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Abstract. The internal variability of European summer temperatures has been linked to various mechanisms on seasonal
to sub- and multi-decadal timescales. We find that sub-decadal time scales dominate summer temperature variability over

large parts of the continent —&ﬂd%h&meehaﬂﬁm%—eeﬁffe}hﬂg—%uekrand determine a mechanisms controlling extremely warm

summers on sub-decadal

hases of bandpass-filtered European summer temperatures, hereinafter referred to as extremely warm European summers

are related to a strengthening of the North Atlantic ocean subtropical gyre, an increase of meridional heat transport, and an
accumulation of heat-eontent-ocean heat content in the North Atlantic several years prior to an-extremely-warmEuropean

summet;,-thereby-affeeting-the extreme summer. This ocean warming affects the ocean-atmosphere heat fluxesduring-extreme
summers—This-leads—, leading to a weakening and northward displacement of the jet stream and increased probability of

atmespherie-bloeking-occurrence of high pressure systems over Scandinavia. ©ur-Thus, our findings link the occurrence of
extremely warm European summers to the inertia-of-accumulation of heat in the North Atlantic ;-whese-Ocean, and provide

the potential to improve the predictability of extremely warm summers several years ahead which is of great societal interest;

snecialiv o elimate.

1 Introduction

Extremely warm European summers have an increasingly large societal impact. Extreme temperatures can lead to severe
health problems and are thus associated with an increased mortality (Gasparrini et al., 2015; Vicedo-Cabrera et al., 2021).
Furthermore, heat extremes can also lead to economic impacts, such as crop failure and water shertage{Ribeire-et-al52020)
' ' shortages (Ribeiro et al., 2020), along with political challenges,
including climate-induced migration and the need for effective crisis management (Ceglar et al., 2019). European summers

will become more extreme in a warming climate due to rising mean temperatures (Seneviratne et al., 2021) and also due to an

increase in internal temperature variability (Schér et al., 2004; Fischer et al., 2012; Suarez-Gutierrez et al., 2020a). Moreover,
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when such extreme summers occur repeatedly year after year, they become even more threatening to the already vulnerable
socioeconomic and ecological resilience of the region (Ruiter et al., 2020; Callahan and Mankin, 2022).

On time scales of days to several weeks, the main drivers of extreme heat are soil moisture deficits and moisture-temperature
feedbacks
and large-scale atmospheric patterns such as atmospheric blocking and the North Atlantic Oscillation as-parts-of-thelarge-seale
atmespherie-eirentation(Meehl and Tebaldi, 2004; Horton et al., 2015; Li et al., 2020; Suarez-Gutierrez et al., 2020a). However,
these short-term drivers of extreme temperatures could be influenced and conditioned by mechanisms on longer time scales.

Long memory mechanisms such as ocean heat inertia, i.e., the capacity to store heat and delay its transfer and release, have

been found to influence mean summer tem

sueh-as-by-temperature variability (Saeed et al., 2013; Ghosh et al., 2016; Borchert et al., 2019). Examples for these long-term

mechanisms influencing European temperatures are the Atlantic multi-decadal variability (AMV;-Gao-et-al5 2049 Qasmietal; 2021

AMYV:; Boer et al., 2016; Gao et al., 2019; Qasmi et al., 2021; Ruprich-Robert et al., 2021) or the ElI-Nino Southern Oscilla-
tion (ENSO; Martija-Diez et al., 2021). The variability in the North Atlantic region for-different-ocean-relatedquantities

indicates-thathas been shown to include a fully coupled atmosphere-ocean cycle with a period of about 7-10 years (Reintges-et-al;2016:-Me

and-decadal-proecesses—in—theNorth-—Atlantie-shown for different ocean-related quantities, such as ocean heat content and

barotropic stream function (Reintges et al., 2016; Martin et al., 2019). In fact, these processes have a significant impact on
European summer temperatures (MitHeret-al5-2020)as_demonstrated by Miiller et al. (2020). However, neither-have-the-the

assessment of drivers for extreme temperatures on such long-term timescales been-extensively-assessed;-nor-do-weknow-which
W%%WM%%MW&SM
for extreme summers -
W@Wm
comprehensive explanation for the occurrence of extremely warm European summers in sub-decadal warm phases, and their

relation to the heat accumulation that occurs several years in advance.

