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Abstract We show that ModE-Sim, a global ensemble of atmospheric model simulations that uses
observed ocean boundary conditions and radiative forcings providing 36 members with daily climate
information can be used to in-depth analyze the known spatial and temporal variability of heatwaves in the
Northern Hemisphere and Australia during the past 160 years. It can also be used to study actual past extreme
events like heatwaves during the El Nino 1877/1878. To analyze past heatwaves we use a novel approach of a
transient baseline climatology and compare to different observational data sets. Furthermore, we analyze sea
surface temperature anomalies during the most extreme heatwave summers in North America, Europe and
Australia and identify the most prominent anomaly patterns over the Subpolar North Atlantic and in the Central
Pacific. Using a large ensemble of forced simulations, like ModE-Sim can consequently contribute to a better
understanding of preindustrial heatwaves, their decadal variability and their driving mechanisms.

Plain Language Summary In this study we use an atmospheric model to look at historical
heatwaves during the past 160 years. In several regions of the Northern Hemisphere and in Australia we

can successfully reproduce heatwave variability that we see in observations with our model. One of the

main reasons that we reproduce the evolution and distribution of past heatwaves with our model is that our
simulations use observed Sea Surface Temperatures. We show that deviations from the mean Sea Surface
Temperatures over the Central Pacific and the Subpolar North Atlantic are connected to more summer
heatwaves over Europe and North America. We also look at the big El Nino event in 1877/1878 and show that
there was global increase in heatwaves during this event, even though heatwaves in parts of Europe and in
North America got less frequent. Overall, we show that this model is very useful to better understand extreme
events like heatwaves during the preindustrial era where we only have very little or no climate observations.

1. Introduction

Changes in the occurrence and the characteristics of heatwaves since the middle of the 20th century are exten-
sively studied in observational data sets (Perkins-Kirkpatrick & Lewis, 2020; Perkins et al., 2012; Zampieri
et al., 2016) and model simulations (Hirsch et al., 2021; Perkins-Kirkpatrick & Gibson, 2017). There is a signif-
icant trend for several heatwave characteristics (frequency, days, intensity, duration) since the 1950s throughout
the Northern and Southern Hemisphere (Perkins-Kirkpatrick & Lewis, 2020).

While there are multiple studies analyzing heatwaves in the late 20th century or in historical model simulations
and projections, there are few studies analyzing heatwaves in the first half of the 20th or even the 19th century
based on climate observations (station data or reanalysis products). In the early 20th century and during the prein-
dustrial period good quality observational products are largely unavailable and studies are very regional or only
analyze trends to compare to 21st century heatwaves using a fixed baseline climatology (Chapman et al., 2019;
Della-Marta et al., 2007; Zampieri et al., 2016). Furthermore, analyzing heatwave characteristics in the CMIP5
and CMIP6 ensembles in comparison with observational data (Berkeley Earth) reveals that there are large biases
between the observations and the model ensembles, likely due to an overestimation of the warming trend by the
model simulations (Hirsch et al., 2021).

Sea surface temperature (SST) variability has been found to play a significant role in the occurrence of heatwaves.
Phenomena like the El Nino Southern Oscillation (ENSO), the Indian Ocean Dipole or the Atlantic Multidecadal
Oscillation can drive heatwaves by altering the circulation patterns and temperature gradients in the atmosphere,
leading to a change in the variability of heatwaves in multiple regions (Domeisen et al., 2022; Reddy et al., 2021;
Ruprich-Robert et al., 2018; Zhou & Wu, 2016). Tropical SST anomaly patterns such as ENSO are well known
as drivers for heatwaves in adjacent regions as well as in several regions around the globe like Australia, North
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America or Europe (Loughran et al., 2019; Luo & Lau, 2020; Martija-Diez et al., 2021; Reddy et al., 2021). In
contrast, extra-tropical Atlantic and Pacific SST anomaly patterns show strong non-stationarity. Consequently,
it is difficult to find one dominant extra-tropical SST driver for each region and they are still subject to high
uncertainties (Wehrli et al., 2019). Nevertheless, to understand changes in the variability of historical extreme
events, such as heatwaves, it is crucial to understand changes in different climate modes and their connection to
heat extremes (Morak et al., 2011).

