western Europe in the factual period, this
small differencemay disappear completely as it would
decrease Ts,max in the factual period. When one
uses the actual q of the analogs, the difference
is much stronger between the two periods: there
is an increase of more than 3K of Ts,max over a
large region encompassing most of Germany. This
region however does not coincide perfectly with the
region with a significant change in TX1d in figure 4
panel (c).
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Figure 5. First row: analogs averaged Ts,max computed using the specific humidity of the analogs when TX1d is reached for (a) the
counterfactual and (b) the factual periods. (c) Difference between panels (a) and (b). Second row: analogs averaged Ts,max

computed using the minimum specific humidity over the 1940–2021 period for (d) the counterfactual and (e) the factual periods.
(f) Difference between panels (d) and (e). In the last column, the hashed grid points correspond to a significant difference at the
5% level.

Figure 6. Analogs averaged of the sum of downwards energy fluxes at the surface for (a) the counterfactual and (b) the factual
periods. (c) Difference between the two periods. In panel (c), the hashed grid points correspond to a significant difference at the
5% level.

To investigate this question, we analyze incom-
ing energy fluxes. Even though the heatwave poten-
tial intensity has not changed much between the two
periods, the actual capacity of a synoptic circulation
to reach this maximal intensity may be greater in the
factual period. Figure 6 displays the analogues aver-
age of the sum of daily mean incoming energy fluxes
at the surface (downward positive). It includes latent
and sensible heat fluxes, in addition to net shortwave
radiation and downward longwave radiation. Figure 6
panel (c) shows that there is a significant and strong
difference in incoming energy fluxes between the
two periods which coincide with the heatwave region
where the difference in TX1d is significant. These
fluxes are strongly coupled to the boundary layer and
soils states—especially with regards to the partition-
ing between sensible and latent heat. Therefore one

cannot claim that energy fluxes are a fully external
cause of the increase of TX1d between the periods.
However, they are an indicator of the strong increase
in local diabatic heating.

The observed increase in TX1d could also be
the result of increased sensible heat advection from
neighboring regions with increasingly desiccated land
surface [24, 72]. It is possible that this phenomenon
of non-local self-propagation of dry and hot condi-
tions played an important role for the 25 July 2019
event as shown by [56], especially with regards to
the aftermath of the June heatwave which desiccated
soils in the south of France and the Iberian penin-
sula. However, it is unlikely to be the case for all of
the 40 analogues in both periods: as shown by [73],
in Europe, hot events are generally associated with
weaker horizontal transport, but strong adiabatic
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warming and local temperature increase caused by
enhanced surface fluxes.

We emphasize that the results presented here are
very sensitive to changes in surface specific humid-
ity. This variable has significantly increased in the fac-
tual period, which according to equation (3), should
compensate the increase in T500 due to mean tropo-
spheric warming with climate change. If we take the
example of the Paris grid point, the change between
the two periods in Ts,max due to the change in analogs
averaged T500 is equal to+0.58K. On the contrary, if
we assume that minimum specific humidity is expec-
ted to shift by the same amount as the mean differ-
ence between the distribution of daily minimum of
hourly mean specific humidity (+0.52 g kg−1), then
one could expect a change ofTs,max by−1.29K, which
would largely compensate the tropospheric warming.
This simple reasoning however assumes that themin-
imum of specific humidity during the hottest days
would increase as the rest of the distribution. This is
in opposition to the analogs analysis presented here
which shows in contrast drying during the days asso-
ciated with a synoptic circulation similar to the 2019
event. This analysis therefore supports the idea that
the increase in the variability in temperatures, espe-
cially at the tail, is the result of increased variabil-
ity in soil moisture and surface specific humidity. As
a consequence, under the appropriate atmospheric
conditions—namely a large anticyclonic anomaly—
the response in daily maxima of surface temperature
is stronger in the recent period.

4. Conclusion

We investigated the maximal reachable temperatures
in Western Europe in the current climate. We took
the July 2019 record-shattering heatwave event as a
paradigmatic example and investigated how themax-
imum temperatures reached during this event could
have been higher. We found that even in the current
climate, we cannot rule out the possibility that 50 ◦C
cannot be reached in most urban areas of Western
Europe. With a similar atmospheric pattern as the
2019 event, this would need a massive and large scale
drought, with levels of surface specific humidity lower
than the lowest observed in the last 80 years.

We then employed a flow analogues method to
investigate how the upper bound of surface temperat-
ures has changed between the past (1940–1980) and
the present (1981–2021).Wedemonstrated that in the
present period, the conditional expectation of daily
maximum 2m air temperature has increased signific-
antly. This increase is stronger by around 1K than the
increase in the daily mean temperature. The change
in the expected heatwave intensity potential Ts,max

explains part of this increase over the Netherlands
and Western Germany where a small increase in T500

combined with dry soils to increase Ts,max by more

than 3K in the recent period. The same does not apply
over France and Belgium, where the change in Ts,max

is small and insignificant with limited and non signi-
ficant surface drying andnoT500 difference.However,
over these regions, incoming energy fluxes at the sur-
face have increased strongly in the present period
which may explain why higher TX1d are reached
compared to the past period even though the intens-
ity potential has not changed. Our results suggest that
most of the increase in observed daily maximum sur-
face temperature may result from strengthened sur-
face diabatic warming processes rather than free tro-
posphere warming.

