THE UNIVERSITY of EDINBURGH

Edinburgh Research Explorer

Circulation analogues and uncertainty in the time-evolution of
extreme event probabilities: evidence from the 1947 Central
European heatwave

Citation for published version:

Harrington, LJ, Otto, FEL, Cowan, T & Hegerl, GC 2019, 'Circulation analogues and uncertainty in the time-
evolution of extreme event probabilities: evidence from the 1947 Central European heatwave' Climate
Dynamics. DOI: 10.1007/s00382-019-04820-2

Digital Object Identifier (DOI):
10.1007/s00382-019-04820-2

Link:
Link to publication record in Edinburgh Research Explorer

Document Version:
Publisher's PDF, also known as Version of record

Published In:
Climate Dynamics

Publisher Rights Statement:
© The Author(s) 2019

General rights

Copyright for the publications made accessible via the Edinburgh Research Explorer is retained by the author(s)
and / or other copyright owners and it is a condition of accessing these publications that users recognise and
abide by the legal requirements associated with these rights.

Take down policy

The University of Edinburgh has made every reasonable effort to ensure that Edinburgh Research Explorer
content complies with UK legislation. If you believe that the public display of this file breaches copyright please
contact openaccess@ed.ac.uk providing details, and we will remove access to the work immediately and
investigate your claim.

OPEN () ACCESS

Download date: 08. Jul. 2019


https://doi.org/10.1007/s00382-019-04820-2
https://www.research.ed.ac.uk/portal/en/publications/circulation-analogues-and-uncertainty-in-the-timeevolution-of-extreme-event-probabilities-evidence-from-the-1947-central-european-heatwave(c38ac4d1-da4a-40be-8a40-d744ae27be3b).html

Climate Dynamics
https://doi.org/10.1007/500382-019-04820-2

=

Check for
updates

Circulation analogues and uncertainty in the time-evolution
of extreme event probabilities: evidence from the 1947 Central
European heatwave

Luke J. Harrington' - Friederike E. L. Otto' - Tim Cowan?3 - Gabriele C. Hegerl?

Received: 31 July 2018 / Accepted: 15 May 2019
© The Author(s) 2019

Abstract

The science of extreme event attribution has rapidly expanded in recent years, with numerous studies dedicated to deter-
mining whether and to what extent anthropogenic climate change has increased the likelihood of specific extreme weather
events occurring. However, the majority of such studies have focussed on extreme events which have occurred in the recent
past (usually within the past 10 years) while minimal research efforts have considered the multitude of high-impact extreme
climatic events which occurred throughout the instrumental record. This study proposes a framework to quantify how the
likelihood of witnessing meteorological characteristics reminiscent of the 1947 Central European heatwave have evolved
over time. We specifically examine circulation analogues as a tool to understand the relative role of dynamical and ther-
modynamic contributions to changes in the probability of experiencing similar heatwave events. Using a reanalysis-based
dataset, our results show changes in the frequency of 1947-like extreme heat throughout the twentieth century to be highly
sensitive to methodological choices, particularly in the context of disaggregating dynamic and thermodynamic changes in
the risk of extreme heat. Evidence also suggests clear decadal variability in the occurrence of circulation patterns conducive
to the 1947 heatwaves. Finally, we discuss how to appropriately consider the time-evolution of attribution statements, as
well as the broader limitations of employing circulation analogues as a method to interrogate the dynamical contribution to
the probability ratio of an extreme event.

Keywords Circulation analogues - Heatwaves - Extreme weather events - Signal-to-noise ratios - Climate change

1 Introduction

Understanding how the frequency and severity of extreme
weather events change in response to global warming is of
crucial importance for many elements of future decision
making (Stott and Walton 2013; Sippel et al. 2015a; Otto
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et al. 2018). In the past decade, significant progress has
been made in the field of extreme event attribution, in which
many different techniques have been developed to quantify
whether and to what extent human influences have made the
occurrence of a particular extreme event—often one which
has occurred in the recent past and brought with it damaging
impacts—more or less likely (NAS 2016; Stott et al. 2016).
Substantive progress in understanding the physical processes
which govern extreme weather events, as well as the model-
ling and statistical tools used to characterise these extremes
(Otto 2017), have enabled a prolific expansion of the number
of quantitative attribution analyses (Angélil et al. 2017).
The majority of probabilistic event attribution studies
can be broadly characterised as determining how much
more or less likely a recently observed extreme weather
event was to occur in the present day (the factual climate),
relative to a counterfactual climate which excludes the
presence of human influences on the climate system. Of
course, variations on this framework exist, depending on
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whether observational records are being analysed or the
type of climate modelling framework used to interrogate
these changes. However, limited research (King et al.
2016) has considered how this factual-versus-counterfac-
tual binary framework can be expanded upon to consider
the evolution of risks from events witnessed over the last
century, despite the fact that many of these historical
events also caused significant damages at the time. Is it
the case that only events which are occurring today carry
a statistically detectable signal of anthropogenic climate
change, or have there been events in the past which were
already more likely to occur as a result of human influ-
ences at that time? Focusing on a European heatwave
from 1947 as a case study, the first aim of this study is to
investigate how such an analysis could be undertaken, and
particularly how the framework of analysis for consider-
ing the time-evolution of attributable increases in risk of
witnessing historically significant extreme events would
need to be adjusted from the approaches used for attribu-
tion analyses of present-day events.

Since European heatwaves are known to preferentially
occur in the presence of specific summertime atmospheric
circulation states (Cassou et al. 2005; Pfahl and Wernli 2012;
Sousa et al. 2018; Jézéquel et al. 2018b), it is important to
understand how dynamic and non-dynamic processes lead-
ing to heatwaves are each affected by anthropogenic climate
change. Consequently, a second topic of recent research
for the attribution community has concerned the extent
to which changes in the likelihood of a particular extreme
event occurring can be further separated into dynamic and
thermodynamic contributions (Trenberth et al. 2015; Shep-
herd 2016; Otto et al. 2016; Harrington 2017). Among the
many different methodological frameworks which have
been developed to address such questions (Meredith et al.
2015; Christidis and Stott 2015; Deser et al. 2016; Lehner
et al. 2017, 2018), one particular technique to decompose
the relative changes to dynamical and thermodynamic influ-
ences on extreme heat and rainfall events has been the use
of circulation analogue methods (Yiou et al. 2007, 2017,
Cattiaux et al. 2010, 2012; Vautard et al. 2016; Stott et al.
2016; Jézéquel et al. 2018a, b, ¢). This approach character-
ises the circulation features which occur during an extreme
event, then identifies the most similar-looking sequences of
weather systems in other parts of the observational record
(or model ensemble) and compares the variable of interest
for these examples with analogous circulation properties. By
quantifying how frequently circulation analogues occur in
the model- or observation-based record of interest, as well as
what changes occur to the likelihood of witnessing extremes
within these circulation analogues, attribution statements
can be feasibly made about dynamical and thermodynamic
components to changes in the likelihood of occurrence for
the extreme event of interest (Yiou et al. 2017).
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The second aim of this study will be to examine how
circulation analogue methods characterise dynamic- and
thermodynamic-driven changes to the properties of extreme
heatwaves over the duration of the twentieth century. Spe-
cifically, we will explore how statements regarding the fre-
quency of circulation analogues, as well as their associated
heat anomalies, can vary according to different choices made
in the formulation of these analogues. Particular attention
will be paid to methodological choices such as the window
of time from which analogues can be sampled, the strin-
gency of analogue selection criteria, and whether the ana-
logues represent daily-scale circulation properties or those
aggregated over the length of the event.