In this study we use ModE-Sim, a global ensemble of atmospheric model simulations that uses observed ocean
boundary conditions and radiative forcings and thereby provides 36 members with daily climate information of
the past 600 years (Hand, Samakinwa, et al., 2023). Using such forced atmospheric model ensembles potentially
provides a great opportunity to analyze heatwaves during the preindustrial period where observations are scarce
or not at all available. Consequently, the aim of this study is to explore whether the ModE-Sim ensemble can be
used to in-depth study preindustrial heatwaves and thereby contribute to reducing the high uncertainties in heat-
wave variability in the preindustrial era.

We focus on the past 160 years since 1850 to compare the model simulations against available observational
reanalysis products. Using a model ensemble with 36 members allows us to in-depth study the statistical proper-
ties of rare past heatwaves. We analyze whether the model ensemble can represent heatwaves spatial and temporal
variability of the past 160 years globally and address regional differences in the representation of heatwaves
compared to the reanalysis. As ModE-Sim provides climate information of the past 600 years the aim of this
analysis is to also verify whether ModE-Sim could potentially be used to analyze heatwaves between 1420 and
1850, a period where even less observations are available.

Furthermore, we investigate how the SST forcings based on observations that are used in the model simulations
influence heatwave distribution in the Northern Hemisphere and Australia and which SST patterns are influenc-
ing the most extreme heatwave years in North America, Europe and Australia.

2. Data Sets and Methods
2.1. Data Sets

As model simulations we use Modern Era Simulations (ModE-Sim), a 36-member ensemble of simula-
tions with the atmospheric general circulation model ECHAMS6 that covers the period from 1420 to 2009
(Hand, Samakinwa, et al., 2023). For this study we use the simulation sets for the period 1850 to 2009 to
compare against observational data sets. As ocean boundary conditions the model uses different realizations
of HADISST?2 (Rayner et al., 2003) and, to extend the available forcing data, recombinations of them (Hand,
Samakinwa, et al., 2023). For the radiative (and volcanic) forcings the standard PMIP4 (Jungclaus et al., 2017)
input is used. The atmospheric model is used in its low resolution configuration with a horizontal resolution
of approximately 1.8°. The land-surface conditions for ECHAMBS6 are provided by the integrated land-surface
model JSBACH (Reick et al., 2021). In ModE-Sim the configuration with non-dynamic vegetation is used.
To analyze heatwave characteristics we re-grid all other data sets to model resolution using nearest neighbor
remapping.

To compare our model results we need reanalysis or observational products which globally provide daily temper-
ature values that also cover the preindustrial period before 1900. Consequently, our main reference is the NOAA
20th Century Reanalysis Version 3 ensemble mean daily mean temperature (Slivinski et al., 2019). This data set
provides a global reanalysis that assimilates surface pressure observations from 1836 until today and also uses
HADISST?2 as ocean boundary conditions.

As an additional observational reference we use the EUSTACE data set which provides daily mean tempera-
ture estimates for the period 1850-2009. The EUSTACE project offers global multidecadal ensembles of daily
surface air temperature combining satellite observations and different land station records (Rayner et al., 2020).
The EUSTACE data set has many missing values where station-records are scarce, especially in the early period.
For our analysis of heatwaves we therefore select, for every gridcell, the summer seasons without any missing
values and only calculate the heatwave characteristics for this subset of the EUSTACE data. To further validate
our model simulations we also use ERAS5 daily mean surface temperature from 1959 to 2009 from the ECMWF
(Hersbach et al., 2020).
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2.2. Methods

Heatwaves are defined as an exceedance of the 90th percentile of a baseline climatology of daily mean temper-
ature for at least three consecutive days (Russo et al., 2014). The 90th percentile is calculated from a five day
window surrounding the calendar day that is investigated for each gridcell (Dunn et al., 2020). We assess heat-
waves over the extended summer season which is May to September for the Northern Hemisphere and November
to March for the Southern Hemisphere (Perkins-Kirkpatrick & Gibson, 2017). When calculating the regional
means for the IPCC ARG regions we exclude the tropical regions (10°S—10°N).

