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Abstract  11 
Weather and climate extremes impact vegetation functioning and trigger disturbances that affect 12 

ecosystem dynamics over periods longer than each event’s duration. The projected increased frequency or 13 
intensity of extreme events might thus amplify ecological impacts and reduce the biosphere’s CO2 mitigation 14 
potential, but multiple feedbacks between ecosystems and climate extremes need to be considered in risk 15 
assessments.  16 

In this Perspective, we first discuss the strengths and limitations of two broadly used approaches to study 17 
the impacts of climate extremes and disturbances on ecosystems: climate risk and disturbance ecology. We 18 
propose a unified framework (compound ecoclimatic events) that decomposes events into climatic drivers, 19 
stressors, ecological factors, impacts, and their sources of variability, and further incorporates feedbacks 20 
between ecosystem processes and stressors. We then illustrate how this framework can be used to develop 21 
ecoclimatic storylines to quantify uncertainties associated with internal climate and ecological variability and 22 
to quantify the human fingerprint on high-impact ecoclimatic events.  23 
 24 
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 41 
Introduction  42 

Weather and climate extremes (hereafter climate extremes1, see Glossary) have become the most visible 43 
expression of climate change since the 2000s2. Record-breaking events such as the hot-dry summers of 2003, 44 
2010 and 2018 in Europe3 and of 2019/20 in Australia4, or the prolonged 2020 Siberian heatwave5 have 45 
gathered widespread attention due to their unprecedented impacts on environmental and social systems. It has 46 
also been suggested that some forests might be losing their ability to cope with or recover from extreme events 47 
6–9. For example, in the year following the drought imposed by the strong 2015/16 El Niño, tropical forests in 48 
Africa and America showed declining biomass trends rather than signs of recovery10. In boreal North America, 49 
loss of resilience to more frequent fires was found for some black spruce forests11. In central Europe, 50 
widespread tree mortality associated with the 2018-2020 extreme summers8,12,13 highlights how rare14 51 
consecutive extreme events might trigger unexpected8 trajectories. 52 

With the increase in frequency, intensity or extent of climate extremes in the coming decades15, an 53 
increasing fraction of global ecosystems is likely to be affected by high-impact events recurring faster than 54 
recovery periods, possibly pushing them away from their current states17–19. Climate extremes impair plant 55 
functioning and growth directly20,21, but also indirectly by contributing to extreme fires3,22–24, massive insect 56 
outbreaks25,26, or fungal and pathogen attacks27–29. Forests are particularly vulnerable to repeated disruptive 57 
events since they can take several years to recover from severe climate extremes or large-scale disturbances17,30. 58 
Compounding effects between climate extremes and ecosystem disturbances31 might thus set off cascading 59 
impacts such as forest degradation32,33, large-scale tree mortality events6,7 and altered composition or 60 
structure19.  These factors all ultimately impact the ecosystems’ carbon balance, thus contributing to carbon-61 
climate feedbacks, but both positive and negative effects have been observed34–36.   62 

Quantifying the anthropogenic fingerprint on high-impact events, referred to as impact attribution, is 63 
crucial to better understand the drivers of ongoing ecological changes and to anticipate potential destabilization 64 
of ecosystems resulting from the compounding impacts of extreme events and disturbances under 65 
anthropogenic change. Attribution of single climate extremes to human-driven climate change is 66 
challenging16,37, but attribution of impacts is further complicated by diverging responses of coupled processes 67 
to climatic drivers20, interactions between disturbances31, ecological memory 38,39 and past disturbance 68 
legacies32,40. Moreover, non-climatic anthropogenic drivers such as elevated CO2, nitrogen deposition, 69 
biodiversity loss, air pollution and near-surface ozone, further contribute to increase or decrease forest 70 
vulnerability to climate extremes, resulting in diverging feedbacks whose net effect is poorly constrained.  71 

In this Perspective, we first discuss the strengths and limitations of two widely accepted approaches to 72 
study high-impact events which reflect distinct ways of perceiving and analysing high-impact ecoclimatic 73 
events across scientific domains: climate risk and disturbance ecology. We show that while they provide 74 
complementary views on these events, neither can effectively account for the multiple feedbacks between 75 
climate, ecosystem dynamics, and disturbances discussed above. We argue that a systemic perspective linking 76 
the climate, ecological and human domains is needed for improved process understanding about feedbacks 77 
between climate extremes and ecosystems and for attribution of impacts to natural vs. anthropogenic processes. 78 

Building on the climate risk and disturbance ecology approaches, we propose a systemic framework to 79 
analyse the causal relationships between climate extremes, disturbance regimes, and ecosystems, and to 80 
disentangle natural versus anthropogenic sources of variability, a requirement for formal impact attribution. 81 
Finally, we illustrate how the framework can be used to develop ecoclimatic storylines for attribution of high-82 
impact events and for robust projections of climate change risks to ecosystems. This Perspective has a focus 83 
on forests and the carbon cycle due to their relevance for carbon-climate feedbacks20,41, but the framework and 84 
overall reasoning about attribution and uncertainties can be extended to a broader range of systems and 85 
processes.  86 
 87 
Viewpoints on ecoclimatic events  88 

Here, a high-impact ecoclimatic event is defined as a climate and/or human-driven event that results in 89 
changes on relevant ecological processes or state variables (such as productivity, biomass, composition, 90 
structure) that exceed their normal variability range, which is necessarily system and problem dependent . High-91 
impact ecoclimatic events such as fires, droughts or storms have been referred to interchangeably as climate 92 



 

 

extremes20,44,45 or as disturbances17,40, and studied independently by two broad research fields: climate risk in 93 
hydrometeorology and climatology16,20,46, and by disturbance ecology17,19,40,47. We first compare the elements 94 
included in each of these two perspectives (Fig. 1), discuss their respective advantages and limitations for 95 
process understanding, and provide examples of how relying on a single perspective can result in incomplete 96 
or inconsistent conclusions about the underlying drivers and ecological dynamics of a given event.  97 

 98 
Climate risk perspective 99 

While the definition of climate extremes is agnostic about impacts, climate risk perspectives typically 100 
focus on events that have negative impacts 44 (Figure 1). This definition has been later extended to include non-101 
extreme individual climate anomalies that result in typically adverse impacts, when in combination20,21,32.  102 
Based on this perspective, it has been shown, for instance, that climate extremes drive a large fraction of 103 
interannual variability in global gross primary productivity (GPP), with drought and hot temperature extremes 104 
being the most relevant drivers of reductions in GPP20,48.  105 

However, climate extremes or compound weather and climate events can be associated with diverging 106 
impacts on ecosystem functioning, for example productivity or growth, and some climate extremes might not 107 
lead to any measurable impacts3,49–51. Focusing only on extreme or detrimental impacts can, however, result in 108 
relevant aspects of ecological responses to environmental conditions being overlooked, namely how ecosystem 109 
type or biodiversity can modulate responses to climate extremes52,53. For example, the heat and drought events 110 
in Europe in 2003, 2010 and 2018 were associated with both positive and negative impacts on GPP and net 111 
CO2 uptake, explained by differences in land-cover composition and seasonal legacy effects54–56.  112 

The categorization of different compound weather and climate event types allows to define clear 113 
methodological guidelines that facilitate data analysis and process understanding57, but ecoclimatic events do 114 
not usually fall into single types. In climate risk, climatic variables are considered the top-down drivers of 115 
hazards and impacts (Figure 1), but it is known that hazards can be further influenced by ecosystem functioning 116 
and/or structure. For example, stomatal responses can modulate drought intensity55, or impaired tree defence 117 
can facilitate the occurrence of insect outbreaks31.  118 

