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Assessment of climate reanalysis data for land (ECMWF Re-Analysis v5; ERA5-Land) covering the last
seven decades reveals regions where extreme daily mean temperatures are rising faster than the
average rate of temperature rise of the 6 months of highest background warmth. However, such
extreme temperature acceleration is very heterogeneous, occurring only in some places including
regions of Europe, the western part of North America, parts of southeast Asia and much of South
America. An ensemble average of Earth System Models (ESMs) over the same period also shows

acceleration across land areas, but this enhancement is much more spatially uniform in the models
than it is for ERA5-Land. Examination of projections from now to the end of the 21st Century, with
ESMs driven by the highest emissions Shared Socio-economic Pathway scenario (SSP585) of future
changes to atmospheric greenhouse gases, also reveals larger warming during extreme days for most
land areas. The increase in high-temperature extremes is driven by different processes depending on
location. In northern mid-latitudes, a key driver is often a decrease in the evaporative fraction of the
available energy, consistent with soil drying. By contrast, the acceleration of high-temperature
extremes in tropical Africa is primarily due to increased available energy. These two drivers combine
viathe surface energy balance to equal the sensible heat flux, which we find is often strongly correlated

with the areas where the acceleration of high-temperature extremes is largest.

As the planet warms due to rising atmospheric Greenhouse Gases
(GHGs), society may be impacted the most by the altered frequency of
extreme weather events. The expectation of more future regular higher-
intensity extreme temperature events is widely accepted (e.g., ref. 1),
including for a climate stabilised at key thresholds such as two degrees of
global warming above pre-industrial levels’. Concerns over more regular
and intense temperature extremes are reflected by their specific mention
in the Summary for Policymakers (Ref. 3, Fig. SPM.6, top two panels).
Fig. SPM.6 of ref. 3 shows that even for global warming of 1.5 °C since
pre-industrial times, the 1-in-10-year extreme temperature event over
land would become roughly four times more likely, and extreme tem-
perature intensity would rise by nearly 2.0 °C. Some of these higher-
intensity findings may be due to background land temperatures rising
faster than global mean temperatures (Ref. 4, Fig. 3). However, there is
also evidence that very high-temperature events are starting to happen
more frequently than expected when based solely on background

temperature changes. Known places of amplified warming include tro-
pical land’ and Europe®’. Analysis of daily temperature reveals that the
upper tail of their distribution is stretching for many places as atmo-
spheric GHGs rise. Previous studies have illustrated such distribution
stretching for critical parts of the world and attribute these changes to
adjusted soil moisture levels affecting land-atmosphere interactions that
subsequently modulate temperature levels’. Hence, the distribution of
temperature extremes may not be static except for an offset of local
background warming, and instead change shape. However, other
analyses’ suggest that the form of temperature extremes is broadly a
time-invariant distribution except for an offset of background global
warming changes.

Understanding the expected changes to the statistical distribution
of high temperatures is particularly important for impact planning,
especially as they may occur over major areas of high population'’. A
tight relationship exists between heatwaves and excess mortality, e.g.,
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refs. 11-14, and concerns exist about high-temperature implications for
food security'>'®. Altered temperature extremes may additionally affect
net land-atmosphere carbon dioxide (CO,) exchanges and eventually
decrease terrestrial carbon stocks', with implications for emissions
trajectories designed to keep global warming below key thresholds such
as two degrees. Such temperature-induced changes to CO, fluxes are
strongly linked to region'’. More frequent high-temperature weather
events will raise the likelihood of “fire weather”", and more fires risk
altering land biome composition”. A review of research on extreme
high-temperature events’ provides detailed information on their
expected impacts.

Earth System Models (ESMs) (Methods) are designed to predict
changes in the statistics of near-surface meteorology at different locations
and in response to rises in atmospheric GHGs. As observed in the mea-
surement record, all ESMs predict raised global mean temperatures as
GHGs rise, with the latest IPCC report™ stating, “it is unequivocal that
human influence has warmed the atmosphere, ocean and land since pre-
industrial times”. ESMs also estimate changes on different timescales,
including sub-monthly, providing outputs of daily temperature, which is
our focus in understanding their changing extremes. To support the
understanding of the recent past, data- and model-led reanalysis products
are also available, providing high-resolution (in space and time) hindcasts
covering recent decades. One such product is the 5™ version of the European
ReAnalysis (ERA5) product and the enhanced component over land, ERA5-
Land (Methods).