concentrates on the exceptionally warm European summers that occur in conjunction with positive sub-decadal temperature
anomalies. To robustly capture the frequency and strength of such low-probability events, large sample sizes are needed.
Here, we use the-largest-ensemble-one of the largest ensembles from a comprehensive, fully coupled Earth system model
currently available, the Max-Planck-Institute Grand Ensemble with 100 ensemble members (MPI-GE; Mabher et al., 2019).
MPI-GE offers one of the be%%rpwfgyg;grepresentatlons of observed historical temperatures of-al-available-among

y--large climate models
Suarez-Gutierrez et al., 2021). MPI-GE is able to capture extreme summer temperatures (Suarez-Gutierrez et al., 2020b), in-

single-model initi

cluding some of the most extreme European summers-summer temperatures ever recorded (Suarez-Gutierrez et al., 2018, 2020a).
Using the MPI-GE, we examine the sub-decadal variability of extremely warm European summers and show how these

summers are affected by North Atlantic heatinertia-Doingso-we-eonfirmthatOcean heat content accumulation. We investigate

whether the MPI-GE can represent sub-decadal temperature variability well, and identify where these time scales dominate
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over Europe and are linked to European extreme temperatures. Additionally, we identify which processes in the North Atlantic

inerease-Ocean is responsible for the increase of the occurrence of extremely warm summers. A-tnk-betweenNorth-Atlantie

lem.

2 Data and Methods
2.1 Model Description

We use simulations from the Max Planck Institute Grand Ensemble (MPI-GE; Mabher et al., 2019). These simulations are done
performed with MPI-ESM1.1 in the low-resolution setup (MPI-ESM-LR; Mauritsen et al., 2012; Giorgetta et al., 2013). MPI-
GE consists of 100 simulations with different initial conditions and is one of the largest ensembles of a single, comprehensive,
fully-coupled climate model. In the atmosphere, the MPI-ESM-LR reaches up to 0.01 hPa (about 80 km) with 47 vertical levels
and a horizontal resolution of 200km at the equator. In the ocean, the MPI-ESM-LR is formulated on a C grid and orthogonal

curvilinear coordinates (Marsland et al., 2003). To circumvent grid singularities at the geographical North Pole, the northern
MPI-ESM-LR has 40 vertical levels and a horizontal resolution of +2-+56kmabout 1.5° on average and varies from a minimum

monthly data averaged to seasonal summer means over June, July, and August (JJA) from 1950 to 2022. This includes historical
simulations from 1950 to 2005 and RCP4.5 scenario simulations until 2622-(fer-2022. For time-lagged analyses up to three

years prior to 1950 are analyzed).

ERAS data including the backward extension until 1950 are used as an observational reference to validate the results of the

multi-tapering with MPI-GE (Hersbach et al., 2018). ERAS-data-are regridded-to-the-coarser MPI-ESM-ER-grid--

2.2 Analysis Methods

Multi-Faper-Method: We lincar detrended all of our data in order to exclude the influence of global warming and other
external forcings. Furthermore, we use a 3-10 year bandpass filter to remove frequencies and noise outside the sub-decadal
range. Therefore, we use a standard top-hat filter response function.

In order to investigate extremely warm European summers on sub-decadal timescales, hereafter referred to as extremely warm
summers, we consider those JJA mean temperature anomalies in the region between 15°-35°E and 45°-60°N exceed their 90th
percentile and additionally occur in a positive bandpass-filtered phase (pooled in time and ensemble (T>>90th percentile and
Tbandpass >0), 557 summers in total).

We use a cross-spectral analysis, which-is-performed-by-using-the-based on a multi-taper method as-deseribed-by-Arthun-etak(2048)

+to analyze if and where the MPI-GE and ERAS can represent the sub-decadal time scales weh-— Arthun et al., 2018). This



multi-taper method is a spectral analysis technique to estimate the dominant time-frequency content of time series by decomposin
90 the data into a set of orthogonal tapers and computing a set of spectral estimates. The dominant time-frequency is then identified

as the highest spectral peak or mode in the resulting spectrum, which characterize the dominant oscillato: atterns and
variability of the data over time. We perform the multi-tapering for all 100 ensemble members and take the mean over all

o

spectra for each grid point to ascertain the dominant timescale
the dominant timescale is given by the highest significant peak (e.g. Arthun et al., 2018; Ghil et al., 2002). The significance of
95 spectral peaks is determined by comparison with a red noise spectrum with a 95% confidence intervalaround-thered-noise—

100 Determination-of Signifieanee: .
The significance of our results is tested with a bootstrap algorithm in which a reference index is computed in each grid point

for 1000 randomly composed arrays of the corresponding variable (random sampling with replacement). We then-construct-a
%%-eeﬂﬁdeﬂeeﬂﬁefva%ffef&&m@@%-ﬂﬂéOQ%-quaﬂﬁ}e&eﬁcalculate the p-value from our 1000 bootstraps and considera

Sealedﬂmmahe&w&thm—ﬁguf&@aptwﬂ& Fo—control for the false discovery rate (equation 3 in Wilks (2016)) with a
chosen control level of appr = 0.1.

