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Traditional approaches to climate risk

Projection of extremes
• Warmest day of the year (TXx)
• Maximum daily precipitation (RX1day)
• Maximum length of dry spell
• Frequency of heat waves
• Intensity of droughts
• …

IPCC (2021)
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and projected changes for more moderate extreme precipitation 
are also more uncertain. Extreme precipitation, represented by 
the number of days with daily precipitation exceeding 50 mm and the 
annual fraction of precipitation falling during days with the top 10% 
daily precipitation amount, is projected to increase on the eastern 
coast of Southern Central America, but to decrease along the Pacific 
coasts of El Salvador and Guatemala (Imbach et al., 2018). Chou et al. 
(2014b) and Giorgi et al. (2014) projected an increase in extreme 
precipitation over South-Eastern South America and the Amazon. 
Projected changes in moderate extreme precipitation represented 
by the 99th percentile of daily precipitation by different models 
under different emissions scenarios, even at high warming levels, 
are mixed: increases are projected for all regions by the CORDEX-
CORE and CMIP5 simulations, while increases for some regions and 
decreases for other regions are projected by CMIP6 simulations 
(Coppola et al., 2021a). Extreme precipitation is projected to increase 
in the La Plata basin (Cavalcanti et al., 2015; Carril et al., 2016). Taylor 
et al. (2018) projected a decrease in days with intense rainfall in the 
Caribbean under 2°C global warming by the 2050s under RCP4.5 
relative to 1971–2000. 

In Europe (Table 11.17), extreme precipitation will likely increase at 
global warming levels of 2°C and below, but very likely increase for 
higher warming levels for the region as whole. The CMIP6 multi-
model median projects an increase in the 10- and 50-year return 
values of Rx1day and Rx5day over a majority of the region at the 2°C 
global warming level, with more than 95% of the region showing 
an increase at higher warming levels (Figure 11.7; C. Li et al., 2021). 
The most intense precipitation events observed today in Europe are 
projected to almost double in occurrence for each 1°C of further global 
warming (Myhre et al., 2019). Extreme precipitation is projected to 
increase in both boreal winter and summer over Europe (Madsen 
et al., 2014; Christensen et al., 2015; Nissen and Ulbrich, 2017). There 
are regional differences, with decreases or no change for the southern 

part of Europe, such as the southern Mediterranean (Tramblay and 
Somot, 2018; Lionello and Scarascia, 2020; Coppola et al., 2021a), 
uncertain changes over central Europe (Argüeso et al., 2012; Croitoru 
et al., 2013; Rajczak et al., 2013; Casanueva et al., 2014; Patarčić 
et al., 2014; Paxian et al., 2014; Roth et al., 2014; Fischer and Knutti, 
2015; Monjo et al., 2016) and a  strong increase in the remaining 
parts, including the Alps region (Gobiet et al., 2014; Donnelly et al., 
2017), particularly in winter (Fischer et al., 2015), and in northern 
Europe. In a 3°C warmer world, there will be a  robust increase in 
extreme rainfall over 80% of land areas in northern Europe (Madsen 
et al., 2014; Donnelly et al., 2017; Cardell et al., 2020). 

In North America (Table 11.20), the intensity and frequency of extreme 
precipitation will likely increase at the global warming levels of 
2°C and below, and very likely increase at higher warming  levels. 
An increase is projected by CMIP6 model simulations (Li et al., 
2021) and by previous model generations (Wu, 2015; Easterling 
et al., 2017; Innocenti et al., 2019), as well as by RCMs (Coppola 
et al., 2021a). Projections of extreme precipitation over the southern 
portion of the continent and over Mexico are more uncertain, with 
decreases possible (Sillmann et al., 2013b; Alexandru, 2018; Coppola 
et al., 2021a). 