The study of climate extreme impacts on ecosystems is further complicated by the dominant role of 119 
ecological dynamics (mortality, competition, succession), disturbance history and their feedbacks, which are 120 
not fully considered in climate risk perspectives58. All ecoclimatic events are to some extent multivariate, since 121 
ecological processes are influenced by multiple climatic drivers. For example, photosynthesis depends on 122 
water, temperature and light availability. Importantly, impacts can also be multivariate, as multiple interacting 123 
facets of ecosystem functioning respond differently to the same environmental controls, for example, 124 
photosynthesis and respiration, both controlling net ecosystem productivity20. Additionally, events are typically 125 
preconditioned, given that past environmental conditions affect initial ecosystem structural and physiological 126 
conditions, therefore modulating the impacts of a given event12,40 or the magnitude of the hazards55. Legacy 127 
effects from past climatic conditions39 or extremes30 makes events temporally compounding, especially if 128 
multiple events occur during recovery periods. The latter are particularly important for high-impact events30,33 129 
under transient climate conditions, when recurrence intervals can outpace recovery times17.  130 

Finally, in climate risk, human influence is typically limited to the effects of climate-change on hazards, 131 
vulnerability and impacts58. For ecological problems, however, it is important to consider that humans influence 132 
a much broader range of ecological processes and states that have the potential to directly or indirectly influence 133 
both hazards and impacts of extreme events, through their impacts on landscape structure (deforestation, 134 
fragmentation, homogenization, urbanization), ecosystem composition and structure (management), 135 
biogeochemical cycling (elevated CO2, nutrient fertilization, air pollution), and disturbance dynamics 136 
(pesticides, fire mitigation). Some of these effects are detrimental, but others can be beneficial. For example, 137 
landscape fragmentation associated with human activities has been shown to influence trends in burned area in 138 
opposite directions depending on the biome type36,59, and for certain tree species, stand-thinning can be used to 139 
directly mitigate drought conditions or impacts60,61. 140 

 141 
Disturbance ecology perspective 142 

Disturbance types17,43, sometimes referred to as agents31 or drivers40, range from low-intensity to 143 
destructive perturbations and include abiotic natural processes such as fires, droughts, hurricanes, floods, 144 



 

 

volcanic eruptions or biotic agents such as insect outbreaks and pathogens, as well as human activities such as 145 
logging, forest clearing, land conversion or wars17,31,40,43. Some studies further consider weather extremes, such 146 
as minimum temperature extremes, snow and frost events31,43,45 or even climate variability patterns, such as 147 
ENSO40, as disturbance types or agents. An extreme climatic event that triggers adverse ecological impacts, 148 
as defined by Smith44, can therefore be considered a rare and severe disturbance. Several aspects of disturbance 149 
ecology that find analogues in climate risk frameworks, but there are also important differences (Figure 1). 150 

Drivers of ecosystem disturbances can be climatic, biotic or anthropogenic factors, rather than 151 
exclusively climatic as in climate risk perspectives, which can result in ambiguous categorizations and 152 
imprecise definitions40,62. For example, in ecological studies, drought definitions range from precipitation 153 
metrics to qualitative assessments based on the impacts themselves, which results in different event types being 154 
studied as “droughts”62. In a recent review of ecological drought studies, it has been shown that circa 50% of 155 
the events studied were within the normal climatic variability range. Moreover, manipulation experiments, for 156 
example of drought, typically focus on one dimensional driver, rather than embracing multivariate approaches 157 
as in climate risk, which can result in underestimation of impacts63.  158 

Climatic and atmospheric, biotic or anthropogenic factors are typically considered as independent 159 
drivers40, which poses challenges for systemic understanding of disturbance dynamics. It is known that biotic 160 
drivers, for example insect outbreaks, are largely influenced by climate themselves (insect development and 161 
survival), modulated by ecosystem properties (host distribution, vitality), which can result in  interactions 162 
among disturbances (wind damage or drought stress)31. These links can be included by considering a hierarchy 163 
of drivers and typifying events as multivariate, spatially or temporally compounding, as currently done in 164 
climate risk.  165 

Naturally occurring disturbances are considered intrinsic components of ecosystem dynamics, influencing 166 
landscape dynamics and composition at time-scales from months to centuries64, and can have either   or 167 
beneficial effects. For example, fire is a key ecological process shaping global biome distribution65,66 and, in 168 
fire prone regions, controlling reproductive cycles, plant community composition and ecological diversity67, 169 
even if today fire patterns are strongly influenced by human action36. Thus, it has been pointed out that the 170 
separation between normal variability and disturbance is, to some extent, arbitrary43 and that the amount of 171 
change needed to consider an event as a disturbance is necessarily relative to the spatial and temporal scales of 172 
the system studied47. This view contrasts with the definition of hazard in climate risk as a necessarily 173 
detrimental process. Disturbance impact is, consequently, more broadly defined than in climate risk 174 
perspectives. 175 

Individual disturbances are typically stochastic and considered unpredictable, but their long-term patterns, 176 
constituting the disturbance regime, are expected to be predictable to some extent17. The characteristics used to 177 
describe disturbances are analogue those used to describe climate-related hazards, for example return times68, 178 
and similarly rely on probabilistic definitions such as the probability of disturbance of a given intensity, 179 
severity or extent to occur17. However, the concept of disturbance regime in the consideration of hazards is 180 
not considered in climate risk (Figure 1). The concept of post-disturbance recovery64,68, included in the 181 
disturbance regime, or disturbance history is also not considered in climate risk perspectives. 182 

In disturbance ecology perspectives, it is recognized that human activity not only influences drivers of 183 
high-impact events through climate change but also through other environmental changes, for example in 184 
atmospheric composition and nutrient cycling, or transport of invasive species and pests.  Moreover, several 185 
system properties40 that influence disturbance intensity and/or ecosystem vulnerability (such as tree height, 186 
stand density, landscape structure) are influenced by management practices and other human activities. This is 187 
not considered in climate risk perspectives that focus on effects of human-driven climate change.  188 
 189 
Reframing ecoclimatic events 190 

We have shown that the two viewpoints widely used to study high-impact events on ecological systems –  191 
that of climate risk from the hydrometeorology and climate science community, and disturbance ecology, from 192 
the biology and ecology communities – share several analogue elements (Figure 1), but with important 193 
differences in definitions, terminology and in the processes considered. When considered individually, neither 194 
can effectively account for the multiple feedbacks between climate, ecosystem dynamics and disturbances 195 
needed to understand high-impact ecoclimatic events. Building on these two perspectives, we propose a 196 



 

 

systemic framework to analyse the causal relationships between climate extremes, disturbance regimes, and 197 
ecosystems. We then discuss how this may allow improving our understanding of impacts of climate extremes 198 
and disturbances, their sources of variability, and associated uncertainties. 199 
 200 
Compound ecoclimatic events framework 201 

A compound ecoclimatic event is defined here as a relatively time-discrete event, where the combination 202 
of multiple drivers and/or stressors alter ecosystem functioning, structure, or composition beyond a given 203 
reference state or variability. Given that many disturbances are intrinsic ecosystem components64, and that a 204 
given event can have both beneficial or detrimental outcomes, we propose a value-neutral framework to study 205 
compound ecoclimatic events. Analogous to the definition of ecosystem disturbance, we further acknowledge 206 
that the separation between normal variability and “high impact” is to some extent arbitrary47 and likely to be 207 
user and/or problem dependent. Finally, we recognize the need to account for the role of ecosystem functioning, 208 
structure, composition, and of recovery dynamics, in influencing vulnerability to stressors and/or in modulating 209 
the stressors themselves.  210 

Compound ecoclimatic events are conceptually decomposed into climatic drivers, stressors, ecological 211 
factors, impacts, and their causal relationships, including potential feedbacks between these components, as 212 
internal factors (Figure 2). Human activities are considered as external factors. We further distinguish between 213 
two sources of variability of climatic drivers, ecological factors and stressors: climatic and ecological naturally-214 
driven vs. anthropogenically driven variability.  215 