We scale the band-pass filtered summer mean anomalies by the standard deviation of unfiltered summer (JJA) mean anomalies
during extremely warm European summers to better illustrate the imprint of the sub-decadal proportion of various climate

variables on the occurrence of extremely warm European summers;—we-seale-the-band-pass-filtered-summer-mean-anomalies

. In detail, we first calculate anomalies of

the variables with respect to their long-term averages. We then define their total summer mean variability (o) as the standard

deviation of the unfiltered summer mean anomaly fer-times-when-heat-extremes-oceur—At-the-time-of each-heatextreme,we
2") for years showing an extremely warm European summer (¢ o)

9t = 9 (& (texwene))

We then divide the bandpass-filtered anomaly (@Zlby the total variability ¢, at the time of each heat extreme. Lastly, we average

over all cases of extreme events (/V) to obtain the scaled anomaly —(Z):
N -
¥l
Ot
ot

105 All calculations of the scaled anomaly are performed gridpoint-wise. The scaled anomaly simply illustrates the proportion
that a sub-decadal mean change has on the occurrence of an heat-extreme-extremely warm summers compared to the overall
occurrence of heatextremesextremely warm summers. The corresponding scaled anomalies are added to the respective figure
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3 Results
3.1 Sub-Decadal Variability and Extremely Warm European Summers

We use bandpass-filtering and a cross-spectral analysis to identify the dominant time-frequencies of European summer temper-
atures for each grid point in MPI-GE and ERAS from 1950 to 2020 (Fig. 1a,b and Methods). Areas with dominant sub-decadal
variations (5-10 year variations) are found in MPI-GE over Scandinavia, the British Isles, the Iberian Peninsula, Italy, and large
parts of Central and Eastern Europe. ERAS and MPI-GE show high agreement for areas with dominant sub-decadal variations

especially over Eastern Europe (Fig. 1a,b). MPI-GE reveals some limitations in the representation of multi-decadal time scales

(>20 years), which are dominant in ERAS in the northern and southernmost parts of the domain. Alse;-timeseales-On time
scales between 10 and 20 yearsare-dominant-in-, only a few more-grid-points-compared-to-timeseales-abeve-grid points are
dominant. Even fewer dominant grid points are found on time scales greater than 20 years.

are—Analyzing the ratio between all
heat extremes and those occurring in a positive bandpass filtered phase, Central Europe stands out as the area with the largest
inthighest percentages (Fig. Ic). Regions

within the Iberian Peninsula, northern Scandinavia, and Russia also stand out with coinciding extremely warm summers and

sub-decadal variability. In summary, sub-decadal timescales of 5-10 years are the dominant scale of variability in European
mean summer temperatures, and extremely warm summers tend to occur in 5-10 year phases of abnormally warm temperatures
over Europe over large parts of Central, Eastern and Southern Europe.

The overlap between a dominant sub-decadal variability and the occurrence of extremely warm European summers is
strongest over Central Europe ;-which-we-define-as-an-area-of(Central Europe is defined by 15°-35°E; 45°-60°N¢, Fig. 1c, blue
box). The temperature of this region is also dominated by the sub-decadal time scales overall (Fig. 1d), as expected from Fig. 1b,

two significant peaks within the sub-decadal time scales can be found here as well. Fo—furtherunderstand-this-simultaneous

e-Other significant peaks could
be found around two to three years and around 15 years, indicating the possible influence of other drivers and mechanisms.

We investigate the behaviour of several variables that characterize the North Atlantic heat-Ocean heat content variability dur-

ing extremely warm European summers as well as several years prior their occurrence to further understand the simultaneous

occurrence and the drivers of sub-decadal variability and extremely warm European summers.
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Figure 1. Dominant time frequencies and their relation to extremely warm European summersheat extremes. (a),(b) Cross-spectral analysis,
performed using the multi-taper method, showing the dominant time scales of European surface air temperature variability in (a) ERAS and

(b) MPI-GE (see Methods). Color shading in years. (c) Amount-Percentage of

seates-all heat extremes (T>90th pere—and-percentile) occurring in a positive bandpass filtered phase (Tbandpass >0) per grid-point in
MPI-GE. The blue box defines the region of interest for further analysis (Central Europe, ~15°-35°E; 45°-60°N). (d) Power spectrum of

