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Abstract
The intensity and frequency of extreme heat events is increasing due to climate change, resulting in
a range of societal impacts. In this paper, we use temporal analogues to analyse how past UK
heatwave events, such as during the summer of 1923, may change if they were to occur under
different global warming scenarios. We find that the six most intense early heat events are caused
by circulation patterns similar to that of 1923, which can cause intense heat over the UK and parts
of NW Europe. Circulation analogues for the 1923 heatwave are also linked to intense heat events
in the future, although not all analogues are anomalously hot. At 4 ◦C of global warming, mean
summer temperatures in England over the duration of the 1923 heatwave are between 4.9 and 6.4
degrees warmer than pre-industrial levels across the three models used. At that global mean
warming level, future heat events with similar circulation as 1923 over England are estimated to be
on average 6.9 ◦C–10.7 ◦C hotter than those at pre-industrial levels. Exploring how the intensity of
events similar to past events may change in the future could be an effective risk communication
tool for adaptation decision making, particularly if past events are stored in society’s memory, for
example, due to high impacts.

1. Introduction

Extra-tropical summer heatwave events consist of prolonged periods of high temperatures, and tend to occur
during periods of anticyclonic atmospheric circulation (Krueger et al 2015, Perkins 2015, Kornhuber et al
2017, Yiou and Jézéquel 2020). Heatwaves cause a variety of societal impacts including on agriculture,
biodiversity and human health (Ebi et al 2021, Shivanna 2022). During the summer months of 2003 in
Europe, over 70 000 excess deaths are estimated to have occurred and over 60 000 heat related deaths have
been estimated in Europe during the summer of 2022 (Robine et al 2008, Ballester et al 2023). Impacts of
heatwaves on society are not felt equally, there are race, class, and gender disparities in who is most heavily
impacted by them (Gallo et al 2012, Chakraborty et al 2019, Benz and Burney 2021). Globally, heat extremes
have increased in frequency and in intensity and are expected to increase further due to global warming
(Fischer and Schär 2010, Russo et al 2014, Perkins-Kirkpatrick and Lewis 2020, Masson-Delmotte et al 2021).
Furthermore, heat in Europe is projected to increase at a disproportionate rate compared to the global mean
temperature (Russo et al 2015, Rousi et al 2022). Currently, warming in Europe compared to pre-industrial is
almost 1 ◦C higher than the average global increase, higher than on any other continent (Copernicus 2022,
Simmons 2022, Ballester et al 2023). It is therefore vital that adaptation measures are put in place to reduce
the societal impacts associated with heatwave events and to reduce vulnerability to such events. Using past or
historical events to serve as analogues of potential future events has been identified as an approach for
analysing future impacts under a changing climate, aiding adaptation decision making (Rosenzweig et al
2021). Past extreme events, particularly those with high societal impacts, can be stored in a society’s collective
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memory and understanding how these events may change due to global warming could raise the level of
concern, a requirement for adaptation action (Vasileiadou and Botzen 2014, Hazeleger et al 2015). Temporal
analogues use data from past events to serve as analogues of expected future conditions. It is a way to
estimate temperatures observed during similar pressure or atmospheric conditions to a past event. Using this
approach means that events that actually occurred are used to characterise potential future events. This could
be useful for local-based adaptation and be a useful way to study extremes that could be missed using
statistical models alone.

Our research uses a temporal analogue method, similar to that developed by Yiou et al (2007). We define
‘analogues’ as days with a similar atmospheric circulation pattern to the heatwave days we are interested in
exploring. This is based on the premise that circulation patterns influence local temperatures. Therefore,
examples of past relationships between atmospheric circulation and temperatures can be used to analyse
potential future temperature anomalies with similar atmospheric flow, but different external forcing and
climate. This allows for the separation of the thermodynamic and dynamic contributions to an event. A
similar approach has been used in a number of other studies (Yiou et al 2007, 2017, Cattiaux et al 2010, 2012,
Jézéquel et al 2018a, 2018b, 2018c, Harrington et al 2019, Cowan et al 2020) where the circulation patterns
during an event are used to find analogous circulations in other time periods and a variable such as
temperature or rainfall is compared between the two. While originally used in fields including weather
forecasting, analogues have recently been used in attribution and storyline-based research to understand how
extreme events are impacted by climate change and to decompose the dynamical and thermodynamical
impacts on such events (Trenberth et al 2015, Otto et al 2016, Shepherd et al 2018, Harrington et al 2019,
Shepherd 2019). Storylines, defined as plausible, physically self-consistent unfolding of past events (Shepherd
et al 2018) could be a powerful tool in risk related decision making and could be linked with the human
aspects of climate change to create effective adaptation plans.

