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Abstract
Increases in climate hazards and their impacts mark one of the major challenges of climate change.
Situations in which hazards occur close enough to one another to result in amplified impacts,
because systems are insufficiently resilient or because hazards themselves are made more severe, are
of special concern. We consider projected changes in such compounding hazards using the Max
Planck Institute Grand Ensemble under a moderate (RCP4.5) emissions scenario, which produces
warming of about 2.25 ◦C between pre-industrial (1851–1880) and 2100. We find that extreme
heat events occurring on three or more consecutive days increase in frequency by 100%–300%, and
consecutive extreme precipitation events increase in most regions, nearly doubling for some. The
chance of concurrent heat and drought leading to simultaneous maize failures in three or more
breadbasket regions approximately doubles, while interannual wet-dry oscillations become at least
20% more likely across much of the subtropics. Our results highlight the importance of taking
compounding climate extremes into account when looking at possible tipping points of
socio-environmental systems.

1. Introduction

As climate hazards—such as heat, drought, and
precipitation extremes—occur more closely in space
and/or time, they increasingly pose far-reaching chal-
lenges to societal and ecological resilience. A vari-
ety of systems characteristics, both physical (e.g.
atmospheric flow patterns or land-surface properties)
and societal (e.g. political jurisdictions or supply
chains), combine to make certain hazard com-
binations especially impactful (Puma et al 2015,
AghaKouchak et al 2020, Raymond et al 2020, Kuhla
et al 2021, Wunderling et al 2021). In exceptional
cases, where systems are altered in ways that persist
beyond typical recovery timescales, the impacts can
be considered as evidence of crossing a tipping point.
Among examples are heat and drought that can make
forests more vulnerable to wildfire or insect damage,

resulting in permanently altered ecology (Yiou and
Viovy 2021); heavy precipitation across a wide area
that leads to major flooding at downstream river
confluences (He et al 2015); and oscillation between
extreme dry and wet conditions that can amplify the
impacts of both (Swain et al 2018, Balch et al 2020).

The additive effects of hazards occurring in prox-
imity to one another, termed compounding, can thus
lead to impacts beyond or different from those of the
hazards individually (Zscheischler et al 2020). These
impacts can affect natural or societal systems, and act
over spatial or temporal dimensions. Recent advances
in theories of compounding (Raymond et al 2020,
Thonicke et al 2020, Rusca et al 2021, Simpson et al
2021), in the statistics and dynamics of specific
hazards (Bevacqua et al 2021), and in the analysis
of co-occurrence of different hazard types (partic-
ularly drought and heatwaves; Rogers et al 2021,
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Singh et al 2021), have enabled an ever wider array
of risk scenarios to be considered with sophistica-
tion. However, there remains a lack of systematic and
cross-scale overviews of potential hazard interaction.
We argue that a broad view is necessary to obtain
a more intuitive grasp of how global trends in pre-
cipitation and temperature affect regional changes
in spatial and temporal compounding; how these
changes then affect societal risks; and how the rel-
ative uncertainty around these relationships may
vary. Large ensembles of Earth-system model simu-
lations are a critical tool because observational cata-
logues of these events are too short for meaning-
ful statistics, and especially so in parts of the world
historically underserved by in-situ observing sys-
tems. Additionally, compared to studies with small
numbers of simulations, large ensembles are bet-
ter able to accurately sample rare co-occurrences
of extreme conditions, and can address questions
around the role of climate-system internal variability
(Poschlod et al 2020, Wood et al 2021).

To address these issues, our study centers on con-
sidering how increasing heat and precipitation shape
the likelihood of four impactful combinations of haz-
ards: (a) multi-day extreme heat that affects human
health (Baldwin et al 2019); (b) multi-day extreme
precipitation that heightens flood risk and strains
infrastructure; (c) interannual volatility between
drought and pluvial years that complicate waterman-
agement and accentuate the risk of wildfires and fire-
following mudslides (AghaKouchak et al 2020); and
(d) simultaneous heat and drought in breadbasket
regions that limit food availability or accessibility
(Puma et al 2015, Anderson et al 2019). We do so
using a large model ensemble to robustly characterize
spatial and temporal interaction of hazards, globally
and in particular regions, and consider the implic-
ations for socio-environmental resilience, including
possible disaster-management tipping points. Our
principal objective is to discern where increases in
risk are the likeliest, for which types of hazards, and
whether these increases are robust across the model
ensemble.