Central European (spatial mean of blue box) surface air temperature (black line) in MPI-GE (averaged over all ensemble member spectra).
The significance is shown via a red-noise spectrum (solid red line) and the chi-squared 95% interval (dashed red line). The background is

color-coded according to the time intervals in (a,b). Period 1950-2022.
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3.2 The North Atlantic Ocean and Extremely Warm European Summers

To-find-out-hew-We start with our investigation with the North Atlantic leng-term—variability-could-drive-thesub-decadal

sate-the North-Atlantiec-ocean-atmosphere latent

and sensible heat fluxes happening-coneurrently-and-for lags up to three years prior to an extreme summer, to examine the North

Atlantic Ocean long-term variability could drive the sub-decadal variability in extremely warm European summers (Fig. 2a).
Atlag 0, when anomalies in the North Atlantic Ocean occur in the same year as the extreme summer, we find high anomalies,

reaching up to 20% of the total variability, in the western part of the North Atlantic Ocean (30°-60°W; 25°-40°N), as well as in
the north-eastern part of the North Atlantic Ocean (15°-25°W; 50°-70°N). These high positive anomalies in the North Atlantic
Ocean, which indicate an above-average heat flux from the ocean to the atmosphere during extremely warm European summers
and associated warming of the atmosphere, can be traced to-back several years prior to the extreme.

Although the global anomaly pattern suggests some relation to other long-term climate variability modes over-the-Paeifie-of
the Pacific Ocean, such as the Pacific Decadal Oscillation and Tripolar Pacific Index (Fig. 2b), further analysis shows that e.g.
ENSO does not drive the meehanism-pattern described here (Table A1). Fhis-meansin-detatl-thatthe The fraction of extremely
warm European summers during the different ENSO phases (El-Nino;J-a-Nina; Neutrab:-is consistently low for different lags;

so—. Whereas, the fraction of extremely warm European summers strongly relies on the state of the North Atlantic oceanic
variables. This means that no specific ENSO phase (El-Nino, La-Nina, Neutral) can be concretely linked-to-associated with

extremely warm European summers on sub-decadal time scales. On-the-contrary,the-proportion-of-extremely-warmEuropean
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Whether this relationship is coincidental and caused by a-third-party-an extraneous process (Cane et al., 2017), thisrespense
could-also-indicate-a—eausal-relationship-or whether this response is indicating a dynamical relationship between processes in
the North Atlantic Ocean and the occurrence of extremely warm European summers, is further investigated in the following.
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Figure 2. Anomaly of 5-10 year bandpass-filtered Atlantic heat flux (latent + sensible) variability in MPI-GE for (a) different lags prior to

extremely warm European summers and (b) lag 0 as a global map. Positive values indicate heat flux into the atmosphere. Values in Wm ™2,

lags in years. Dots denote significance at a 95% confidence level. Period 1950-2022. For comparison the standard deviation of the year-to-

year variation is of the order of 14 Wm™2, which means that the highest values in the figure correspond to around 20% of the total variability.

lem

3.3 Influence of North Atlantic Ocean Heat Inertia-Accumulation on Extremely Warm European Summers

Fo-test-this—eausalrelationship-between-oeean—We test if the oceanic variability in the North Atlantic Ocean can influence
atmospheric circulation patterns via heat accumulation and release. Therefore we evaluate the relationship between North

Atlantic Ocean inertia and extremely warm European summers. First, we analyze the ocean heat content, which influences the
temperature gradient-difference between the ocean and atmosphere and thus alters the rate of heat exchange and is therefore a
driver for the ocean-atmosphere heat flux. Here, we investigate anomalies of the 0-700m averaged, 5-10 year bandpass-filtered

ocean heat content (Fig. 3a).
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Starting around three years prior to extremely warm European summers, ocean heat content anomalies change from negative
to positive all along the North Atlantic current, indicating an accumulation of heat in northern part of the subtropical gyre. For
lag 0, these anomalies reach up to 25% of the total variability of the ocean heat content.