Many researchers suggest that positive feedbacks accelerate tempera-
ture extremes away from mean warming, likely due to land-atmosphere
feedbacks™. The two-way coupling between the land and atmosphere is
complex, and during heatwaves is frequently associated with high soil
moisture stress. Drier soils, due to the increasing likelihood of arid
conditions™, may feedback on high temperatures™ and dry soils
further”**, Others suggest that such feedbacks modulate temperature dis-
tribution shape’. That analysis is extended to untangle soil moisture impacts
on near-surface meteorological changes, including temperature®. Others
establish the specific role of drier soils impacting high temperature extremes,
including for Europe (e.g,, refs. 30,31, parts of Africa”, India™ and China™).
A further complication is inter-seasonal couplings where summer soil
moisture may be lower due to higher spring evaporative losses caused by
climate-induced earlier vegetation greening”. Well-designed ESMs should
simulate such couplings and their evolution as GHGs rise.

Our focus is on hotter months, which we define as the 6 months
(which are not necessarily consecutive) having the highest background
temperatures at any location. The set of 6 months is invariant in time,
based on the initial years of simulations or data (calculations in Methods
and Supplementary Notes), and referred to henceforth as the “warmest
half-year months”. We use outputs from ESMs forced with the SSP585
GHG concentration pathway™*™*, which is a high emissions future.
SSP585 is selected as most available ESMs have been forced with this
scenario and it provides clearer signals of investigated changes while
recognising that a general aim of society is to constrain GHG rise to
lower levels. We calculate the warming rate during the warmest half-year
months (K decade™') and a second warming rate of the top 10% of
hottest days in such 6 months. If this second rate of warming is faster, we
refer to this as an acceleration of extreme temperature events away from
background warming of the warmest half-year months. In general, we
expect to see high-temperature extremes when there is either a lot of
available energy (A) warming the surface (e.g., cloud-free skies in
summer) and/or when surface water is limited so that evaporative
cooling of the surface is reduced (e.g., when soils are dry). We can
approximate available energy as A = H + AE where H is surface sensible
heat to the atmosphere and AE is evaporative loss from the land surface.
We define Evaporative Fraction (EF) as the fraction of surface sensible
heat plus latent heat that is evaporation i.e., AE/(H 4 AE). The combined
impact of changes in A and EF is numerically equal to upward sensible
heat, noting H=A x (1-EF). We, therefore, test for links between

extreme temperature acceleration and trends in each of EF, H and A
(latter as H + AE).

Results

Analysis at a single location (Paris)

We first consider simulated extreme two-metre temperature changes for a
single illustrative location of Paris, France, based on 32 ESMs (Supple-
mentary Table 1) in the CMIP6 ensemble” (Fig. 1 and Supplementary Fig.
1). We use a single projection from each ESM and corresponding to a future
GHG trajectory matching the SSP585 scenario®””. We include ESMs that
also provide H and AE land-atmosphere fluxes as diagnostics. For all ESMs,
the modelled mean of the (six) warmest half-year month temperatures (red
continuous lines) broadly increase, especially in the recent past and through
to towards the end of the 21st Century (Fig. 1). Notable is that for most
ESMs, the hottest 10% of days during the six warmest half-year months
increase faster (red dashed lines), suggesting that there is currently an
acceleration in high-temperature extreme events for Paris, which will con-
tinue as GHG rise further. We also show that most ESMs estimate that the
EF during the six warmest half-year months will decrease at the Paris
location (blue continuous lines). Hence, as climate changes, a larger fraction
of available energy becomes sensible (i.e., thermal) upward heat, H. For
simulations applicable to Paris, a substantial fraction of ESMs estimate this
decrease in EF to be more exaggerated during the hottest days (blue dashed
lines). However, as most ESMs only save monthly values of H and AE, this
latter EF value is only the monthly mean value recorded on the day of any
daily temperature extreme. While ESMs have substantial agreement, they
differ in the magnitude of projected changes for the Paris region (Fig. 1).

Global analysis for the historical period since the year 1950

We expand our analysis to land locations worldwide. However, before
assessing any further ESM-based evidence of future differential rates of
background warming and extremes, we first focus on the recent past.
Restricting to this period allows a comparison of ESM projections against a
climate reanalysis product, which is highly data-derived, fusing available
meteorological measurements with simulations similar to weather forecasts.
We utilise the ERAS5-Land reanalysis outputs®.

We derive trends for land points from the ERA5-Land data for the
years 1950-2021 inclusive. Such trends are again of the warmest half-year
months and the warmest 10% of days within those 6 months. Due to the
shorter period of analysis, to retain years, values contributing to the trend are
for each year (rather than 41-year running means). We then calculate the
ratio of these two trends as the 10% extreme trend values divided by those
corresponding to the mean of the full 6-months ie., warmest half-year
months. This ratio is our primary statistic, first referred to in the Intro-
duction, and values greater than unity are for faster warming (“accelera-
tion”) of extreme days. We present a map of this statistic (Fig. 2a) on the
native grid of ERA5-Land covering a latitudinal range of —60°S to 75°N. Of
note are the high levels of extreme warming acceleration for most of Europe,
parts of North America, southeast Asia and Australia and much of South
America. Many of these locations mirror findings by similar authors, e.g., for
Europe® and South America’.