In this paper, we aim to understand how past heatwave events in the UK could look in the future under
different degrees of global warming. We identify the circulation patterns of several past UK heatwaves in
reanalyses and models to find heat anomalies associated with analogous situations to them in the future.
While many studies, including attribution studies, focus on recent events, past events can provide case
studies of high impact heatwaves, while improving storylines that may be used to increase preparedness for
similar events in the future (Otto et al 2016, Stott et al 2016, Harrington et al 2019, Hegerl et al 2019). We
therefore use the heatwaves occurring in the summers of 1911 and 1923, from which we aim to find
analogues in the present and the future in order to explore any differences in the frequency in which similar
circulation patterns are found, as well as in the heat anomalies associated to the analogues. Heatwaves in
1911 and 1923 are both examples of early heatwaves detected in Yule et al (2023). Heatwaves in 1911 and
1923 in the UK and Europe were associated with societal impacts and reached a similar intensity in terms of
maximum and mean temperatures across the event as more recent heatwave events such as 2003 (although
not as intense as the 2022 heatwave) (Yule et al 2023).

We aim to explore the limitations of using circulation analogues to examine potential future heatwave
events as well as discussing different methodological approaches to identifying analogues. We also explore if
this approach could form a ‘tale’ or storyline (Hazeleger et al 2015) that is relevant for decision makers. We
examine what the 1923 heatwave could look like at different degrees of global warming, particularly at 2 ◦C
and 4 ◦C which is the UK Climate Change Committee recommendation for adaptation planning (Climate
Change Committee 2021).

1.1. Datasets andmodels used
The 20th-century reanalysis version 3 (20CR) was used to explore the circulation patterns and large-scale
temperatures associated with the heatwave events in 1911 and in 1923 (Compo et al 2011, Slivinski et al
2019). While other datasets such as the NCEP reanalysis I dataset (Kalnay et al 1996) has been used in
previous studies (e.g. Jézéquel et al 2018b), it only provides data starting from 1948 and therefore earlier
occurrences of heat extremes cannot be studied. 20CR also has the advantage of being a longer dataset and
therefore increases the sample from which analogues can be searched within and has been used in other
similar studies (Cowan et al 2017, Hawkins et al 2023).

Five ensemble members were used from three different CMIP6 models (Eyring et al 2016),
UKESM1-0-LL (UKESM), CanESM5 (CAN) and MPI-ESM1-2-LL (MPI) in order to find analogues under
different warming scenarios. SSP5-8.5 was used between 2015 and 2100 as well as their associated historical
runs. This scenario was chosen as we are interested in exploring analogues at higher degrees of global mean
warming, including 4 ◦C. These three models were selected as they have been used in previous studies that
sampled model uncertainty to first order as well as having relatively many ensemble members for the
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Figure 1.Maximum temperature anomalies (bottom row) and Z500 anomalies (top row); reference period for anomalies is
1850–1900) using 20th-century reanalysis v3 data. Provided by the NOAA/OAR/ESRL PSL, Boulder, Colorado, US. The Z500
anomaly patterns were used to search for analogues for the 1911 and 1923 events. These heatwave events have been selected as
they represent the two most intense early heatwaves in August and July respectively (based on HadCET data) with different
circulation patterns. The black boxes represent the areas used to find analogues (top row) and to analyse temperature anomalies
over England (bottom row). The mean of 20CR ensembles are used, with the green contours showing the regions where
anomalies are significant among 20CR ensemble members (2 standard deviations do not encompass zero), showing the main
features of the pattern searched for to find analogues is robust.

variables of interest (daily maximum temperature and Z500) that were available at the time of writing (Slater
et al 2021).

1.2. Choice of heatwave events
We have selected past heatwave events that occurred in 1911 and 1923 due to their intensity, associated
impacts and because they show some differences in their circulation patterns (Yule et al 2023). Between 12
and 14 August 1911 an intense heatwave event occurred in UK and across the European continent. Impacts
associated to this event include sunstroke in the UK and the need to cease work outdoors including forge and
steel work and agricultural work. When using HadCET (Met Office Hadley Centre Central England
Temperature) dataset, the maximum temperature reached in the Central England region was 30.5 ◦C, and
August 1911 is the 7th warmest month on record in Central England between 1878 and 2022 (Parker et al
1992, Yule et al 2023). In Yule et al (2023), the definition of heatwaves used is at least three consecutive days
of daily maximum temperature above the 90th percentile based on a 15 d calendar window between 1878
and 2022 (note that in this study, the data have not been detrended for determining climatology in order to
treat past events in the same way as more recent events). In 1923, a heatwave occurred between 11 and 13
July, which reached 31.0 ◦C in Central England and was the 6th warmest July heatwave occurring between
1878 and 2022. Based on the maximum temperature reached and the mean temperature across the event,
this was a stronger event than the July heatwave during 2003 in Central England which reached a maximum
temperature of 30.9 ◦C during the most intense 3 d event. This therefore allows us to explore past July
heatwaves and add to the sampling record with events that would still be considered intense in today’s
climate. Both events show positive temperature anomalies over the UK in 20CR that stretch over large parts
of Northwest Europe. By studying both the 1911 and 1923 events we can comment on the effectiveness of the
analogue technique by comparing the results for these two events. Yule et al (2023) identified six more early
heat events which we will use in comparison to 1911 and 1923.

