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Abstract

Extreme heat and drought levels typical of an end-of-century climate could occur swiftly, and
repeatedly. Despite the European climate being potentially prone to multi-year successive
extremes due to the influence of the North Atlantic variability, it remains unclear how the
likelihood of such successive extremes changes under warming, how early they could reach
end-of-century levels, and how this is affected by internal climate variability. Using the MPI
Grand Ensemble, we find that even under moderate warming, end-of-century heat and
drought levels virtually impossible 20 years ago reach 1-in-10 likelihoods as early as the
2030s. By 2050-2075, two successive years of single or compound end-of-century extremes,
unprecedented to date, exceed 1-in-10 likelihoods; while Europe-wide 5-year megadroughts
become plausible. Whole decades of end-of-century heat stress could start by 2040, by 2020
for rain-deficit drought, and end-of-century decades starting as early as 2030 become twice
as likely under a warm North Atlantic state.

Main

Under further global warming, extreme heat will become more likely, and more
extreme!. However, currently extremely rare 'end-of-century' events — those that would be
average in a much warmer world at the end of the century — can happen earlier than expected
due to internal variability. In Europe, this occurred during the 2010 summer, which reached
heat levels expected every other year by the end of the century?; but at the time it happened
was deemed extremely rare®, remaining the warmest summer observed over most of Europe.
Record-shattering extreme heat events that exceed previous records by large amounts will
become up to seven times more likely in the next three decades than they were in the recent
past*. However, we still lack a systematic understanding of how soon typical end-of-century
levels of extreme heat and drought stress become a possibility over Europe.

Extreme heat, especially at levels going substantially beyond our previous adaptability
range, leads to increased heat-related mortality and morbidity®. In the last 30 years, up to
30% of heat-related deaths globally can be attributed to anthropogenic climate change®. In
addition to the loss of human lives, extreme heat can lead to substantial ecological and socio-
economic impacts, such as decreased labor productivity’, increased risks of economic losses?,
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wildfires’, crop loss'’, and may even render some regions partially uninhabitable!'. These far-
reaching impacts are exacerbated when maximum temperatures compound with other system
stressors'?, such as high humidity!!, lack of nighttime cooling’®, or persistent drought'.
Extreme heat and humidity and insufficient infrastructure caused the death of thousands in
the 2015 heatwaves in India and Pakistan’. In Europe, extreme heat and lack of nighttime
cooling brought more than 70.000 additional deaths during the 2003 summer'®. In 2018, the
persistent drought and extreme temperatures over Central Europe triggered massive forest
mortality events of unprecedented scale'” and a 50% reduction in agricultural yields'®. The
impacts of extreme drought stress are further amplified under an increased volatility between
severely dry and wet conditions; which hinders successful water management and
accentuates the risk of wildfires, flooding, and mudslides".

Furthermore, when these extreme conditions occur repeatedly year after year, they
become even more threatening to the already vulnerable socioeconomic and ecological
resilience of the region'>**222, Europe could be especially prone to such year-after-year
successive heat and drought extremes, due to the influence of the multi-year variability in
the North Atlantic over the European climate?>?2526271.2829 gcting as a long-term
preconditioner. Despite the relevance of their potential cascading impacts and
preconditioning in the European climate, it remains unclear how the likelihood of such multi-
year successions of extreme heat and drought changes under warming, and moreover, how
this likelihood is affected by the internal variability of the climate system.

The intensification of heat and drought, either independently or together, is attributed
to be largely anthropogenic and is expected to be accentuated over Europe under further
warming®>*1-*25334 However, changes in the frequency and intensity of heat and drought stress
depend not only on the level of global warming; they can also be dampened or amplified by
internal variability on interannual to multi-decadal scales*****. For example, the slowly
evolving variability in the North Atlantic system affects European temperatures in
observations**¢* and modulates past observed trends in concurrent heat and drought over
European croplands®. This linkage has been also identified in idealized numerical
experiments imposing slowly evolving sea surface temperature (SST) patterns to emulate
different phases of Atlantic Multidecadal Variability (AMV), which lead to a marked increase
in temperature and slightly lower decrease in precipitation under positive versus negative
AMV phases®”?8, The mechanism behind this link involves barotropic wave-train structures
driven by the warm North Atlantic states, which in particular for Europe implies dry
anticyclonic conditions concurring with near-surface warm-air advection and adiabatic
heating®*.