Some high northern latitudes, and especially much of Russia (Fig. 2a),
are associated with ratios less than unity, and so the temperatures of extreme
hot days are warming less than the background warmest half-year month
levels. Under changing climatic conditions, earlier seasonal permafrost
melting may increase latent heat fluxes (e.g,, ref. 41), resulting in additional
evaporative cooling. In general, in recent historical data and as represented
in the ERA5-Land product, there is very substantial geographical hetero-
geneity across the globe in the magnitude or even presence of extreme
temperature acceleration (Fig. 2a). After removing a small number of out-
liers, the areally weighted spatial average of Fig. 2a is 1.012.

We then analyse the geographical variation in extreme acceleration in
the same 32 ESMs used for the analysis at the Paris location by mapping
them onto a common 2.5° x 2.5° grid. For the midpoint of these coarse
gridboxes, we locate the nearest native gridbox of each ESM. An ESM is used
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Fig. 1 | Anomalies in warmest half-year month temperatures and evaporative
fraction, simulated for the Paris region. Shown are timeseries for 20 ESMs from the
CMIP6 ensemble (panel titles are research centre and ESM names; centre “EC-
Earth-Consortium” as “EC-Earth-Cons”). We use 32 ESMs, but where a climate
modelling centre submits two or more models to the CMIP6 database, we select one
for presentation (Supplementary Fig. 1 shows all 32 ESMs). Calculations for his-
torical GHG concentrations and future projections correspond to the SSP585 GHG
scenario. All values are for the period of warmest half-year months, defined as a fixed
mask of the warmest 6 months of monthly means during 1850-1890 inclusive. For a
moving window of 41 years and centred on the years 1870-2079 inclusive, the red
continuous curves are running means of daily two-metre temperatures during the

warmest half-year months, expressed as anomalies (°C or K) relative to the first 41-
year period. Red dashed curves are the top 10% of warmest days during the same
6 months, also as anomalies. The warmest days are defined as the top 10% of hottest
days in 41-year periods of the warmest half-year months. Blue continuous curves are
the 41-year moving mean changes in EF during the same 6 months. Most ESMs
provide only monthly values of H and AE, so for days in the warmest 10%, the related
monthly energy fluxes are recorded to estimate EF on extreme days (blue dashed
curves). Linear trends, in sub-period 1980-2079 inclusive, are annotations for
temperature (average “MnTr” changes and extreme “ExTr” changes; K decade ') at
panel bases and EF trend values at panel tops (decade ). ESM values use diagnostics
of the native gridbox containing the Paris latitude and longitude.

at that location if 95% of that native gridbox consists of land. A common
gridbox point (i.e., on the 2.5° x 2.5° mesh) is retained for analysis if at least
30 of 32 ESMs satisfy this 95% threshold. To compare with ERA5-Land data,
we derive our ratio of trends statistic for each ESM in the annual values (i.e.,
with no running mean smoothing) for years 1950-2021. We present the
inter-ESM means of the ratio of temperature trends in Fig. 2b. While there
are locations of common changes between ERA5-Land and the mean of
ESMs (Fig. 2a versus Fig. 2b), the latter has far more spatial smoothness.
Notably, the mean of the ESMs estimates for the historical period (Fig. 2b)
have values greater than unity almost everywhere except for some northern
latitude locations and an acceleration of extremes. The areally-weighted
spatial average of Fig. 2b is an overall acceleration of 1.196. The areally-
weighted spatial averages of the individual ESMs are given in Supplemen-
tary Table 1, and those values have an inter-ESM standard deviation of
0.199. Most ESMs, therefore, project a higher spatially averaged acceleration
for the recent past than for ERA5-Land (individual values in Supplementary
Table 1 compared to the value of 1.012 for ERA5-Land).

We now perform a global search to see if extreme temperature accel-
eration is associated with declines in background EF. Local EF trends are
calculated for the mean of the six warmest half-year months and the years
1950 to 2021. We show these trends for ERA5-Land (Fig. 2¢) and their mean

trend value across ESMs (Fig. 2d). Visually, there is little connection between
any faster extreme temperature warming and EF for the ERA5 data, con-
firmed by a low r correlation value (Fig. 2a versus Fig. 2¢; r=0.012 with
P <0.05 although the very large number of points may generate the 95%
statistical significance). When instead considering trends in EF on the days
of extreme temperature events (Supplementary Fig. 2c), we find the corre-
lation to be slightly negative (r=—0.006). For the ESMs there is some
connection to EF, depending on region (e.g., South America) (Fig. 2b versus
Fig. 2d), but the correlation is now negative (r = —0.016 with p < 0.05). We
also consider links to ESM trends in the monthly EF values occurring on
extreme days only (Supplementary Fig. 2). Then the correlation (Supple-
mentary Fig. 2b versus Supplementary Fig. 2d) is r = —0.113 with p < 0.05.
The mean of the simulated EF trends representing the recent past (Fig. 2d)
shows more spatial consistency than ERA5-Land (Fig. 2¢), likely in part due
to averaging across a large set of models (similarly, comparing panels cand d
in Supplementary Fig. 2).