2. Data andmethods

2.1. Temperature and precipitation data
Model data come from the Max Planck Institute
Grand Ensemble (MPI-GE), consisting of 100 fully-
coupled simulations of the Max Planck Institute for
Meteorology Earth System Model, version 1.1 (MPI-
ESM; Maher et al 2019). We use data representing
daily precipitation and daily-maximum near-surface
(2m) temperature for two 30 year periods: 1991–2020
(current) and 2070–2099 (RCP4.5 forcing scen-
ario). Under RCP4.5,MPI-GE exhibits approximately
2.25 ◦C of global mean warming above pre-industrial
levels by 2100 (Suarez-Gutierrez et al 2020). Our res-
ults focus on global land areas between 60◦ N and 60◦

S, analyzed using regions slightly adapted from those
in the IPCC SREX report (figure S1 available online at
stacks.iop.org/ERL/17/035005/mmedia; IPCC 2012).

2.2. Extreme-event definitions: temporal
compounding
We analyze several types of extreme events, whose
definitions are designed around characteristics shown
to be important for potential compounding impacts
(Swain et al 2018, Vant-Hull et al 2018, Anderson et al
2019, Ralph et al 2019). We primarily consider
temporal compounding—events whose impacts are
exacerbated by temporal clustering or by the sequence
in which they occur. Extreme-heat and extreme-
precipitation days are defined at the gridcell level as
those exceeding the 95th percentile of daily values
(considering all seasons together) of daily-maximum
temperature and daily-total precipitation. We con-
sider compounding to be three consecutive extreme
days, following approaches in the heatwave literat-
ure (Perkins-Kirkpatrick and Lewis 2020); we cal-
culate compounding at each gridcell and then com-
pute regional sums. Baseline compounding frequency
therefore varies among regions. Our results are
broadly insensitive to the selected definitions (figures
S2 and S3). For precipitation, we additionally evalu-
ate compounding over an interannual timescale: we
define drought years (pluvial years) as water years that
fall below (exceed) the 10th (90th) percentile of total
precipitation. Volatility is defined as the probability
that, given a drought year, there is a pluvial year either
one year before or after (Swain et al 2018).

2.3. Extreme-event definitions: spatial
compounding
We also consider spatial compounding, using the
example of maize-breadbasket failures based on
empirical temperature and precipitation thresholds
that capture major negative crop effects (generally,
from heat and drought) (Gaupp et al 2019, 2020).
Compounding occurs when multiple breadbaskets
experience failures (defined as yields being in the
lowest quartile) in the same growing season, with the
Southern Hemisphere summer considered simultan-
eouswith the subsequentNorthernHemisphere sum-
mer (Gaupp et al 2020). This compounding is often
proximately caused by a common dynamical driver
such as Rossby wavetrains of particular wavelength
and phase (Kornhuber et al 2020). To account for
model biases when applying empirical thresholds
to modeled values, we use equivalent quantiles to
the observations, rather than equivalent numerical
thresholds.We define Central North America, North-
east Brazil, Southern South America, Central Europe,
East Asia, and South Asia as maize-breadbasket
regions; these represent about 55% of global maize
production, and contain the six smaller provincial
or national regions used by Gaupp et al (2020). As
a result, an assumption of our analysis is that the
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Gaupp et al provincial-scale anomalies for which
the thresholds were defined are represented well by
the model’s temperature and precipitation anomalies
at subcontinental scale. Based on CO2-fertilization
effects (Deryng et al 2014), we additionally incor-
porate two hypothetical scenarios where crop fail-
ure occurs at levels 0.5 ◦C warmer and 5% drier
(1.0 ◦Cwarmer and 10%drier) than in observed data.
This exercise is intended primarily to demonstrate
the sensitivity of potential changes in multiple
breadbasket failure to possible plant-physiological
responses.