The circulation patterns and temperature anomalies associated with the 1911 and 1923 heatwave events
are shown in figure 1. Both are associated with high pressure over the UK, however they have different
circulation patterns, and a different pattern of heat over the rest of Europe. Anomalies of geopotential height
at 500 hPa (Z500) relative to 1850–1900 are shown with the maximum temperature anomalies. The black
boxes show the area used to find analogues (top row) and the area over which the England Temperature
anomaly was calculated (bottom row). The two heatwave events are different, with the highest pressure being
over Iceland in 1911 and being over Scandinavia during the 1923 event. The temperatures for both events are
comparable over most of Europe with the exception of Iceland, which is warmer during the 1911 event than
1923, while in Northern Scandinavia the inverse is true.

3
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2. General method

The circulation patterns and temperature anomalies associated with the heat events were taken from 20CR
for both 3 d events in July 1923 and August 1911. The average Z500 height and maximum daily temperature
anomalies were calculated across each event, with anomalies (relative to 1850–1900). The 3 d mean Z500
anomalies were used to find analogue circulation conditions both in 20CR, and in UKESM, CanESM5 and
MPI using historical runs between 1850 and 2015 and using SSP5-8.5 ensembles between 2015 and 2100.
This provided a large sample from which to detect analogues. Results were similar if searching for analogues
for individual days but using 3 consecutive days allows for a build-up of heat. Analogues were searched for
within a 31 d window (15 d before the event and 15 d after) centred on the heatwave event.

To search for analogues in the model space, the Z500 heights from 20CR were regridded to match the
grid resolution of each model. The ensemble means for Z500 heights were used from 20CR. We calculate the
spread of ensemble members available in 20CR in comparison to the mean. We show that the pattern used to
search for analogues is robust as the areas of high pressure have absolute anomalies that are within the spread
of the ensemble members to two standard deviations, see appendix figure A1.

The 3 d rolling mean of Z500 was used to search for analogues. Z500 was used as a diagnostic of
circulation as opposed to SLP, which aligns with previous studies (Jézéquel et al 2018b) that suggest that
Z500 analogues perform better compared to SLP due to processes related to thermal lows. SLP patterns can
be blurred by warm air masses causing local depressions which makes the identification of an anticyclone
sensitive to warming and more difficult to detect.

When selecting the area from which we compare the circulation patterns, we aimed to include an area
large enough to contain the distinct features (areas of low and high Z500 height) of the circulation pattern
which control the weather over the UK, while being small enough not to give weight to features that are less
important. We have selected areas that include the most relevant features of the circulation patterns, as
shown in figure 1 as has been done in previous studies. (Jézéquel et al 2018b).

We used a smaller region from which to extract the temperature anomalies associated with the analogues
(circulation patterns). We used a region over England (with a land-sea mask applied) as the original events
used were selected due to their high temperatures over central England. We use a 3 d rolling mean of the
daily maximum temperatures associated to the analogues.

We have used several metrics to define an ‘analogue’ to the 1911 and 1923 heatwave events. We select
suitable analogues by maximising the Spearman correlation between the Z500 maps denoted by rho (ρ),
named Spearman’s rho. It is a measurement of the strength and direction of the monotonic relationship
between the geopotential height values of the event of interest and those that occur in the model or dataset of
interest. It is used as a way to analyse the degree of similarity in Z500 spatial patterns, hence a method for
finding analogues. Rho is a value between−1 and 1 with a value close to 1 indicating a strong, positive
relationship between the event of interest and the potential analogue event. As rho is determined based on
rank only, the amplitude of the spatial pattern is not considered.

Minimising the Euclidean distance is another method of finding analogues as a measure of similarity or
dissimilarity between the geopotential height values of the event of interest and potential analogue events. It
is a representation of the straight-line difference between two sets of values in a multi-dimensional space
accounting for amplitude as well as pattern. The differences between methods and further reasoning are
discussed in section 4.1.

We define analogues as the top 10% of days with Z500 patterns most similar to the event based on the
value of rho. We also explored using a cut-off value for rho and found that the results do not change greatly
but could lead to analogues being inconsistently sampled. If we used the top 5% rather than top 10% of days
to find analogues, results did not change qualitatively. The 10% cut off varies in rho between 0.45 and 0.73
and the 5% cut off varies between 0.59 and 0.78 between models and decades.

The circulation pattern of the 1923 event appears to be a more common high-pressure system linked to
heat in central England. When we calculate the correlations to other observed heat events (to get an idea of
the similarity in circulation pattern between 1911, 1923 and other previous heatwave events in Europe) we
see that more heatwave events are similar to 1923 than to 1911 (see table 1). We compare the 1911 and 1923
summer heatwaves to those of other similarly intense heatwaves over the UK from 1878 to 2022. We see that
the correlation between all other tested events and 1923 is over 0.5 whereas only two of the other events have
a correlation above 0.5 when compared to the 1911 event, while the correlation between the 1911 and 1923
event is 0.36. The recent intense heat in 2022 is similar to 1923, but not 1911, while 2003 is slightly more
similar to 1911 conditions.