Given the previous demonstrations of how circulation
analogues are suited to the investigation of extreme heat
over Europe (Jéz€quel et al. 2018b), the anomalously warm
summer of 1947 over Central Europe will be used as a case
study.

1.1 The Central European summer of 1947

This study focuses on the anomalously hot summer of 1947
over Central Europe as a case study to examine the time-
evolution of attribution statements, as well as the efficacy
of circulation analogues as a tool for probabilistic event
attribution. As discussed extensively in Griitter et al. (2013,
hereafter G13), the summer of 1947 was a period of pro-
nounced heat over large regions of Central Europe, and
occurred during the middle of a five-year period of drought
which affected the region between 1945 and 1949 (Hirschi
et al. 2013).

The period of April-September 1947 witnessed record-
breaking rainfall deficits over Switzerland, which by some
estimates were up to twice as severe as for the summer of
2003 (Calanca 2007). This widespread dryness helped to
exacerbate the favourable meteorological conditions for
extreme heat in Central Europe: in this case, such conditions
were characterised by a persistent high-pressure system over
Central Europe and several low pressure systems forming
to the west of the British Isles contributing to significant
heat advection from the south-west. The severity and length
of this anomalous heat during the summer of 1947 lead to
widespread forest fires in Germany, as well as a near-total
loss of crops across Switzerland (Griitter et al. 2013).

While the persistent state of drought over Central
Europe in the late 1940s constituted a significant hydro-
meteorological extreme event in its own right, we hereafter
limit our focus on the extreme heat of July and August of
1947 only—it was during this two-month period that the
majority of heatwave days occurred, as defined by G13. To
confirm this, Fig. 1 considers monthly mean daily maxi-
mum temperatures (TXmon) for July to August 1947, rela-
tive to a 1901-2000 baseline, using gridded temperature
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Fig. 1 Temperature anomalies for the 2 months of July—August 1947,
using monthly mean daily maximum temperatures from the CRU-
TS4.0 data set. a Absolute temperature anomaly (K) over Europe in
1947, relative to all Jul-Aug temperatures between 1901 and 2000; b
normalised temperature anomaly by dividing the absolute anomaly at
each grid cell by the standard deviation of all Jul-Aug temperatures

data from the CRU-TS4.00 data set at a horizontal reso-
lution of 0.5°x 0.5° (Harris et al. 2014). Panels a and b
respectively show absolute and relative temperature anom-
alies for July—August 1947, with the latter normalised by
the standard deviation of TXmon over the baseline period
at each grid point. Panel ¢ shows the rank of 1947 sum-
mer heat relative to all other years in the twentieth century
(Figure S1 presents an equivalent ranking map including

4 5

between 1901 and 2000. ¢ Where the anomalies of 1947 rank rela-
tive to all other summers in the twentieth century, for each grid cell.
The grey regions correspond to locations for which the 1947 event
was outside the top 5. The black rectangle (0°E-10°E, 44°N-53°N)
denotes the spatial domain of focus for all subsequent temperature-
based analysis

summers up to 2014, with similar results). Consistent with
the narratives provided by previous analyses, these obser-
vations show the most severe anomalies to have occurred
over a large region of Central Europe spanning parts of
France, Belgium, the Netherlands, Germany and Switzer-
land. All subsequent temperature analysis will hereafter
focus on the black rectangle outlined in Fig. 1 (0°E-10°E,
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44°N-53°N) so to reflect the area which exhibited the most
severe impacts from the 1947 event.

2 Data and methods

To explore the circulation and temperature characteristics
which occurred during the summer of 1947 at a finer time-
scale, we extract daily mean sea level pressure (MSLP) and
daily maximum near-surface air temperature data from the
state-of-the-art Twentieth Century Reanalysis data set Ver-
sion 2¢ (hereafter 20CR; Compo et al. 2011). Many pre-
vious studies which consider circulation analogues in the
context of heat extremes over the twentieth century have
emphasised that geopotential height data at 500 hPa (Z500)
is a more useful metric on which to constrain relevant cir-
culation features for heatwaves, and reanalysis data from
the National Center for Environmental Prediction (NCEP;
Kalnay et al. 1996) is often preferred (Jézéquel et al. 2018b).
We have chosen to instead use daily MSLP from 20CR for
three reasons: first, NCEP reanalysis only extends back to
1948, while 20CR has data which extends well into the 19th
Century. Second, we note that 20CR assimilates only surface
pressure measurements and monthly sea surface tempera-
tures into an atmosphere and land general circulation model
(Compo et al. 2011): consequently, we have much greater
confidence in the quality of the reanalysis-based MSLP data
in the earlier parts of the twentieth century when compared
against corresponding Z500 data (further discussion of the
trade-offs between using Z500 and MSLP for analysis can
be found in Sect. 4.4). And finally, G13 performed a specific
analysis against station data for the summer of 1947 in Cen-
tral Europe, and found 20CR to realistically represent the
observed characteristics of the event (Griitter et al. 2013).

It is also worth emphasising that fewer observational
records in the early part of the twentieth century funda-
mentally limit the reliability of any reanalysis products over
this period. Therefore, while 20CR was shown to faith-
fully represent the key meteorological characteristics of the
1947 heatwave event (Griitter et al. 2013) as well as show-
ing agreement with other reanalysis products in the evolu-
tion of summertime European temperatures (Figure S5 of
Alvarez-Castro et al. 2018), there remains some uncertainty
in the observed evolution of summertime circulation pat-
terns, particularly prior to 1930 (Alvarez-Castro et al. 2018),
which the reader should remain aware of when interpreting
the results of this study.

2.1 Defining the 1947 heatwave using MSLP
analogues in 20CR

Identifying when a particular extreme event actually
occurred is far from straightforward (Otto 2017), and several
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possible approaches exist (Christiansen 2015; Cattiaux and
Ribes 2018). Discussions by G13 of both the local-scale
meteorological conditions and subsequent societal impacts
reveal there to be multiple periods within July and August
1947 where a heatwave could have been considered most
severe, though the more significant periods of heat appear
to have emerged in the final several days of July. To define
the 1947 ‘heatwave’ hereafter analysed in this study, we
choose to follow the methods of previous studies (Yiou et al.
2007; Cattiaux et al. 2010), and focus on when tempera-
tures were hottest both in absolute terms, and with respect
to other times in the historical record with similar circulation
patterns.

For each day in the two-month period of July and August
1947, we extract the corresponding daily MSLP pattern.
For each of these days, we find ten days across all other
July and Augusts between 1901 and 2000 (excluding 1947)
which have MSLP pattern matching most closely with the
day of interest. This is found by calculating root mean square
(RMS) errors over the larger European domain in Fig. 1
(spanning 20°W-30°E and 30°N-65°N, this domain size
is suggested as most appropriate by Jézéquel et al. (2018b)
for a comparable type of analysis). We then look at the daily
maximum temperature averaged over the black rectangular
box in Fig. 1 for each of these ten analogue days.