We next consider if higher extreme temperature trends may instead
link to increases in the mean H during the warmest half-year months (which
is a diagnostic of the combined influence of change in available energy and
evaporative fraction — see Introduction). We find that for ERA5-Land
(Fig. 2e), there are some spatially consistent regions where extreme
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common grid of 2.5° x 2.5°. Each point presented is where atleast 30 of 32 ESMs have
land-based data available and a land fraction cover of >95%. ¢ is the trend in the
mean evaporative fraction, EF, of the warmest half-year months, based on ERA5-
Land data, for identical years and locations as (a) data. d is the multi-ESM mean of
the individual trends for each ESM of mean EF during the warmest half-year
months. These CMIP6-based trends use the same models, years and gridpoints as (b)
data. e is of identical format to (c), except presenting ERA5-Land-based trends in H.
f is identical to (d), except presenting the multi-ESM mean of trends in H. g is
identical to (c), except it shows ERA5-Land-based trends in H + \E. h is identical to
(d), except it shows the multi-ESM mean of trends in H + AE.
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acceleration corresponds to positive trends in H, although overall, the
correlation is slightly negative (Fig. 2e versus Fig. 2a; r = —0.025, p < 0.05).
When considering trends in H on extreme temperature days only, the
correlation becomes positive (Supplementary Fig. 2e versus Supplementary
Fig. 2a; r=0.037, p <0.05). Similarly, for ESM projections over recent
decades, there are distinct regions where more extreme warming coincides
with positive H trends (Fig. 2f versus Fig. 2b; r = 0.097, p < 0.05). Notable is
that when considering the trends in H for only months where extreme
temperature days occur, there is a substantially higher positive correlation
(Supplementary Fig. 2f versus Supplementary Fig. 2b; r = 0.229; p < 0.05).

For the mean of ESMs, although they project strong extreme tem-
perature accelerations for parts of the tropics (Fig. 2b), the mean warmest
half-year month trends in H are often negative (Fig. 2f). For this reason, we
search for connections with extreme acceleration and trends in overall
available surface energy, approximated as H plus AE (Fig. 2g for ERA5-Land
and Fig. 2h for ESM projections). For calculations with ESMs, much of
tropical Africa has positive trends in H + AE, whereas H has a negative
trend. Therefore, we create a masked area in the region of latitude 0.0 North
to 30.0 North, where acceleration is greater than unity but sensible heat
trends are negative. In this masked region, which includes much of Africa,
we find a positive correlation between extreme acceleration and H + AE
trends (r = 0.129, p < 0.05). Across non-masked points (in —60°S to 75°N),
the correlation between acceleration and trends in H becomes r = 0.269,
P <0.05. The equivalent statistics for the right column of Supplementary Fig.
2 are that for the masked region, the correlation between acceleration and
H+ AE is r=0.037, p < 0.05, but in the non-masked area, the correlation
with H reaches r=0.367, p < 0.05. The suggestion here is that increases in
sensible heat often relate to land drying and so a reduction in the fraction of
available energy that is returned to the atmosphere as latent heat. However,
in some locations, the overall available energy might not be invariant and
increases, as approximated by positive trends in H+ AE rise (despite
declines in H). Without offering a rigorous explanation, this suggests that for
places in our mask, there is a higher overall available energy at the land
surface (e.g., due to altered future levels of cloud cover), which enhances
temperature extremes.