4
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Table 1. Correlations between the 1911 and 1923 events and a sample of other intense early heatwave events within the rectangle in
figure 1. Events have been selected for their strength; heatwaves occurring 1878, 1884, 1901, 1911, 1923 and 1925 are the strongest ‘early’
heatwaves occurring in the late 19th and early 20th century (Yule et al 2023). 2003 and 2022 have been included as examples of recent
strong heatwave events in the UK. This gives an idea of the level of similarity between heatwave events in terms of their circulation
pattern, including the difference between the heatwave in 1911 and 1923.

Correlations (ρ) of z500 pattern of event with other events

Heatwave events
23–29 June
1878

7–11
August
1884

18–21 July
1901

9–12 June
1925

13–16 July
2003

17–19 July
2022

12–14
August
1911
relative to
11–13 July
1923

12–14 August 1911

0.38 0.53 0.28 0.18 0.58 0.04

0.36
11–13 July 1923

0.65 0.71 0.71 0.52 0.75 0.55

3. Results

Figure 2 shows the climatology around the events for each decade (in a 31 d window) compared to the
temperature anomaly associated with analogues of each event (the 1911 event and the 1923 event). Decadal
distributions of the rolling 3 d average maximum temperature anomalies are shown from 5 ensemble
members from UKESM using the historical runs for the 1850–2014 period and the SSP5-8.5 scenario for the
time period from 2015 to 2100. The orange box and whiskers plots show the entire maximum temperature
distribution of all sampled days around the events (in a 31 d window) centred on 12–14 August 1911 (left)
and 11–13 July 1923 (right) for each decade. We can see how the decadal climatology changes through the
decades between 1850 and 2100 as the England temperature anomaly increases with global warming.

The red dashed lines in figure 2 represent the England temperature anomaly during the heatwave of
interest, from 12 to 14 August (left) and 11–13 July (right). A red star shows the decade in which the
heatwave took place. Both the 1911 and 1923 heatwave events were relatively extreme for their respective
time periods, both being outside the 95th percentile for their respective climatologies, consistent with their
detection as particularly extreme events over the 20th century. However, the temperatures reached during the
1911 event fall within the 25–75th percentile of the climatology distribution during the 2040–49 period and
below the 25th percentile in the time period 2070–79. The 1923 event shows a similar progression, the event
that was extreme during the time it occurred only just falls into the 25–75th percentile of climatology by the
end of the century.

The blue box and whisker symbols in figure 2 show analogue events (top 10% days with most similar
circulation based on their Spearman correlation) and are selected as a subset of the climatology with a
geopotential height that most closely matches that of the original event. The decadal distribution of
analogues has a higher median England temperature anomaly value than the climatology for each decade,
however there is a large spread in the England temperature anomaly values. In most cases, analogues of the
1923 heat event capture the most extreme simulated events with some exceptions, similar to the historical
record. This suggests that using geopotential height (Z500) alone to find analogues does not provide a strong
constraint for selecting ‘hot’ events.

The observed events were still relatively extreme compared to the analogues from their respective decades
(both outside the 25–75th percentile), but by the end of the century both are outside the distribution for
analogues and even cool for a summer period.

Figure 2 also illustrates the difference between the 1911 and 1923 heatwave event. The 1923 event tends
to have analogues with a temperature distribution over England that is more clearly separated from that of all
days, (note the separation of the central 50% of the distributions between analogues and all days), which
identifies analogues as hot days, and with all hot days identified in the climatological values captured as

5
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Figure 2. Decadal distributions of rolling 3 d average maximum temperature anomalies from UKESM1.0 [5 ensemble members;
historical (1850–2014) and SSP5-8.5 (2015–2100) experiments] for 11–13 July (+−15 d) (right) and for 12–14 August (±15 d)
(left), averaged over England. The orange box and whiskers show the complete distribution of sampled days (n= 1510;
31 d× 10 years× 5 ens. members), and blue shows the distribution of the subset chosen such that the associated geopotential
height (Z500) anomalies most closely match the event from 20CR (the top 10% of analogue 3-day periods, as measured by the
Spearman’s rank correlation coefficient over pan-European sector). Coloured boxes span the 25th–75th percentiles of the
distribution, with the whiskers showing the 5th and 95th percentiles; individual outliers are shown by black dots). Red dashed line
indicates the equivalent temperature anomaly over England for the original event from 20CR.

analogue days. In contrast, for the 1911 event the analogues are on average less hot than in 1923. The 1911
event is discussed frequently in literature and many impacts were felt at the time including loss of life e.g.
(Ancestry 2020). The event was also associated with drought (UK Centre for Ecology & Hydrology 2020) and
therefore an analogue that considers rainfall deficit and heat together, as a compound event (Zscheischler
et al 2018), may provide more information in this case. Going forward we focus our analysis on the 1923
event since this is more indicative of a range of other heatwaves in the UK including in 2003 and 2022 (see
also table 1).