We use two different approaches to define the baseline climatology which is used to calculate the 90th percentile
threshold. First, we use a fixed baseline climatology for the reference period 1961-1990 (Dunn et al., 2020).
Second, to assess heatwaves over the past 160 years and to compare the variability among data sets without a
strong influence of the global warming trend we use a 31-year transient baseline climatology. This means, that
for each year and each calendar day the 90th percentile is calculated using the surrounding 31 years. We do this
separately for each ensemble member of the model simulations as well as for the reanalysis data sets. Using a
linear detrending method over the whole period 1850-2009 could potentially lead to false results as the linear
trend could be highly influenced by a strong event at the beginning of the timeseries where the uncertainty in
the 20CRv3 reanalysis is still relatively large (Zampieri et al., 2016). The transient baseline climatology allows
in-depth comparison of the variability of different heatwave characteristics going further back in time.

To assess heatwaves we calculate the characteristics heatwave days, average duration and cumulative intensity
for each gridcell and compute means for selected AR6 regions (Figure 1c). Cumulative intensity thereby refers
to the sum of the anomalies for all heatwave days in one season. Furthermore we investigate the anomalies of
summer mean temperature to compare against the heatwave properties. We use Spearman Rank correlations to
compare the variability of the observational and reanalysis data with the model ensemble mean and classify the
significance at the 5% significance level.

In addition we identify the dominant SST anomalies (from the 1866—1995 mean) for strong heatwave years by
making composites of the seasons with the 10% most heatwave days in North America, Europe and Australia over
all ensemble members of the model simulations. Vice versa we then also analyze composites of heatwave years
with the SST anomaly patters we identified in the first part of the analysis to validate whether there is an increase
of heatwave days over the regions we would expect.

3. Results
3.1. Global Overview

To get a first overview of heatwaves in the ModE-Sim ensemble and the observational data sets, we analyze
heatwave days across the Northern and Southern hemisphere using two different approaches: a fixed baseline
climatology (1961-1990) and a 31-year transient climatology. Except for the timeseries (Figure 1a and Figure
S1a in Supporting Information S1) this analysis is based on the 31-year transient climatology.

For the Northern Hemisphere there is significant correlation with the ModE-Sim ensemble mean for both, the
fixed and the transient baseline climatology for the 20CRv3 ensemble mean, EUSTACE and the ERAS5 reanalysis
(Figures 1a and 1b). Also the strong trend resulting in a doubling to tripling of heatwave days since 1980 in both
hemispheres, that is also supported by previous research on heatwave characteristics (Perkins-Kirkpatrick &
Lewis, 2020), is well represented in the ModE-Sim ensemble.

Using the transient baseline climatology the temporal evolution and spatial distribution of heatwaves over the
Northern Hemisphere is well represented in the ModE-Sim ensemble compared to 20CRv3 (Figures 1b—1e). The
strongest differences between the two data sets are over Northern Africa and South East Asia with up to four
more heatwave days per season in 20CRv3 than in the ModE-Sim ensemble mean. The good representation of
heatwaves in the Northern Hemisphere by the model ensemble is also supported by comparing the distributions
of heatwave days and average duration of the ModE-Sim ensemble members and 20CRv3 (Figures 1f and 1g).
Most members have a similar distribution than the 20CRv3 reanalysis.

Differences between the two data sets can also be seen in the early part of the timeseries for the Northern hemi-
spheric mean using the fixed baseline climatology. It is important to note that also the uncertainty in the 20CRv3
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Figure 1. (a) Timeseries of Northern Hemisphere May-September heatwave days for 20CR (red), EUSTACE (blue), ERAS (yellow) and ModE-Sim ensemble mean
(black) and members (gray) with 1961-1990 baseline climatology. (b) Timeseries of Northern Hemisphere May-September heatwave days with 31-year transient

baseline climatology. (c) 1866—1995 mean

May-September heatwave days for ModE-Sim ensemble mean and (d) for 20CRv3. (e) Difference in 1866—-1995 mean