In summary, heavy precipitation will generally become more frequent 
and more intense with additional global warming. At global warming 
levels of 4°C relative to the pre-industrial, very rare (e.g.,  one in 
10 or more years) heavy precipitation events would become more 
frequent and more intense than in the recent past, on the global 
scale (virtually certain), and in all continents and AR6 regions: The 
increase in frequency and intensity is extremely likely for most 
continents and very likely for most AR6 regions. The likelihood 
is lower at lower global warming levels and for less-rare heavy 
precipitation events.  At the global scale, the intensification of 
heavy precipitation will follow the rate of increase in the maximum 

Annual maximum daily precipitation change (Rx1day) - median
(a) At 1.5°C global warming (b) At 2.0°C global warming (c) At 4.0°C global warming
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Figure 11.16 | Projected changes in annual maximum daily precipitation at (a) 1.5°C, (b) 2°C, and (c) 4°C of global warming compared to the 1850–1900 
baseline. Results are based on simulations from the Coupled Model Intercomparison Project Phase 6  (CMIP6) multi-model ensemble under the Shared Socio-economic 
Pathway (SSP), SSP1-1.9, SSP1-2.6, SSP2-4.5, SSP3-7.0, and SSP5-8.5 scenarios. The numbers on the top right indicate the number of simulations included. Uncertainty is 
represented using the simple approach: no overlay indicates regions with high model agreement, where ≥80% of models agree on the sign of change; diagonal lines indicate 
regions with low model agreement, where <80% of models agree on the sign of change. For more information on the simple approach, please refer to the Cross-Chapter Box 
Atlas 1. For details on the methods see Supplementary Material 11.SM.2. Changes in Rx1day are also displayed in the Interactive Atlas. Further details on data sources and 
processing are available in the chapter data table (Table 11.SM.9).
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Figure 11.16 | Projected changes in annual maximum daily precipitation at (a) 1.5°C, (b) 2°C, and (c) 4°C of global warming compared to the 1850–1900 
baseline. Results are based on simulations from the Coupled Model Intercomparison Project Phase 6  (CMIP6) multi-model ensemble under the Shared Socio-economic 
Pathway (SSP), SSP1-1.9, SSP1-2.6, SSP2-4.5, SSP3-7.0, and SSP5-8.5 scenarios. The numbers on the top right indicate the number of simulations included. Uncertainty is 
represented using the simple approach: no overlay indicates regions with high model agreement, where ≥80% of models agree on the sign of change; diagonal lines indicate 
regions with low model agreement, where <80% of models agree on the sign of change. For more information on the simple approach, please refer to the Cross-Chapter Box 
Atlas 1. For details on the methods see Supplementary Material 11.SM.2. Changes in Rx1day are also displayed in the Interactive Atlas. Further details on data sources and 
processing are available in the chapter data table (Table 11.SM.9).
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warmer climate, and it is very likely that heatwaves will occur 
with a higher frequency and longer duration.The SR1.5 (Chapter 3, 
Hoegh-Guldberg et al., 2018) assessment on projected changes in 
hot extremes at 1.5°C and 2°C global warming is consistent with the 
AR5 assessment, concluding that it is very likely a global warming 
of 2°C, when compared with a 1.5°C warming, would lead to more 
frequent and more intense hot extremes on land, as well as to longer 
warm spells, affecting many densely inhabited regions. The SR1.5 
also assessed it is very likely that the strongest increases in the 
frequency of hot extremes are projected for the rarest events, while 
cold extremes will become less intense and less frequent, and cold 
spells will be shorter. 

New studies since AR5 and SR1.5 confirm these assessments. New 
literature since AR5 includes projections of temperature-related 
extremes in relation to changes in mean temperatures, projections 
based on CMIP6 simulations, projections based on stabilized global 
warming levels, and the use of new metrics. Constraints for the 
projected changes in hot extremes were also provided (Borodina 
et al., 2017b; Sippel et al., 2017b; Vogel et al., 2017). Overall, 
projected changes in the magnitude of extreme temperatures over 
land are larger than changes in global mean temperature, over mid-
latitude land regions in particular (Figures 11.3, 11.11; Fischer et al., 
2014; Seneviratne et al., 2016; B.M. Sanderson et al., 2017; Wehner 
et al., 2018b; Di Luca et al., 2020b). Large warming in hot and cold 

extremes will occur, even at the 1.5°C GWL (Figure 11.11). At this 
level, widespread significant changes at the grid-box level occur for 
different temperature indices (Aerenson et al., 2018). In agreement 
with CMIP5 projections, CMIP6 simulations show that a  0.5°C 
increment in global warming will significantly increase the intensity 
and frequency of hot extremes, and decrease the intensity and 
frequency of cold extremes on the global scale (Figures 11.6, 11.8 
and 11.12). It takes less than half of a degree for the changes in TXx 
to emerge above the level of natural variability (Figure 11.8) and the 
66% ranges of the land medians of the 10-year or 50-year TXx events 
do not overlap between 1.0°C and 1.5°C in the CMIP6 multi-model 
ensemble simulations (Figure 11.6, Li et al., 2021). 