The red dashed line in Fig. 2 shows the daily Tmax data
from 20CR for the summer of 1947, with the ten blue dots
for each day denoting the corresponding values from each of

306 . T T T : :
. — — 1947 Jul-Aug
Tx analogues -

Daily Tmax over sub-region (K)

!
L .
R B L A I e el
204t %% peess 8 ! ) 3""'"’,&
e ®28eh ° o ® °° )
° . 1 . ooe . )
P S . oo o
Ye,q e 0ee °°°
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Fig.2 Evolution of analogue temperatures for each day in July and
August 1947. The red dashed line shows the daily maximum tem-
perature evolution for the summer of 1947; the blue circles show the
range of temperatures found for the top 10 circulation analogues for
each individual calendar day: that is, the MSLP patterns for these
analogue days most closely resemble the circulation state for the cal-
endar day in 1947. The two vertical red lines indicate the temporal
bounds hereafter chosen to define the 1947 heatwave
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the ten MSLP analogues selected from anytime throughout
the twentieth century. With these results, we find a clear
candidate for a continuous 12-day period in the middle of
the summer which we hereafter refer to as the ‘1947 heat-
wave’. While subjective, we have chosen the 12 days from
July 22 to August 2 (inclusive), as not only are temperatures
consistently near or above 302 K (x29 °C), but they are
also unusually high when compared with temperatures from
other summer days where a similar circulation state persists.

Figure 3 presents these twelve daily MSLP patterns
across the European domain. There exists clear evidence of

the quasi-persistent ridge of high pressure stretching from
Portugal to Scandinavia which was emphasised by G13,
as well as a continued presence of anticyclonic anomalies
over Central Europe for the full twelve-day period. These
patterns will also be the focus of all subsequent circulation
analogue analysis for this study.

Fig.3 Daily MSLP patterns for the 12 days of the 1947 heatwave. Day 1 refers to July 22 1947 and Day 12 refers to August 2 1947. The spatial
domain presented is that which is used for all circulation analogue analyses in Sect. 3

@ Springer
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2.2 Exploring sources of uncertainty
in the time-evolution of circulation analogues
and related temperature anomalies

In Sect. 3, we begin to explore the time-evolution of witness-
ing both circulation characteristics and temperature anom-
alies like that of the 1947 heatwave. Specifically, we are
interested in: (1) how the probability of witnessing instances
‘like the 1947 event’ evolve through the twentieth century,
using multiple different criteria; (2) whether any robust tem-
poral trends exist in the frequency of circulation analogues
being witnessed; (3) to what extent results differ when char-
acterising analogues at a daily-scale relative to analogues of
12-day MSLP sequences; and (4) what uncertainty exists in
our results from methodological choices, such as the time
window from which circulation analogues are considered or
the severity of the constraint as to what constitutes an ‘analo-
gous’ circulation pattern to an observed event of interest.

3 Results
3.1 Daily-scale results

3.1.1 Evolving likelihoods of witnessing daily MSLP
patterns like those of the 1947 heatwave

As a conservative estimate of witnessing circulation features
similar to those which coincided with the 1947 heatwave
through the twentieth century, we first assess changes to
individual circulation patterns at the daily timescale—spe-
cifically, how closely they resemble each of the twelve days
of the 1947 heatwave—as well as corresponding tempera-
tures, through the twentieth century.

First, we establish baseline estimates of circulation dis-
tance (RMS error) distributions from the full 1901-2000
time series. To consider the effect of widening or narrowing
the time-window of the calendar year from which we can
sample days, we look at 11-day, 21-day and 31-day win-
dows centred on each specific day of the 12 days of the 1947
heatwave. We note that a 31-day window is the maximum
length of time considered, since only a 15-day window was
recommended for other heatwave studies (Perkins and Alex-
ander 2013; Perkins 2015; Perkins-Kirkpatrick and Gibson
2017). We do note that these time windows are narrower
than those used by other studies of circulation analogues: as
such, we also considered a 61-day window (see Supplemen-
tary Information), but found behaviour largely comparable
to the 31-day-based results which are presented hereafter.

So to look at the similarity in the time-series with the
MSLP pattern of July 22 1947, using an example time-win-
dow of 21 days, we consider all days from July 12 to August
1 and for all 99 years in the base period (that is, every year
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from 1901 to 2000 excluding the summer of 1947 itself)
to yield a distribution of 21 X 99 =2089 possible days. For
each of these days, we calculate the RMS error of the MSLP
fields over the larger European domain presented in Fig. 1,
as well as extracting the daily maximum temperatures aver-
aged over the smaller black rectangular region of Fig. 1, cor-
responding to where the heat was most severe in 1947. For
this distribution, we then select the value of the 10th, 20th
and 30th lowest-ranked RMS errors, as arbitrary thresholds
below which all days might be considered ‘analogues’ for
the MSLP patterns of individual days from the 1947 event.

This process is then repeated for each of the twelve days
of the 1947 event, each time extracting the RMS error cor-
responding to the 10th, 20th and 30th lowest-ranked values.
We then aggregate the results from each individual day to
yield a distribution of size JxYx12, where J is equal to the
N-day time window considered (J={11,21,31}) and Y =99,
which is the number of years over the base period being con-
sidered. For each of these three distributions (which differ in
size according to the width of the N-day time window cho-
sen), we extract three different RMS error values as possible
criteria for ‘circulation analogues’ (as well as the probability
of being below these thresholds in the base period): these
correspond to the mean of all “10th-lowest ranked distances”
extracted from each of the 12 daily distributions, as well as
repeating this for the twelve estimates of the “20th-lowest”
and “30th-lowest” distance rankings (see Fig. 6a for a sche-
matic representation).

Now that we have a sequence of baseline thresholds to
consider as criteria for a specific day being analogous to
a day from the 1947 heatwave, we next consider running
20-year time periods from 1901 to 2014 (the full length of
the 20CR dataset available), but excluding 1947 from con-
sideration throughout (so the 20-year period ending 1960
will include data from 1940 to 1946 and 1948 to 1960).
For each of these 20-year periods, we again obtain three
JxYx12 distributions of daily circulation RMS errors, where
J remains either 11, 21 or 31 and Y is now 20. For each
of these twenty-year time periods, we look at the fraction
of days, Pgg; ow» Where the RMS error sits below each of
the three ‘analogue thresholds’ defined across the full base
period. We then apply a 1000-member bootstrap process:
this involves randomly resampling an equal number of days
from each twenty-year period (each time sampling with
replacement, which ensures all data points always have an
equal chance of selection), re-calculating Pgg; ow» and then
repeating these steps 1000 times to yield uncertainty bounds
for the Py ow term. In addition, we extract all temperatures
from those days which lie below each of the specified RMS
error thresholds—these will be considered hereafter as ‘ana-
logue temperatures’.

To understand the time-evolution of this Pgp; oy term,
we present results for each of the three arbitrary analogue
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thresholds chosen, for each of the distributions associated
with a different N-day time window—shown separately in
Fig. 4a—c for clarity. For each of the three panels (corre-
sponding to a different N-day time window) the blue, red
and purple solid lines denote the evolution of Pgg; w across
the 20-year running periods from 1901 to 2014 (thin lines
indicating the 90% bootstrapped confidence interval). The
dashed line corresponds to the default probability obtained
across the 1901-2000 baseline period.