These oceanic origins of concurrent atmospheric drivers of heat and drought imply a
long-term preconditioning on decadal timescales that may make the European climate
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system particularly prone to such year-after-year successive high-impact heat and drought
stress extremes. Moreover, while extreme temperature and precipitation predictions over
Europe for the next few months to years remain substantially uncertain; the AMV is thought
to be one of the most predictable aspects of decadal climate®. Therefore, improving our
understanding of how the relatively predictable AMV affects successive and compounding
heat and drought stress is crucial for both the prediction and the attribution of such low-
probability, high-impact events. In turn, more robust prediction and attribution of such
events would greatly improve our preparedness and the efficiency of our adaptation and
mitigation efforts.

We provide the first systematic assessment of how soon different forms of end-of-
century heat and drought stress could occur over Europe, and the role that the decadal
variability in the North Atlantic plays in this outcome, with a twofold impact-relevant focus.
This impact-relevant perspective comes, first, from assessing the likelihood of successive,
year-after-year extremes; and second, from focusing both on single and compound heat and
drought metrics reflecting potential compounding and cascading hazards. Our ultimate goal
is to determine how internal climate variability leads to worst-case successive and
compounding heat and drought stress accumulating to produce the most extreme decades,
and how soon into the near future such heat and drought loaded decades could bring a taste
of the end-of-the-century reality.

For this we use excess metrics that combine the effects of both intensity and persistency
of all events within a season®, as a sum of every instance beyond a given threshold (see
Methods). We expand the existing Excess Heat framework* based on maximum temperatures
to cover three additional novel excess metrics that reflect extreme heat and drought stress:
Humid Heat, Night Heat, and Rain Deficit. In addition to these four types of single heat and
drought stress extremes, we also assess three compound heat and drought stress types:
Compound Heat Stress, Compound Heat and Drought, and Drought-Rain Volatility. For this
we use the 100-member Max Planck Institute Grand Ensemble*!, under historical and RCP4.5
forcing leading to roughly 2.25C of warming by the end of the century?.

MPI-GE is the largest existing initial-condition ensemble of a comprehensive, fully
coupled Earth System Model currently available. This large ensemble size is crucial for
robustly sampling and assessing changes in low-probability univariate events, and it is even
more important for multivariate compound events and temporally successive extremes*. In
addition to its large ensemble size, compared to other large ensembles MPI-GE also offers
one of the most adequate representations of the historical internal variability and forced
changes in observed temperatures*® and precipitation*’. For these reasons, MPI-GE is the
best-available tool for this first assessment of how soon internal climate variability could
bring end-of-century levels of successive extreme heat and drought stress upon Europe.
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Excess Heat and Drought Projections

By the end of the 21* century and even under moderate warming, extreme heat and
drought stress will increase intensely over Europe, with practically all simulated years
exhibiting levels well beyond recent-past average conditions as early as 2040 (Fig. 1).
However, and even more importantly, worst-case years at the upper tails of the distributions
show an even more marked increase than the average, with deviations from their concurrent
average climate of unprecedented scale. For all heat metrics, typical end-of-century
extremes, defined as the 2090-2099 average, become plausible albeit rare already in 2000-
2009. MPI-GE simulates summers as extreme as the 2010 record already 5 to 10 years prior.
These end-of-century summers, virtually impossible only 20 years ago and a rare occurrence
in the last decades, reach 1-in-10 chances already in 2030-2039 for all heat metrics.