Projected warming is larger for TNn and exhibits strong equator-to-
pole amplification, similar to the warming of boreal winter mean 
temperatures. The warming of TXx is more uniform over land and 
does not exhibit this behaviour (Figure  11.11). The warming of 
temperature extremes on global and regional scales tends to scale 
linearly with global warming (Section 11.1.4; Fischer et al., 2014; 
Seneviratne et al., 2016; Wartenburger et al., 2017; Li et al., 2021; 
see also SR1.5, Chapter 3). In the mid-latitudes, the rate of warming  
of hot extremes can be as large as twice the rate of global 
warming (Figure 11.11). In the Arctic winter, the rate of warming of 
the temperature of the coldest nights is about three times the rate 
of global warming (Appendix, Figure  11.A.1). Projected changes 
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Figure 11.11 | Projected changes in (a–c) annual maximum temperature (TXx) and (d–f) annual minimum temperature (TNn) at 1.5°C, 2°C, and 4°C of 
global warming compared to the 1850–1900 baseline. Results are based on simulations from the Coupled Model Intercomparison Project Phase 6 (CMIP6) multi-model 
ensemble under the Shared Socio-economic Pathways (SSPs) SSP1-1.9, SSP1-2.6, SSP2-4.5, SSP3-7.0, and SSP5-8.5 scenarios. The numbers in the top right indicate the number 
of simulations included. Uncertainty is represented using the simple approach: no overlay indicates regions with high model agreement, where ≥80% of models agree on the 
sign of change; diagonal lines indicate regions with low model agreement, where <80% of models agree on the sign of change. For more information on the simple approach, 
please refer to the Cross-Chapter Box Atlas 1. For details on the methods see Supplementary Material 11.SM.2. Changes in TXx and TNn are also displayed in the Interactive 
Atlas. Further details on data sources and processing are available in the chapter data table (Table 11.SM.9).
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Figure 11.11 | Projected changes in (a–c) annual maximum temperature (TXx) and (d–f) annual minimum temperature (TNn) at 1.5°C, 2°C, and 4°C of 
global warming compared to the 1850–1900 baseline. Results are based on simulations from the Coupled Model Intercomparison Project Phase 6 (CMIP6) multi-model 
ensemble under the Shared Socio-economic Pathways (SSPs) SSP1-1.9, SSP1-2.6, SSP2-4.5, SSP3-7.0, and SSP5-8.5 scenarios. The numbers in the top right indicate the number 
of simulations included. Uncertainty is represented using the simple approach: no overlay indicates regions with high model agreement, where ≥80% of models agree on the 
sign of change; diagonal lines indicate regions with low model agreement, where <80% of models agree on the sign of change. For more information on the simple approach, 
please refer to the Cross-Chapter Box Atlas 1. For details on the methods see Supplementary Material 11.SM.2. Changes in TXx and TNn are also displayed in the Interactive 
Atlas. Further details on data sources and processing are available in the chapter data table (Table 11.SM.9).
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Limitations of the traditional approach

Ø Impacts are rarely driven by a single climate extreme
Ø Limited knowledge on 

Ø which weather conditions lead to impacts
Ø dependence between climate impact drivers
Ø whether climate models simulate climate impact drivers well
Ø whether impact models simulate (multivariate) climate-impact 

relationships well
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What is a compound event?

“Compound weather and climate events refer to the combination of multiple 
drivers and/or hazards that contributes to societal or environmental risk.”

Zscheischler et al. (2018) Nature Climate Change

PERSPECTIVE NATURE CLIMATE CHANGE

supporting a separate analysis of hazards and drivers. Moreover, 
the multivariate distribution of climate drivers may change over 
time, for instance if one driver is affected by trends25,58 (temperature 
increase, sea-level rise59, trends in storm activity) or changes in the 
distribution (changes in temperature variance60, shifts in precipita-
tion distribution61). Finally, the dependence between climate drivers 
may change over time, which also affects the multivariate distribu-
tion of drivers. For instance, the increase in concurrent extreme 
storm surge and precipitation events for United States coasts has 
been attributed to changes in the dependence between surge and 
precipitation rather than to trends in either of these variables12. 
Similarly, the dependence between summer temperature and pre-
cipitation is expected to change under strong GHG forcing7. Note 
that even if we can model the whole distribution of drivers or haz-
ards based on observational data, estimating dependence in the 
tails62, for instance between different hazards, may still be challeng-
ing if the sample size is not very large.