What would be the impact of a similar weather
pattern as the July 2019 event in the future has been
investigated by [74] under various warming scen-
arios and using a storyline approach. They found
that an analogous event would entail peak temper-
atures around 50 ◦C in Central Europe under a high
emission scenario. Combined with our results, these
elements show that the past extreme temperatures
are not a good guide of the worst case scenario
under global warming. The fast increase ofmaximum
surface temperatures already observed demands a
massive update of adaptation strategies.
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Appendix A. Non-stationary GEV
estimation

If we consider the maximum Mn =max{X1, . . . ,Xn}
of n i.i.d. random variables X1, . . . ,Xn, the extremal
theorems [33, 34] state that if there exist sequences
an > 0 and bn so that the distribution P(Mn−bn

an
⩽ z)

converges towards G(z) when n goes to infinity, then
G(z) is given by:

G(z) =

{
exp

{
−
[
1+ ξ ( z−µ

σ )
]−1/ξ

}
if ξ ̸= 0

exp
{
−exp

[
−( z−µ

σ )
]}

if ξ = 0

(A.1)

where µ is called the location parameter, σ the
scale parameter and ξ the shape parameter. This
distribution is usually called the GEV distribution.
Importantly, it is bounded upwards for ξ < 0 and the
upper bound is given by:

zmax = µ− σ

ξ
. (A.2)

Here we estimate a non-stationary GEV by let-
ting the parameter µ depend on another covariate T
encompassing the warming of the Earth: µ= µ1 +
µ2T. We chose T to be the annual average of 2 m
air temperature of North-Hemisphere over land as
described in [75]. TheGEVdistribution is then estim-
ated using the maximum likelihood method and we
compute the upper bound using the formula (A.2).

We then report the ‘upper’ upper bound for T
in 2021:

zmax(2021) = µ0 +µ1T2021 −
σ

ξ
. (A.3)

We compute the uncertainty range over this
upper bound using n= 1000 bootstrap samples of

the initial series. For each bootstrap series, we fit a
non-stationary GEV law (with T as a covariate on µ)
and compute the upper bound. We take the median
values of these bootstrapped estimates as the best
estimate andwe define the lower (resp. higher) bound
of the estimate as the 97.5% and 2.5% quantiles of the
bootstraped zmax.

Appendix B. Uncertainty in Ts,max
estimation

For computing the uncertainty range of the absolute
Ts,max for the urban areas, we use for T500 and z500
the spread of the 10 ensemble members of the ERA5
reanalysis simulation. The lowest (resp. highest)
bound of the range uses the lowest (resp. highest)T500

and z500 over the members. The ensemble spread is
small therefore the uncertainty range for the absolute
Ts,max is around 1K.

For the computation of the more realistic Ts,max,
we also need to take into account the uncertainty in
the qmin value. To do so, we fit a stationary GEV law
over the JJAS annual minimum of hourly 2m air spe-
cific humidity over the 82 years between 1940–2021.
This allows to give an approximate value to P(q) :=
P(qmin ⩾ q) where q is a fixed threshold. We com-
pute the uncertainty range over this estimated prob-
ability using n= 1000 bootstrap samples of the ini-
tial series. For each bootstrap series, we fit a GEV
law and compute the return level q82 associated with
a probability P(q82) =

1
82 , similar to the probability

of the minimum observed in the ERA5 dataset. We
then take the 97.5% and 2.5% quantiles of the boot-
straped q82 as the uncertainty range for qmin. Due to
the resampling procedure, the 2.5% quantile is neg-
ative for all cities. As this is not physical, we take this
lower bound to be null. We then combine the low-
est (resp. highest) T500 and z500 over the members
to the highest (resp. lowest) qmin to get the uncer-
tainty range. Due to the large uncertainty in qmin,
the uncertainty range for the realistic Ts,max is also

large.
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Appendix C. Additional figures

Figure C1. Analogs averaged daily mean 2m air temperature T2M for (a) the counterfactual and (b) the factual periods.
(c) Difference between the two periods of the averaged field. In panel (c), only the grid points with a significant difference at the
5% level are displayed.

Figure C2. Vertical profiles of analogs averaged air temperature for (a) the Paris region (lat= [47.5◦,49.5◦], lon= [1◦,5◦]) and
(c) the Netherlands region (lat= [51◦,53.25◦], lon= [5◦,9◦]). Vertical profiles of analogs averaged air specific humidity for
(b) the Paris region and (d) the Netherlands region. The white and magenta dots show the mean lifting condensation level in the
two periods. The associated vertical bars display a two standard deviation spread over the analogs.

Figure C3. Analogs averaged daily mean upper layer soil moisture (10 cm) for (a) the counterfactual and (b) the factual periods.
(c) Difference between the two periods of the averaged field. In panel (c), the hashed grid points correspond to a significant
difference at the 5% level.
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Figure C4. June-July-August-September average of daily minimum of hourly mean specific humidity at 2 m for (a) the
counterfactual period and (b) the factual period. (c) Difference between the two periods of the averaged field. In panel (c), the
colored grid points represent a significant difference at the 5% level.
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