For a typical end-of-century summer, Excess Heat reaches values almost 10 times as
high as the 1950-1999 average, while extreme end-of-century summers at the upper tail of
the distribution (beyond 90™ percentile) reach values 20 to 35 times as high, with similar
tendencies for Night Heat. For Humid Heat, this increase is less marked and the upper tail
summers reach levels 10-15 times higher than the 1950-1999 average, with somewhat smaller
differences between average and higher-percentile summers. For excess Rain Deficit, the
distribution is centered around values roughly twice as large than the recent past average by
the end of the century. The most extremely dry years reach rain deficits 3 to 8 times higher
than the 1950-1999 average. Thus, all forms of extreme heat become more prevalent and
intense by the end of the century than in the recent past; while rain deficits below current-
climate thresholds suffer a less substantial increase in comparison in MPI-GE.

These projections are based on an adequate representation of the magnitude, variability
and forced changes under warming in E-OBS observations by MPI-GE for all excess metrics
in the period of 1950-2021 (SI Fig. S1). Our evaluation shows that E-OBS observations are
mostly within the ensemble spread and well within the perfect model range of MPI-GE
(further details on this evaluation framework described in ref.**). Furthermore, also the
frequency of heat and drought extremes is well captured by MPI-GE, with good agreement
between simulated and observed number of days (months for Rain Deficit) above threshold
per year (not shown). In the observed period, 2010 stands out as the summer exhibiting the
most extreme heat over Europe. It reached heat levels 10 times higher than the 1950-1999
average across all metrics, and roughly coincides with the 1-in-100-members ensemble
maxima for the concurrent period. For Rain Deficit, 2015 stands out as the year with the most
extreme lack of precipitation, roughly coinciding with the 90 percentile of the ensemble
distribution. However, none of the observed rain deficits are quite as extreme as concurrent
MPI-GE ensemble maxima, indicating that MPI-GE may overestimate the risk and magnitude
of rain-deficit drought, or that an event as rare on a continental-scale has not yet occurred.
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Figure 1: Excess Metrics for MPI-GE against E-OBS. Time series of Summer (JJA) Excess Heat (red), Humid
Heat (orange), Night Heat (blue), and May-October Rain Deficit (green; see methods for metric definitions)
simulated by MPI-GE (color) against E-OBS observations (black; 1950-2021). Light shading represents the full
ensemble spread; dark shading represents the 10"-90™ percentile range of the ensemble. Thick colored lines
show the 10-year average of the 50" percentile of the ensemble. The black dashed line represents this 50
percentile at the end of the 20" century, averaged over the period of 1990-1999; while the white line represents
this 50" percentile the end of the 21st century, averaged over 2090-2099. Each metric is shown as a ratio with
respect to its average over the period of 1950-1999, and is averaged over the European region defined by the [35—
63N, 10W-55E] domain. MPI-GE simulations are historical (1950-2005) and RCP4.5 (2006-2099) and subsampled
to land grid cells where observations are available.

Typical end-of-century extreme heat has a less than 5% chance of occurring during
any single year in the 2000-2024 period (Fig. 2). In the next 25 years this likelihood increases
to 10-15%, meaning that one or more summers in every 10 could exceed end-of-century
levels. By 2050-2075, this likelihood rises to more than a third. Moreover, the likelihood that

after one of such end-of-century extreme summers we experience another one goes from
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virtually zero to 2-4% in the next 25 years. By 2050-2075, the likelihood of two successive
summers of end-of-century heat exceeds 15%, with up to a 3% chance of year-after-year end-
of-century extreme heat occurring for 5 consecutive years. On the other hand, the likelihood
of end-of-century rain deficit drought stress stands at 20% during recent decades, and rises
to over 30% in the next 25 years. The likelihood of two consecutive years of end-of-century
drought stress caused by an extreme lack of rain almost triples in the next 25 years compared
to the recent past to almost 15%. Lastly, with likelihoods over 3,5% by 2050-2075,
unprecedent 5-year long mega-droughts affecting the whole European continent, although
rare, become plausible.
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Figure 2: Likelihood of successive end-of-century extremes. Likelihood of extremes occurring in one year,
and that the following 2 or 5 years, also exhibit extreme excess metrics, for the periods of starting in the years
2000-2024 (light colors), 2025-2049 (medium colors) and 2050-2074 (dark colors). Extreme years are defined
as those equal or larger than the end-of-century 50" ensemble percentile averaged over the period of 2090-
2099.