Climatic drivers are, similarly to the climate risk perspective, climate and weather processes, variables 216 
and phenomena, that can be multivariate. These include, for example, concurrent high temperatures and low 217 
relative humidity. A stressor is defined as a physical, chemical or biological phenomenon that can impose 218 
changes in ecosystem functioning or states and has the potential to – but does not necessarily – cause adverse 219 
effects. Stressors include phenomena typically considered as ecosystem disturbances such as fire, drought, 220 
insect outbreaks or pests, but also a wider range of phenomena. These include direct effects from unusual 221 
climate conditions (for example, heat and atmospheric dryness stress) or potentially harmful effects of human 222 
activity such as air pollution, ozone, logging69. Stressors can be multivariate if they are driven by common 223 
climatic drivers, for example, drought and fire, and temporally compounding if their effects compound with 224 
those past events. For example damage from wind is known to promote the development of insect populations 225 
and subsequent outbreaks31.  226 

Ecological factors modulate the magnitude of stressors or vulnerability to given stressors (Figure 2). These 227 
correspond to a broad range of ecosystem properties (for example, species composition, traits and structure, 228 
biodiversity), states (available water, phenological phase), functioning (stomatal regulation), as well as 229 
landscape properties (topography, connectivity, aridity). For example, wildfires are strongly controlled by 230 
weather but further depend on ecological properties such as fuel load, type and size70, and plant functional traits 231 
have been shown to influence drought intensification71. Vulnerability to hot and dry extremes depends on the 232 
phenological stage at which they occur56,72, and forest structure, composition and functional diversity have been 233 
shown to modulate forest resistance and resilience to droughts35,73,74. Ecological factors are further influenced 234 
by legacies resulting from the impacts of past events and recovery dynamics (dashed line in Figure 2). These 235 
legacies include damage to tissues and impaired functioning30 or reduced availability of resources following an 236 
event that might increase vulnerability to further stressors31. It is worth noting that legacies can also be positive, 237 
if the response to a stressor increases resistance to subsequent stressors, that is, acclimation or adaptation at 238 
organismic or ecosystem level. Such positive legacies can be due, for example, to changes in water use 239 
efficiency, nutrient availability or in species composition, as reported for some grasslands35,38. 240 

Variability in climatic conditions such as temperature, precipitation and radiation influences ecosystem 241 
functioning and carbon cycling75,76. Conversely, vegetation activity and composition modulates land-242 
atmosphere interactions77, thereby influencing atmospheric conditions such as cloud cover78. Therefore, 243 
potential bidirectional interactions between climatic drivers and ecological factors should be considered when 244 
deemed relevant (dashed vertical arrow in Figure 2).  245 

Impacts of compound ecoclimatic events are significant departures of ecosystem functioning or states from 246 
a given reference state or variability range, and can be positive or negative. The baseline and the criteria and 247 
metrics used to evaluate the significance of departures need to be clearly defined for each study, for example 248 



 

 

as thresholds based on long-term mean states or variability. Since stressors (for example extreme heat) can 249 
impact multiple interacting processes simultaneously (photosynthesis, autotrophic respiration, growth, 250 
phenology), impacts can also be multivariate. These depend on the intensity and extent of the stressor(s), but 251 
also on ecosystem vulnerability to a given stressor, dependent on ecosystem properties (Figure 2).  252 

In studies of climate risk for ecosystems, human activities are typically considered through climate 253 
change79. In the framework proposed here, we further consider human activities as external factors that directly 254 
or indirectly influence ecological properties and stressors, in turn influencing impacts. For example, 255 
anthropogenic CO2 emissions drive climate change, but elevated CO2 can also modulate drought responses, 256 
alleviating drought stress through changes in water use efficiency80. Human activity affects fire in different 257 
ways, through direct ignitions or fire suppression (direct arrow to stressors) or indirectly by altering ecological 258 
factors, for example by managing fuel load or by altering landscape properties59,81. At longer time-scales, 259 
species selection and management practices influence forests’ composition, structure and biodiversity, and thus 260 
resistance and resilience to extremes53. Therefore, human activities are considered here under the broader 261 
concept of global anthropogenically-driven change, which influences impacts indirectly through direct effects 262 
on climate drivers, ecological factors and/or stressors (Figure 2). This aims to facilitate the attribution of 263 
impacts to natural vs. anthropogenically driven processes.  264 

While individual events do not necessarily fall into single compound events’ typologies79 as discussed 265 
above, methodologies developed for each typology12,57 can be combined to address specific research questions. 266 
For example, the 2018/19 extreme summers in Europe can be seen as two multivariate events, with the impacts 267 
of 2019 being further preconditioned on those of summer 201812. It is worth noting that the framework is 268 
flexible enough to be applied beyond impact-centered problems, as the analysis can be centered on a given 269 
component of interest, for example, on stressors, in order to evaluate the roles of drivers and ecological factors 270 
influencing subsequent impacts. For example, to understand differences in vulnerability to drought, one can 271 
study gradients of impacts in observations3, or use counterfactual model simulations to understand differences 272 
in impacts, for stressors of similar magnitude12,55.  273 
 274 
Drivers of ecoclimatic variability 275 
The phenomena identified as stressors range from moderate intensity and small-scale to large and destructive 276 
events. To understand what makes a given event a high-impact one, it is thus important to understand the 277 
sources of variability in drivers, stressors and ecological factors. In the framework proposed here, we 278 
distinguish two separate components of ecoclimatic variability – including extremes – influencing ecological 279 
factors and stressors: a naturally-driven component (white boxes in Fig. 2) and an anthropogenically-driven 280 
component (grey box in Figure 2).  281 

In the absence of human influence (naturally-driven component), weather and climate variations combined 282 
with internal ecological processes and feedbacks (ecoclimatic variability) control the occurrence of stress 283 
events and impacts13,20 and can further modulate ecosystem vulnerability75,76,82,83. This component is evidenced 284 
by the strong degree of synchrony between climate variability and ecosystem functioning at interannual to 285 
decadal time scales82–84 and by the predominant role of climate and weather extremes as drivers of forest 286 
disturbances31,85 and large-scale high impact events48,86. Variability in climatic drivers is influenced by 287 
stochastic short-term variations in atmospheric circulation and slower semi-stochastic variability due to internal 288 
ocean-atmosphere feedbacks (internal climate variability87), and by natural climate forcings such as solar 289 
variability or volcanic emissions88,89 (externally forced natural climate variability). The naturally-driven 290 
component is, consequently, stochastic or semi-stochastic, including rare extreme weather and climate events. 291 
The relationships between climate variability, stressors and impacts are in turn modulated by processes 292 
controlling internal ecosystem variability (mortality, gap dynamics, competition, succession) that influence 293 
ecosystem vulnerability to stressors90 and by feedbacks between ecological factors and stressors over years to 294 
centuries17,19. The combination of naturally-driven climatic and ecological variability should, therefore, exert a 295 
key control on the spatiotemporal patterns of disturbance frequency, intensity, and extent in a stationary 296 
climate65,66,70 (temporal variability depicted in Figure 3a). 297 

The anthropogenically-driven component is superimposed onto natural ecoclimatic variability and is 298 
controlled by direct or indirect anthropogenic influence on climatic drivers, ecological factors and stressors 299 
(Figure 3b, difference between light and dark red lines). This component includes the direct anthropogenic 300 



 

 

influence on atmospheric greenhouse gas concentrations and aerosols, which affect climate drivers directly and 301 
modulate the occurrence of weather and climate extremes16, which indirectly affect ecological factors such as 302 
plant pheonology91,92 and species distribution93. Direct and indirect human impacts on ecosystem function, 303 
structure or composition, for example through elevated CO2, land-use change, management or nitrogen 304 
deposition further add to anthropogenic effects on ecological factors. Jointly, human-induced effects can drive 305 
changes in the intensity and frequency of high-impact events via changes in the climate drivers or ecological 306 
factors influencing stressors, and/or in ecosystem vulnerability through impacts on ecological factors. Effects 307 
of repeated stress events driven by climate variability and change, compounded with ecological feedbacks can 308 
induce non-linear dynamics and thus threaten ecosystem stability (Figure 3c, difference between red and grey 309 
lines). 310 