2.4. Change analysis andmodel-bias evaluation
For each event type (multi-day compounding of
extreme heat and extreme precipitation; interan-
nual precipitation volatility; and heat-drought spa-
tial compounding), we calculate its occurrences for
all land grid cells in each ensemble member. Both
current (1991–2020) and future (2070–2099) peri-
ods are evaluated against thresholds defined using
current data, and percent changes are given as the
difference between the period means. Note that this
choice of referencemakes our reported changes some-
what smaller than in literature based on earlier peri-
ods. To quantify the warming-only contribution to
the changes, we compare the compounding frequency
when evaluating future data against the current 95th
percentile versus against the future 95th percentile.
The remainder we then call the nonlinear contri-
bution, reflecting the combined effects of changes
in circulation, land-surface feedbacks, and any other
processes that alter the likelihood of compounding
(not the likelihood of extremes per se).

Although we focus on projected changes, for a
greater understanding of model realism we also eval-
uate temperature biases using the Modern-Era Ret-
rospective Analysis for Research and Applications,
Version 2 (MERRA2; Gelaro et al 2017), and pre-
cipitation biases using the Climate Hazards group
Infrared Precipitation with Stations (CHIRPS; Funk
et al 2015). These evaluations are included alongside
the main results in each figure. (Note that CHIRPS
is available only between 50◦ N and 50◦ S.) Among
single-model large ensembles, MPI-GE offers one of
the most adequate representations of the observed
historical interannual variability, forced changes, and
extremes in temperature (Baehr et al 2015, Suarez-
Gutierrez et al 2021) and precipitation (Wood et al
2021). The large ensemble size is a key ingredient in
this adequacy, with modeled interannual variability
being much less likely to include the observed value
when a smaller ensemble is used (Wood et al 2021).
Considering the novelty and breadth of our topic, we
thus argue that MPI-GE is a useful tool for produ-
cing initial conclusions which warrant refinement in
future studies using other large ensembles and multi-
model ensembles.

3. Results

We find that in the current baseline (1991–2020),
0%–3% of days are part of an extreme-heat
sequence (i.e. three or more such days consecutively).
Such compounding occurs most often in tropical
regions with distinct dry seasons, such as North-
east Brazil, and in mid-latitude regions subject to
long-lasting anticyclones, such as Central Europe
(Suarez-Gutierrez et al 2020) (figure 1(a)). The
model is able to capture inter-regional differences
from reanalysis, but overestimates compounding fre-
quency in regions including tropical South America.

Looking to the future, we find large projec-
ted changes between 1991–2020 and 2070–2099 in
the occurrence of temporally compound extreme
heat, with all regions at least doubling in frequency
(figures 1(b) and (c)). These multi-day extreme-
heat increases are greatest in the tropics, consistent
with their low day-to-day variability, while relatively
smaller increases are expected at higher latitudes .
Across regions, a large majority of changes in the fre-
quency of temporally compound extreme heat can be
explained by the overall increase in the number of
extreme-heat days, with a slight enhancement by non-
linear effects (see Methods) in northern South Amer-
ica (figure 1(c)).

Current temporally compound extreme precipit-
ation varies in frequency from almost zero near storm
tracks (Eastern North America and New Zealand) to
about 0.5% of all days in subtropical regions such as
Southern Africa andNorthern Australia (figure 2(a)).
MPI-GE deviates considerably more from observa-
tions for compound extreme precipitation than for
compound extreme heat, with its entire ensemble-
member spread being above the reanalysis value for
arid regions across Africa and Asia, and below the
reanalysis value in several others.

In future projections, three-day extreme wet peri-
ods are expected to increase sharply, although the
magnitude of the change is less than for extreme
heat (figure 2(b)). The largest increases (>25%) and
the highest likelihoods of enhancement by non-
linear effects are concentrated in tropical wet/dry
climates, including Northeast Brazil, West Africa,
and Southeast Asia (figure 2(a)), agreeing broadly
with findings from multi-model ensembles (Knutti
and Sedláček 2013, Tabari et al 2021) and previous
regional studies (Ali et al 2019). Arid and semi-arid
regions in the subtropics will likely experience little
change or decreases (figure 2(a); Seneviratne et al
2012). Nearly all of the regional changes are signific-
ant across ensemble members. The changes in com-
pounding are again largely explained by the shift-
ing distribution of single-day precipitation, but are
enhanced by nonlinear effects in certain semi-arid
regions, among them the Central US, the Mediter-
ranean basin, Southern Africa, and South Asia.
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Figure 1. Temporally compound extreme heat and its projected changes. (a) Current probability of an extreme-heat day being
part of a sequence of three or more consecutive extreme-heat days, from MPI-ESM (boxplots) and MERRA2 (circles). (b) Percent
change between 1991–2020 and 2070–2099 in compound extreme-heat occurrence for each region (dark red), evaluated over 100
ensemble members. Warming-only (light brown) and nonlinear (orange) contributions are also shown. Large (small) stars
indicate if >95% (67%) of ensemble members agree on the sign of the change. Background colors for each region match those in
figure S1, where full region names are provided. (c) Median percent change in compound extreme heat. In regions without
hatching, at least 67% of ensemble members agree on the sign of the change.