To more effectively understand the changes in these prob-
abilities of analogue circulation days occurring relative to
the base period probability, we simply divide the former by
the latter in each 20-year period to yield time-evolving prob-
ability ratios (PRs), and present these corresponding results
in Fig. 4d—f. Similar to the frameworks that are considered
for probabilistic event attribution more generally, we can
interpret a PR greater (less) than one as indicating that a spe-
cific twenty-year period was more (less) likely to experience

Individual days: circulation metrics
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Fig.4 Twentieth Century evolution of the probability of witnessing
summer days with MSLP patterns comparable to any of the twelve
individual days from the 1947 Central Europe heatwave. a—c¢ Show
the absolute probability of a random day in the period of interest
exhibiting an MSLP pattern ‘analogous’ to one of the 12 days from
the 1947 Central Europe heatwave. Dashed horizontal lines denote
the fraction of days which are considered MSLP analogues over the
full 1901-2000 base period (1947 excluded); different colours denote
the use of three arbitrary thresholds for defining a circulation ana-
logue (R10 refers to 10th-lowest ranked RMS error score, and so
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on). The thick solid lines show the evolution of circulation analogue
frequency over running 20-year periods through the time-series; thin
solid lines represent the corresponding 5th-95th confidence interval
using a 1000-member bootstrap resampling approach. d—f Show the
same information as for panels a—c, but normalising the time-evolv-
ing probability over the running 20-year periods by the baseline prob-
ability estimates, thereby producing ‘Probability Ratios’ which are
comparable across all event thresholds and across all the three distri-
butions using different N-day time windows
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daily MSLP patterns which could be characterised as ‘circu-
lation analogues’, relative to the full baseline period.

Three important results emerge from Fig. 4d—f. Within
each of the individual N-day window distributions, the
probability ratio trajectories are nearly-identical between
the three different circulation thresholds chosen—though
the uncertainty bounds in PR are notably larger for the most
extreme analogue constraint (the 10th-lowest ranked dis-
tance threshold). Second, there is no clear positive trend
through time in the likelihood of witnessing daily circulation
patterns like those of the 12 days of the 1947 extreme heat-
wave. Third, there are some individual decades—Ilike the
1940s in Fig. 4d—which can show statistically significant
probabilities of witnessing 1947-like MSLP patterns. But
there are some notable variations depending on the length of
the time window, and no substantive deviations from PR=1
exist which are robust across all N-day time windows can be
found in these results.

3.1.2 Time-evolution of daily analogue temperatures

Next we consider temperature changes during those days
which satisfy the MSLP-based criteria for being a circulation
analogue, and see how these changes compare against the
corresponding evolution of summertime temperatures more
generally over the same region.

To first consider the broader evolution of summertime
temperatures, we aggregate all daily maximum temperatures
over the period July 22—August 2 (consistent with the period
of the 1947 heatwave) for running 20-year periods through
the twentieth century, and extract the mean temperature from
this aggregated data set. This mean temperature evolution is
presented as a black line in Fig. 5a—c. We then select all days
which satisfy the criteria for being ‘circulation analogues’
from the previous section, and consider the mean tempera-
ture from all of these analogue days for each of the different
distributions which align with different N-day temperature
windows considered. The time-evolution of these average
analogue temperatures are also presented in Fig. Sa—c, with
different coloured lines representing the three RMSE ana-
logue thresholds of varying stringency that were considered,
and the different N-day time windows again presented in
separate panels.

For the case of general summertime temperatures, a clear
warming signal is found through the twentieth century, with
increases of more than 2 °C for the twenty-year period end-
ing in 2014 relative to the start of the 1900s. We also find for
any given time period, the average of the analogue tempera-
tures to be approximately 2 °C warmer than the correspond-
ing mean of all daily temperatures (black line in Fig. 5a—c),
an inflation consistent with previous studies (Jézéquel et al.
2018b). This is clear evidence to support the notion that
extreme summertime temperatures in 1947 were more likely
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to occur in the presence of the corresponding MSLP patterns
which were also present. Such a result which is entirely con-
sistent with the types of circulation features associated with
Central European summertime heatwaves (Fischer and Schar
2010). It is also further evidence to support the concept of
using circulation analogues to interrogate the dynamical
contributions to the occurrence of extreme weather events.

Interestingly however, we find the trends in average daily
analogue temperatures through the twentieth century to
mostly mirror the corresponding changes found for the dis-
tribution which includes all summer days. To interrogate this
result more thoroughly, we present in Fig. 5d—f the mean
analogue temperature as a percentile of the full distribution
of daily summer temperatures. Results show a small decreas-
ing trend through time, with variations between the 60th and
90th percentile of the corresponding distribution of all sum-
mer days, depending on the decade considered. However,
the smoothed characteristics of the data violate independ-
ence assumptions, and thus prevent a formal assessment of
whether such trends are statistically significant.

While the evolution of these analogue percentiles remain
largely consistent across the different N-day time windows,
the results for those days below the most stringent of the
RMSE analogue thresholds (R10) do show more variable
answers through the twentieth century. This is largely a
sample size issue: the number of total analogue days using
the R10 threshold is smaller, and thus more susceptible to
variations in mean analogue temperatures—particularly dur-
ing the twenty-year periods ending in the 1960s—70 s when
fewer analogue days are found overall (see Fig. 4).

Overall, these latter results suggest that, while positive
(= +2 °C) temperature anomalies are found during those
days when MSLP patterns are approximately analogous to
those witnessed during the 1947 heatwave (relative to all
summer days), these analogue temperatures are not found
to be increasing any faster than the general trend for daily
summer temperatures over the last 114 years.

3.2 Transitioning from daily-scale circulation
analogues to analogues spanning the 1947
event length

Understanding how changes to the frequency of daily circu-
lation features like those witnessed during the 1947 extreme
heatwave have evolved through the twentieth century, as well
as the associated temperature anomalies are highly informa-
tive. However, to gauge a better estimate of changes to the
likelihood of experiencing a 12-day event specifically like
what was witnessed during the summer of 1947 requires a
modified methodological framework, as has been suggested
in previous research (Yiou et al. 2017; Jézéquel et al. 2018b).

As explained in Sect. 3.1.1, to obtain a distribution of
daily RMS error values, we considered each of the 12 days
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Individual days: analogue temperatures
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Fig.5 Evolution of all daily summertime temperatures and daily
analogue temperatures over the Twentieth Century. Black solid lines
in panels a—c show the mean temperature of all days spanning July
22—-August 2 for running twenty-year periods from 1901 to 2014
(excluding 1947); the corresponding blue, red and purple lines show

of the 1947 heatwave individually, and compared that day
with all other days in an 11-, 21- or 31-day window centred
on the day of interest and across the full 99-year base period,
before extracting the RMS error corresponding to the 10th-,
20th- and 30th- lowest ranked days.

Repeating this for all 12 days of the heatwave then
yielded a large distribution of daily RMS errors, and taking
the mean of the lowest Nth-ranked values from each of the
twelve individual distributions provided three objective dis-
tance thresholds, with any day falling below these thresholds
consequently being considered a ‘circulation analogue’.

