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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 vulnerabl
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 de cits and moisture-temperature
feedbacks i i }
and large-scale atmospheric patterns such as atmospheric blocking and the North Atlantic OsEiltetitanf thelarge-seale
atmeosphericireulation(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 in uenced 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, ha
been found to in uence mean summis i
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over Europe and are linked to European extreme temperatures. Additionally, we identify which processes in the North Atlantic

2 Data and Methods
2.1 Model Description

We use simulations from the Max Planck Institute Grand Ensemble (MPI-GE; Maher et al., 2019). These simulations are

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-ESMfbRnulatedon a C grid andorthogonal

simulations from 1950 to 2005 and RCP4.5 scenario simulations 26#(fer-2022. For time-lagged analyseg to_three

years prior to 1950 are analy2ed
ERADS 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., 2018RA5 dataareregriddedo-the coarseiMP-ESM-ERgrid-

2.2 Analysis Methods

Multi-Faper—Methed: We linear detrendedhll of our datain orderto _excludethe in uence of global warming.and other
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thedatainto asetof orthogonatapersandcomputingasetof spectrakstimatesThedominantime-frequencys thenidenti ed

95%-con-denecdntervatirom the 6:025-and0-975-quantitesf calculatethe p-valuefrom our 1000 bootstraps amnsidera
SealedAnematieswithin—Figure-Captiens: Fo-control for the false discoveryrate (equation3 in_Wilks (2016) with_a

We scaletheband-pasdtered summemeananomaliesy the standardieviationof un Itered summei(JJA) meananomalies

the variables with respect to their long-term averages. We then de ne their total summer mean vafiabitis/the standard

deviation of the un ltered summer mean anomédy-ti

We then divide the bandpass- Itered anom(a}?) by the total variability ; atthetime of eachheatextreme. Lastly, we average

over all cases of extreme evelfl$) to obtain the scaled anomailyk):

4
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captions.

. bandpass- Itered anomaly
During extremely warm European summess: — —
standard deviation of total variability

1om

3 Results
3.1 Sub-Decadal Variability and Extremely Warm European Summers

We use bandpass- Itering and a cross-spectral analysis to identify the dominant time-frequencies of European summer temper-
atures for each grid point in MPI-GE and ERAS5 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. ERA5 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 ERA5 in the northern and southernmost parts of the defsajhimeseategOn time

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 temperature
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

ing extremely warm European summers as well as several yearglpiooccurrenceo further understandhe simultaneous



(a) ERA5 Dominant Time Frequencies (b) MPI-GE Dominant Time Frequencies

(c) MPI-GE Extremely Warm Summers (d) MPI-GE T Power Spectrum

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) ERA5 and

(b) MPI-GE (see Methods). Color shading in years.Ae}euntPercentag®f extremebywarm-Edrepearsummeron-sub-decadalime

seatesall heatextremeq(T> 90th pere-andpercentile)occurringin a positive bandpassitered. phase(Tbandpass >0) per grid-point in

MPI-GE. The blue box de nes the region of interest for further analysis (Central EuropgS-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 signi cance 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
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Figure 2. Anomaly of 5-10 year bandpass- Itered Atlantic heat ux (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 ux into the atmosphere. Valugs in Wm
lags in years. Dots denote signi cance at a 95% con dence level. Period 1950-2022. For comparison the standard deviation of the year-to-
year variation is of the order of 14 W, which means that the highest values in the gure correspond to around 20% of the total variability.

1om

driver for the ocean-atmosphere heat ux. Here, we investigate anomalies of the 0-700m averaged, 5-10 year bandpass- Itered

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 negativ
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.

meridional heat transport around 20°N fra@rtwo years prior to extremely warm summers onward. A substantial proportion of
these positive anomalies of the meridional heat transport is not compensdtethbytreleasedromtheocean heat transport

region will increase, Ieading to the prevrously described accumulation of ocean heat content. The accumulated heat is release
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 ux anomaly around 50-70°N
(Fig. 2).

The ocean heat transport is in uenced by the direction and strength of the horizontal oceanic é#raatssportheat,
characterized by the barotropic stream funct@peerea#y%heThe barotropic stream functioprowdesfurtherknowieage

to an extremely warm European summer, negatrve 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 arédhcke 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 heaitia-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- Itered ocean heat content variability in MPI-GE for different lags prior to extremely warm European summers, values given
in GJm 2. For comparison the standard deviation of the year-to-year variation is of the order of 4.8 Gahich means that the highest

values in the gure correspond to around 25% of the total variability. (b) Ocean heat transport. Anomaly of 5-10 year bandpass- Itered 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 gure correspond
to around 15% of the total variability. (c) Barotropic stream function. Anomaly of 5-10 year bandpass- Itered 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 gure correspond to around 15% of the total variability. All lags are given in years. Dots

(a, ¢) and shadings (b) denote signi cance at a 95% con dence level. Period 1950-2022.
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3.4 Atmospheric Pathwayef-Nerth-Atlantie-Heatthertia—leading to Extremely Warm European Summers

Three years prior to an extremely warm European summer, heat accumulates along the North Atlanteetistiert. This

European summer climate.

The anomaly of the 5-10 year bandpass Itered atmospherrc temperature reveals posrtrve temperature anomalies especially

200 hPa altitude, with a peak in the range of 400-600 hPa. ThIS warming of the tropospherlc 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

summers, this northward shift indicates the advance of subtropical air masses into higher latitudes (Fig. 4; orange contour

lines).

years with and without extremely warm summers (Fig. 4b). The Scandinavian Blaekingvite-candrive heat extremes

over Central Europe (Spensberger et al., 2p20]
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