Drought-pluvial volatility occurs with a
frequency of 1%–2% when aggregated across all
years and grid cells within a region (figure 3(a)). Fre-
quencies tend to be slightly lower in arid subtropical
regions, with MPI-ESM not capturing this pattern
well.

Ensemble-member agreement on changes in
drought-pluvial volatility is much more limited
than for day-to-day temporally compound extremes;
where significant, frequency increases of 10%–25%
are expected (figures 3(b) and (c)). In several pre-
dominantly subtropical regions, the frequency of
drought-pluvial volatility is projected to increase
more than 25% and with the agreement of more than
two-thirds of ensemble members (figure 3). These
regions are Central America, Western Asia, South
Asia, and northern and southern Australia, in addi-
tion to Western North America (+ ∼20%), which
was highlighted by Swain et al (2018).

Considering spatial compounding via
multiple-breadbasket failure, we find that the prob-
ability distributions associated with this outcome
are well-represented in the model, with the reana-
lysis near the center of the ensemble-member spread
for high-impact events (figure 4(a)). In the future

scenario there is a distinct upward shift in the prob-
ability of three or more maize breadbaskets simul-
taneously experiencing conditions historically associ-
ated with crop failure (figure 4(a)). Across ensemble
members, the chance of a year having ⩾3 bread-
basket failures doubles from 28.7% to 57.3%, while
5-breadbasket-failure years increase in frequency
from 0.6% to 5.4%. The currently unprecedented
6-breadbasket-failure scenario has a future occur-
rence probability of 0.5%. A CO2-fertilization effect
whereby crop failures occur at 0.5 ◦C warmer and
5% drier conditions would substantially, although
not entirely, alleviate these increases in risk. Under
the no-fertilization future scenario, the Central US
is the region most likely to be included in years
with 3 breadbasket failures; cross-regional com-
parisons connect it most closely to Central Europe
(figure 4(b)). In years with five breadbasket failures,
probabilities of inclusion are similar across regions
because most are included by definition (figure 4(c)).

4. Discussion

Societal resilience can be challenged through
intensification of hazards or an increase in their
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Figure 2. Temporally compound extreme precipitation and its projected changes. (a) Current probability of an
extreme-precipitation day being part of a sequence of three or more consecutive extreme-precipitation days, from MPI-ESM
(boxplots) and CHIRPS (circles), the latter spanning only 50◦ N–50◦ S. (b) As in figure 1(b) but for compound extreme
precipitation (purple), with warming-only (pink) and nonlinear (teal) contributions also shown. Large (small) stars indicate if
>95% (67%) of ensemble members agree on the sign of the change. (c) Median percent change in compound extreme
precipitation. In regions without hatching, at least 67% of ensemble members agree on the sign of the change.

spatiotemporal proximity, which degrades the ability
of human and natural systems to endure and recover
(Balch et al 2020, Thonicke et al 2020). Hence, our
results consist of two flavors: firstly, we show that
rising levels of extreme heat and precipitation in a
warmer world will nearly everywhere lead to a greatly
increased likelihood of persistent and concurrent
extremes, mainly driven by background warming;
secondly, we provide evidence of enhanced interan-
nual hydrological volatility in a number of regions.
In this section we consider the context, uncertainties,
and implications of these findings in greater detail.