To instead understand the probability of witnessing the
specific 12-day sequence of MSLP patterns which occurred
over the course of the 1947 heatwave, we employ a Monte
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the mean temperature from all days which are considered to be ‘circu-
lation analogues’ according to their respective threshold criteria. d—f
Show, for each of the running 20-year time periods, where each of the
mean analogue temperatures are situated (as a percentile) within the
wider distribution of all daily summertime temperatures across

Carlo sampling approach adapted from Yiou et al. (2017).
First, we randomly select one day from all possible days
across the full 1901-2000 base period and within the 11-day
(or 21-day or 31-day) time window centred on the start of
the heatwave, and then calculate the RMS error by compar-
ing this MSLP pattern with the first day of the 1947 heat-
wave. A second random day is then selected, compared with
the corresponding second day of the 1947 heatwave and so
on, until twelve RMS errors are found. These are then aver-
aged to produce a 12-day mean RMS error estimate, which
represents how closely twelve randomly selected summer
days throughout the time series resemble the specific 12-day
sequence of MSLP patterns that occurred during the 1947
event.
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This process is then repeated ten thousand times to pro-
duce a large distribution of resampled RMS errors, such
that each value represents the similarity of a random 12-day
sequence of MSLP patterns from anytime in the baseline
period, with the corresponding sequence of MSLP patterns
which specifically occurred during the 1947 heatwave.

As Fig. 6b, c reveal, the 12-daily average RMS error dis-
tribution has significantly different statistical characteristics
compared to the aggregation of the twelve daily-scale RMS
error distributions. Thus, to obtain a RMS error threshold
which defines circulation analogues in a “12-day mean” set-
ting, we use quantile mapping (Jeon et al. 2016) with the

thresholds found from the daily analogue analysis, such that
the Py ow across the baseline period is the same for both
the daily and the bootstrapped 12-day distributions. We note
that this quantile mapping represents an RMSE adjustment
by a factor of about 1.6, a value comparable to the ‘safety
factor’ of 1.5 suggested by Yiou et al. (2017) for a similar
approach.

We further note that many of the 12-day sequences within
the upper tail of the PDF in Fig. 6¢ would likely lack dynam-
ical coherence in their day-to-day MSLP evolution, by virtue
of the random selection process. However, these potentially
unphysical sequences escape any further scrutiny in our
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Fig.6 Schematic illustration reconciling the difference between
circulation analogues being assessed at a daily scale and for boot-
strapped 12-day averages. a PDFs of RMS errors calculated for each
of the 12 days of the 1947 heatwave across the full baseline period.
The light blue lines show the threshold corresponding to the 20th-
lowest ranked distance in each distribution; the dark blue line shows
the mean of these 12 individual thresholds and hereafter represents an
arbitrary benchmark for defining MSLP circulation analogues related
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to the 1947 heatwave, from a daily-scale perspective. b The PDFs for
each of the twelve days in panel a aggregated into a single distribu-
tion. ¢ shows a bootstrapped distribution of RMS errors for running
12-day periods; while panels d, e Show how quantile mapping is
used to identify the corresponding threshold for defining a ‘circula-
tion analogue’ within this resampled “12-day average” distribution of
RMS errors
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analysis, since specific focus is placed only on the lower tail
of the RMSE distribution, where sequences exhibit a much
closer resemblance to the actual 1947 event, by definition.

3.3 Resampled 12-day average results

3.3.1 Evolving likelihoods of witnessing 12-daily MSLP
patterns like the 1947 heatwave

To explore the differences in the evolution of circulation
analogue frequency between the daily-scale results presented
in Sect. 3.3, and changes which more specifically reflect the
full length of the 12-day heatwave in the summer of 1947,
we repeat the process outlined in Sect. 3.2, using the same
sequence of N-day time windows Pgp; oy terms to consider,
but also exploring multiple different bootstrap distribution
sizes: specifically, using samples with 1000, 10,000 and
100,000 members. This investigation was particularly moti-
vated by the fact that 1000-member resampled distributions
have been used extensively in previous studies of circulation
analogues related to extreme heatwaves (Yiou et al. 2017,
Jézéquel et al. 2018b), yet the sensitivity of any potential
trends to the size of these distributions remained poorly
understood.

Figure 7 presents the results for the resampled 12-day
average RMS error distributions, using the same methodo-
logical framework as for Sect. 3.3 aside from the caveats
explained above. Because of the use of Monte Carlo resa-
mpling to produce these 12-day averaged PDFs, the figures
presented in Fig. 7 show no confidence intervals as was the
case for Fig. 4: instead, each of the three individual lines
with the same colour in a given figure panel represent results
using different bootstrap ensemble sizes.

Interestingly, these results collectively reveal changes
in the time-evolution of ‘circulation analogue’ probabili-
ties which are much different to those found in Sect. 3.1.1.
While the results for daily-scale MSLP analogues showed
few occurrences of statistically significant deviations from a
probability ratio of 1, the opposite appears true when consid-
ering the frequency of occurrence of circulation analogues
over resampled 12-day periods. Up until the 1940s—and to a
lesser extent for those 20-year periods ending in the 1970s—
the probability of witnessing 12-day MSLP sequences analo-
gous to the 1947 heatwave event was substantially lower
than average. Meanwhile, for every 20-year period since
1976-1995, there are substantive increases in the likelihood
of witnessing such circulation analogues, with probability
ratios reaching between three and six for in the most recent
decades. While these results appear to qualitatively resemble
corresponding changes in the Atlantic Meridional Oscilla-
tion over the same period (Sanderson et al. 2017), decom-
posing the relative effects of low-frequency modes of varia-
bility versus changes to European aerosol or greenhouse gas

emissions (King et al. 2016; Undorf et al. 2018) is beyond
the scope of this analysis.

There are also important differences in these changes
which emerge when closely examining the range of differ-
ent N-day time windows used from which to sample random
days, the size of the bootstrapped distribution as well as the
choice of threshold to define a circulation analogue. While
the latter two of these factors lead to surprisingly minimal
variations in the evolution of probability ratios (Fig. 7d—f),
the length of the time-window which is chosen to resample
days from is found to modify the PR trajectories through the
twentieth century substantially. When an 11-day window
is applied (Fig. 7d), substantive increases in the likelihood
of witnessing circulation analogues in the second quarter
of the twentieth century is apparent (despite 1947 being
excluded from consideration throughout), and probability
ratios reach as high as six for the most recent 20-year peri-
ods. But if a 31-day time window is used to sample 12-day
MSLP sequences, then the analogue occurrence frequencies
for the 20-year running periods ending in the 1950s return to
the baseline rate (PR~ 1), while the PRs found in the most
recent decades of the time series reduce by a factor of two
(Fig. 7f). We do however note that results from the 31-day
window appear largely consistent to those using a 61-day
window (Supplementary Figure S3), suggesting that PR sen-
sitivity is most pronounced only when the length of the time
window selected is narrower than a month.

Collectively, these results highlight the sensitivity of dis-
cussions about low-probability event occurrences which can
emerge when fundamental limitations exist in the size of
the observational record from which resampled bootstraps
can be taken.