As a sensitivity assessment, we check the robustness of spatial features
of our extreme temperature acceleration findings using different forms of
statistics, focusing on ERA5-Land data. In Supplementary Fig. 3a, we first
reproduce Fig. 2a for comparison purposes. We then undertake a similar
analysis but instead consider the trends in the warmest three months only
and the trends in the top 10% of warmest days of those three months
(Supplementary Fig. 3b). The values shown are again the ratio of the trends
in extreme days divided by trends in the warmest (three) months. In general,
there are strong similarities between Supplementary Fig. 3a and Supple-
mentary Fig. 3b. Next, we constrain analyses to fixed sets of months, fol-
lowing the standard seasonal definitions, e.g., northern winter as December-
February (DJF), and calculate the acceleration statistic for each three month
period. Again, extremes considered are the top 10% of the highest daily
temperatures, now for each three month period. In Supplementary Fig. 3c, if
at least one season has an acceleration greater than unity, we present the
season with the largest acceleration value. As may be expected, where
acceleration is less than unity in warmest months (e.g., northern latitudes;
Supplementary Fig. 3a, b), the largest accelerations are either not in JJA or
there are no accelerations at all greater than unity (Supplementary Fig. 3c).
In a final sensitivity test, we return to the warmest six (i.e., half-year) months
and detrend their mean values. The linear regression coefficients associated
with the detrending are used to further detrend the warmest 10% of days in
those months. We study the resultant anomalies and derive their mean
values for years 2000-2021 minus mean values for years 1950-1999. If this
statistic is greater than zero, then the warmest extreme days are warming
faster than the mean of the warmest half-year months. We show values of
this statistic, which are in temperature units (Kelvin), in Supplementary Fig.
3d. Broadly, the regions of additional warming of extremes (Supplementary
Fig. 3d) have similarities to accelerations greater than unity (Supplementary
Fig. 3a).

Global analysis into the future

We also study the mean of ESM trends over a longer period, including the
simulation of the decades ahead. Specifically, we determine the multi-ESM
mean of trends projected for the period 1980-2079 (Fig. 3; quantities pre-
sented identical to the second column of Fig. 2, although trends are in the 41-
year running means). We continue to show the ratio of temperature trends
in the top 10% days of the 6 months of warmest background temperature
versus the mean trends in the same 6 months (Fig. 3a; again, a value greater
than unity corresponds to extreme temperature acceleration). Then, the
following panels (Fig. 3b—d) show the mean trends, during the warmest half-
year months, of EF, H and H + AE, respectively. Values shown are for ESMs
calculations with atmospheric GHG concentrations tracking their known
historical values, followed by the SSP585 scenario’®. These future-led cal-
culations (Fig. 3) are for the same grid spacing as values derived for this
historical period (Fig. 2, right column).

For the future (plus recent past) ESM-mean projections, the most
noticeable feature of estimated extreme acceleration (Fig. 3a) is that the
spatial spread shows less spatial variation compared to the historical period
(Fig. 2b). The future projections estimate that almost all locations will
experience the high-temperature extremes during the warmest half-year
months rising faster than background warming in the same months, i.e.,
values greater than unity. Similar to the ESM projections for the historical
period (Fig. 3a versus Fig. 2b), future warming acceleration is particularly
high for Europe, much of South America and mid-USA. Projected ESM-
mean future trends in mean EF during the warmest half-year months show
local pattern consistency but strong regional variation, including differences
in sign, and so low correlation with extreme temperature enhancement
(Fig. 3b versus Fig. 3a; r = —0.051, p < 0.05). Supplementary Fig. 4 is iden-
tical to Fig. 3, except the diagrams are presented for modelled trends in
energy fluxes only in the months of any daily extreme temperatures. The
correlation between Supplementary Fig. 4b and Supplementary Fig. 4a is
r=—0.111, although p < 0.05.

For much of the world, upward trends are simulated for future changes
to sensible heat flux, H, with a relatively strong correlation of r=0.313,
P <0.05 when comparing Fig. 3¢ versus Fig. 3a (reaching r = 0.480, p < 0.05
comparing Supplementary Fig. 4c versus Supplementary Fig. 4a). However,
as for the contemporary period, an exception is a substantial fraction of
Africa where there are negative trends in H (both Fig. 3c and Supplementary
Fig. 4¢). Hence, as for the contemporary period, we again create a masked
area in the region of latitude 0.0 North to 30.0 North, and where temperature
acceleration is greater than unity but sensible heat trends are negative. In this
masked region, predominantly for Africa, we find a strong positive corre-
lation between extreme acceleration and trends in H+AE (Fig. 3d)
(r=0.526, p <0.05). In the remaining non-masked points, the correlation
between acceleration and H (Fig. 3¢) increases to r = 0.479, p < 0.05. When
considering the trends in energy fluxes but only in the months of extremes
(Supplementary Fig. 4c, d), the equivalent statistics are as follows. For the
masked region, the correlation of trends in H + AE to acceleration falls to
r=0.201, p < 0.05, while in the non-masked areas, correlation with trends in
H rises to r=0.556, p < 0.05.