The likelihood of end-of-century extremes compounding in any given year also
becomes substantially higher in the next decades (Fig. 3). A single year of end-of-century
Compound Heat Stress or Compound Heat and Drought, both extremely rare combinations in
the recent past, could occur during one out of every 10 summers in the next 25 years, and
roughly 1 out of every 3 by 2050. The likelihood of experiencing successive end-of-century
compound extremes for two consecutive years, virtually zero in the recent past, rises to over
1-in-10 in the 2050-2075 period. And while compound year-after-year extremes for 5
consecutive summers remain rare, they could by then become plausible, with roughly a 1-2%
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likelihood. Drought-Rain Volatility, reflecting years of extreme Rain Deficit followed or
preceded by years of extreme rain excess (see Methods) becomes also twice as likely in the
next 25 years, and by 2050-2075 could happen a third of the time.
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Figure 3: Likelihood of successive end-of-century compound extremes. Likelihood of compound
extremes occurring in one year, and that the following 2 or 5 years also exhibit compound extremes, for the
periods starting in the years 2000-2024 (light colors), 2025-2049 (medium colors) and 2050-2075 (dark
colors). Years of Compound Heat Stress are those extreme Excess Heat and extreme Night Heat and/or Humid
Heat. Years of extreme Compound Heat and Drought are those exhibiting both extreme Excess Heat and Rain
Deficit. Years of Drought-Rain Volatility are those exhibiting extreme Rain Deficit plus extreme Excess Rain
the year before and/or the year after. Extreme years are defined as those equal or larger than the end-of-
century 50" ensemble percentile averaged over the period of 2090-2099.

Distance to end-of-century decades and North Atlantic influence

Accumulated over 10-year periods, excess heat and drought stress varies widely from
decade to decade under the same global warming levels, simply due to internal variability.
Furthermore, the range of excess heat and drought stress that is possible in any given decade
increases drastically under warming (Fig. 4). The decadal variability in these heat and drought
excess metrics becomes so large that it can bring typical end-of-century conditions upon
Europe already in the next few decades. Starting in 2040, 5-10% of the decades simulated by
MPI-GE exceed end-of-century levels for all heat metrics, and this occurs already in 2020-



187
188

189

190
191
192
193
194
195
196
197
198
199
200
201
202

203
204
205
206

Suarez-Gutierrez et al., End-of-century heat and drought stress approaching Europe swiftly

2029 for Rain Deficits. By 2060, the chances of heat and drought loaded decades that exceed
typical-end-of-century levels rise to more than a 1 out of 10.
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This wide range of decadal excess heat and drought stress indicates that depending on
the state of internal variability, some decades have stronger tendency toward successive
extreme heat and drought stress than others. And these decadal differences are heavily
dominated by the state of the North Atlantic climate system, as defined by its 10-year average
SST-based AMV index (Methods). Positive AMV phases lead to an over 100% increase in the
likelihood of exceeding typical end-of-century decadal heat stress already in the next decades
(Fig. 5). The largest and most wide-spread increase in likelihood occurs for Humid Heat,
followed by Night Heat. Thus, warm North Atlantic states increase the likelihood of
concurrent heat and high humidity and night-time heat persistence, two of the forms of heat
stress mostly linked to human heat-related morbidity. In contrast, the effect of AMV on Rain
Deficit shows larger regional differences in MPI-GE, with typical end-of-century rain deficits
being 25% more likely under positive AMV phases over Southern Europe and parts of Eastern
Europe, but 10-25% more likely over parts of South-Eastern Europe under negative AMV.