3.3.2 Evolving changes to uchronic analogue temperatures

In keeping with the comparison between circulation
analogue results at a daily scale versus at the resampled
12-daily scale, we next consider the changes to analogue
temperatures for those 12-day MSLP sequences identified
as circulation analogues for the 1947 heatwave. We will
hereafter refer to these as uchronic analogue tempera-
tures, as they are “temperature anomalies that might have
occurred for a given circulation pattern sequence”, follow-
ing the definition from Jézéquel and colleagues (2018b).
Figure 8a shows results comparable to those presented
in Fig. 5c: the black line shows the mean uchronic tem-
perature found from the distribution of all random 12-day
sequences calculated with the bootstrapping approach,
while the coloured lines show the corresponding mean
of all uchronic analogue temperatures in each running
20-year period. We note that the results using 1000 only
bootstraps have been omitted from this section for show-
ing volatile patterns of change, and are instead discussed
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Bootstrap 12—day averages: circulation metrics

End Year of 20-year period

Fig.7 Time-evolution of circulation analogue frequencies within
the bootstrapped “12-day average” framework. Figure panels are the
equivalent to those of Fig. 4, but with two key differences. First, three
individual lines are presented for each colour in panels a—c: each of

these represent distributions where the bootstrap sample size was dif-

Fig.8 Same as Fig. 5c, f, but
with coloured lines representing
the mean 12-daily temperatures
for those resampled periods
which are considered ‘circula-
tion analogues’. Results have
only been shown for the 10,000-
and 100,000-member bootstrap
ensembles: the 1000-member
ensemble has been omitted here
and is instead presented in more
depth in Fig. 10
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further in Fig. 10. We have also only shown results for
the 31-day window, as minimal changes were observed by
varying the N-day window for these analogue temperatures
(see Figure S4).

Qualitatively, the average of all uchronic temperatures
over the 1901-2014 period (black line in Fig. 8a) shows a
similar evolution to those increases found at a daily-scale in
Fig. 5, with warming of more than 2 °C observed between
the start and the end of the time series. Similar increases
over the length of the record are also found for the mean of
the uchronic analogue temperatures.

Differences between the daily-scale analogue tempera-
tures and those of the 12-daily uchronic analogue tempera-
tures do exist however, specifically in terms of the added
warming in the analogue-only temperatures relative to the
values across all days: while an anomaly of about + 2 °C was
found for a given 20-year period between the coloured and
black lines in Fig. 5a—c, this anomaly is reduced to between
+ 0.5 °C and + 1 °C in the corresponding results for Fig. 8.
However, variability in daily-scale temperatures found in the
summertime is also generally much larger than for the dis-
tribution of resampled 12-day mean uchronic temperatures
of Fig. 8 (not shown)—thus understanding these anomalies
in a normalised context will instead provide a more useful
interpretation.

Indeed, when understanding where the mean uchronic
analogue temperature is placed as a percentile of all uchronic
12-day temperatures (Fig. 8b), a clearer narrative emerges
as to what extent constraining on 12-day sequences with
MSLP patterns comparable to the 1947 leads to tempera-
ture anomalies higher or lower than without such circula-
tion constraints. Overall, the constrained uchronic analogue
temperatures sit more towards the tail of the distribution
than for the daily-scale results in Fig. 5, with most 20-year
periods showing the uchronic analogue temperature mean
spread approximately around the 80th percentile of the full
uchronic temperature distribution. Better agreement is also
found between different RMSE thresholds too, though we
note that even these small changes in analogue percentiles
between R10 and R30 (as with Fig. 5) could remain relevant,
if they were used as event thresholds for a probabilistic attri-
bution analysis (Harrington and Otto 2018).

Most importantly, there is no obvious increasing trend in
this percentile threshold through the twentieth century, and
if anything a small (but statistically insignificant) decreasing
trend is apparent. This is consistent with the correspond-
ing figures shown in Fig. 5, and shows even for the case of
using mean temperatures from randomly resampled 12-day
sequences, that no added increase in temperature anomalies
is found associated when constraining on the circulation
features of the 1947 heatwave, beyond the warming trends
which are apparent for all summertime temperatures over
the twentieth century.

4 Discussion and Implications

4.1 Sensitivity of resampled 12-day results
to the number of bootstraps used

Some of the suggested techniques to interrogate probabil-
istic changes in circulation analogue frequency, particu-
larly from an event attribution perspective, rely heavily
on bootstrapping techniques (Yiou et al. 2017). This is
particularly true for characterising event sequences of a
specific length, such as the twelve days of the 1947 heat-
wave for example (Sect. 3.2).

However, the extent to which previous attribution-
related results using circulation analogues might depend
on the size of the bootstrap ensemble employed remains
unclear. To specifically answer these questions in the con-
text of the 1947 drought, we first repeat the process of
calculating RMS error estimates for randomly resampled
12-day sequences over the full 1901-2000 baseline period
(as explained further in Sect. 3.2). We do this for one mil-
lion bootstrap samples, and then identify the percentile
corresponding to the 1st percentile (provisionally referred
to as a 1-in-100 year event hereafter). We then repeat this
process, but using only 1000 bootstrap samples instead—a
number commonly employed in several previous studies
(Yiou et al. 2017; Jézéquel et al. 2018b). We record the
Ist percentile estimate from this 1000-bootstrap ensem-
ble, and then repeat this step twenty more times. As seen
in Fig. 9, the estimates of a ‘1-in-100 year’ event based
on the smaller 1000-member ensembles can vary substan-
tially when looking at the much larger million-member
ensemble, thereby highlighting the potential uncertainty
which might emerge when wanting to understand changes
to a specific return period of interest.

Another potential source of variability, when consider-
ing ensembles of 12-daily analogues with only 1000 mem-
bers, is found when considering the ‘analogue-constrained’
temperature distributions relative to all 12-daily uchronic
temperature sequences. As already shown in Fig. 8b, there
are consistent results showing how hot the mean tempera-
ture of the ‘analogue-only’ sequences are, relative to all
available days for the bootstrap ensembles with more than
10,000 members: they exhibit a stable evolution between
the 70th and 90th percentile of the ‘all-days’ distribution,
with some coherent variations from decade to decade.
However, equivalent results from the ensemble with only
1000 members (Fig. 10d-f) reveals much more dramatic
variability, even when shifting the 20-year window along
by only several years. This instability suggests a bootstrap
ensemble size of only 1000 is simply too small (and the
related stochastic uncertainty too large) to appropriately
infer where the analogue temperatures of a specific 20-year
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Fig.9 a Green distribution shows 12-day average RMS error cal-
culations with respect to the 1947 heatwave, based on one million
bootstrap samples of random 12-day sequences from all summer
days in the 1901-2000 baseline period. The black vertical line shows
the RMS error value corresponding to a 1-in-100 year return period
(1st percentile) based on the full 1,000,000-member ensemble. The
twenty thin blue lines represent corresponding estimates of a 1-in-
100 year return period, but each being based on a different bootstrap
ensemble containing only 1000 members. b Presentation of the same
results as panel a, but in a return period plot to emphasise the distri-
bution tail. The black lines denote the 1-in-100 year event based on
the 1,000,000-member bootstrap ensemble of 12-day RMS error val-
ues; the blue lines show the spread in ‘real’ return periods (i.e. with
respect to the larger ensemble) for 1-in-100 year return levels derived
from the smaller 1000-member bootstrap ensembles

Fig. 10 a Is identical to Fig. 8b,

showing the average tem- 100

>10000 bootstraps used

period are positioned relative to the full distribution of
summertime temperatures. Since this characterisation is
crucial to understanding any decomposition of thermo-
dynamic and dynamic changes in extreme temperatures
over time, as well as to what extent the circulation metric
(MSLP over wider Europe) is a useful constraint on wit-
nessing extreme heat, these results emphasise that the size
of the bootstrap ensemble employed for any analysis must
be carefully considered.