For both extreme heat and precipitation, our
results largely stem from the thermodynamic
effects of global-mean warming (Vogel et al 2019,
Robinson et al 2021). We find the nonlinear contri-
bution is small and regionally varying; however, this
remainder may be substantially model-dependent
and to some degree affected by the regional
aggregation. One of the few previous studies on tem-
poral compounding of extreme heat, using a different
model, found that warming alone can mostly explain
future compounding, but that there is less com-
pounding than expected in regions including Central
Europe and northern South America, and more than
expected in Southeast Asia (Baldwin et al 2019). Our

results agree for Southeast Asia but differ elsewhere,
highlighting a need for examining model-specific
processes to resolve such discrepancies. We also
identify northern South America as a hotspot where
both compound heat and precipitation extremes are
enhanced beyond thermodynamic expectations. The
considerable uncertainty among ensemble mem-
bers showcases the large effect of internal variabil-
ity, underscoring the value of large ensembles (which
sample this internal variability) for analyzing changes
in extreme events and robustly judging their signi-
ficance. Although recent work has found observed
increases in simultaneous extreme heat in the North-
ern Hemisphere mid-latitudes which are in part
attributable to circulation changes, the thermody-
namic effect remains the dominant factor in such
trends (Rogers et al 2021).

The increases we find in the probability of
interannual drought-pluvial volatility extend well
beyond the Western US, where the phenomenon was
first identified, presenting amajor risk for natural sys-
tems and human infrastructure (Swain et al 2018).
Our results can largely be understood by reference
to studies showing increasing interannual precipita-
tion variability, in regions including monsoonal Asia
and much of the mid- and high latitudes in the
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Figure 3. Drought-pluvial volatility and its projected changes. (a) Current probability of drought and pluvial conditions in
consecutive water years, from MPI-ESM (boxplots) and CHIRPS (circles), the latter spanning only 50◦ N–50◦ S. (b) Number of
ensemble members (n= 100) projecting increases (height of bar above 0) and decreases in drought-pluvial volatility between
1991–2020 and 2070–2099 for each region. Stars indicate that >67% of ensemble members agree on the sign of the change.
(c) Projected median percent change in drought-pluvial volatility. In regions without hatching, at least 67% of ensemble members
agree on the sign of the change.

Figure 4. Changing risk of multiple-breadbasket failure for maize. (a) Probability, evaluated over the 100-member MPI-GE, of a
year having the stated number of breadbaskets experiencing a failure. Scenarios are current (light red), future (crimson), and two
representing potential future CO2-fertilization effects: one in which crop failure occurs at levels 0.5 ◦C warmer and 5% drier than
current (pink), and another at 1.0 ◦C warmer and 10% drier (purple). Circles show equivalent probabilities using reanalysis.
(b) For years with three breadbasket failures, line widths are proportional to the probability (varying here from 9% to 44%) that
the two regions connected are among those experiencing failures. Region colors are as in figure S1. See figure S4 for equivalent
using reanalysis. (c) As in (b) but for years with five breadbasket failures (probabilities here vary from 45% to 86%).
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Northern Hemisphere (Wood et al 2021). Drought-
pluvial volatility frequency in the Western US varies
substantially due to internal variability (McKinnon
and Deser 2021), and observed trends are also highly
variable across the globe (He and Sheffield 2020),
factors which likely explain the lack of ensemble-
member agreement on the sign of the change in the
majority of regions. In these findings, we build on
studies that separately consider drought and flood
risk (Tabari et al 2021). Including the evapotranspir-
ative effects of increasing global temperatures would
be an important extension of our analysis.