Identifying which multivariate constellations of climate variables 
are associated with hazards allows climate model output to be inter-
rogated for exactly these constellations. Assessing the likelihood 
of such constellations in future projections will help to investigate 
risk. Besides providing a tool for the assessment of hazard likeli-
hoods, this approach will bring focus on those physical processes 
that need to be better understood to represent hazards in dynamical 
models, providing guidance on which variables and dependencies 
between variables need to be simulated skilfully or bias-adjusted63 
to correctly quantify hazards. The impact research community and 
the climate science community can both contribute to this effort 
by working closely together, revising and integrating currently used 
approaches and moving towards a multivariate perspective in all 
compartments of model construction, bias adjustment and analysis.

Climate change processes and associated effects
The bottom-up approach helps to define the required scope of 
the modelling of physical processes that give rise to a particular  

compound event. How can we represent these processes adequately? 
While spatial and temporal scales of compound events can vary 
significantly, the impacts are commonly felt at the local scale over 
relatively short timescales. However, local-scale events are often 
embedded within larger-scale systems, which in turn are affected by 
planetary-scale features such as shifts in the radiation balance and 
associated changes in mean temperature, mean sea level, the loca-
tion of the jet stream and others. Modelling approaches that rep-
resent these ranges of space and time scales are therefore needed. 
The non-stationarity of most compound events — both because of 
anthropogenic climate change and because of other more local-scale 
changes in the land surface due to urbanization and other forms 
of development — has significant implications for how compound 
events should be modelled.

These implications can be understood through the example of 
estimating the probability of flooding for a particular catchment. 
In the past, if historical records of sufficient length were available, it 
was common to use these records to estimate the exceedance prob-
ability of a future event through a method called flood frequency 
analysis. However, such methods are only appropriate when the cli-
matic drivers of floods are stationary over time. Flood frequency 
analysis is not appropriate as a basis for designing future infrastruc-
ture under considerations of significant climate change, since the 
historical statistics may no longer reflect flood hazard in the future. 
This means that to estimate the probability of flooding, we need 
to understand the nature of changes affecting extreme events much 
more explicitly, leading to a widening of the system boundaries. For 
many event-based hydrological models, antecedent moisture con-
ditions are typically treated as calibration parameters, for example 
through loss parameters of the hydrological model. However, under 
future climate, extreme rainfall may increase at a faster rate than 
average rainfall, and evapotranspiration may change as well, so that 
the relationship between flood-producing rainfall and the catch-
ment’s antecedent conditions is no longer stable and may need to be 
modelled explicitly, for example by using a continuous hydrological  
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What is a COST Action?

Ø Bottom-up network funded by the European Cooperation in Science 
and Technology (COST)

Ø Many different purposes, e.g. create new connections between 
previously unconnected actors across Europe (e.g. scientific 
disciplines, industry, governance)

Ø Funds workshops, training schools and short-term scientific visits

Ø COST Action DAMOCLES: Understanding and modeling compound 
climate and weather events, running from 9/2018-9/2022
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A typology of compound events

Why?

Ø Can help structure our thinking on high-impact events
Ø Can help select/develop appropriate analysis tools for a given event type
Ø Can trigger synergies between different impact communities for which 

similar event types are relevant

Zscheischler et al. (2020) Nature Reviews Earth & Environment
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A typology of compound events

In many regions, the concurrence of drought and heat-
wave is closely related to the ENSO, including South 
Africa53, South America54 and the USA. In Texas dur-
ing 2011, for example, sea- surface temperature patterns 
that resemble the characteristics of La Niña events55 
(the modulator) promoted stationary Rossby waves (the  
driver), which, in turn, established compound hot and 
dry conditions (the hazards) (FIG. 3c). Land–atmosphere  
feedback further intensified these conditions, which 
caused record statewide agricultural losses, record-  
breaking wildfires and massive commercial timber  
loss55.

Indeed, compound and extended hot and dry condi-
tions generally lead to tree mortality56,57, crop failure58, 
large reductions in carbon uptake59–62, wildfires30,63, 
thermoelectric power plant failures64 and are a key cli-
mate feature of many weather- related disasters65. When 
precipitation deficits and high temperatures combine 
with low humidity and strong winds, increased evap-
otranspiration can quickly deplete soil moisture. Such 
conditions can cause flash droughts, with often severe 
impacts on crop yields, livestock forage production and 
natural ecosystems66.