A warm North Atlantic not only makes extreme decades for any given excess metric
more likely, it also increases the likelihood of decades of compound end-of-century levels for
two different forms of heat and drought stress occurring together (Fig. 6). During positive
AMV phases, there is over a 1-in-10 chance of decades exceeding typical end-of-century
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levels already in 2030-2049 for compound day and nighttime Heat Excess, Humid and Night

Heat and Heat and Drought. Heat and drought loaded decades exceeding end-of-century

levels are twice as likely under positive versus negative AMV phases, and the most extreme

decadal heat stress levels in all its forms occur always under warm North Atlantic states.
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Figure 5: Effect of AMV phase on likelihood of reaching end-of-century levels. Weighted difference in
likelihood of decadal excess metrics starting in 2030-2049 reaching typical end-of-century levels under
different concurrent AMV phases. Difference is shown as likelihood during AMV+ minus during AMV-, weighted
by likelihood during AMV-, in percentage. Distance to typical end-of-century decades is the difference between
each decadal excess metric at each grid cell, minus the ensemble mean decadal excess in 2090-2099, also at
each grid cell. See SI Fig. S2 for non-weighted AMV-phase likelihoods and differences.
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Figure 6: AMV effect on compound extremes. Decades exceeding typical end-of-century levels in several
heat and drought stress excess metrics under AMV+ (dark dots) and AMV- (light dots), starting in 2030-2049.
Each dot represents one decade over one grid cell. Numbers indicate percentage of grid-cell decades that exceed
end-of-century levels under each AMV phase. AMV is defined as the concurrent 10-year running mean of North
Atlantic SSTs. Distance to end-of-century average calculated as the difference between each year values minus
the decadal ensemble average over the period of 2090-2099, divided by the end-of-century average and
transformed to percentage.
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Discussion and Conclusions

We present the first assessment of how soon end-of-century heat and drought stress
could occur over Europe in different forms, and the role that internal climate variability plays
in producing the worst-case single, successive, and compounding end-of-century heat and
drought. Our results are based on MPI-GE simulations, which are well in agreement with the
variability and forced changes in observed excess temperature and precipitation. MPI-GE, the
largest ensemble currently available, provides a precise sampling of low-probability events
which is crucial for our analysis. This precise sampling of internal variability is key to robustly
capture concurrent extreme conditions in more than one variable, or the conditional
probabilities of experiencing extreme conditions again after an already extreme year.
Furthermore, fully coupled Earth system model simulations that sufficiently capture the
effect and variability of large-scale and long-term drivers, such as those of oceanic origin, are
key to robustly assess the changing likelihood of such successive and compounding extremes.

To put these single-model results in context, with a moderate climate sensitivity of
2.8°C*, MPI-GE is largely in agreement with multi-model projections for summer heat
extremes, for which we have high confidence on both the sign and intensity of the projected
changes'. In particular, across different climate models, MPI-ESM exhibits one of the lowest
biases in reproducing observed temperature extremes*, and projects changes in the
characteristics of such extremes in line with other models*’. On the other hand, for
precipitation changes, MPI-GE shows one of the strongest summer precipitation decreases
under warming over Central and Northern Europe®*; and, among several other large
ensembles, a comparatively strong increase in the frequency of consecutive drought years
over Central Western Europe®. These findings are, however, only partially comparable to
those presented here, due to our focus on not only summer but May-to-October for
precipitation deficits, and a much larger region of study also including both Eastern and
Southern Europe.