Heat and drought conspire to substantially affect
crop health and food security (Lesk et al 2016).
Simultaneous extreme weather in breadbaskets is a
particularly high-impact scenario, as this can trig-
ger global food shortages and humanitarian crises
(Bren d’Amour et al 2016, Anderson et al 2019). We
find that the empirical physical thresholds developed
by Gaupp et al (2020) indicate a major expected
increase in maize failures (Tigchelaar et al 2018),
with the ensemble spread providing a refined sense
of the uncertainty accompanying this result. Just two
ensemble members exhibit five or more breadbasket
failures in a single year in the current period, while by
2100 under RCP4.5 warming more than half indicate
a non-zero probability for this outcome. Intensifying
concurrent heat and drought are amajor driver of this
virtually-assured increase in risk (Yuan et al 2019);
only in South and East Asia does precipitation
increase sufficiently to counteract some of the heat
effects (figure 2(b); Gaupp et al 2019). We also high-
light that, for maize, the Central US is the most
failure-prone region, and that Northeast Brazil is the
region with which it is least correlated—potentially
informative insights for risk reduction, particularly if
our approach is repeated for other crop types. Our
results indicate amost-likely annual outcome of three
breadbasket failures by 2070–99, while Gaupp et al
(2019) using the HadAM3P atmosphere-only model
and similar evaluation periods, found a 54% like-
lihood of five annual breadbasket failures and only
a 3% likelihood of three or fewer. However, MPI-
ESM shows lower likelihoods also in the historical
period. The discrepancy between models is likely due
to a combination of (a) HadAM3P’s neglect of ocean-
related processes, which tends to result in high-biased
and overconfident changes in extremes (Fischer et al
2018); (b) differences in temperature-precipitation
interactions; and (c) differences in the behavior of cli-
mate extremes between Gaupp et al (2019)’s subna-
tional regions and the larger ones used in this study.

A portion of our study’s value comes from its
usage of a large ensemble of a fully-coupled earth-
system model. The earth-system part means that
it has a comprehensive representation of vegetation
cycles and biogeochemistry, and the fully-coupled
part means that it captures long-memory effects in
the climate system, unlike atmosphere-only models.

As a result, information fromoceans or soils can affect
weather and climate in the model even in distant
regions (as it does in reality); having this contribu-
tion included is especially important here because we
look at processes that may occur separately but whose
effects come together in time or space to produce a
hazard.

While our approach builds upon previous work,
it also has several caveats. Perhaps most notably, the
calculated changes rely on the timing of extremes in
a single model, which hinges on the representation of
the general circulation and of processes in subsystems
such as the atmospheric boundary layer and the land
surface; these are particularly uncertain when con-
sidering projections. A comprehensive uncertainty
analysis would incorporate multiple different mod-
els, parameterizations, and sensitivity tests, and could
well result in a larger spread than described here. We
also consider only three-day cumulative events for
extreme heat and precipitation, although both floods
and droughts can be related to conditions integrated
over weeks or months (Cao et al 2020). Furthermore,
we aggregate variables across large regions to increase
the interpretability of our results, but this also limits
the applicability of our narrative to any one location
and presents another opportunity for refinement.

Future work on variables other than temperat-
ure and precipitation, and on multivariate events
such as storms or humid heat, would fill in major
gaps for holistic risk assessments. At subseasonal and
longer timescales, multi-member ensemble predic-
tion systems exist that may help to anticipate peri-
ods of increased likelihood of compound events,
particularly for heat and precipitation/drought
(Mariotti et al 2020). To be truly useful for extremes,
these require the development of improved methods
to predict widespread or persistent mesoscale anom-
alies rather than period-mean values.

Previous studies on future extreme weather risks
often highlight statistical changes without address-
ing spatiotemporal characteristics such as con-
currence and sequences. Our work examines sev-
eral different types of hazards related to high-end
impacts, highlighting how changes in the climate sys-
tem may lead to much greater compound effects.
Such outcomes can prompt the crossing of sys-
tem tipping points, a risk often heightened at the
regional scale by social, political, and economic crises
(Wunderling et al 2021). Interactions across an array
of connected elements, from physical hazards to
exposure and vulnerability characteristics, thus war-
rant close attention in future studies.

5. Conclusions

The spatiotemporal proximity of climate hazards can
amplify their joint impacts. Such compounding inter-
action, via both physical and societal mechanisms,
is often missed in traditional extreme-event analysis
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and projections. However, for the design of effective
disaster-response plans and adaptation measures to
future extreme weather events, it is crucial to account
for the temporal and spatial aspects of extremes and
the implications of their co-occurrence.

In this study, we show that high-impact extreme
temperature and precipitation events are expected
to occur more closely together nearly everywhere.
This means that the spatial co-occurrence and tem-
poral sequences of these extremes will likely intensify,
respectively putting pressure on the global food sys-
tem and on ecosystems and populations across a
range of climate regimes. Our approach of using a
large ensemble of fully-coupled model simulations to
investigate the statistics of compound events allows
us to study confluences of rare events represented
dynamically rather than statistically, and to isolate
uncertainty related to internal climate variability. As
a result, we can more confidently identify significant
changes, relative to previous studies.