Concurrent warm and wet extremes can also lead 
to severe impacts. In January 2018, for instance, anom-
alously warm and wet conditions occurred across the 
Western Alps, triggering widespread landslides at low 
elevations and massive snowfall higher up, causing crit-
ical discharge levels and threatening popular ski resorts 
owing to a substantially increased avalanche risk67.

Co- occurring wind and precipitation extremes also 
exemplify multivariate events. In the mid- latitudes and 
the subtropics, such events are typically associated with 
strong extratropical and tropical cyclones, respectively68, 
with widespread impacts69–72. For example, the strong 
wind gusts of winter storm Kyrill in 2007 caused sub-
stantial damage to buildings and infrastructure that were 
further exacerbated by heavy rainfall69. In several storms, 
heavy precipitation was caused by thunderstorms located 
in the unstable air behind the cold front69,71.

Temporally compounding events
Temporally compounding events refer to a succession of 
hazards that affect a given geographical region, leading 
to, or amplifying, an impact when compared with a sin-
gle hazard (FIG. 4a; TABLE 1). The hazards are promoted 
by one or more drivers, which, in turn, are caused by a 
modulator. The succession of hazards can be of the same 
type (for example, multiple tropical cyclones73, heat-
waves74,75 or heavy- precipitation events76) or consecutive 
occurrence of different hazards (for example, a flood77 or 
tropical cyclone78, followed by a heatwave). The hazards 
in temporally compounding events can be correlated 
through a common driver, directly related as cascad-
ing hazards19 or simply occur by chance. In practice, it 
is often difficult to distinguish these cases because of 
limited sample size and an incomplete understanding 
of the system.

Temporal clustering has been studied extensively 
for extratropical79–82 and tropical cyclones73. It is widely 
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known, for example, that cyclone clusters (multiple 
cyclone drivers) arise owing to secondary cyclogene-
sis along trailing fronts and/or persistent and recur-
rent favourable jet states79,83,84 (the modulator). The 
occurrence of cyclone clusters is further related to, and 
influenced by, modulators such as large- scale telecon-
nection patterns85–88, tropical forcing89 and persistent 
atmospheric- circulation patterns76. For instance, signif-
icant temporal clustering of strong cyclones is observed 
over the eastern Atlantic, the downstream area of the 
Atlantic storm track and over the central Pacific79. 
The severe storms Lothar and Martin crossing Europe in 
December 1999 (REF.81) and the clustering of storms hit-
ting the UK in January 2014 (REF.89) provide high- impact 
illustrations of temporally compounding extratropical 
cyclones. Tropical clustering is also apparent in parts of 
the Caribbean and along the coast of Central America85.

Temporal clustering of heavy- precipitation events on 
sub- seasonal timescales is also commonplace, increas-
ing the risk of flooding. In southern Switzerland, for 
instance, multiple heavy- rainfall events (the drivers) 
linked to upper- level Rossby- wave breaking resulted in 
substantial lake flooding (the hazard) and correspond-
ing damage76 (FIG. 4b). However, as mentioned previously, 
temporal compounding events can also refer to multiple 
hazards. In July 2018, for instance, factors influencing 

the East Asian summer monsoon drove consecutive 
flooding and heatwaves (the hazards) in southern Japan, 
resulting in 300 deaths and vast economic losses77 
(FIG. 4c).

Temporally compounding effects relevant for vegeta-
tion are dependent on the temporal convolution of sev-
eral time- continuous drivers. For instance, an increased 
wildfire frequency in south- eastern Australia can tip a 
eucalyptus forest to a non- forest state90. The extreme 
2016 wheat loss in France has further been attributed to 
a combination of unusually warm temperatures in late 
autumn and unusually wet conditions in the following 
spring91.

Spatially compounding events
Spatially compounding events occur when multiple con-
nected locations are affected by the same or different 
hazards within a limited time window, thereby causing 
an impact (FIG. 5a; TABLE 1). The compounding of hazards 
in different locations is established via a system capable 
of spatial integration, which accumulates hazard impacts 
in spatially distant locations. The hazards and hazard 
drivers are often caused by a modulator92, which creates 
a physical link between the different locations.