The ocean heat content is controlled by the meridional ocean heat transport, which is-describes the movement of heat energy
from one region of the ocean to another and can lead to changes in the ocean heat content in different regions over time. Here,
further insight into the dynamics of the North Atlantic Ocean subtropical and subpolar region is provided by the 5-10 year
bandpass-filtered ocean heat transport and its decomposition into a gyre- and meridional circulation part (Fig. 3b; calculated
independently, see ?). The anomalies of the 5-10 year bandpass-filtered ocean heat transport reveals positive anomalies of the
meridional heat transport around 20°N from 2-two years prior to extremely warm summers onward. A substantial proportion of
these positive anomalies of the meridional heat transport is not compensated by the-heatreleased{frem-the-ocean heat transport
divergenee-at-e-g—changes at 40°N. Here, due to the increased net heat transport around 40°N, the ocean heat content in that
region will increase, leading to the previously described accumulation of ocean heat content. The accumulated heat is released
at lag 0, mainly through the gyre ocean heat transport around 65°N. Altering the temperature gradient between the ocean
and the atmosphere, this heat release matches in turn with the positive ocean-atmosphere heat flux anomaly around 50-70°N
(Fig.2).

The ocean heat transport is influenced by the direction and strength of the horizontal oceanic currentsthat-transpert-heat,
characterized by the barotropic stream function. SpeemecﬂaLy—theLThe The barotropic stream function providesfurtherknowledge

ges-refers to the circulation of ocean
W%%QQMWMMWWWWIH the barotropic stream
function can alter-the-path-indicate shifts in the paths and intensity of ocean currents;leading-to-changes-in-. As a result, the
direction and magnitade-strength of heat transport -and-ultimately-affecting-the-in _the ocean may be affected. This, in turn,
leads to changes in the distribution of ocean heat content in-across different regions. Starting—frem—3-Thus, the barotropic
stream function provides further knowledge about the the paths of ocean currents (Fig. 3¢). Starting from three years prior

to an extremely warm European summer, negative anomalies of the barotropic stream function occur in the northern part of

the subtropical gyre, indicating a North Atlantic current weaker than its normal state, leading to a smaller horizontal volume
transport and a southward shifted subpolar gyre boundary around 3-three years prior to an extremely warm summer. The
anomalies of the barotropic stream function change sign to positive values about one year prior to extremely warm summers,
indicating strengthening of the North Atlantic current and associated greater horizontal volume transport. Moreover, the North
Atlantic current shifts by a few degrees north compared to the mean state, indicating a volume transport into higher latitudes
via the North Atlantic current. This increased northern horizontal volume transport together with the transition of the ocean

heat content indicates the accumulation of heat inertia-along the northern branch of the subtropical gyre.
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Figure 3. Extremely warm European summers and their relation to ocean quantities. (a) Upper 700m ocean heat content. Anomaly of 5-10
year bandpass-filtered ocean heat content variability in MPI-GE for different lags prior to extremely warm European summers, values given
in GJIm~2. For comparison the standard deviation of the year-to-year variation is of the order of 4.3 GJIm~2, which means that the highest
values in the figure correspond to around 25% of the total variability. (b) Ocean heat transport. Anomaly of 5-10 year bandpass-filtered ocean
heat transport variability in MPI-GE for different lags prior to extremely warm European summers, values given in TW. For comparison
the standard deviation of the year-to-year variation is of the order of 50 TW, which means that the highest values in the figure correspond
to around 15% of the total variability. (c) Barotropic stream function. Anomaly of 5-10 year bandpass-filtered barotropic stream function
variability in MPI-GE for different lags prior to extremely warm European summers, values given in Sv. Contour lines indicate the mean
state of the barotropic stream function, values given in Sv. For comparison the standard deviation of the year-to-year variation is of the order
of 8 Sv, which means that the highest values in the figure correspond to around 15% of the total variability. All lags are given in years. Dots

(a, ¢) and shadings (b) denote significance at a 95% confidence level. Period 1950-2022.
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3.4 Atmospheric Pathway ef Nerth-Atlantie Heat-Inertialeading to Extremely Warm European Summers

Three years prior to an extremely warm European summer, heat accumulates along the North Atlantic currentand-is-then-. This

heat is subsequently released into the atmosphere during-the-extreme-at lag 0. Here, we explain how-these-proecesses-trigger
an-atmoespherie response-that-further-influenees-the-the atmospheric response bridging the ocean heat accumulation with the

European summer climate.
The anomaly of the 5-10 year bandpass-filtered atmospheric temperature reveals positive temperature anomalies especially

in higher latitudes around 50/60°N (Fig. 4a).