Embedding the study of compound ecoclimatic events in the context of natural vs. anthropogenically-311 
driven climatic and ecological variability allows for advances in three key domains, namely: improved 312 
understanding of the spatiotemporal variability and trends of high-impact events; better characterization of 313 
uncertainties associated with the study of high-impact events and; the separation of natural vs. human-driven 314 
components, needed for impact attribution. It should be noted, however, that the two components of natural 315 
and anthropogenic variability are not fully independent, since dynamic processes controlling natural climate 316 
variability and extremes can also be affected by climate change2.   317 
 318 
Ecoclimatic variability and disturbance regimes 319 

Disturbance events are typically considered stochastic and mostly unpredictable, so that they are typically 320 
studied in the context of disturbance regimes17,94,95. Given the important role of climate variables in driving 321 
occurrence of stressors, high-impact events with long return periods are likely to be associated with rare large-322 
scale weather or climate extremes. Even under human influence, and when averaged over sufficiently large 323 
spatial and temporal scales, part of the stochastic variability in the occurrence of individual disturbances or 324 
stress events should, thus, be explained by the stochastic nature of natural climate variability96. Over 325 
climatological time-scales, ecosystems should be adapted to variability in the intensity and return times of 326 
stressors (Figure 4a). Patterns of natural climate variability (internal variability from coupled ocean-atmosphere 327 
dynamics and solar or volcanic forcing) are therefore expected to shape the dynamic equilibrium between 328 
ecosystem states, disturbance regimes and landscape composition65,66,94.  329 

The predominant role of internal climate variability on disturbance regimes is supported by evidence that 330 
large-scale atmospheric and ocean-atmosphere circulation patterns drive global ecosystem dynamics at 331 
interannual to decadal time-scales, including short-term trends and ecological extremes97,98. For example, the 332 
El-Niño/Southern Oscillation (ENSO) is known to drive spatiotemporal variability of global fire and drought 333 
patterns36,85,99, thus controlling variability and extremes in the terrestrial carbon cycle at continental and global 334 
scales. At continental scale, examples include regional and temporal synchrony in insect outbreaks across the 335 
USA linked to the Pacific Decadal Oscillation (PDO)100; the modulation of multi-decadal droughts in California 336 
by sea-surface temperatures in the Pacific Ocean101; the combined influence of ENSO and the Indian Ocean 337 
Dipole (IOD) modes in driving mega fire seasons in Australia4,36; the role of Atlantic Ocean sea surface 338 
temperature variations and shifts in the Intertropical Convergence Zone linked to major non-ENSO related 339 
droughts in the Amazon102,103; and shifts in drought regimes and associated carbon uptake on the Iberian 340 
Peninsula due to phase changes in the Atlantic Multidecadal Oscillation (AMO)104.   341 

While these modes of internal climate variability are not fully deterministic, some of them are semi-342 
periodic at time-scales that range from a few years (ENSO, IOD) to several decades (PDO, AMO). These slow-343 
modes of internal climate variability can induce long-term variations and extremes in ecosystem functioning, 344 
as shown for the carbon cycle105,97,106, or even shifts in disturbance regimes104. Such long term variations or 345 
regime shifts might be confounded with climate-change induced trends given the typically short observational 346 
records. Therefore, improved understanding about the role of internal climate variability in controlling 347 
variations of disturbances and other stressors should allow for better characterization of naturally-driven 348 
disturbance regimes, improved understanding of large-scale disturbance regime changes, and even allow for 349 
some degree of (limited) predictability of disturbance regimes, even if individual events remain unpredictable.  350 
 351 
 352 



 

 

Uncertainties due to internal climate variability 353 
Climate extremes are driven by both thermodynamic and dynamic processes in the coupled ocean-354 

atmosphere system associated with internal climate variability15. Internal climate variability is unpredictable 355 
beyond the scale of a few years87 and constitute an irreducible source of uncertainty in the detection of climate 356 
change signals in observations and in future climate projections, especially at regional or smaller scales46,47. 357 
Moreover, forced changes in dynamical components or weather patterns remain uncertain108–110, although 358 
significant changes in some patterns have been reported, for instance, a weakening of the summer atmospheric 359 
circulation in the Northern Hemisphere111. Rare events driven by atmospheric dynamics, combined with 360 
ecological feedbacks and potentially amplified by climate change, might therefore result in unexpected high-361 
impact events, especially given the short observational records available.  362 

Indeed, many, if not all, high-impact events between 1990 and 2022 were associated with anomalies in 363 
atmospheric circulation (Table 1). For example, the heatwave and mega-fires in Russia in summer 2010 was 364 
associated with a persistent atmospheric blocking pattern112 that also caused devastating flooding in Pakistan113. 365 
Another example is the large-scale forest die-off and bark-beetle outbreaks in California during the 2011-2014 366 
drought which was driven by a persistent atmospheric ridge linked to sea-surface temperature anomalies in the 367 
west Pacific101,114. For the widespread tree mortality in central Europe due to the 2018/19 extreme hot and dry 368 
summers12,115, the 2018 event was associated with a rare combination of two atmospheric circulation patterns 369 
(a positive phase of the North Atlantic Oscillation and a Rossby Wave-7 pattern)14,116, while the 2019 event 370 
was linked to a sequence of two heatwaves driven by sub-tropical ridge patterns117. The extreme bushfires of 371 
2019/20 in Australia were promoted by synergistic effects of fire-promoting phases of three modes of climate 372 
variability: ENSO, the Indian Ocean Dipole (IOD) and the Southern Annular Mode (SAM)4.   373 

In climate risk assessments, uncertainty from internal climate variability is usually addressed by large 374 
ensembles of climate model simulations with perturbed initial conditions. Large ensembles depict a broader 375 
range of future climates influenced by internal climate variability107 and thus better represent trajectories or 376 
events that are rare, but still physically plausible under given climate change scenarios. Uncertainties are larger 377 
at regional (and landscape) scales, and can even result in opposing trends among multiple simulations of the 378 
same climate model and future climate scenario. For example, for some regions in the USA including California 379 
and the US southwest, both seasonal-scale multi-decadal drying and wetting trends were shown to be plausible 380 
under the RCP8.5 radiative forcing scenario in the period 2010-2060107, based on a 40-member ensemble of a 381 
single climate model. For North America and based on a single-model 11-member ensemble, internal climate 382 
variability arising from coupled atmosphere-ocean variability was found to be the predominant cause of carbon 383 
cycle variability in the historical period118. Globally, variability in the land and ocean sinks linked to internal 384 
climate variability assessed by a single-model 100-member ensemble119 led to an uncertainty of 9 PgCyr−1 385 
(comparable to the current rates of anthropogenic emissions) in allowable fossil fuel emissions at 2050, for a 386 
3oC warming scenario. Uncertainties related to the choice of model or future scenario can be considerable at 387 
regional scales120 and further add to the uncertainties from internal climate variability. 388 

The strong fingerprint of internal climate variability on climate extremes implies that even if mechanistic 389 
understanding of ecological processes would be perfect, inherent uncertainties in the climate system would be 390 
propagated to stressors and ecological factors, making individual high-impact events difficult to predict. To 391 
anticipate surprising outcomes from low-likelihood high-impact events, projections of climate change risks to 392 
ecosystems need to move beyond the projection of mean changes and account for the irreducible uncertainties 393 
in future climate scenarios due to internal climate variability108.  394 