In figure 3, the UKESM climatology and analogues are plotted, with the same from two other models,
namely CanESM5 and MPI. Figure 3 shows the England temperature anomalies for the climatology and the
analogues compared to global warming levels rather than plotted against time to allow a better comparison.
Global warming levels are defined here as the decadal mean anomaly with respect to 1850–1900. Analogues
are calculated for the decade where the mean global warming crosses each respective global warming level i.e.
1 ◦C, 1.5 ◦C, 2 ◦C, 3 ◦C and 4 ◦C for each model’s decadal ensemble mean, relative to the 1850–1900 period.
For each model, the analogues have a higher mean temperature value than their respective climatologies for
each level of global warming.

We have compared the climatologies and analogues found using UKESM, CanESM5 and MPI to those
found using 20CR from 1850 to 2009 in order to validate the models used (results are shown in appendix
figure A2). All three models are more variable than 20CR which could be partially explained by the fact that
models sample also the variability in sea surface temperatures in their ensembles, while 20CR is driven with
observed SSTs. UKESM shows the most variability in the period 1970–2009, the period where we begin to see
the impacts of global warming, CanESM5 seems to be most similar to results using 20CR in terms of the
mean value of England Temperature anomaly for analogues (see appendix figure A2).

The climatological temperature of a 31 d period around 12 July increases with global warming. At 4 ◦C of
global warming the mean temperature increase in England is between 4.9 and 6.4 degrees warmer than
pre-industrial levels with UKESM showing the largest increase, while MPI shows the smallest. Average
temperatures of the analogues, events of similar circulation patterns as 1923, over England during this period
range from 6.9 ◦C to 10.7 ◦C with highest temperatures reached ranging from 11.7 ◦C to 19.6 ◦C higher than
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Figure 3. Boxplots showing analogues (lighter colours) and climatology (darker colours) of the period around the 1923 event for
the decade where the global warming levels (1 ◦C, 1.5 ◦C, 2 ◦C, 3 ◦C and 4 ◦C) are reached for three climate models, UKESM,
CanESM5 and MPI. Values are given as anomalies with respect to the average summer maximum temperatures during the heat
event period between 1850 and 1900 in the models. Coloured boxes span the 25th–75th percentiles of the distribution, with the
whiskers showing the 5th and 95th percentiles; and outliers shown by black dots). The red dashed line indicates the England
Temperature anomaly during the 1923 heatwave.

pre-industrial levels. The 1923 event reached 7.8 ◦C above pre-industrial levels over England. It is evident
from figure 3 that there is a significant difference between models, particularly when looking at the extremes
in temperature. This highlights the dangers of using a single model for exploring extreme events and to input
into adaptation decision making. For example, if a decision maker aims to focus on high risk or an example
of a worst-case scenario, this changes per model selected.

Figure 4 shows the rates of change of climatology and analogues compared to Global Annual
Temperature. The orange lines represent the climatology (around 11–13 July) for each model. The black lines
in figure 4 represent a 1:1 rate of change between global annual temperature and England temperature
anomaly. We can see that for UKESM and CanESM5 the summer climatology over England around the
period of the 1923 heat event is warming at a faster rate than global warming (at a rate of 1.53 and 1.29
respectively; tables 2 and 3). However, MPI shows a rate of warming of England temperature anomaly that is
below the global average. To summarise, at 2 ◦C of global warming the warming in the three models for
England temperature varies between 1.78 ◦C and 3.06 ◦C.

Figures 2 and 3 show that not all analogues are anomalously hot, we therefore separately investigate the
‘Top 10% hottest analogues’. This is the top 10% of temperatures over England from the analogues, a subset
of analogues. This allows us to explore analogues that lead to particularly hot extremes over England by
providing this additional constraint.

In UKESM, the rate of change of the top 10% hottest analogues is 1.56 (standard error= 0.06), only
slightly higher than the climatology. For UKESM, when comparing the climatology rate with that of the
analogues and with top 10% hottest analogues, we find that we cannot reject the null hypothesis that these
rates are different using a 5% threshold (table 1).
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Figure 4. Scatter plot showing the climatology for the period around the 1923 event (orange) compared to the temperature over
England of similar circulation patterns to the original event (in blue) and the top 10%of temperatures from those with similar
circular patterns (green). Dark grey dashed vertical lines show warming levels of 2 ◦C and 4 ◦C. The light grey line represents a
1:1 trend. A red star represents temperature over England during the original heatwave event in 1923 from 20thCR. Climatology
(orange)⊂ Top 10%Analogues (blue)⊂ Top 10% England temperature anomaly (green).