4.2 Reconciling differences between changes
to the frequency of daily-scale circulation
analogues and bootstrapped 12-day analogues
through the twentieth century

Arguably the most interesting result to emerge from Sect. 3
lies in the significant differences in analogue probability
ratio evolution between the aggregated daily-scale distribu-
tions (Fig. 4) and the resampled 12-day sequence distribu-
tions (Fig. 7). These results are also broadly consistent with
the fact that (Jézéquel et al. 2018a) found negligible trends
in single-day circulation analogue frequency over the obser-
vational record for two European heat events, while (Yiou
et al. 2017) found robust changes to the frequency of resa-
mpled 31-day analogue sequences related to the unusually
wet January of 2014 over the Southern UK.

While the differences are stark between Figs. 4 and 7,
they can be most likely explained by the differences in the
daily and 12-daily distributions of RMS errors presented
in Fig. 6b, c, and specifically the differences in variance
between these distributions. Because a singular RMS error
value for a resampled N-day sequence is found by taking
the average of N individual RMS error values, the noise of
any subsequent distribution will be implicitly reduced when
looking at sequences of larger and larger values of N—that
is, when characterising extreme events which span a longer
period of time. However, the ‘signal’ of changes to the num-
ber of analogue days which occur through the time period
will not change, whether daily-scale values are aggregated
together or resampled 12-day sequences are used. Therefore,
the signal-to-noise ratio, and thus increases in probability

peratures of all analogue 12-day
periods as a percentile of all
summertime temperatures for
those 12-day ensembles with
10,000 members or more. b
Shows equivalent results but
for the 1000-member bootstrap
ensemble only
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ratios through the twentieth century, are proportionally more
likely to emerge for those extreme events which persisted
over a longer number of days. Such results are qualitatively
equivalent to previous research finding a robust anthropo-
genic signal in the occurrence of exceptionally hot years
over a specific location, yet finding a negligible attributable
signal when looking at any of the constituent seasons (King
et al. 2016): the former distribution is inherently narrower,
so less of a signal is required for statistically significant dif-
ferences to emerge.

Nevertheless, the fact that changes between Figs. 4 and 7
are so distinct is somewhat surprising, and further research is
needed to establish what fraction of the probability ratios are
simply due to the dilution of noise from resampling MSLP
sequences over multiple days, versus any physical reasons
which might explain the interesting decade-to-decade PR
variations seen in Fig. 7d—f, and particularly the surges in
analogue frequency from the 1980s onwards.

4.3 Challenges in characterising changes
to the likelihood of witnessing conditions ‘like
the 1947’ heatwave through time

Another important aspect of this analysis concerns the fea-
sibility of quantifying the time-evolution of probabilistic
changes in witnessing conditions (either circulation or tem-
perature anomalies) like that witnessed during the summer
of 1947. Some potential research questions in this context
might include, ‘was the type of extreme heat witnessed in
1947 more likely to occur in the early 2000s than in the
1940s?’ or ‘was the extreme heat witnessed in 1947 more
likely to occur in the 1940s than the beginning of the twen-
tieth century?’ To answer these questions, an obvious first
choice for a baseline distribution might be the 20-year period
centred about the 1940s. However, there are multiple rea-
sons why this choice is troublesome: first, if a time-series of
probability ratios pass through the baseline period, (Sippel
et al. 2015b) have demonstrated this would lead to artificial
changes in the risk ratio when comparing years within the
baseline with those out of the baseline period. Further, in the
context of propagating uncertainties, Hawkins and Sutton
(2015) have highlighted how the magnitude of uncertainty
in probability ratios through the twentieth century will, by
definition, be negligible as you pass through the baseline
period for the counterfactual, and become proportionally
larger depending on how far away from the baseline period
is being considered, whether that is forwards or backwards
in time. This also has clear implications for identifying the
time of emergence of a robust anthropogenic signal on the
increased likelihood of extreme heatwaves.

These issues collectively suggest there is no suitable
counterfactual period to benchmark the time-evolution of
the risk ratios against, so a subjective decision was made in

this analysis for the ‘baseline’ to span 1901-2000. Of course,
a consequence of this decision means we have not made any
specific statements regarding the probabilistic increase in
witnessing extreme 1947-like heatwaves in the early 2000s
relative to the 1940s. While such answers could be inferred
by the results in Sect. 3, we emphasise that comparisons
between any two time periods should be made with caution,
given the decadal variability in PR which exists in Figs. 4
and 7, as well as decadal variability in the ‘severity’ of ana-
logue-constrained temperatures found in Fig. 8b.

4.4 Ambiguity in quantifying the ‘dynamical’
contribution to an attribution statement

There remain open questions about the extent to which con-
straining an ensemble according to matching MSLP pat-
terns actually meaningfully selects those days which expe-
rience extreme heat more frequently, and whether or not
this actually matters. In their sensitivity analysis, Jézéquel
and colleagues (2018b) found that analogue temperatures
constrained using 500 hPa geopotential height (Z500)
anomalies captured higher temperature anomalies in the
observational record over Europe, relative to when MSLP
anomalies were used. However, one could interpret differ-
ences in the type of dynamical constraint used as simply
producing differences in the percentile of all temperatures
that the analogue-constrained temperatures correspond to (as
with Figs. 5 and 8). There is no clear answer as to what con-
stitutes an optimal result: one could add additional criteria as
to what an ‘analogue’ for the characteristics of the extreme
event looks like (such as vertical velocity profiles, or heat
advection pathways) and doing so would mean that fewer
observational analogues exist but they would show hotter
and hotter temperatures. Yet, from an attribution perspec-
tive, this is just another way of changing how one frames
the event definition, and the added value of providing more
and more specific constraints on ‘what happened’ during a
specific extreme event, especially when questioning whether
or not such events will become more common in a warmer
world, remains unclear (Hannart et al. 2016; Otto et al. 2016;
Harrington 2017).

A further consideration is whether or not warming-driven
changes to background circulation patterns should be con-
sidered as part of the analogue analysis a priori. Jézéquel
and colleagues (2018b) argue that mean changes to both
7500 and MSLP fields generally constitute a thermodynamic
signal, and thus any overall trend in Z500 or MSLP through
time should be removed before an analogue analysis to infer
dynamical changes to the likelihood of extreme heatwaves
is performed. While such an approach would be reason-
able to account for the overall thermodynamic increase in
tropospheric depth when considering Z500 trends, mean
changes to MSLP could equally reflect dynamically driven
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changes in the prevalence of blocking high pressure systems
in general, and thus could be argued as a dynamical signal
(Smoliak et al. 2015; Parsons et al. 2016; Harrington et al.
2016; Lehner et al. 2017; Gibson et al. 2017; Woollings et al.
2018). Hence, we have chosen not to consider any removal
of long-term mean trends in MSLP before performing the
circulation analogue analysis in this study.