Discussion

There is a perception by much of society that the occurrence of extreme
temperature events is increasing especially fast. Research has investigated
whether the shape of the statistical distribution of daily temperatures is
changing, and in particular, if the upper tail of the distribution is expanding
such that high-temperature extremes are warming faster than mean tem-
peratures. To analyse this, we calculate the warming trends of the hottest
background 6 months (named “warmest half-year months”). Then, for the
same 6 months, we estimate a second value of the warming trends in the
hottest ten per cent of days of those months. Dividing the second value by
the first gives a simple and intuitive statistic, which, if greater than unity,
implies an additional rise in extreme temperatures compared to background
warming of the warmest months ie., an “acceleration” of extremes. Our
analysis, therefore, focuses on shorter-term extreme events of order days up
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Fig. 3 | Projections by earth system models. Identical calculations to the right
column of Fig. 2, except derived for the simulated period 1980-2079. a Multi-ESM
mean of ESM-specific trends in the warmest 10% of days in warmest half-year
months divided by trends of mean warming in same months. b-d Trends in mean
values of EF, H and H + AE, respectively, during the warmest half-year months. In
one difference to Fig. 2, the trends are based on annual calculations of 41-year
running means, with values centred on the years 1980-2079. The colourbar scales
are identical to those of Fig. 2 to enable comparison.

to a couple of weeks, recognising that there are also concerns with changes to
the frequency of longer monthly-timescale heatwaves (e.g., ref. 42). We note,
developed in parallel, is the use of a similar ratio’, applied to Europe and
identifying higher warming rates of extremes there. Specific to the UK,
(ref. 43) states in their executive summary that “UK extremes of temperature
are changing much faster than the average temperature”.

We find that for most land points, and for both the historical and future
period forced by a high emissions scenario, the mean of ESMs predicts the
acceleration ratio to be higher than unity. Values are typically an extra 20%,
and while important to impact assessments, arguably, this is a level of
acceleration that is neither very small nor very large. These values may
explain why authors reach different conclusions that some extremes are
accelerating’ or, in general, their distribution is invariant except for an offset
of background warming’. Importantly, when deriving the same ratio from
the ECMWF ERA5-Land reanalysis product, there is much less geo-
graphical consistency than mean ESM projections for the recent past.
Substantial spatial variation in features of high-temperature events may also
cause authors to reach different conclusions on whether acceleration is
occurring.

ERAS5-Land entrains climatological data and should provide the most
accurate statistics for recent daily temperature. If the geographically het-
erogeneous acceleration trends seen in the ERA5-Land product continue,
adaptation planning for high-temperature extremes requires targeting
specific locations. Fundamental questions relate to these discovered ERA5-
Land versus ESM differences. Is the more homogenous extreme acceleration
calculated in inter-ESM means a consequence of such averaging, whereas
ERA5-Land represents only one realisation of the climate system? Is there
something specific about recent decadal variations of the climate system
captured by ERA5-Land that ESMs may emulate but not the specific timing?
Atmospheric temperatures are known to be affected strongly by a range of
decadal fluctuations in internal components of the Earth system (e.g.,
ref. 44), and related modes of circulation patterns impact regional
extremes”. Relevant here is that efforts in decadal forecasting of extremes
have high skill when extremes change faster than the mean®’. Aerosols affect
regional temperatures (e.g., ref. 47), and so also applicable here is a review of
their modulation of extremes. Assessment of aerosols on ECMWF rea-
nalysis estimates of surface solar radiation is ongoing (e.g. for China,
ref. 49). With evidence of extreme acceleration related to surface fluxes,
ERA5-Land predictions of the latter will depend on its land surface module,
H-TESSEL™. Assessment of biases in H-TESSEL and their role in estimating
surface temperature (e.g, for specific regions’) and surface energy
partitioning™ is also continuing. Additional to the areal-mean of inter-ESM
mean acceleration values being higher than that of ERA5-Land (spatial
average of Fig. 2b versus 2a), we note again that the areal-means of indi-
vidual ESMs, and for their simulations of the recent past, are also in general
higher. That is, 29 of 32 ESMs (Supplementary Table 1) have a higher
average extreme temperature acceleration than the value for ERA5-Land.
Understanding these differences between ERA5-Land and ESMs is worthy
of detailed investigation.

We present maps illustrating potential links between the acceleration
of high temperature extremes during the warmest half-year months and
mean trends in land-atmosphere energy fluxes during such months. Our
highest correlation statistics between ESM projections of future acceleration
ratio value and trends in the monthly mean values of sensible heat on the
days of temperature extremes, but when excluding some tropical regions. In
our excluded tropical locations, which in particular include parts of Africa,
we instead find strong correlations with extreme temperature acceleration
and trends in available energy. Existing research relates the adjustment of
surface energy fluxes to altered soil drying (see Introduction and references
therein). Others make such links through more sophisticated descriptions of
drought, involving precipitation and potential evapotranspiration, and their
feedback on high-temperature events™. In that context ref. 54 notes that
understanding compound drought and high-temperature events requires a
reduction of uncertainty in ESM estimates of future rainfall trends™.
Emerging are reviews that provide a detailed process understanding of
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heatwaves, including drivers and feedbacks™. That review™ discusses

regional-to-local factors and specifically references how drier soils enhance
heatwave strength via modulated surface energy partitioning.