Importantly, on top of the uncertainty due to natural climate variability, uncertainties related to natural 395 
ecological variability and human influence need to be considered, since the same climate driver does not 396 
necessarily result in the same impact, as discussed above. Projections of high-impact events need, therefore, to 397 
explore the full range of possible realizations or plausible scenarios121, not just in the climate but also in the 398 
ecological space. The same applies for attribution of impacts to human activity, discussed in the next section. 399 
 400 
Compound ecoclimatic event attribution  401 

The goal of extreme event attribution is to determine whether anthropogenic climate change has altered 402 
the frequency or intensity of a particular type of event, for example, a given observed heatwave. The separation 403 
of naturally-driven and anthropogenically forced components is therefore a key aspect of attribution of changes 404 



 

 

in climate variables and individual extreme events to anthropogenic climate change37, but remains challenging 405 
because weather or climate extreme events always represent an interplay of various complex factors. 406 

Probabilistic weather and climate extreme event attribution analyses usually rely on factorial simulations 407 
with and without human forcing from ensembles of Earth System Models37 or on advanced statistical 408 
methods122. Based on event attribution approaches, of the unexpected high-impact events listed above, the 409 
2011-2014 drought in California has been mainly attributed to natural climate variability101, while the other 410 
three events discussed above (Russian 2010 heatwave, Central Europe dry summers 2018-2020, Australia 411 
2019/20 fire weather) were shown to be amplified by climate change14,112,117,123. In the Pacific Northwest region, 412 
an unprecedented heatwave exceeded the previous, long-term temperature record by 4.6°C, cumulating at 413 
49.6°C in June 2021, and was followed by large wildfires. Based on statistical analysis, the event had been 414 
described as “virtually impossible” without human-caused climate change124. However, this heat wave was not, 415 
in principle, unforeseeable, as the atmospheric drivers were known in principle, and large climate model 416 
ensembles project these types of events as a combination of an unusual realization of internal variability and 417 
the forced response125. It is thus of high relevance to account for such potentially unseen extreme events when 418 
projecting impacts of climate change on ecological systems.  419 

Since natural climate variability controls variability and multi-decadal trends in ecosystem 420 
functioning106,118, its fingerprint on high-impact events needs to be considered. This is especially important 421 
when observational records are too short to encompass multi-decadal scales of low-frequency natural climate 422 
variability modes such as the Pacific Decadal Oscillation or the Atlantic Multidecadal Oscillation. Since most 423 
ecological observations cover periods of typically only a few decades, caution is needed when attributing high-424 
impact ecoclimatic events or disturbance regime shifts to climate change based on short records97,126,127.  425 

Furthermore, impacts of climate extremes further depend on interacting physiological and ecological 426 
processes and states. For example, photosynthesis and respiration, affecting net carbon exchanges, respond 427 
differently to the same climate extreme20,128,129, and impacts of droughts depend on stand age or biodiversity, 428 
and on legacies from past disturbances31,32,40,130. These processes are further influenced by internal ecological 429 
dynamics, which is likely to increase the noise-to-signal ratio when attributing impacts of climate extremes. 430 
Here we discuss these challenges and propose ways forward for high-impact event attribution. 431 

 432 
High-impact event attribution 433 

Assuming no change in ecosystem vulnerability or other ecological factors affecting the magnitude of a 434 
given stressor, changes in frequency or intensity of climatic drivers due to anthropogenic climate change should 435 
result in increased impacts, because ecosystems are in principle adapted to normal climate variability (Figure 436 
4a,b). Attribution of ecological impacts to anthropogenic influence is further complicated by interactions 437 
between climate, stressors, and ecological factors and by the broader human influence on ecosystem 438 
functioning and structure, which can act to either amplify or offset the effects of climate change31,34 (Figure 2, 439 
3).  440 

Even if no climate change fingerprint can be found for climate drivers, a given high-impact event can be 441 
shaped by anthropogenic influence on relevant environmental processes or states (for example changes to 442 
landscape structure or species diversity) that consequently change the ecosystem vulnerability to the climatic 443 
drivers or stressors (Figure 4c). As an example, even if the 2011-2014 drought in Northwest USA was attributed 444 
to natural variability101, the widespread tree mortality in 2012-2015 might still have been influenced by 445 
increased vulnerability to drought due to warmer background temperatures and atmospheric dryness7,114, 446 
although no formal impact attribution as proposed here has been performed. Furthermore, it should be noted 447 
that human fingerprints on drivers and ecological factors can have diverging effects. For example, for some 448 
agricultural species, changes in phenology associated with global warming have been shown to increase the 449 
risk of frost damage during frost-sensitive periods, even if the total number of frost days decreased due to 450 
climate change131,132.  451 

The disaggregation of compound ecoclimatic events in their relevant components as proposed here (Figure 452 
2) facilitates the attribution of impacts to natural vs. human influence. While all relevant combinations of 453 
natural vs. human effects on drivers, stressors and ecological factors should, in principle, be considered, this 454 
could easily become very computationally expensive or intractable. One way of facilitating such analysis is to 455 
perform the attribution of impacts to human influence in a two-step combination of storylines (Figure 4). First 456 



 

 

the human fingerprint on the compound (climatic) event is evaluated (Figure 4a,b). Next, the impacts of human 457 
activity on ecological factors can be separately evaluated through ecological storylines55 (Figure 4a,c). Events 458 
can be anthropogenically driven if climate change changed the probability of occurrence or intensity of climate 459 
drivers (anthropogenically driven through climate, Figure 4b), or if human effects on ecological factors changed 460 
the vulnerability of the system or the likelihood of a stressor to occur, given the same climatic drivers 461 
(anthropogenically driven, through ecosystems, Figure 4c). Finally, high-impact events can be 462 
anthropogenically driven by a combination of both pathways (Figure 4d). 463 

The climate-change fingerprint on compound ecoclimatic events can, in principle, be evaluated based on 464 
relatively simple statistical ecological models12,31 or process-based impact models, following traditional 465 
approaches for attribution of extreme climatic events37, such as single- or multi-model ensembles with 466 
perturbed initial conditions to constrain uncertainty due to internal climate variability133,134. However, impact 467 
attribution requires not only the simulation of natural vs. anthropogenic effects on the climate system, but also 468 
appropriate simulation of ecological processes and feedbacks and of human influence on ecosystems that 469 
influence stressors and impacts. Uncertainty arising from internal ecological variability should be especially 470 
relevant for local and regional scales, while for large-scale impacts uncertainty is more likely to be dominated 471 
by uncertainties in the climate space. As the processes driving internal ecological variability are also, to some 472 
extent, stochastic, this implies that the projection of impacts needs to incorporate additional probabilistic 473 
elements to properly constrain uncertainties.  474 

Current trade-offs in the complexity, number of processes and suitable scales in existing process-based 475 
ecological models require the selection of existing impact models depending on the variable and region of 476 
interest and the specific question to be addressed. Landscape models simulate the impact of disturbances (fires, 477 
storms, insects) on forest productivity135,136 but lack key biogeochemical processes that are relevant for impact 478 
assessment, for example water and nutrient cycling as modulating factors of impacts, and cannot be scaled to 479 
the global domain. Although computationally expensive and limited in the processes they can simulate, 480 
process-based land-surface and coupled land-atmosphere models are, in principle, more suitable to simulate 481 
emerging dynamics resulting from feedbacks between climate drivers, stressors and ecosystem functioning. 482 
Still, only few Earth System Models used in large ensembles explicitly simulate fire133. Other key disturbances 483 
such as storms, insects and pests are usually only implicitly included in background mortality rates in their land 484 
surface schemes. Moreover, compound impacts of heat and drought stress are poorly represented137, and post-485 
stress recovery dynamics, such as functional impairment, irreversible damage, or depletion of non-structural 486 
carbon reserves are not represented in most models30. All of these are considered crucial to simulate recovery 487 
dynamics and legacy effects from extreme events, as demonstrated by Bastos et al.12 using a reduced version 488 
of the framework proposed here.  489 