May-September heatwave days between ModESim and 20CRv3 (f) Distribution of heatwave days per season for all Northern Hemisphere gridcells for the ModE-Sim
members (blue outlines), ModE-Sim ensemble mean (gray bars) and 20CRv3 (red bars). (g) Distribution of average heatwave duration. Subplots (c—g) are based on the

31-year transient baseline climatology.

reanalysis increases further back in time due to less and more uncertain observations (Slivinski et al., 2021),
for instance in Northern Africa and South East Asia, which can explain this bias (Figure 1a). Furthermore, we
analyzed for how many years heatwave days in the 20CRv3 reanalysis lie within the ensemble spread of ModE-
Sim for each gridcell in the first and last 30 years of our analysis (Figure S2 in Supporting Information S1). Espe-
cially over Europe most years and gridcells lie within the ensemble spread for both time periods, while especially
in the first 30-years (1866—1895) there are some discrepancies between 20CRv3 and the model ensemble over
parts of North America, Northern Africa and South East Asia.

Correlations for the Southern hemispheric means are all significant but there are strong biases including areas
with up to 20 more heatwave days per season in 20CR compared to the ModE-Sim ensemble mean (Figure S1
in Supporting Information S1). These biases could be related to the limited availability of observations in the
Southern Hemisphere and therefore larger uncertainties in the reanalysis (Slivinski et al., 2021). Furthermore,
analyzing the performance of ModE-Sim Hand, Samakinwa, et al. (2023) found a cold biases of the model
ensemble in the Southern Hemisphere over India and South America, that agree with existing studies about
ECHAM/MPI-ESM (Giorgetta et al., 2013). Consequently, the ability of ModE-Sim to analyze heatwaves in
these Southern hemispheric regions, especially in the very early time period where observations are scarce is
very limited. Due to these discrepancies, we focus the analysis in this study mainly on the Northern Hemisphere,
but complement our research with the analysis of heatwave days over Australia, where despite some biases the

LIPFERT ET AL.

4of 11

85USD| 7 SUOWWIOD BAIE81D) 8|qedl|dde au Ag peusenob e S9(o1Le YO ‘9SN J0 S8|nJ 10} ARIgIT8UIUO AS]IM UO (SUORIPUOD-PUB-SWIBIL0 A8 | A eIq1jBulU0//SdNy) SUONIPUOD Pue SWLB | 8y} 89S *[7202/20/6T] Uo A%iqiaulluo A8|IM ‘uled TIseAIuN AQ ZT290T 19€202/620T 0T/10pAL0d A8 | ARiq puljuo'sandnBe//sdiy woiy pepeojumod ‘€ ‘vZ0Z ‘20087v6T



Ay
AUV
ADVANCING EARTH

AND SPACE SCIENCES

Geophysical Research Letters 10.1029/2023GL106212

Correlation MJJAS HWN

2 2

EEU | .WSB ESB

0.0 03 0.6 0.9

correlation coefficient

B Correlations AR6 regions Northern Hemisphere

Yavd i B  /
heatwave days éy// 007 015 014 /7.4//1{ 004 o/ /o /2 007 ﬁs
W A VT4

average duration o011 o o007

7
s ) i
cumulative intensity o015 022" 003

tsurf anomalies 2 039 015

e DR

oo 98

Correlation NDJFM HWN

%
heatwave days . . / 008
7 S

2 7 ”

9/ A 001

T U // //
-09 -06 -03 0.0 0.3 0.6 0.9 o

=}
correlation coefficient 3

NAU

Figure 2. (a) Gridpoint based Spearman correlations of May-September heatwave days between ModE-Sim ensemble
mean and 20CR. Hatching indicates significant correlation with a p-value below 0.05. (b) Correlations of May-September
heatwave days, average duration, cumulative intensity and mean temperature anomalies between ModE-Sim and 20CR for
ARG regional means. (c) Gridpoint based Spearman correlations of November-March heatwave days between ModE-Sim
ensemble mean and 20CR. (d) Correlation of November-March heatwave days, average duration, cumulative intensity and
mean temperature anomalies between ModE-Sim and 20CR for AR6 regional means.

agreement between 20CR and ModE-Sim is better than for the rest of the Southern Hemisphere (Figure S3 in
Supporting Information S1).