Our findings show that even under moderate warming, unprecedented levels of heat
and drought stress typical of an end-of-century climate swiftly become a possibility over
Europe in the near-term future. All heat stress forms considered are projected to reach or
surpass end-of-century levels that were virtually impossible 20 years ago with a 1-in-10
likelihood as early as during the 2030-2039 decade. Moreover, succeeding extremes such end-
of-century extreme single and compound heat and drought stress occurring repeatedly year
after year, something that has not yet happened once in the observational record, becomes
possible already in the next 30 years, with more than a 1-in-10 likelihood by 2050-2074. By
then, two successive years of end-of-century rain-deficits are projected to occur 20% of the
time, and there is a non-negligible chance of 5-year long continental scale mega-droughts.

10
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Internal climate variability could bring any of these devastating occurrences typical of
an end-of-the-century climate to Europe sooner than expected. This internal variability
characterizes all the plausible summers that we could come to experience under the same
global warming levels, and this range of plausible summers is growing wider by the decade.
The range of potential heat and drought stress accumulated over a whole decade increases to
the point that experiencing heat and drought loaded decades typical of an end-of-century
climate could become a reality in Europe as early as 2040. This growing range of decadal
variability in heat and drought stress over Europe is heavily influenced by the North Atlantic
decadal variability. Our results show that under a concurrent warm North Atlantic state,
exceeding end-of-century single and compound heat and drought stress during decades
starting as early as in 2030 is twice as likely than under a cold North Atlantic state. This link
between the comparatively highly predictable North Atlantic heat variability and such nearly
impossible to predict multi-year periods of extreme heat and drought stress occurring well
ahead of their time provides vital insights to increase our preparedness to some of the
upcoming threats of climate change.

Methods

Observational and Model Data

Model simulations are fully-coupled, transient climate simulations from the Max
Planck Institute Grand Ensemble*! under historical and RCP4.5 forcing for the periods of
1950-2005 and 2006-2099, respectively. MPI-GE consists of 100 realizations of the same
Earth System Model (MPI-ESM1.1), which is fairly similar to the CMIP6 version MPI-ESM1.2
and has a climate sensitivity of 2.8°C*. All of the 100 realizations use the same model physics
and parametrizations and are driven by the same external forcings, but each start from a
different initial climate state in 1850 taken from different points of the model’s pre-industrial
control run. MPI-ESM1.1 is used in the low-resolution (LR) configuration, with resolution
T63 and 47 vertical levels in the atmosphere and 1.5° resolution and 40 vertical levels in the
ocean.

Observational data from the E-OBS* dataset for the period of 1950-2021 are used for
comparison and evaluation of the MPI-GE simulations against current climate conditions. E-
OBS data, which has a native regular grid of 0.25 degree, are regridded to the coarser
resolution of MPI-GE simulations. All spatial averages are calculated over land-only grid cells
in the European area defined by the [35-63N, 10W-55E] latitude-longitude domain. When
comparing against observations, model data are subsampled to grid boxes where observations
are available.
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Heat and Drought Stress Definitions

We use three heat stress indicators based respectively on summer (JJA) daily maximum
temperatures, wet bulb temperatures reflecting the combined effect of heat and humidity,
and daily minimum temperatures; and one meteorological drought metric based on May-to-
October monthly precipitation. Wet bulb temperature is a multivariable metric calculated
using daily average near-surface 2m air temperatures and relative humidity based on the
method described in ref.*’. Ideally, to obtain the most accurate wet bulb temperatures this
should be calculated instantaneously at the model time step. However, this is not possible in
MPI-GE, with currently only daily mean relative humidity output available. This approach
can lead to a slight overestimation of absolute daily mean wet bulb temperatures based on
instantaneous values®’, thus we base our analysis solely on relative changes and not on
absolute values.