 490 
Ecoclimatic storylines application 491 

Storylines138  are a particularly powerful tool to account for epistemic uncertainties when evaluating risks 492 
from rare and surprising events or scenarios in the future as well as for event attribution. Storylines are defined 493 
as qualitative descriptions of plausible future (world) evolutions, describing the characteristics, general logic 494 
and developments underlying a particular quantitative set of scenarios1. Hence, storylines contain both 495 
quantitative and qualitative elements, and can describe plausible past or future events or pathways121, based on 496 
certain physical or ecological assumptions without necessarily requiring a specifically defined occurrence 497 
probability.  498 

In climate attribution, storylines are invoked complementary to probabilistic event attribution to assess 499 
and isolate the effect of certain factors (such as greenhouse gas induced warming) conditional on a given 500 
observed circulation regime139, thereby allowing to disentangle the better understood thermodynamical effects 501 
of warming from the more uncertain dynamically induced changes (see van Garderen et al140 for a practical 502 
application to the European 2003 and Russian 2010 heatwaves). In the context of high-impact ecoclimatic event 503 
attribution, storylines could be used to identify individual meteorological drivers contributing to a given event 504 
of interest141, but can also be extended to evaluate the effects of CO2 fertilization or other natural or human 505 
ecological factors, being, therefore, a promising approach in future studies.  506 
Here we illustrate how ecoclimatic storylines could be used to evaluate and attribute variability and extremes 507 
on ecosystems, focusing on land carbon cycle variables. We analyze anomalies in climatic drivers and impact 508 



 

 

variables (carbon fluxes and biomass) in the Mediterranean region, based on two fully coupled atmosphere-509 
ocean climate model simulations with the Community Earth System Model Version 2.1.2 (CESM2142,143): one 510 
forced with CO2, climate change, and land-use from historical and near-future (SSP3-7.0) scenarios144 (forced) 511 
and an additional simulation corresponding to pre-industrial conditions (Nudged piControl, with climate, CO2 512 
and land-use forcings kept constant at 1850 levels, referred to as unforced simulation), in which the horizontal 513 
winds are nudged towards the forced run. The two simulations differ in the anthropogenic forcing, but are 514 
conditional on very similar variations in large-scale atmospheric circulation. Circulation variability, assumed 515 
to represent predominantly natural variability, is therefore controlled for, with the difference between the two 516 
simulations allowing to evaluate anthropogenic forcing effects more directly140. In the case of ecological 517 
systems, this difference also includes potential interactions between natural ecological variability and the 518 
anthropogenic forcing. A complete illustration on the implementation of the framework in Figure 2 to develop 519 
ecoclimatic storylines and improve the understanding of two selected events is provided in Supplementary 520 
Material. In Figure 5, we summarize the results for the climatic drivers and net ecosystem productivity (NEP). 521 

From 1850 until 2040, NEP in the forced simulation increases over time, predominantly due to elevated 522 
CO2, but, importantly, its distribution in the period 2001-2040 broadens substantially with a 1.7-fold increase 523 
in standard deviation after mean detrending the forced simulation (Figure 5a, Supplementary Material). By 524 
contrast, temperature and relative humidity in the forced simulation show a shift in the mean of the distribution 525 
towards warmer conditions (compare mean of distributions in Figure 5b), but no change in variance (compare 526 
spread of unforced and detrended forced distributions). This suggests that changes in ecosystem sensitivity to 527 
climate associated with interactions between ecological variability and forced anthropogenic effects explain 528 
the change in NEP variance, rather than a change of variance in climate drivers. In the period 2001-2040, 529 
atmospheric circulation explains 86% of the NEP variability of the forced simulation (Figure 5a; adjusted R2 530 
between forced and unforced nudged simulations with anthropogenically driven trend removed). This shows 531 
that natural climate variability is a key driver of NEP variability and extremes in this region. The remainder 532 
14% correspond, therefore, to natural ecological variability influencing responses to climate (for example, 533 
water use efficiency, growth, mortality, fire occurrence), or remaining climate variability that is not captured 534 
through the nudging of the horizontal wind fields. 535 

Based on the climate drivers, we then select two case studies: the wettest and the driest events in the forced 536 
simulation, E1 and E2 respectively, and assess their corresponding impacts in the two simulations. The event 537 
pairs in the forced and unforced nudged simulations differ mostly in that the temperatures increased (Figure 538 
5b), resulting in higher vapor pressure deficit, with minor changes in relative humidity. These events are 539 
associated with strong positive NEP departures from the 40-yr mean for wet conditions (E1) and with below 540 
average NEP for atmospheric dryness (E2). The absolute difference between the forced and unforced 541 
simulations, shown in Figure 5c, includes anthropogenic effects through climate change, elevated CO2 and 542 
land-use change as well as a naturally-driven term resulting from ecological variability and potential feedbacks 543 
between ecological variability and anthropogenically-driven change (for example long-term changes in water-544 
use efficiency, or increased water stress through higher evaporative demand). These different anthropogenic 545 
effects can have amplifying or offsetting effects on the impacts of E1 and E2, and would require additional 546 
simulations to control for each individual factor. Therefore, we analyse the aggregated anthropogenically-547 
driven component and the naturally-driven component (Figure 5c, more details in Supplementary Material).  548 

For both events, the absolute difference between the forced and unforced is predominantly positive, driven 549 
by a strong increase in NEP due to anthropogenic effects, likely to be mostly explained by elevated CO2

83. The 550 
naturally-driven component shows a widespread increase in NEP over most of the Mediterranean basin for E1 551 
(Figure 5c), mostly dominated by increased gross primary productivity (GPP) in response to higher water 552 
availability. For E2, the decrease in NEP (Figure 5c) is explained by decrease in GPP in most regions, except 553 
Turkey where increase Total Ecosystem Respiration (TER) dominates. Some regions in Northern Africa show 554 
a naturally-driven increase in GPP and NEP along with an increase in water availability. This is likely explained 555 
by lower aboveground biomass from anthropogenic effects resulting in lower evapotranspiration losses during 556 
the dry event (Supplementary Figure 2). A more detailed analysis can be found in Supplementary Material. 557 

This example is based on a single model and specific setup, model uncertainties and potential errors need 558 
to be acknowledged. Nevertheless, this example shows how anthropogenic effects (here combined 559 
thermodynamic changes, land use change and elevated CO2 effects) can be evaluated and attributed via 560 



 

 

ecoclimatic storyline approaches using the compound ecoclimatic events’ framework (Figure 2). This approach 561 
can further be extended to disentangle individual anthropogenic effects and to assess epistemic uncertainties in 562 
specific driving factors of relevant ecoclimatic events, such as the effects of elevated CO2, land-use and 563 
management, or uncertainties related to future atmospheric circulation. 564 
 565 
Summary and future perspectives 566 

Here we discuss the need to embrace the complex interactions between climate drivers and disturbance 567 
dynamics, ecological processes and human factors to improve understanding of ecological variability and, 568 
specifically, high-impact ecoclimatic events. We propose a unified framework to analyze compound 569 
ecoclimatic events building on the climate risk and disturbance ecology perspectives. We discuss how impact 570 
attribution needs to consider not only the human influence on climate variables, but more generally 571 
environmental changes that influence stressors, ecosystem vulnerability and impacts. We finally illustrate how 572 
our framework can be implemented for impact attribution using ecoclimatic storylines based on simulations of 573 
an Earth System Model. However, we recognize that the tools to robustly quantify the human fingerprint on 574 
high-impact events and disturbance regimes are still in their infancy. This is due to limitations in impact 575 
modelling capabilities, which in turn result from observational gaps and incomplete process understanding.  576 