Table 2. Table of warming rates of England temperatures during the 2023 event window relative to global mean warming, with the
standard error associated with each value in brackets, for climatological data, for all analogues selected by similarity of Z500 pattern, and
the top 10% hottest analogues. The black lines in figure 4 show a rate of 1 between global annual temperature and England temperature
anomaly.

Model/metric Climatology Analogues
Top 10% hottest

analogues

UKESM 1.53 (0.01) 1.52 (0.02) 1.56 (0.06)
CAN 1.29 (0.01) 1.17 (0.01) 1.16 (0.03)
MPI 0.89 (0.01) 1.14 (0.04) 1.04 (0.08)

Table 3. P-value table testing the hypothesis that climatology warms at the same rate as the analogues and hottest 10% of analogues,
(using t-test). Green boxes indicate where the null hypothesis of identical trends can be rejected at a 5% significance level.

Model/metric Climatology vs analogues
Climatology vs top

10% hottest analogues

UKESM 0.4250 0.764
CAN 0.01 0.0214
MPI 0.01 0.162

In CanESM5 the rate of change of both the analogues and the top 10% hottest analogues are slightly
lower than that of climatology, and we find that when comparing the rate of change in decadal climatology
between that of the analogues and the top 10% hottest analogues all are significantly different at the 5%
threshold level. In contrast, for the MPI model, the analogues show a higher rate of change than the
climatology at 1.14 (standard error= 0.04). The rate of climatology to analogues is significantly different but
we cannot reject the null hypothesis that the rates are significantly different between the climatology and the
top 10% hottest analogues. This emphasises model uncertainty at the rate at which hot extremes increase
with warming, despite all models being compared at the same global mean warming level.

Overall, we would expect the climatology to increase at a higher rate than 1:1 as Europe is currently
warming at a higher rate than the global average (Russo et al 2015, Rousi et al 2022) although England may
warm less than more continental regions in Europe. The rates for the top 10% hottest analogues, i.e. regimes
with similar circulation patterns to the 1923 event that show the highest temperature anomalies over
England, seem to be similar to that of climatology, particularly for UKESM and MPI.

4. Discussion

4.1. Methodological choices
Figure 5 shows the correlation thresholds (the cut off value of rho) when considering the top 10% (based on
rho value) to be analogues. The rho threshold or cut off values varies between models with CanESM5
tending to have a higher threshold than UKESM or MPI, indicating more similarity of its events to the
observed events. The 10% cut off varies between 0.45 and 0.73 and the 5% cut off varies between 0.59 and
0.78 between models and decades. In terms of the associated temperatures over England, taking the 5% or
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Figure 5. Correlation cut off value/threshold of analogues per decade for each model and the comparison to correlations using
detrended z500 patterns.

10% cut-off did not significantly impact results. We therefore have chosen a 10% cut-off to increase our
sample size. Using a cut off/threshold value for rho of 0.5 as opposed to 10% yields similar results.

Figure 5 shows that the rho threshold increases over time in both UKESM and CanESM5. This is mainly
due to an increase in the mean Z500 height from 1850 to 2100, since the atmosphere thickens as the global
temperature increases. Appendix figure A3 shows this increase in Z500 height from pre-industrial times to
the end of the century. The largest increase in Z500 is in CanESM5 which is expected as this is the model that
warms the most by 2100, by 7.4 ◦C compared to pre-industrial. The areas of highest Z500 increase for both
UKESM and CanESM5 are in the locations of highest pressure during the 1923 event, namely over
Scandinavia. Therefore, this aligns with an increased rho cut-off value from 1850 to 2100. MPI in comparison
only warms by 4.2 ◦C at 2100 and therefore the mean Z500 height does not increase by the end of the century
as much as for UKESM and for CanESM (see appendix figure A3). Interestingly, the area over Scandinavia
seems to be the area of least height increase in MPI in contrast to UKESM and CanESM5. Figure 5 also shows
the rho thresholds after being corrected for this height increase from 1850 to 2100. The correction removed
the mean Z500 increase for each decade from that decade’s values leaving the underlying pattern. As
expected, we see that the rho thresholds for UKESM and CanESM5 are corrected downwards towards the
end of the century. When MPI Z500 heights are corrected this moves the rho threshold upwards, aligning
with different Z500 tendencies between the models over the areas of highest pressure during the 1923 event.

Correcting for the increase in Z500 height makes little difference to the analogues found and their
associated England temperature anomaly values (see appendix figure A4). However, this correction is vital if
Euclidean distance is used to identify analogues instead of maximising the Spearman correlation (see
appendix figure A5). This is because the Spearman correlation method is less sensitive to the magnitude of
the difference between the two data sets when compared to using the Euclidean distance and focuses more on
the underlying pattern. The Spearman correlation considers the rank order of values as opposed to directly
considering the magnitude of differences between values and therefore may be less influenced by increasing
geopotential height. Due to this higher sensitivity to removing Z500 trends this analysis focuses on Spearman
correlation, but as indicated, results are broadly similar if using Euclidean distance, particularly after
detrending Z500 values. This correction is also important when exploring any changes in frequency of
occurrence of events similar to 1923 between 1850 and 2100.