Excess Metrics for Heat and Drought

Based on these heat and drought stress indicators, we calculate excess metrics that
capture extreme heat and drought occurring beyond certain thresholds, accumulated over the
whole season. For heat-related excess metrics (i.e., Excess Heat, Humid Heat, and Night Heat)
we calculate for each grid cell and day, the difference between the actual temperature reached
(maximum daily temperature, wet bulb temperature, or minimum daily temperature for each
metric, respectively) minus the given temperature threshold over said grid cell. Each heat
excess metric is then calculated as the sum of this differences for all days above threshold per
summer (JJA; as described in ref.**). The threshold is defined as the pooled daily 90th
percentile level under historical conditions defined by the period of 1950-1999, to allow a
comparison with E-OBS observations. Excess rain deficit is calculated similarly, but based on
the difference between the monthly 10" percentile drought-threshold minus the actual
monthly cumulative precipitation at each grid cell, for each month in the May-to-October
period each year®.

Compound excess metrics (i.e., Compound Heat Stress, Compound Heat and Drought,
and Drought-Rain Volatility), are based on the same excess metrics co-occurring over their
respective seasons, or following or preceding each other. Compound Heat Stress reflects
Excess Heat and concurrent Humid Heat and/or Night Heat extreme conditions occurring
together on any given year (JJA for heat metrics and May-October season for precipitation
metrics). Compound Heat and Drought reflects simultaneous extreme Excess Heat and Rain
Deficit conditions. Drought-Rain volatility reflects years of extreme Rain Deficits followed or
preceded by years of extreme Rain Excess. Rain Excess is defined as the difference in monthly
cumulative precipitation minus the 90 percentile in monthly precipitation for each month
in the whole year.

12



321

322
323
324
325
326
327

328
329
330
331
332
333
334
335
336
337

338

339
340
341
342
343
344
345

346

347
348
349
350

351

352
353
354

Suarez-Gutierrez et al., End-of-century heat and drought stress approaching Europe swiftly

Definition of extreme years and distance to end-of-century levels

We define extreme years in each excess metric as those years exceeding the typical end-
of-century levels defined by the 50" percentile of the ensemble spread, averaged over the
period of 2090-2099. For the analysis in figures 2 and 3 we consider events with probabilities
below 1% to be ‘virtually impossible’ and to have ‘virtually zero’ or ‘negligible’ likelihoods,
while likelihoods above 1% are considered ‘non-negligible’ and thus events with likelihoods
above 1% are here considered ‘plausible’.

Typical end-of-century levels for decadal metrics, characterized by their start year, are
defined as the 50th percentile of the ensemble distribution in 2090. Therefore, the distance
to an end-of-century typical decade used in the analysis in Figs. 4, 5, and 6 is calculated as
the difference between the decadal metric on any given start year minus this 50" percentile
in the decadal metric ensemble distribution in 2090. Additionally, for Fig. 4 we normalize this
difference by the typical end-of-century value for each metric, thus dividing this difference
by the 50" percentile in the decadal metric ensemble distribution in 2090, and transform it to
percentage. For assessments at the grid-cell level in Fig. 5 and 6, we substitute the 50%
percentile of the ensemble for the ensemble mean for computational efficiency, since both
metrics yield comparable results.

Atlantic Multidecadal Variability Index definition

To capture the multi-year variability in North Atlantic temperatures, we use an AMV
index defined as the 10-year mean SST in the region defined by the [20-60N, 70W-20W]
latitude-longitude box. To remove forced effects we detrend each SST simulated time series
by removing the ensemble mean at each grid cell®!, and normalize it by dividing it by its
standard deviation. AMV phases are selected for start years when this AMV index is equal or
larger to half standard deviation for positive phases, and equal or smaller than minus half
standard deviation for negative phases.

Data availability

The MPI-GE simulations and model output are available for download at
https://www.mpimet.mpg.de/en/grand-ensemble/ or by contacting

grandensemble@mpimet.mpg.de. E-OBS observational data are available for download at

https://www.ecad.eu/download/ensembles/download.php
Code availability

The scripts used to perform this analysis and other supporting information that may be
useful in reproducing this work are archived by the Library and Information Service at the
Max Planck Institute for Meteorology and are freely available by contacting
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publications@mpimet.mpg.de. The analysis and figures in this article were performed
using Climate Data Operator (CDO) software (Schulzweida, 2022) the NCAR Command
Language (NCAR 2019; Version 6.6.2).
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Supplementary Information