Quantifying relationships between the different elements of compound ecoclimatic events based on 577 
observations is still limited by the amount and type of relevant data available. Most ecosystem monitoring 578 
networks and remote-sensing platforms cover only a few decades starting at the end of the 20th century, when 579 
most of the global biosphere has been influenced by anthropogenic activities145–147, and, additionally, multi-580 
decadal trends in observations must be expected to contain substantial internal variability106. While carbon and 581 
water fluxes have been intensively measured and studied20,148, other relevant ecological and landscape variables 582 
(root-zone soil-moisture, root dynamics, mortality rates, …) are more difficult, if not impossible, to observe at 583 
large scales. These limitations are expected to be partly overcome by ongoing efforts in collecting, harmonizing 584 
and providing relevant ecosystem monitoring data openly7,149, but more integration and harmonization of the 585 
information compiled by different networks is needed. Second, knowledge about past disturbance occurrence 586 
and impacts is, in many regions, limited150. Attribution of disturbed areas to natural disturbances beyond 587 
wildfires and drought151–153, is needed to evaluate spatiotemporal patterns and identify potential changes in 588 
interactions between disturbances31. Recently available high-resolution and very high resolution satellite data, 589 
combined with the use of artificial intelligence and fuelled by increasing computing power allow mapping 590 
individual trees and tree density154,155, which can lead to a step change in disturbance mapping. It should be 591 
noted that the long-term and high-resolution records of Landsat and MODIS, even if having limited 592 
spatiotemporal resolution and spectral information, are still highly valuable since they can provide information 593 
of disturbance dynamics13,152,156,157 at the longer time-scales needed to separate natural vs. forced variability106. 594 

Impact attribution requires models that can realistically simulate the causal relationships between climate 595 
drivers, stressors and impacts. Statistical approaches are useful to infer potential changes in future disturbance 596 
dynamics and impacts on forest stability7,158, but these typically consider only a limited range of processes, do 597 
not include feedbacks between stressors and ecosystem dynamics, and cannot anticipate responses to conditions 598 
far beyond the training sample, as expected in the coming decades. Ecosystem dynamics and carbon uptake 599 
potential also depend on other factors such as the effects of elevated CO2 or nutrient limitations145,159,160. A 600 
mechanistic representation of the processes driving ecosystem dynamics, disturbances and their feedbacks in 601 
global Land Surface Models is therefore needed when projecting future changes. Efforts to improve the 602 
representation of forest responses to climate stressors161–163 and tree mortality164–166, of functional diversity167 603 
and of management activities168, and to prognostically simulate disturbances beyond fire in Land Surface 604 
Models169 are currently ongoing. These efforts hold great promise to improve the attribution of high-impact 605 
ecoclimatic events and, when implemented in Earth System Models, to quantify feedbacks between climate 606 
extremes, forest disturbances, and the carbon cycle, but are still challenged by the lack of data needed to develop 607 
underlying theory.  608 

Advances in observational and modelling capabilities are thus critically needed for better understanding 609 
the extent to which high-impact events result from ongoing climate change and other human effects, or might 610 
be rare events, unseen in the relatively short ecological records. Ecoclimatic storylines can be a powerful tool 611 
to improve understanding about recent high-impact ecoclimatic events, diagnose their sources of variability 612 



 

 

and trends, and to account for epistemic uncertainty in future projections. This knowledge is in turn key to 613 
assess the stability of the world’s forests and quantify potential carbon-climate feedbacks arising from more 614 
frequent extreme events. 615 

 616 
Glossary 617 

 618 
WEATHER AND CLIMATE EXTREME is an unusual event at a given place and time of year, usually 619 

defined by the occurrence of a value of a weather or climate variable, or combination of variables, above (or 620 
below) a threshold value near the upper (or lower) ends of the observed distribution of the variable over a 621 
reference time-frame16,170. Both extreme weather events and extreme climate events are usually referred to 622 
collectively as climate extremes1. 623 

 624 
CLIMATE RISK is defined as “the potential for [climate change related] adverse consequences for human 625 

or ecological systems, recognising the diversity of values and objectives associated with such systems”46. Risk 626 
is a function of hazard, vulnerability and exposure. Climate risk refers strictly to negative consequences of 627 
climate change, while positive consequences are referred to as opportunities or potential benefits. Reisinger et 628 
al.46 acknowledge, however, that other fields treat risk as a value-neutral concept, and that the value of a given 629 
consequence might depend on the point of view. 630 

 631 
HAZARD is the “potential occurrence of a natural or human-induced physical event or trend that may 632 

cause loss of life, injury, or other health impacts, as well as damage and loss to property, infrastructure, 633 
livelihoods, service provision, ecosystems and environmental resources”170. Hazard relies on the assessment of 634 
potential consequences of a given climate-related event or trend, not on the change of the climate variable itself. 635 
According to the climate risk perspective, climate extremes might not be hazardous if they do not result in 636 
negative consequences and, conversely, non-extreme events might be hazardous if they potentially result in 637 
negative consequences. 638 
 639 

VULNERABILITY corresponds the propensity or predisposition to be adversely affected, encompassing 640 
a variety of concepts that include sensitivity or susceptibility to harm and lack of capacity to cope and adapt170.  641 

 642 
EXPOSURE describes the presence of people; livelihoods; species or ecosystems; environmental 643 

functions, services, resources; infrastructure; or economic, social, or cultural assets in places and settings that 644 
could be adversely affected. 170 645 

 646 
COMPOUND WEATHER AND CLIMATE EVENTS refer to “the combination of multiple drivers 647 

and/or hazards contributes to societal or environmental risk”58,79. Drivers encompass variables and processes 648 
in the climate domain and hazards correspond to physical precursors of typically negative impacts58. Events 649 
such as droughts, heatwaves, flooding and fires are typically referred to as hazards in climate risk literature79. 650 
Compound events have been categorized into four main types: (i) multivariate, where multiple drivers and/or 651 
hazards result in a given impact; (ii) preconditioned, where a climate-driven precondition amplifies the impact; 652 
(iii) temporally and (iv) spatially compounding, where hazards connected in time or space result in aggregated 653 
impacts79. 654 

 655 
ECOSYSTEM DISTURBANCE The most widely used definition of ecosystem disturbance is that by 656 

White and Picket171, that described disturbance as “any relatively discrete event in time that disrupts ecosystem, 657 
community, or population structure and changes resources, substrate availability, or the physical environment”. 658 
More specific definitions have been proposed, for example by Grime172, who defined disturbance as “a 659 
relatively discrete event in time that specifically results in biomass removal”. Disturbances are characterized 660 
by type, frequency, return interval, size, intensity, severity, impact and recovery time.  661 

 662 



 

 

EXTREME CLIMATIC EVENT is defined as an event “[…] in which a statistically rare or unusual 663 
climatic period alters ecosystem structure and/or function well outside the bounds of what is considered typical 664 
or normal variability. 665 

 666 
DISTURBANCE IMPACT corresponds to the specific effects on ecosystem properties triggered by a 667 

given disturbance: loss of organic matter by fires, removal or damage of organisms by hurricanes or logging, 668 
or mortality induced by droughts, floods or frost events, for example.  669 

 670 
DISTURBANCE SEVERITY corresponds to the magnitude of the impacts17,43, and depends on ecosystem 671 

sensitivity to the disturbance intensity, that is, ecosystem vulnerability.  672 
 673 
POST-DISTURBANCE RECOVERY corresponds to the return of a disturbed system to a previous 674 

“undisturbed” or “quasi-equilibrium”40,64 state or to a new state19. The time required to reach this state since 675 
the occurrence of disturbance corresponds to the recovery time.  676 
  677 



 

 

Figures and Tables 678 
 679 

Table 1 | Examples of high-impact events globally since the 1990s. For each event, the climatic drivers, 680 
reported stressors, ecological factors modulating vulnerability and/or stressors and impacts on the carbon cycle 681 
are described. The influence of patterns of natural climate variability, if relevant to explain the events, is 682 
included and anthropogenic influence in climatic drivers or vulnerability is reported if formal attribution has 683 
been performed. “No evidence” indicates that formal attribution has been performed an no evidence for human 684 
influence on climatic drivers has been found. “Not reported” indicates that no formal attribution has been made. 685 
“Uncertain” refers to cases where a potential role of climate change has been noted, but with inconclusive 686 
results, or where conflicting studies exist. Arrows indicate direction of changes (↑increase, ↓ decrease, ↑↓ both). 687 
GPP corresponds to Gross Primary Productivity, TER to Total Ecosystem Respiration, LAI to Leaf Area Index, 688 
NBP to Net Biome Productivity.  689 

 690 

 Region Period  Climatic 
drivers Stressors Ecological 

factors 

Natural climate 
variability 
influence 

Impacts Anthropogenic 
influence Refs. 