As knowledge advances, we hope our analysis provides a strong
incentive to discover mechanisms that relate the values of our intuitive ratio
of high-temperature acceleration to changing components of the Earth
system. Boreal land regions are known to have warmed particularly fast in
recent decades, which is likely due to earlier snowmelt and altered levels of
evaporation adding to background warming. Research may help illustrate if
such processes are impacting heatwaves less, causing the lower-than-unity
extreme temperature accelerations for these regions. While we have sear-
ched for features of land energy fluxes impacting heat extreme attributes, the
discussion of ref. 57 reiterates that high temperature events may often be
linked to atmospheric dynamics as well as land-atmosphere feedbacks. A
study™ of the impact of land-atmosphere feedbacks on hot extremes in
China uses two versions of the Weather Research and Forecasting (WRF)
model, one of which is the standard configuration and the second with the
interactive soil component replaced with inter-year mean conditions. That
analysis illustrates how soil moisture conditions can impact high tem-
perature extremes but it also noted other factors, such as Sea Surface
Temperature (SST) anomalies, also have an important role via atmospheric
connections. An analysis of extremes in the U.S. Midwest™ finds that
atmospheric anomalies play a significant role in summer drought events,
and their contribution is less uncertain between atmospheric models than
the influence of simulated land-atmosphere coupling. We have also not
considered how changes in vegetation impact droughts. For instance,
increased growth in warmer and CO,-enriched climate may lead to greater
evaporation and soil moisture loss®. In addition to explaining the accel-
eration of temperature extremes in many regions, a better understanding of
contemporary data may allow for the ranking of predictive capability of
ESMs. A detailed follow-up analysis of individual ESMs may be beneficial to
determine if they exhibit greater regional heterogeneity of acceleration than
that observed in the mean of ESMs, and which models are most consistent
with ERA5-Land data. Temporal analysis of ESMs may reveal the extent to
which levels of extreme acceleration and any correlations with surface
energy fluxes are independent of the level of background climate change.
Examining ESM simulations that exist forced with other SSPs may offer
evidence that our acceleration ratio is independent of the trajectory of cli-
mate change.

Much recently observed global warming is attributable to burning
fossil fuels, e.g,, ref. 61, and including increasing regional temperatures®.
With such warming, the frequency of extreme temperatures has also
increased”, also formally attributed to human influence®. Climate change is
already impacting human health through multiple mechanisms, including
heatwaves®™, and the seriousness of such events is reflected by a chapter of
the latest IPCC report® reserved for extreme analysis”. Extreme high-
temperature events often result from complicated connections between
different components of the climate system, as illustrated by analyses of
individual heatwaves (e.g., ref. 68). Critically, there is a perception that high
temperatures are “running away” beyond general background global
warming levels. Therefore, we have developed our ratio of extreme accel-
eration statistic, here for the top 10% of warmest days in the warmest half-
year months. We note a recent attempt to place upper bounds on the
magnitude of high-temperature events”.

Our overarching finding is that except for very high northern latitudes,
ESMs project ongoing and future extreme temperature acceleration beyond
background warming levels during the hottest months. ERA5-Land also
estimate historical warming acceleration but it is not as geographically
universal as seen in ESM simulations. Given the high societal concern
related to an increased frequency of very high-temperature events, these
differences require examination. An investigation of reanalysis versus ESM
differences may reveal if there remains an incomplete process para-
meterisation in ERA5-Land, or a broad deficiency in ESMs requiring cor-
rection to prevent any overestimation of increases in extreme temperatures.
Although we can only as yet provide limited process insights, we hope our

intuitive ratio statistic will act as a catalyst to develop a more robust
understanding of expected future high-temperature events as GHGs rise
and any links to evolving climate attributes such as land-atmosphere energy
exchanges.

Methods

We build our analysis on two primary sources of information. The first is
Earth System Models (ESMs), designed to project how the climate will
evolve for prescribed levels of changing atmospheric greenhouse con-
centrations. ESMs (e.g., refs. 70,71) solve differential equations on numerical
grids that simulate the physical attributes of the climate system, including
the movement of heat in and between the atmosphere, oceans, land and
cryosphere. The role of ESMs is to estimate how different levels of atmo-
spheric GHGs adjust the balance between incoming and outgoing radiation,
modulating such heat flows and including their impact on near-surface
meteorology. To capture processes well and for computational stability,
ESMs perform calculations at short numerical timesteps and so can provide
outputs relevant to understanding the evolving risk of extreme weather
events. The second information source is our use of the 5th version of the
ECMWEF (European Centre for Medium-Range Weather Forecasts) ReA-
nalysis product (ERA5) and, in particular, the enhanced component over
land, ERA5-Land Land®. Reanalysis products provide a set of detailed
weather “hindcasts” for all days of recent decades, enabling an assessment of
recent climatological changes to extremes. Hence, ERA5-Land offers a
comparison to ESM calculations of the historical period and their statistics
of simulated high-temperature events. We give details on both data
sources below.