temperature-anomalies These temperature anomalies spatially fit to the previously located anomalies of the ocean heat transpert:
content and resemble the heat accumulation shown in the previous section. Based on this dynamical linkage we conclude that
the ocean is warming the atmosphere via the ocean-atmosphere heat flux rather than the atmosphere is cooling the ocean. Our
conclusion is also supported by the positive sign of the heat flux anomaly, indicative of heat flux transfer from the ocean to the

atmosphere. The transfer of heat from the ocean is-so-streng-to the atmosphere is strong enough that its signal reaches up to
200 hPa altitude, with a peak in the range of 400-600 hPa. This warming of the tropospheric high latitudes provides a decrease

of the meridional temperature gradient and results in a reduction of wind shear due to the thermal wind balance. This leads to
a weakened jet stream in the years with extremely warm summers compared to years without heat-extremesextremely warm
European summers. In addition, the average position of the jet stream is shifted northward during extremely warm European
summers, this northward shift indicates the advance of subtropical air masses into higher latitudes (Fig.4; orange contour
lines).

The-5-10 year bandpass-filtered sea level pressure anomalies, reveal a structure of a Scandinavian BlockmgMcan
be identified -considering

years with and without extremely warm summers (Fig. 4b). The Scandinavian Blocking isknrewn-to-can drive heat extremes

over Central Europe (Spensberger et al., 2020)

Atlantie-, and connects the sub-decadal North Atlantic Ocean heat accumulation leading via specific atmospheric conditions
to extremely warm summers over Central Europe. Additionally, some studies show that the weakening of wind speeds during

extremely warm European summers inereases-can increase the probability of atmospheric blocking (Woollings et al., 2018), and
in-turn-thereases-which would in turn increase the likelihood of heat extremes (Kautz et al., 2022). Thus;-we-show-how-Here,
we showed that the long-term Nerth-Atlantic-heatinertiateads-te-accumulation of heat and-in the North Atlantic Ocean lead

to an above average ocean-atmosphere heat flux, which in turn teads-to-the-antieyelonic-and-atmospheric-blocking-conditions
that-on-dailyto-weeldytimescales;drive European-heat-extremescan influence the atmospheric circulation and could further
affect the occurrence of long-lasting high-pressure systems, favoring blocking.

11
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Figure 4. Extremely warm European summers and their atmospheric pathway. (a) Anomaly of 5-10 year bandpass-filtered Atlantic zonal
mean temperature variability in MPI-GE during extremely warm European summers (lag0), values given in K. For comparison the standard
deviation of the year-to-year variation is of the order of 0.3 K, which means that the highest values in the figure correspond to around 30%
of the total variability. (b) Anomaly of 5-10 year bandpass-filtered mean sea level pressure variability in MPI-GE during extremely warm
European summers (lag0), values given in hPa. For comparison the standard deviation of the year-to-year variation is of the order of 3 hPa,
which means that the highest values in the figure correspond to around 15% of the total variability. The orange contour lines indicate the
mean position of the jet stream (given by the mean zonal wind speed over 200-300 hPa) averaged over years showing an extremely warm
European summer (solid line) and years showing no extremely warm summer (dashed line), values given in m/s. Dots denote significance at

a 95% confidence level. Period 1950-2022.

lem.

4 Discussion and Conclusion

The North Atlantic heat+inertia—drives-Ocean heat accumulation impacts the occurrence of extremely warm summers over
Central Europe on sub-decadal timescales. Starting-Using MPI-GE, we show that starting several years prior, anomalies of the

arotropic stream function, ocean-heat content; as-wett-as-ocean-heat transpo
content changes result in ocean-atmosphere heat flux anomalies leading to extremely warm European summers.
Positive-These positive anomalies of the ocean heat content—together—with-an-above-average-transport, as well as more
ortzontal-vold ansport—of—the barotropt eam—fanetionlead—to—a enger—ocean heat content, lead to an
intensification of the North Atlantic current and accumulation of heat content along the subtropical gyre. This accumulated
heat content is released mainly through the ocean heat transport by the subpolar gyre to the atmosphere during extremely warm
European summers. The released heat in turn leads to a displacement of the jet stream and enhanced atmospheric blocking

conditions.
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Figure 5. Schematic sketch illustrating the described mechanism. The green patches illustrate the influence of an external driver; the blue
arrows show the increasing North Atlantic current; the pink crosses indicate the increase of ocean heat content and accumulation of heat; and
the orange belt illustrates the jet stream. The thermometer at lag 0 illustrates the extremely warm European summers.