In broadly considering precipitation and tem-
perature extremes that are likely to have societally
important ramifications, we aim to provide a basis
for several strands of continuing work. These include
integrated sociophysical model development, com-
parative regional assessment of key processes, and
identification of chokepoints in the global economy
and hotspots of human vulnerability. In all of these
areas, a clear understanding of tail-end risks to soci-
etal resilience is essential for properly incorporat-
ing them into operational systems that truly reflect
climate-aware adaptation.

Data availability statement

The data that support the findings of this study
are openly available at the following URL/DOI:
https://esgf-data.dkrz.de/projects/mpi-ge/. Further
information on the simulation details and how
to download MPI-GE output can be found
here: www.mpimet.mpg.de/en/grand-ensemble/.
MERRA2 reanalysis is available at https://disc.gsfc.
nasa.gov/datasets?project=MERRA-2, and CHIRPS
data can be found at www.chc.ucsb.edu/data/chirps.

Acknowledgments

C R’s, M P-C’s, and D E W’s portion of the work
was carried out at the Jet Propulsion Laboratory,
California Institute of Technology, under a contract
with the National Aeronautics and Space Admin-
istration (80NM0018D0004). L S-G was supported
by the Max Planck Society for the Advancement of
Science and by the German Ministry of Education
and Research (BMBF) under the ClimXtreme project
DecHeat (Grant No. 01LP1901F). We acknowledge
Sebastian Brune, Mikhail Dobrynin, and Johanna
Baehr for producing and processing the current and
RCP4.5 MPI-ESMGrand Ensemble simulations used

here, and the German Climate Computing Center
(DKRZ) for providing the necessary computational
resources.

Conflict of interest

The authors declare no conflicts of interest.

ORCID iDs

Colin Raymond https://orcid.org/0000-0003-
3093-5774
Laura Suarez-Gutierrez https://orcid.org/0000-
0002-0008-5943
Kai Kornhuber https://orcid.org/0000-0001-5466-
2059
Madeleine Pascolini-Campbell
https://orcid.org/0000-0002-6449-0841
Jana Sillmann https://orcid.org/0000-0002-0219-
5345

References

AghaKouchak A, Chiang F, Huning L S, Love C A, Mallakpour I,
Mazidyasni O, Moftakhari H, Papalexiou S M, Ragno E and
Sadegh M 2020 Climate extremes and compound hazards in
a warming world Ann. Rev. Earth Planet. Sci. 48 1–30

Ali H, Modi P and Mishra V 2019 Increased flood risk in Indian
sub-continent under the warming climateWeather Clim.
Extremes 25 100212

Anderson W B, Seager R, Baethgen W, Cane M and You L 2019
Synchronous crop failures and climate-forced production
variability Sci. Adv. 5 eeaw1976

Baehr J, Froehlich K, Botzet M, Domeisen D I V, Kornblueh L,
Notz D, Piontek R, Pohlmann H, Tietsche S and
Mueller W A 2015 The prediction of surface temperature in
the new seasonal prediction system based on the MPI-ESM
coupled climate model Clim. Dyn. 44 2723–35

Balch J K et al 2020 Socio-environmental extremes: rethinking
extraordinary events as outcomes of interacting biophysical
and social systems Earth’s Future 8

Baldwin J W, Dessy J B, Vecchi G A and Oppenheimer M 2019
Temporally compound heat wave events and global
warming: an emerging hazard Earth’s Future 7 411–27

Bevacqua E et al 2021 Guidelines for studying diverse types of
compound weather and climate events Earth’s Future
9 e2021ef002340

Bren d’Amour C, Wenz L, Kalkuhl M, Christoph Steckel J and
Creutzig F 2016 Teleconnected food supply shocks Environ.
Res. Lett. 11 035007

Cao Q, Gershunov A, Shulgina T, Ralph F M, Sun N and
Lettenmaier D P 2020 Floods due to atmospheric rivers
along the U.S. West Coast: the role of antecedent soil
moisture in a warming climate J. Hydrometeorol. 21 1827–45