4.2. Limitations of analogues
Analogues have been used in many studies to successfully place events into historical context as well as to
attribute anthropogenic warming to particular heatwaves or extreme events (Cattiaux et al 2010, Otto et al
2016, Jézéquel et al 2018b, Harrington et al 2019). This research aims to determine the effectiveness of using
the analogue methodology to explore potential future heat events. A key limitation of using this approach is
the dependency on models and their ability to get the circulation patterns right in the future under different
warming scenarios. Results will also depend on how many instances there are of a particular event in the
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model. Both temperature and Z500 height will increase as the globe warms. This may lead to different types
of weather regimes unlike those that are currently experienced or that have been witnessed in the recent past
(e.g. Rousi et al 2022, Yang et al 2022, Rousi et al 2023). For example, increased heatwave activity in Europe
has been linked to atmospheric dynamical changes including an increase in the frequency and persistence of
states including double jet streams over Eurasia (Rousi et al 2022 a). This could impact the frequency and
severity of heatwaves and would not be picked up in an analogue based study such as this one, unless these
future changes are reflected in the models. However, the most ‘extreme’ analogues in terms of England
temperature anomaly in the climatology do tend to be picked up when focusing on the analogues only,
suggesting that future heatwave circulation patterns do not change strongly in the models used.

We are also limited by the definition of what an analogue actually is and how to define it most effectively.
The choice of spatial extent over which analogues are detected can influence results for example. We find that
when taking the top 10% of analogues based on their rho value that these lead to a wide range of
temperatures over England. For example, with reference to figure 4, at 2 ◦C the analogues from UKESM
range from 2.21 ◦C to 13.97 ◦C above pre-industrial over England. We therefore sub-selected analogues
based on heat (taking the top 10% of temperatures over England from the top 10% of analogues based on
rho value) to explore how analogues that lead to particularly extreme heat over the UK compare to all
analogues and climatology. The fact that using circulation patterns alone to find analogues does not always
lead to severe heat events over the UK is a limitation of this technique, and was not addressed by using
different metrics for detecting analogues. Figure 6 illustrates that analogue events that are not particularly
hot tend to have very shallow circulation patterns on average, which illustrates a weakness of the correlation
metric, and they also seem to have slightly lower rho values.

In addition, our method does not take into account compound events such as drought and heat which is
likely to have played a role in the 1911 event for example. This could be considered by taking into account
soil moisture deficit which can play a key role in heatwaves particularly at the local level (Seneviratne et al
2010, Vogel et al 2017) and so analogues found are only based on the circulation pattern. Our method could
potentially be expanded to include analogues for more than one variable with more of a focus on a number
of preceding conditions to the event of interest, although this may severely affect sample size. Additionally,
we find analogues based on a snapshot of past events, in other words, the mean value over a heatwave event.
A future study could investigate finding analogues by using the evolution of the event as the days leading up
to an event could also be important.

For two of the models used here, the rate of change of global temperature is slightly lower than that of
England summer temperature anomaly, which is similar for climatology and the extremes (the top 10%
hottest analogues). However, observational studies suggest that in North–West Europe, the hottest summer
days are warming approximately twice as fast as summer days of mean temperatures between 1960 and 2021,
a trend that is not captured by climate models (Patterson 2023). Other studies focused on the UK also
conclude that extremes of temperature in the UK are changing faster than average temperatures using mean
daily data (Kendon et al 2023). Since this is not captured in the models used here, this could be due to a
missing process and hence a limitation of the analogue methodology and more generally the use of model
data in this context. This does however require further investigation as daily maximum temperatures were
used in this study.

4.3. Can analogues be used as storylines?
It can be shown, particularly with reference to figure 4, that different models lead to different results and
temperature ranges for potential future heatwaves. Figure 6 shows the hottest and coldest 10% analogues at
1 ◦C, 2 ◦C and at 4 ◦C of global warming for each model used. Figure 6 shows that while our method
captured the hot analogues, it failed to remove the less suitable candidates in some cases where only Z500 is
used with no constraints on the temperature of analogues found. At 2 ◦C the hottest analogue temperatures
over England range from 8.5 ◦C to 14.0 ◦C above pre-industrial levels and for 4 ◦C the range is between
11.7 ◦C and 19.6 ◦C. This large range between models highlights the danger of only using one model to make
adaptation decisions related to future heatwave events. This also provides challenges when communicating
results to decision makers and how ranges and uncertainties in future extreme events should most effectively
be communicated and used to make adaptation decisions. The use of workshops or serious games are
considered effective methods for making decisions under uncertainty where a storyline approach could be
used (Rumore et al 2016, Shepherd et al 2018, Undorf et al 2020). In this case, an organisation could discuss
their resilience level to heatwaves reaching the different temperature ranges calculated in this research as a
form of ‘stress-testing’ adaptation strategies. Analogues give the additional benefit of being based on an
historic heatwave event, perhaps one that lives in shared societal memory or one that a population has lived
through, and therefore could help motivate adaptation action (Garcia et al 2022).
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Figure 6. Spatial plots showing z500 anomalies relative to pre-industrial (1850–1900) for the most extreme heatwave analogues
found (in terms of their England temperature anomaly) for each warming level (1 ◦C, 2 ◦C and 4 ◦C)—the top 10% hottest for
each model on the top row and the coldest 10% on the bottom row. The average rho values associated to each are included below
each plot.