Excess Heat in MPI-GE vs E-OBS

40 = - 60— =
= Z 550= =
T 30 = = = =
:°E> - T J 40 = =
- Z © = =
@D 20 — - 5 30 = =
N =3, 0 i
510 = =9 | dm vl pan e, 1=
- — w10 =i 1=
= = =l e AL e Ao e || =
0 0.0
1950 1980 2010 2040 2070 2100 0 20 40 60 80 100
Year Rank
Excess Humid Heat in MPI-GE vs E-OBS

- - 6.0 = =
18 = - = =
- - 5 50 = =
T 15 = =2 5 =
I 12 = -3 =! =
— - C = —
2 9= =g 0= 3
E .= Z 5 20 = =
£ °= R s E
3 = —L 0= m 1=
= = =l Aol 1=

0 2 e R ) I [ A B 0.0 L LN LN RN RERE]
1950 1980 2010 2040 2070 2100 0 20 40 60 80 100

Year Rank
Excess Night Heat in MPI-GE vs E-OBS

= = 60 = =
0= = 5502 =
= = - = =
8 30 = - ; 40 = =
T = -8 = =
E 20 = =530 =
> = - g =
Z 0= X =
= = 1=

o

T=rT S r— =/ = -—7T- O e
1950 1980 2010 2040 2070 2100 0 20 40 60 80 100
Year Rank

Rain Deficit in MPI-GE vs E-OBS

= = 6.0 = =
8.0 — - = =
= = 3 50 = =
L 60 = = Z40= =
a = Z 2303 =
S 402 S50 e
T - - 520 =
@ 20 = =, o S\ ) P Py ii
= = O Z] Al |2
00 ==~ 11— T r—r— -~ T7- T 0.0
1950 1980 2010 2040 2070 2100 0 20 40 60 80 100
Year Rank
Rain Excess in MPI-GE vs E-OBS

50 — - 6.0 = =
@ 40 = S g80= =
© = = T 40 = =
Q30 = = 5%z =
i = = 5 30 =
c 2.0 - - % ’:

g, =82 iy
T 10 = =L 10 =
= = NI Tt Arreny= | =
[y e e N S Bl Ry (el et it Iy s Bl Nl ity et X u o  pnnn RE NN AR RN R RE B
1950 1980 2010 2040 2070 2100 0 20 40 60 80 100

Year Rank

Figure S1: Evaluation of excess metrics by MPI-GE vs. E-OBS observations. Time series (left) and rank
histograms (right) for MPI-GE simulations (color) and E-OBS observations (black; 1950-2021). Color lines show
ensemble maxima and minima, shading shows the ensemble spread within the 10™"-90th percentile bounds.
Metrics are shown as ratios with respect to their 1950-1999 average. Rank histograms represent the frequency
of each place that E-OBS values would take in a list of ensemble members ordered by ascending values. Lines
illustrate the mean rank frequency over a centered 10-bin window for E-OBS (solid bright lines), and for the 90%
confidence perfect model range (5™-95th percentiles) of rank slopes for each ensemble member treated as
observations (dashed dark lines). Crosses show the frequency of minimum (0) and maximum (100, number of
members) ranks for E-OBS (bright colors), and the perfect model 5"-95™ percentile range in frequency (dark
colors). Bin size for ranks 1 to 99 is 6 to aid visualization. See Suarez-Gutierrez et al., 2021 for details on this
evaluation framework.
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Figure S2: Effect of AMV phase on likelihood of reaching end-of-century levels. Likelihood of decadal
excess metrics with start years in the period of 2030-2049 reaching end-of-century average decadal levels
under different AMV phases, and their difference (AMV+ minus AMV-). The distance to the end of the
century average decade is calculated as the difference between each decadal excess metric anomaly at each
grid cell, minus the ensemble mean decadal excess in 2090-2099, also at each grid cell.
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