3.2. Regional Variability of Heatwaves Characteristics

Figure 2 shows that on the gridcell level and for the regional means we find areas with significant correlations
between 20Crv3 and the ModE-Sim ensemble mean for all heatwave characteristics across the Northern Hemi-
sphere and Australia. Correlations are mostly significant closer to the tropics (Southeast Asia, Central America,
Northern Africa) but also partly over North America and Europe. We find that correlations are higher for the
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regional means than if calculated for each gridpoint individually, due to less noise. However, for regions without
any significant gridpoints (i.e., EEU, ESB), correlations for the regional mean heatwave characteristics are also
not significant. In Central America, Sahara region, Western Central Asia and Northern and Eastern Australia
correlations for heatwave days per season are even higher than for the yearly mean temperature anomalies. In
the more Northern latitudes we find lower and mostly non-significant correlations between the model ensemble
mean and 20CRv3. This suggests, that the influence of the forced signal in those regions is relatively small and
that they are mainly dominated by internal variability. Perkins-Kirkpatrick and Lewis (2020) support this finding,
arguing that especially in the higher latitudes the influence of internal variability on regional heatwave changes
is considerably high.

Investigating the timeseries of heatwave days for some selected individual regions, we can conclude, that
the ensemble spread of the model captures the variability that we see in the observational data sets for the
regional means of Northern Europe, Central North America, Northern Central America and Eastern Australia
(Figures 3a—-3d).

Northern and Eastern Australia are the regions where we find the highest correlations for all three heatwave
characteristics in Australia. In Eastern Australia our analysis reveals that there are only very few years with less
than 10 heatwave days per season and that there are high inter-annual fluctuations in heatwave days compared to
Northern Europe or North America (Figures 3a—3d). Previous research on heatwaves over Australia suggests that
ENSO is the dominating climate mode with the highest influence on heatwave frequency over Northern and
Eastern Australia due to a movement of the Walker circulation (Loughran et al., 2019). As the model ensemble
is forced with observed SST, it is consistent that we find the highest correlations with observational reanalysis
over this area. However, it should also be noted that despite the high correlations for Eastern Australia there
is a significant bias between ModE-Sim and 20CRv3 heatwave days (Figure 3d and Figure Sle in Supporting
Information S1).

To make our analysis globally complete correlations for the rest of the Southern Hemisphere are in Figure S4 in
Supporting Information S1.

One advantage of a large ensemble of atmospheric simulations that uses observed external forcings is that we
are able to see and investigate effects of past climatic events. As an example we analyzed the effect of the El
Nino 1877/1878 on heatwave variability (Figures 3e—3h). This ENSO event caused a large disruption in global
climate, starting late 1876 and peaked during boreal winter 1877/1878 (Figure S5 in Supporting Information S1).
Previous studies suggest that this event caused the strongest surface temperature anomaly that was observed
between 1850 and 2008 when removing the long-term trend, however there are high uncertainties in the obser-
vational data over this period (Aceituno et al., 2009; Kiladis & Diaz, 1986). Due to the high uncertainties in the
observational data, we compare the 20CRv3 reanalysis with the daily data from ModE-Sim. During the peak
phase of the event in boreal winter 1877/1878 we find strong positive anomalies in heatwave days throughout
the Southern Hemisphere in both 20CRv3 and the ModE-Sim ensemble mean. The spatial distribution of heat-
wave days differs over Australia where ModE-Sim shows the strongest positive anomaly in the East (consistent
with Loughran et al. (2019)) while 20CRv3 has the strongest positive heatwave days anomaly in the Southwest.
Singh et al. (2018) find an increase in droughts over Eastern Australia in 1878 which could have co-occurred
with positive temperature anomalies and heatwaves. Over the developing phase of the El Nino event in boreal
summer 1877 there is an increase in heatwave days over the tropics in both data sets and a decrease in heatwave
days over parts of Northern Europe and North America that is more pronounced in 20CRv3 than in the ModE-
Sim ensemble mean.