Impact- integrating systems can operate at the global 
or regional scale. On the planetary scale, the spatially syn-
chronized occurrence of hazards and associated impacts 
can be imposed by large- scale modes of climate variabil-
ity, such as the ENSO93,94, atmospheric teleconnections95 
or driven by circumpolar- wave patterns96. The global 
food system provides one such illustration, wherein 
synchronous crop failure due to spatially co- occurring  
hazards2 poses a potential threat to food security94,97, with 
wide- ranging economic impacts98. In 1983, for example, 
a strong El Niño event (the modulator) fuelled heatwaves 
and droughts in crop- producing regions (South Africa, 
North America and Brazil — the hazards), resulting in 
the largest synchronous wheat failure in modern his-
tory93 (the impact; FIG. 5b). On more regional scales, 
atmospheric teleconnections99 and individual weather 
systems like atmospheric blockings100 or storms — such 
as Lothar101 and Ophelia102 in Europe — can cause spa-
tially correlated hazards, including heavy precipitation 
and wind extremes.

In addition to the physical climate hazards, sub-
stantial risk also arises in a more societal respect. For 
instance, an energy system largely based on renewables 
can be highly vulnerable to weather conditions, which, 
in certain circumstances, might lead to low energy out-
put from solar panels and wind turbines in multiple 
regions concurrently103, increasing the risk of power 
failures. Road and railway networks are also highly vul-
nerable to spatially co- occurring climate hazards, espe-
cially surface and river flooding, which regularly cause 
significant damage104. Similarly, concurrent storm surges 
over extended coastline stretches can damage multiple 
ports, causing interruption in national or international 
supply chains105.

Emergency- response actions are an additional 
impact integrator affected by spatially correlated haz-
ards. For  instance, the spatial distribution of up to 
250 simultaneous wildfires in the late- season 2017 
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northern California ‘firestorm’ (the hazards) — linked 
to low humidity and strong winds106 (the drivers) — 
overwhelmed the ability to respond, leading to extreme 
impacts18 (FIG. 5c). Spatially co- occurring floods can also 
affect emergency response. The 2010/2011 wet season 
in Australia, for example, led to several floods in differ-
ent regions, affecting many agencies, including state and 
federal governments, insurers, mining and agriculture 
industries9.

Indeed, river systems can be viewed as regional inte-
grators of correlated precipitation extremes. For exam-
ple, in 2016, a large area of Louisiana, USA, experienced 
widespread flooding when multiple tributaries of the 
Mississippi river were simultaneously flooded, the water 
of which drained downstream, leading to overtopping of 
floodwalls and levees, causing a human disaster and sig-
nificant socio- economic impacts107. Similarly, correlated 
extreme river discharges that caused large flood events 
affecting multiple countries in Europe at the same time 
put great pressure on transnational risk- reduction and 
risk- transfer mechanisms108,109.

Soft boundaries
While the above four categorizations of compound 
events are comprehensive, the imposed boundaries are 
subjective. Thus, not all events fit perfectly into the pre-
sented categories, and some cannot be easily assigned to 
a single type, necessitating soft boundaries. For instance, 
the extremely hot and dry 2011 summer in Texas, USA, 
is presently placed as a multivariate event, given its 
connection to a modulator (FIG. 3c). However, dry soils 
associated with an earlier precipitation deficit also 
amplified the magnitude of the heatwave and drought 
via land–atmosphere feedbacks, falling into the precon-
dition category (FIG. 2). In fact, such a combination of a 
multivariate event (sea- surface temperature patterns or 
an atmospheric block) and preconditions (dry soils) are 
a common feature of compound hot and dry events50,110. 
Similar combinations are also commonplace in coastal 
flooding, wherein deep and extensive low pressure 
causes a storm surge and heavy precipitation (multivar-
iate), amplified by saturated soils (the precondition), as 
observed in the Netherlands in January 2012 (REF.8).
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In addition, it is often challenging to separate pre-
conditioning and temporally compounding events. For 
instance, the succession of a warm period at the end 
of winter and a frost event in spring (a preconditioned 
‘false spring’) can also be interpreted as a temporally 
compounding event. Conversely, the temporally com-
pounding extreme wheat loss in France during 2016 
could alternatively be interpreted as a preconditioned 
event wherein a mild autumn and winter favoured the 
build- up of parasites, leading to large- scale disease 
spread when wet conditions followed in spring91.