Earth system models

We use the latest set of ESMs held in the CMIP6 (Coupled Model Inter-
comparison Project Phase 6) ensemble database™ (https://esgf-node.llnl.
gov/search/cmip6/)”>. ESMs in the CMIP6 database are all designed to
project changes to climate, including simulating future near-surface
meteorological conditions for different potential scenarios of atmospheric
Greenhouse Gas (GHG) concentrations. ESMs provide information on a
geographical grid (which differs between models) and for a range of time-
steps. Such timesteps of model outputs can be relatively small (i.e., sub-
monthly), so ESMs can be used to project changes in the statistical structure
of temperature extremes as atmospheric GHGs rise. Throughout our ana-
lysis, we concentrate on calculations corresponding to the Shared Socio-
Economic SSP585 pathway™*~**, which is sometimes referred to as a “high
emissions, business-as-usual” approach to GHG emissions. With much
societal discussion on how to lower emissions and with the frequently stated
aim to stabilise global warming at or below 1.5 °C or 2.0 °C above pre-
industrial levels, our use of the SSP585 pathway may provide an outer bound
on potential future changes to near-surface temperature.

For each ESM, we extract daily near-surface air temperature, usually
defined as two metres above the ground, and given the standard name of ‘tas’
(K). This is available at all locations on the numerical grid of each ESM, and
importantly for extremes, is calculated in all models at the daily timestep. To
analyse the link between daily temperature statistics and land-atmosphere
energy fluxes, we additionally extract values of surface upward sensible heat
flux, H, (‘hfss’) (W m™?) and surface upward latent heat flux, AE, (‘hfs’)
(W m™). These energy fluxes are, however, generally only available at the
monthly modelled timescale. Also extracted from each ESM is the mask of
the fraction of land area for each gridbox (‘sftlf).

We select our ESMs (Supplementary Table 1) based on their avail-
ability in the UK JASMIN repository of CMIP6 data and during 2022. To
use a model, our three variables of tas, hfss and hfls must be available for both
the simulated historical period and calculations corresponding to the
SSP585 forcing scenario. Specifically, we retain an ESM if there is at least one
continuous simulation through both periods, starting in the modelled year
1850 and operating to at least the year 2099. Model outputs must be com-
plete through that period, i.e., available every day for temperature and every
month for the surface energy fluxes. Many ESMs have more than one full
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such simulation, and we adopt the first listed numerically, and this corre-
sponds to the CMIP6 notation of either ensemble member “rlilplfl” or
“rlilp1f2” (except for the CESM2 model where the first available is
“r4ilp1f1”). Although some ESMs have multiple simulations available, we
select just one member so that each model has an equal influence on our
analysis. In total, we study 32 ESMs that fulfil the criteria above, and these
are listed in Supplementary Table 1.

ERA-5 land reanalysis data

As a proxy for data over recent decades and for comparison against historical
projections by ESMs, we study calculations with a reanalysis-based product
from the European Centre for Medium-range Weather Forecasts (ECMWE).
Reanalyses combine archived weather-forecast-type model calculations with
many different streams of climatological observations to create a form of best
estimate of meteorological conditions on each day in recent decades. We use
available data for the years 1950 to 2021 inclusive. We use the version of
reanalysis calculations from the ERA5-Land database (https://doi.org/10.
24381/cds.e2161bac)”. Daily data is available for variables the ECMWF name
as 12m, sshf and slhf for temperature, sensible heat and latent heat, respec-
tively. These quantities are available on a 0.25° x 0.25° spatial grid.

Acceleration and land-atmosphere energy exchange statistics
The main paper provides general details of the derivation of the acceleration
statistic based on temperature trends and trends in features of land-
atmosphere energy exchanges. The very fine details of how these values are
compiled from ESM and ERA5-Land data are provided in full and in a single
text location in the Calculations section of Supplementary Information.

Data availability

ESM data for the CMIP6 Earth System Models analysed is from the Earth
System Grid Federation at https:/esgf-node.llnl.gov/search/cmip6/
although the particular files analysed were those mirrored on the JASMIN
system, the data analysis facility for environmental science based in the UK
(files accessed and downloaded for local analysis during mid-2022). ERA5-
Land data is available through the C3S Climate Data Store at https://doi.org/
10.24381/cds.e2161bac.

Code availability
The numerical codes leading to Figs. 1-3 are available for download at
https://doi.org/10.6084/m9.figshare.25382416.
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