5. Conclusion

In this paper, we use an analogue methodology based on atmospheric circulation to analyse how past
heatwave events may change under different global warming scenarios. While many studies use the analogue
methodology to characterise recent events based on their analogues in the past, less studies use this method
to search for analogues in the future, which identifies most of the future hot events and puts them into the
context of what was experienced in the past. We comment on methodology choices and the limitations of
using this method. For example, we are using Z500 to search for analogues without taking into account
preceding conditions, such as drought. Therefore, for compound events such as drought and heat in 1911
this may lead to less effective analogue selection than if using a method that includes drought (e.g. Cowan
et al 2020). We are also limited by the frequency of the high-pressure system of interest in the dataset and to
what extend models can reliably construct potential future events. 1923 seems to be a more common
high-pressure circulation pattern over Europe that leads to heat and therefore leads to clearer results than

11



Environ. Res.: Climate 3 (2024) 045001 E L Yule et al

1911. On the other hand, 1923 is similar to the pattern involved in other strong heat events in the record,
making it relatively less distinct and again querying to what extent atmospheric circulation alone is suitable
to select the best analogues, as not all analogues provide strong heat events, and all strong heat events seem to
be captured by similar circulation patterns. As strong future heat events are captured by 1923 analogues, this
suggests that future heatwave events will be similar, in terms of their circulation patterns, to past heatwave
events from the early 20th century. Using additional information, such as drought preconditioning, strength
of the atmospheric anomaly (which is neglected in correlation statistics) or prior build-up of heat might be
necessary to identify analogue events that sample preferentially intense heat.

The 1923 event was an extreme heat event at the time it occurred (above the 75th percentile of the
analogue distribution in models), whereas at 4 ◦C of global warming the same event would be at the lower
end of the distribution of the analogue distribution, with much hotter events possible, although with a large
model uncertainty illustrated by the three models used here.

We compare the analogues found before and after detrending for increasing pressure levels as the global
temperature warms. We find that there is little difference in the analogues found when maximising the
Spearman correlation but considerable difference when minimising the Euclidean distance to identify
analogues. Despite its limitations analogues could be an effective method of communicating climate risk,
particularly to demonstrate the need to adapt to changing extremes. This method takes an event that people
are aware of from the past and gives an idea of what we may need to prepare for in the future which could aid
in discussions about future preparedness and resilience building.

Future research could take into account other variables or preceding conditions, such as drought, as well
as the pressure which could create more realistic or reliable analogues to past events as well as being able to
inform adaptation decision making for compound events. In addition, this paper focused on summer
heatwaves in the UK. Looking at different types of events or heatwaves in other regions or in different
seasons could lead to different results and conclusions. Future work could extend this research to compare
with other seasons or to events in other regions.
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Appendix

Figure A1. (a) and (b) Robustness of circulation captured in 20CR during early heatwave events. The top rows of both (a) and (b)
show the Z500 anomalies and the maximum temperature anomalies respectively, reference period for anomalies is 1850–1900)
using 20th-century reanalysis v3 data. Provided by the NOAA/OAR/ESRL PSL, Boulder, Colorado, US. The second row in (a) and
(b) shows the spread in ensemble members from 20CR for each variable respectively and the bottom rows show the anomalies
masked where there is no significance in sign of change, where the absolute anomalies are within the spread of ensemble members
to two standard deviations.
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Figure A2. Climatology and top 10% analogues and their associated England temperature anomaly for UKESM, CanESM5 and
MPI as well as for 20CR. This plot demonstrates the higher variability in models when compared to 20CR. UKESM exhibits the
most variability.

Figure A3. Z500 anomalies in 2090–2100 relative to 1850–1900 for climatology period 12 July±15 d for UKESM, CanESM5 and
MPI. The areas of higher pressure increase tend to be in North-Eastern Europe in UKESM and CanESM5 whereas this is not the
case for MPI. MPI shows the lowest increase in pressure out of the three models which is expected as it is also the model that
warms the least by the end of the century.
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Figure A4. Comparing the analogues found when correcting for Z500 height differences between 1850 and 2100 using Spearman
correlation. This plot highlights the similarity in analogues found with and without detrending for the increasing pressure
between 1850 and 2100.
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Figure A5. Comparing the analogues found when correcting for Z500 height differences between 1850 and 2100 using minimum
Euclidean distance. This plot highlights the difference in analogues found with and without detrending for increasing pressure
when using Euclidean distance to identify analogues.
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