Deryng D, Conway D, Ramankutty N, Price J and Warren R 2014
Global crop yield response to extreme heat stress under
multiple climate change futures Environ. Res. Lett. 9 034011

Fischer E M, Beyerle U, Schleussner C F, King A D and Knutti R
2018 Biased estimates of changes in climate extremes from
prescribed SST simulations Geophys. Res. Lett. 45 8500–9

Funk C et al 2015 The climate hazard infrared precipitation with
stations—a new environmental record for monitoring
extremes Sci. Data 2 150066

Gaupp F, Hall J, Hochrainer-Stigler S and Dadson S 2020
Changing risks of simultaneous global breadbasket failure
Nat. Clim. Change 10 54–57

8

https://esgf-data.dkrz.de/projects/mpi-ge/%E2%80%8B
https://www.mpimet.mpg.de/en/grand-ensemble/
https://disc.gsfc.nasa.gov/datasets?project=MERRA-2
https://disc.gsfc.nasa.gov/datasets?project=MERRA-2
https://www.chc.ucsb.edu/data/chirps
https://orcid.org/0000-0003-3093-5774
https://orcid.org/0000-0003-3093-5774
https://orcid.org/0000-0003-3093-5774
https://orcid.org/0000-0002-0008-5943
https://orcid.org/0000-0002-0008-5943
https://orcid.org/0000-0002-0008-5943
https://orcid.org/0000-0001-5466-2059
https://orcid.org/0000-0001-5466-2059
https://orcid.org/0000-0001-5466-2059
https://orcid.org/0000-0002-6449-0841
https://orcid.org/0000-0002-6449-0841
https://orcid.org/0000-0002-0219-5345
https://orcid.org/0000-0002-0219-5345
https://orcid.org/0000-0002-0219-5345
https://doi.org/10.1146/annurev-earth-071719-055228
https://doi.org/10.1146/annurev-earth-071719-055228
https://doi.org/10.1016/j.wace.2019.100212
https://doi.org/10.1016/j.wace.2019.100212
https://doi.org/10.1126/sciadv.aaw1976
https://doi.org/10.1126/sciadv.aaw1976
https://doi.org/10.1007/s00382-014-2399-7
https://doi.org/10.1007/s00382-014-2399-7
https://doi.org/10.1029/2019ef001319
https://doi.org/10.1029/2018ef000989
https://doi.org/10.1029/2018ef000989
https://doi.org/10.1029/2021ef002340
https://doi.org/10.1029/2021ef002340
https://doi.org/10.1088/1748-9326/11/3/035007
https://doi.org/10.1088/1748-9326/11/3/035007
https://doi.org/10.1175/jhm-d-19-0242.1
https://doi.org/10.1175/jhm-d-19-0242.1
https://doi.org/10.1088/1748-9326/9/3/034011
https://doi.org/10.1088/1748-9326/9/3/034011
https://doi.org/10.1029/2018gl079176
https://doi.org/10.1029/2018gl079176
https://doi.org/10.1038/sdata.2015.66
https://doi.org/10.1038/sdata.2015.66
https://doi.org/10.1038/s41558-019-0600-z
https://doi.org/10.1038/s41558-019-0600-z


Environ. Res. Lett. 17 (2022) 035005 C Raymond et al

Gaupp F, Hall J, Mitchell D and Dadson S 2019 Increasing risks of
multiple breadbasket failure under 1.5 and 2 ◦C global
warming Agric. Syst. 175 34–45

Gelaro R et al 2017 The modern-era retrospective analysis for
research and applications, Version 2 (MERRA-2) J. Clim.
30 5419–54

He H, Tian Y Q, Mu X, Zhou J, Li Z, Cheng N, Zhang Q, Keo S and
Oeurng C 2015 Confluent flow impacts of flood extremes in
the middle Yellow River Quart. Int. 380–381 382–90

He X and Sheffield J 2020 Lagged compound occurrence of
droughts and pluvials globally over the past seven decades
Geophys. Res. Lett. 47 e2020gl087924

IPCC 2012 Summary for policymakersManaging the Risks of
Extreme Events and Disasters to Advance Climate Change
Adaptation. A Special Report of Working Groups I and II of
the Intergovernmental Panel on Climate Change ed C B Field
et al (Cambridge: Cambridge University) pp 1–19
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