Any potential assumption of independence between
changes in the likelihood of witnessing 1947-like circula-
tion patterns, and changes to the likelihood of witnessing
1947-like temperatures given the presence of analogous cir-
culation patterns, also requires further scrutiny. If a conven-
tional attribution analysis using climate models were to be
performed (Vautard et al. 2016; Stott et al. 2016; Uhe et al.
2016; van der Wiel et al. 2017; Hauser et al. 2017; Otto et al.
2018) and a robust increase in the likelihood of witnessing
1947-like circulation patterns found (like in Fig. 7), then the
top N analogues from both the counterfactual and factual
distributions could no longer be used to evaluate the risk
ratios of analogue-only temperatures. Otherwise, if there is
arisk ratio in the analogue-only temperatures, which might
be interpreted as the ‘thermodynamic signal’, this may actu-
ally just reflect the fact that those extra days which bear
a closer dynamical resemblance to the event in the factual
world also experience higher temperatures, rather than there
being any robust signal if the two distributions of RMS error
metrics were otherwise identical. In reality, an intermediate
step would be required to sub-sample circulation analogues
with comparable RMS errors, and only then could these ana-
logue temperatures be compared to infer a thermodynamic
risk ratio.

The collection of issues discussed above highlights
a broader question: to what extent can any singular met-
ric—like the sum of Euclidean distance anomalies across a
regional Z500 or MSLP field—fully characterise the con-
tribution of ‘dynamical climate changes’ to the likelihood
of an extreme weather event occurring? In reality, no metric
will serve as a perfect proxy for the weather systems condu-
cive to an extreme heatwave event. Therefore, any attempt to
look at changes in the frequency of witnessing such weather
regimes—which one might consider to reflect the ‘dynami-
cal’ component of a probability ratio—will in fact just be
a partial representation of the ‘true’ role of human influ-
ence on circulation changes conducive to heatwave occur-
rence, with the remainder instead being (perhaps mistakenly)
ascribed as a thermodynamic component of the probability
ratio.

There are also further complicating aspects to the binary
narrative of either thermodynamic or dynamic changes to
the atmosphere combining to influence the likelihood of
an extreme heatwave occurring. One example is the role
of land-use changes and land—atmosphere feedbacks. Ante-
cedent soil moisture anomalies can modulate the potential
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severity of a heatwave (Seneviratne et al. 2010), and these
processes can be further influenced by anthropogenic
changes to land use over the twentieth century unrelated to
climate (Cook et al. 2009; Lejeune et al. 2018). Such issues
have not been addressed in this analysis, and warrant further
consideration.

5 Conclusions

Circulation analogues can be highly useful tools to interro-
gate both thermodynamic and dynamically-driven changes
to the frequency and intensity of extreme weather events
as global temperatures continue to rise. However, particu-
lar care must be taken to understand how results may be
influenced by methodological choices when defining and
quantifying these analogues.

Previous research (Vautard et al. 2016; Yiou et al. 2017,
Jézéquel et al. 2018b) has provided exceptionally useful
insights as to some of the uncertainties which influence the
application of circulation analogue techniques for under-
standing recent changes to extreme weather events. The
results presented in this study extend these previous analyses
in two ways: first, by interrogating the sensitivity of results
to some previously overlooked methodological choices; and
second, by examining how the use of circulation analogue
constraints on extreme temperature analysis can be best
understood for a case study which happened not in the pre-
sent day, but in the first half of the twentieth century. The
latter issue extends to wider questions of attribution fram-
ing and how to consider the time-evolution of probabilistic
changes to the frequency and intensity of extreme weather
events.

Our sensitivity analysis of the 1947 Central European
heatwave, using only 20CR data spanning 1901-2014,
yielded several new insights:

1. When considering changes in the frequency of witness-
ing individual daily MSLP patterns like those witnessed
during the 1947 heatwave, we find negligible increases
in observing such analogues through time. However,
we do find substantive increases in the likelihood of
witnessing 12-day MSLP sequences analogous to the
1947 event in more recent decades. This suggests that
the identification of robust temporal changes (either
positive or negative) in the likelihood of witnessing a
specific sequence of circulation features ‘analogous’ to
those of a specific extreme event will be more likely for
events which persist over a longer period of time (due
to an enhanced signal-to-noise ratio).

2. Whether a robust difference exists in the frequency of
witnessing circulation analogues between any two time
periods in the twentieth century is also highly sensitive
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to the length of the N-day time window chosen from
which analogue days can be selected, particularly when
N <31. However, negligible differences are found to
result from different choices in the RMS error threshold
chosen to define a circulation analogue.

3. Sensitivity exists as to the number of bootstrap samples
needed to yield robust results for an event of specific
length. When considering only 1000 bootstrapped esti-
mates of resampled 12-day MSLP sequences from the
observational record (compared with > 10,000 runs),
we found, (1) much greater variability to exist in both
identifying what RMS error constitutes an event of a
specific return period (Fig. 9); and more importantly,
(2) substantive variations in where the analogue-con-
strained temperature distribution was placed relative to
the temperature distribution of all days (Fig. 10). This
suggests care is needed when inferring the importance
of a particular dynamical state increasing the likelihood
of witnessing extreme heat more frequently, and shows
the importance of multiple sensitivity tests.

4. Comparing 20-year periods ending in 2014 versus end-
ing in 1920 shows increases of up to 3 °C in summer-
time temperatures over the Central European domain
of interest. However, there are no clear differences in
the temperature trends between those days which can be
classified as circulation analogues of the 1947 heatwave,
and those which are not.

5. Both increases to the frequency of witnessing 12-day
sequences of circulation characteristics like the 1947
heatwave, coupled with robust and consistent warm-
ing trends in the distribution of temperatures general
over the twentieth century, suggest witnessing the com-
bined characteristics reminiscent of the heatwave which
occurred in late July and early August 1947 are now
more likely than at any other time over the twentieth
century (Figs. 7 and 8, respectively). However, quanti-
fying the exact extent to which these likelihoods have
increased, and the relative contributions of dynamical
and thermodynamic changes therein, remain highly sen-
sitive to decadal variations which are in turn sensitive to
choices in the methodological framework used.

Important questions remain in the scientific community
about, (1) how best to partition and characterise different
components of the state of the earth system at the time when
an extreme weather event occurs; (2) understanding the
extent to which each of these components combined to make
the event as extreme as it was; and then finally (3) interrogat-
ing how anthropogenic changes to the climate system might
have modified each of these components, with the potential
for that event to consequently produce more severe impacts
than if it otherwise occurred in the absence of these human
influences. This study sought to understand the strengths and

limitations of employing circulation analogue techniques as
a tool to answer aspects of each of these three questions. The
answer to the first remains a fundamentally subjective choice
(for example, whether to constrain circulation analogues
using MSLP or Z500), and these choices are known to con-
sequently modify the interpretation of the answers to both
questions 2 and 3 (Harrington 2017). However, the results
presented in this study also show how substantive variations
in the answers to questions 2 and 3 can also emerge, depend-
ing on several methodological choices which are necessary
to proceed with any extreme event analysis, yet might have
previously been considered inconsequential.

A warming world might influence how often weather
patterns conducive to exceptionally hot weather will occur
over Central Europe (Jézéquel et al. 2018a; Woollings et al.
2018), as well as how warm summertime temperature max-
ima will reach. However, our results show further work is
needed to properly quantify the uncertainty of these changes,
both to understand the evolution of changes in the past and
as warming continues into the future.
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