3.3. Influence of SST Variations on Heatwaves

To further understand the relationships between heatwaves and SSTs and to validate, that the significant corre-
lations in large parts of the Northern Hemisphere between the model ensemble and the observational data sets
are related to the influence of the SST forcings on heatwaves we analyze SST composites for the 10% strongest
heatwave years in North America and Europe in the ensemble of atmospheric model simulations (Figure 4).

For both regions the two most prominent SST anomalies in the composite analysis of the model ensemble are a
negative anomaly in the Central Equatorial Pacific (together with a positive anomaly in the North Pacific) and
a positive SST anomaly in the Sub-polar North Atlantic (Figures 4a and 4b). This suggests, that SST variations
in these regions influence the most extreme heatwave years over North America and Europe. To further validate
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Figure 3. Timeseries of May-September heatwave days for 20CR (red), EUSTACE (blue), ModE-Sim ensemble mean (black) and ensemble members (gray) for (a)
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this we also look at heatwave days composites for all years in which the SST anomaly over the NINO3.4 region
is below 0.5°C and for all years in which the SST anomaly over the Sub-polar North Atlantic is above 0.5°C
(Figures 4c and 4d). For La Nina, the positive heatwave days anomalies are strongest over North America but
also visible over parts of Europe as well as Central and East Asia. For the composites during a positive Sub-polar
North Atlantic SST anomaly the effects on heatwave days are largest over Europe and the North Eastern Part of
North America.

McKinnon et al. (2016) argue that the Pacific Extreme pattern with a positive SST anomaly over the Central
North Pacific and a cold SST anomaly at the US West Coast is linked to extreme heat events in the Eastern
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Figure 4. (a) Composite of ModE-Sim sea surface temperature (SST) anomalies where heatwave days over Europe are above
the 90th percentile (1866—1995) (b) Composite of ModE-Sim SST anomalies where heatwave days over North America are
above the 90th percentile (c) Composites of heatwave days anomalies for years where MJJAS North Atlantic SST anomaly
(red box) is above 0.5°C and (d) where MJJAS NIN03.4 SST anomaly (blue box) is below —0.5°C.

US. In the ModE-Sim ensemble we also see this SST anomaly pattern in the composites analysis for extreme
heatwave years over North America (Figure 4b). Furthermore, there are multiple studies linking La Nina (devel-
oping) summers to an increased heatwave occurrence over Western and Eastern Europe (Behera et al., 2013;
Martija-Diez et al., 2021) as well as Northern America (Loikith & Broccoli, 2014; Luo & Lau, 2020). Using an
ensemble of atmospheric simulations with observed SST forcings over the past 160 years, we can confirm this
connection. Regarding the relationship between heatwave days and positive SST anomalies in the North Atlan-
tic, Beobide-Arsuaga et al. (2023) found that positive spring SST in the Subpolar Gyre could be a precursor of
European Summer Heatwaves. In our analysis we calculate the heatwave characteristics and the SST anomalies
from May to September. A connection between early season SST anomalies and heatwaves could potentially
explain why we see a connection between the strong heatwave years over Europe and positive SST anomalies in
the Subpolar North Atlantic in the model ensemble investigating heatwaves since 1866.

In addition to the SST analysis of the Northern Hemisphere we also looked at composites for the 10% strongest
heatwave years over Australia (Figure S6 in Supporting Information S1). As mentioned before, we find the main
SST anomaly influencing heatwave days over Australia in the Central Pacific which suggests a connection to El
Nino. Composites of all November to March Nino3.4 anomalies above 0.5°C also reveal that there is an increase
in heatwave days across the whole Southern Hemisphere, especially in Southern Africa and Northern and Eastern
Australia.

The composite analysis for the strongest heatwave years since 1866 further supports our suggestion that, the
partly significant correlations in the Northern Hemisphere and Australia between the model ensemble and 20CR
largely arise from the correct representation of the relationship between SSTs and heatwaves in ModE-Sim.