Although we focus on three years prior to the extremely warm summers, there is evidence potentially linking this mechanism
to a fully coupled atmosphere-ocean cycle in the North Atlantic Ocean evolving in a 7-10 year period. Such oscillating behavior
has been identified in a number of quantities involving observed sea surface temperatures and Gulf Steam indices (Czaja and
Marshall, 2001; McCarthy et al., 2018), or heat content and overturning stream functions (Martin et al., 2019), or for the North
Atlantic Oscillation (NAO; Costa and Verdiere, 2002)). In fact, observations reveal that the European summer mean climate
is ultimately connected to such a coupled atmosphere-ocean cycle (Miiller et al., 2020). Comparable to our results, Martin
et al. (2019) identified a similar atmosphere-ocean cycle using also the MPI-ESM in the low-resolution setup. Extending our

analysis up to 8-eight years prior to extremely warm summers is in line with their results, indicating the close relationship of the

13



250

255

260

265

270

275

280

occurrence of extremely warm European summers with the sub-decadal North Atlantic atmosphere-ocean cycle (see Figures
Al1-A3).

We find that the coupled oscillation in the North Atlantic to-preseribe-extremety-warmBEuropeansummers-Ocean influences
the occurrence of very hot summers in Europe on sub-decadal time scales. However, on this timescale other modes of oceanic
variability, such as the North Atlantic Oscillation, EI Nifio-Southern Oscillation, or Pacific Decadal Oscillation may also
be influential. Observed decadal teleconnections between the Pacific Ocean and North Atlantic have-been-demonstrated-as
Ocean have been shown e.g. in Miiller et al. (2008). Global maps of heat flux during extremely warm European summers
reveal negative anomalies within the tropical Pacific and patterns matching with the Pacific decadal variability (PDV; 90°-
170°W/20°N), indicating an influence of other external drivers. However, a direct effect of PDV or ENSO on the sub-decadal

occurrence of extremely warm European summers has not been found -here. Additionally, our findings might also be impacted

by other mechanisms that interact with each other and possibly lead to the occurrence of extreme events over Europe. For
example the North Atlantic Oscillation (NAO) and the Atlantic multi-decadal variability (AMV) exert significant influence
on the occurrence of extreme events over Europe (Scaife et al., 2008; Qasmi et al., 2021). The NAO plays a crucial role in
shaping weather patterns, contributing to the development of heatwaves and droughts, while variations in the AMV can impact

atmospheric circulation patterns, influencing the frequency and intensity of extreme events. Whether further climate modes
have an impact on the proposed mechanism is beyond of the scope of this manuscript, and should be further explored.

Here, we focus on extremely warm European summers associated with the decadal atmosphere-ocean coupling in the North
Atlantic Ocean. However, given that the coupled cycle appears over several years, we expect that there is not only an influ-
ence on the summertime, but also for other seasons and respective extreme conditions, and further variables relevant for heat
extremes, such as the daily maximum temperature. Furthermore, the presented process of ocean heat distribution changes at
multi-year lead times prior to an extreme event sets prospects to enhance the predictability of European climate and extremes.
Multi-year prediction skill of European climate has been achieved on continental scale (Smith et al., 2020). However, an
extension to predict extreme conditions has so far not fully been established (Borchert et al., 2019).

Moreover, the investigated sub-decadal extreme heat variability implies increased risk of heat-related socioeconomic and
ecological impacts, in addition to year-to-year variability and rising temperatures due to increasing GHG concentrations. Due
to the prominence of the sub-decadal variability and due to the severity of the impacts, a deeper understanding of the sub-
decadal processes leading to such extremely warm summers is crucial for reducing the uncertainties in both attribution and

prediction of high-impact events, which in turn facilitates preparedness and the efficiency of adaptation and mitigation efforts.

this is a single model study which allows us to delve deeper into specific processes and model intricacies, which can contribute
to model improvement and process understanding. Replicating this analysis for different climate models would be of great
importance to sample potential model uncertainty in these results and help us gain further understanding of this mechanism.
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Moreover, the investigated sub-decadal extreme heat variability implies increased risk of heat-related socioeconomic and

285  ecological impacts, in addition to the year-to-year variability and rising temperatures due to increasing GHG concentrations.
Due to the prominence of the sub-decadal variability and due to the severity of the impacts. a deeper understanding of the
sub-decadal processes leading to such extremely warm summers is crucial for reducing the uncertainties in both attribution and
prediction of high-impact events, which in turn facilitates preparedness and the efficiency of adaptation and mitigation efforts.