These examples illustrate the diversity and complex-
ity of compound- event processes. In practice, an event 
will often be a combination of two or three categories. 
Separating out the different elements will help with fur-
ther analysis and provide guidance on which approaches 
to use to study different parts of the event.

Methods for compound- event analysis
Compound- event research aims to increase under-
standing of key physical processes contributing to an 
event, improve their prediction, assess associated risks, 
explore suitable adaptation strategies and quantify pro-
jected changes. Thus, an additional goal of the proposed 
typology is to facilitate and provide guidance for the 
usage of appropriate analysis and modelling tools, as 
is now discussed. However, since there is no clear dis-
tinction between the proposed classes, the analysis of 
a given event might require a combination of different 
approaches. Moreover, owing to the diversity of possible 
compound events, adaptation of the methods below will 
likely be required in most cases.

Diagnosing compound- event drivers
The typology provides guidance on the broad classes 
of causal structure for compound events, which subse-
quently need to be populated by specific drivers, modu-
lators, preconditions and hazards that collectively lead to 
the impacts. An initial step for the analysis of compound 
events is to understand the underlying phenomena (such 
as which hazards might cause an impact) and identify 
the hazards’ drivers.

In some cases, the causal mechanisms underlying 
specific events (that is, the connection between modula-
tors, drivers, hazards and impacts) are well documented 
and congruent with impact models that have a strong 
physical basis for that class of event. For example, it is 
known that heat stress in humans and other mammals 
(such as livestock) is dominated by the combination 
of temperature and humidity, and, to a lesser extent, 
by solar radiation and wind12. If, however, drivers are 
unknown, compositing a large number of cases of a 
given phenomenon can be used both to identify key var-
iables and to understand the physical processes5,7,46,47,111. 
For instance, composite meteorological maps of events 
causing concurrent storm surge and river- discharge 
extremes can reveal their atmospheric drivers7. Recent 
advances in dynamical- systems theory for studying 
joint recurrences112 have also been successfully applied 
to reveal the drivers behind spatially and temporally 
concurrent extremes in wind and precipitation113. Here, 
composites of locations with high joint recurrence rates 
(that is, a high likelihood of concurrent extremes) are 
related to atmospheric conditions.

For more complex cases, the key variables (drivers 
and hazards), and particularly their associated spatial and  
temporal scales, might not be immediately obvious. For 
example, the Lake Como reservoir114 is used to provide 
hydropower, flood protection and irrigation water sup-
ply for downstream districts. Weather and climate influ-
ence the system through multiple points of interaction, 
including: reservoir inflows (affected by the timing and 
magnitude of rainfall and evaporative processes, com-
bined with snowmelt), water demand, long- term trends 
in precipitation and evaporation, physical system con-
straints (how quickly floodwater can be released from the  
reservoir) and operational policies. Understanding  
the precise combination of climatic variables (and their 
associated temporal and spatial scales) that could trigger 
system failure (and, hence, an impact) might, therefore, 
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Ø Rain-on-snow flood

Ø Compound flooding
Ø Concurrent drought & heat
Ø Concurrent wind & precipitation extremes

Ø Sequence of storms/heavy precip. events
Ø Cyclone followed by a heatwave Ø Global crop failure
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Spatially co-occurring droughts

Singh et al. (2021) npj Climate and Atmospheric Sciences
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…associated with concurrent modes of climate variability

Singh et al. (2021) npj Climate and Atmospheric Sciences

Concurrent El Niño and 
cold phases of the 
Tropical North Atlantic 
lead to many concurrent 
droughts
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Guidelines for compound event analysis

Ø Causal diagrams allow communication between fields
Ø Employ impact-centric perspective to identify potential drivers, e.g. via 

composites
Ø Use physically-based modelling for future projections and disentangling 

complex driver contributions
Ø Event-based storylines to explore plausible worst-case scenarios
Ø Soft boundaries between types, depending somewhat on the research 

question

Bevacqua et al. (2021) Earth’s Future
ho
t

dry
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Conclusions

Ø Viewing climate climate impacts through a ”compound event” lens 
leads to new research questions relevant for climate risk assessment 

Ø Compound event research aims to develop a new paradigm to better 
understand and project climate risk

Ø The compound event typology can help select and develop suitable 
analysis techniques to better understand complex high-impact events

jakob.zscheischler@ufz.de

@ZscheischlerJak