4. Conclusions and Discussion

With this analysis we show that a 36 member large ensemble of atmospheric model simulations that uses observed
SST and radiative forcings well represents the spatial distribution and magnitude of heatwaves throughout the
Northern Hemisphere (and Australia) (Figure 1). Many regions and gridpoints are significantly correlated with
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the observational reanalysis which shows that the model ensemble can be used to analyze the decadal variabil-
ity of heatwaves as well as individual past extreme heat events during the strong El Nino 1877/1878 (Figures 2
and 3). For the first time our analysis uses continuous daily reanalysis and model simulations during this event
and can contribute to previous studies (Aceituno et al., 2009; Kiladis & Diaz, 1986) that there has been a global
increase in heatwave days during the El Nino 1877/1878 event with most impacts in the Southern Hemisphere
and decreasing heatwave days in North America and parts of Europe. Significant correlations between the model
ensemble and the reanalysis likely arise due to the relationship between the observed SST forcings and heatwave
variability. We find, that the most dominant SST anomalies during the 10% most extreme heatwave years over
North America and Europe are a La Nina like negative anomaly over the Central Pacific and a positive anomaly
over the Subpolar North Atlantic (Figure 4).

While we only investigated the SST forcings in the seasons parallel to the heatwaves it could also be beneficial
to analyze SST patterns in the seasons prior to the heatwaves occurring (i.e., Beobide-Arsuaga et al., 2023).
Furthermore, especially for the extra-tropical SST patterns it is hard to find one dominant pattern that is related to
the most extreme events (Wehrli et al., 2019) and the mechanisms that can cause heatwaves that is, over Europe
are very diverse (Domeisen et al., 2022). For example, the 2015 heatwave over Europe was linked to an extremely
cold North Atlantic SST anomaly (Mecking et al., 2019) while we find a positive Subpolar SST anomaly related
to extreme heatwave summers over Europe.

A further limitation of our analysis is the bias between the model simulations and the observation based data
sets especially in the early period. The bias is especially large in the Southern Hemisphere (Figures S1 and S2 in
Supporting Information S1) where uncertainties in the 20CRv3 reanalysis and the EUSTACE data set are also
very pronounced due to limited observations (Rayner et al., 2020; Slivinski et al., 2021). Faranda et al. (2023)
show that 20CRv3 can be used to analyze drought events over Western Europe caused by stationary heights
suggesting that the reanalysis is suitable to analyze heatwaves over this area caused by similar processes which
is consistent with our findings. Land-surface processes are also very important, especially for shorter duration
heatwaves (Domeisen et al., 2022). While ModE-Sim uses the JSBACH land-surface as a boundary condition,
20CRvV3 only assimilates pressure data. Consequently, uncertainties in short duration heatwaves caused by such
processes are potentially larger in our analysis.

Compared to a study analyzing heatwaves in the CMIP5 + CMIP6 simulations (in comparison with the Berkeley
Earth reanalysis) the ModE-Sim ensemble has lower biases for heatwave days and does not overestimate the 20th
century warming trend (Hirsch et al., 2021). The lower biases in ModE-Sim are likely due to a combination of
using observed forcings and a transient baseline climatology as detrending method that counteracts the warming
trends. For a continuation of this analysis it would also be interesting to directly compare ModE-Sim to other
atmospheric model ensembles.

We investigate the ModE-Sim ensemble since 1850, to compare to observation based data sets. By this, we verify
that in several regions the model ensemble creates a plausible heatwave climatology and variance agreeing with
observational data sets from different sources. However, the model simulations provide daily climate informa-
tion from 1420 onward and can therefore in the future also be used to analyze preindustrial heatwaves of the
past 600 years and their connections to SST and radiative forcings, especially with our novel approach using a
transient baseline climatology. This analysis of heatwave variability and their connections to SST forcings in a
novel large ensemble of forced atmospheric simulations consequently provides an important step toward a better
understanding of preindustrial extreme events.

Data Availability Statement

The ModE-Sim simulations are available in Hand, Bronnimann, et al. (2023). The NOAA 20CRv3 reanalysis can
be found via Slivinski et al. (2019). The daily mean temperature from the EUSTACE project was accessed via
Brugnara et al. (2019) and the ERA 5 reanalysis can be obtained via Hersbach et al. (2020).
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