Data availability. Further simulation and download details for MPI-GE data can be found on our website (https://www.mpimet.mpg.de/
290 en/grand-ensemble/). ERAS data are available from the European Centre for Medium-Range Weather Forecasts (ECMWF) (https://www.

ecmwf.int/en/forecasts/dataset/ecmwf-reanalysis-v5).
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Appendix A
Al Barotropic Stream Function and Subpolar Gyre

The fact that no pronounced anomalies of the barotropic stream function can be found in the area of the subpolar gyre is
probably related to the filter method we chose. The 5-10 year bandpass filter filters out all signals that occur on larger or
smaller time scales. According to Nigam et al. (2018) the sub-polar gyre is subject to decadal variations of about 14 years and

time scales which are not further relevant for our analysis.

A2 Noise of the Ocean Heat Content

A2 Link to fully coupled atmosphere-ocean cycle

Analyzing longer lags, in this case lag -7 to 0, prior to extremely warm European summers shows that the described mechanism
can be seen as attached to a fully coupled atmosphere-ocean cycle evolving in a 7-10 year period (Figure A1-A3). Such
oscillating behavior, without linkage to European summer climate, has been identified and described in previous studies (Czaja
and Marshall, 2001; McCarthy et al., 2018; Martin et al., 2019). In Martin et al. (2019) a NAO-like wind-driven forcing steering
dipolar ocean overturning anomalies are associated with a contraction and weakening of the sub-polar gyre (cf their figure 6).
In the following years, the barotropic stream function reveals a poleward shift and a strengthening of the North Atlantic Current
current at the same time accumulates ocean heat content (cf. their figure 7). The barotropic stream function in MPI-GE prior
to heat extremes similarly illustrates strengthening of the North Atlantic €urrent-current and accumulation of heat. For longer

lags a phase reversal is apparent, similar to the oscillatory behavior of the coupling as described in Martin et al. (2019).
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Figure A1. Shift of the ocean heat content signal. Anomaly of 5-10 year bandpass-filtered ocean heat content (0-700m/30-60°W) variability

in MPI-GE for different lags prior to heat extremes. Period 1950-2022.
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Figure A2. Shift of the ocean heat transport signal. Anomaly of 5-10 year bandpass-filtered ocean heat transport variability in MPI-GE for
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different lags prior to heat extremes. Period 1950-2022.
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Figure A3. Shift of the barotropic stream function signal. Anomaly of 5-10 year bandpass-filtered barotropic stream function variability in

MPI-GE for different lags prior to heat extremes. Period 1950-2022.

A3 Influence of the El Nino Southern Oscillation

Many studies have examined the influence of the El-Nino Southern Oscillation (ENSO) on European temperatures and also
heat extremes (Martija-Diez et al., 2021). However, ENSO does not seem to play a dominant role for the mechanism studied
here. On the one hand, the fraction of extremely warm European summers during the different ENSO phases (El-Nino, La-
Nina, Neutral) is consistently low for different lags, so that no specific ENSO phase can be concretely linked to extremely warm
European summers on sub-decadal time scales (Table A1). For this analysis, we defined ENSO phases by SSTs exceeding a
threshold of & one standard deviation in the Nino-3.4 region; however by eheeking-testing other thresholds we verify that
our conclusion is not threshold sensitive. Our statement that the extremely warm European summers are mainly driven by
North Atlantic heatinertia-Ocean heat accumulation and not ENSO is further supported by the proportion of extremely warm
European summers during positive/negative anomalies of the barotropic stream function in the North Atlantic Ocean. Here, a
clear correlation between both can be seen for different lags. While in lag O the extremely warm summers are mainly associated
with positive anomalies of the barotropic stream function, these are in lag -4 mainly associated with negative anomalies of the
barotropic stream function. Furthermore, for our study, no specific ENSO phase seem to be linked to specify anomalies of the
barotropic stream function. In addition, the heat flux anomalies during extremely warm European summers show no typical
ENSO pattern in the Nino-3.4 region (Fig. 2b). However, positive anomalies matching the North Pacific Index (NPI) could be
found around 90°-170°W/20°N, indicating an influence of external drivers that, although beyond of the scope of this study,
should be further explored.
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Table Al. Fraction of events that coincide with extremely warm European summers in MPI-GE. Period 1950-2022. The percentages are

given by the ratio between the number of events (e.g. EI-Nino events) during extremely warm European summers and the number of all

occurring events.

Fraction of events that coincide with an
extremely warm European summer
[%]

Lag -4 Lag -2 Lag 0
El-Nino events 9.1 8.3 75
neutral events 8.2 . 8.2 8.3
La-Nina events 7.2 7.7 8.0
positive barotropic stream function anomaly 4.5 71 13.2
negative barotropic stream function anomaly 1.7 9.2 3.0
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