A
si

a 

Siberia 2020 Persistent high 
temperature  

Extreme heat, 
fires  

Phenological 
stage  

Strong and 
persistent AO+  

GPP↑ and 
NBP ↑↓ 

Intensity of 
heatwaves ↑ 

 5,173–
175 

SE Asia 2015/1
6 

Prolonged 
precipitation 
deficit, high 
temperature 

Extreme heat 
and drought, 

fires 

Land cover 
and biome 

type 
El Niño  

NBP ↓, 
Biomass ↑↓ 

Fire 
emissions ↑ 

No evidence 
10,176–

178176–

179 

Indonesia 1997/1
998 

Prolonged 
precipitation 

deficit 

Drought, 
extreme fires 

Land use and 
management  El Niño  

Net CO2 
uptake ↓, 

Fire 
emissions ↑ 

No evidence 
176,180

–182 

A
fr

ic
a 

Tropical 
Africa 

2015/1
6 

Low 
precipitation, 

high 
temperature 

Extreme heat 
and drought 

Land cover 
and biome 

type 
El Niño  

 TER↑, NBP 
↑↓,  Biomass 

↑↓ 
No evidence 177–179 

Southern 
Africa 

1991/9
2 

Prolonged 
precipitation 

deficit 

Extreme 
drought Not reported 

Co-ocurrence El 
Niño and +SLP 
anomalies over 

Darwin 

Crop yield ↓ 

Not reported 
6,183–

185  Tree 
mortality ↑  

East Africa 2019 Persistent high 
precipitation 

Floods, 
landslides, 

locust 
outbreaks 

 Not reported IOD+ and MJO Crop yield ↓ Not reported  186–188 

South 
Africa 

2014-
16 

Prolonged 
precipitation 

deficit 

Multi-year 
drought 

Species, 
woody 

vegetation 
height, 

topography 

Poleward shift of 
southern jet 
stream and 

SAM+ 

Tree 
mortality ↑  Not reported 189,190 

Eu
ro

pe
 

Central and 
Northern 
Europe 

2018-
20 

Spring and 
summer 

heatwaves, 
spring 

precipitation 
deficit, land-
atmosphere 
feedbacks 

Extreme hot 
and dry 

summers, 
bark beetle 
outbreaks 

Land-cover 
composition, 
precondition 
from spring 

ET ↑ 

2018: Wave 7 
pattern and 

NAO+         
2019: Saharan 

air mass 
intrusion and 

land-atmosphere 
feedbacks  

GPP and 
NBP ↑↓ 

Magnitude and 
probability of 
heatwaves ↑  

8,13,14,

14,26,55

,191–

193 

Crop yield ↑↓ 

Precondition 
from 2018  

Tree 
mortality ↑  

Western 
Europe 2003 

Low spring 
precipitation, 

high 
temperatures 

Extreme hot 
and dry 

summer, bark 
beetle 

outbreaks 

Not reported 
Wave7 pattern, 

atmopsheric 
blocking 

GPP and 
NBP ↓ Magnitude and 

probability of 
heatwaves ↑  

3,6,116,

194–197 Tree 
mortality ↑  

Western 
Europe 2022 Persistent 

heatwaves 
Extreme heat, 

fires 
Not yet 

evaluated 

Increased 
persistence of 

double jets 

Not yet 
evaluated Not reported 198 

O
ce

an
ia

 

Australia 

1997-
2009 

Prolonged 
precipitation 

deficit 

Multi-year 
drought  

Soil type, 
topography, 
local climate 

Lack of La Niña 
and of IOD- 

events 

GPP and 
NBP ↓ Uncertain 6,8,199 Tree 

mortality ↑  

2011 Prolonged high 
precipitation 

Floods, 
extreme 
rainfall 

 Mean aridity La Niña GPP and 
NBP↑, LAI ↑  No evidence 

105,200

–202 



 

 

Since 
2017 

Prolonged 
precipitation 
deficit, high 
temperature 

Multi-year 
drought, 

extreme fires 

Land cover 
composition 

ENSO+, IOD+, 
SAM- 

Tree 
mortality ↑ 
Biomass ↓ 
NBP ↓ Fire 
emissions ↑ 

Fire danger ↑ 
4,23,199

,203,204 

A
m

er
ic

as
 

Northwest 
USA 

2011-
2014 

Precipitation 
deficit over 

three 
consecutive 

winters 

Multi-year 
drought, bark 

beetle 
outbreaks 

Precondition 
from warm 
2012 spring 

and from past 
canopy 

expansion 
and ET ↑ 

La Niña 2011/12 
and warm 

tropical west 
Pacific SST 

anomaly 2013/14  

GPP and 
NBP ↓  
Tree 

mortality ↑ 

No evidence  
101,114,

205 

Southwest 
North 

America 

2000–
2021 

Prolonged 
precipitation 
deficit, high 
temperature 

Multi-year 
drought, fires Land cover  

Decadal 
variability in 

tropical Pacific 
SSST 

Crop yield ↓ 
GPP and 
TER ↓  

NBP ↑↓ 

Uncertain  206–208  

Central 
Chile 

2010–
2019 

Prolonged 
precipitation 

deficit, reduced 
snowpack 

Multi-year 
drought Land cover  

Persistent 
atmospheric 

dipole over the 
south Pacific and 
positive phase of 

the Southern 
Annular Mode  

GPP ↓, Tree 
growth ↓ 

Intensity and 
longevity of  
multi-year 

drought event ↑ 

209,210 

Northwest 
USA and 
Canada 

2021 

Dry warm 
season, 

heatwaves, 
strong winds 

Fires Earlier 
snowmelt  

Heat dome over 
western North 

America 
associated with 
Rossby wave 

train 

Timber ↓ 
Magnitude and 
probability of 

June heatwave ↑  

124,211,

212 

Amazon 2015/1
6 

Low 
precipitation, 

high 
temperature 

Extreme heat 
and drought 

Land cover 
and biome 

type 
El Niño 

GPP and 
NBP ↑↓  

No evidence 
8,10,22,

177,213,

214 

Tree 
mortality ↑  
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Amazon 
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and 
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Low 
precipitation, 
prolonged dry 

season 

Extreme 
drought, fires  Not reported 

Warm SST in 
North Atlantic 
and northward 
diplacement of 

ITCZ 

GPP and 
NBP ↓ 

Not reported  
7,102,10

3,215,21

6 Tree 
mortality ↑  
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Figure legends  693 
 694 
Figure 1. Comparison of elements in climate risk and ecosystem disturbance perspectives. The main 695 

elements of each perspective are included in the boxes: the left column for climate risk as defined by the IPCC 696 
and the right column for the most commonly used elements in disturbance ecology. The lines show conceptual 697 
links between elements across perspectives: bold line for elements considered similarly in both, dashed line for 698 
elements that are analogue but only partly considered in each perspective, and dotted line indicates elements 699 
missing in one perspective. The text below the boxes indicates the relevant aspects that are similar or distinct 700 
across perspectives. Because there is not a 1:1 match in most cases, a given element in one perspective might 701 
be connected to several elements in the other.  702 

 703 
Figure 2. Conceptual framework of ecoclimatic events. Building on both the climate risk and ecosystem 704 

disturbance perspectives, compound ecoclimatic events (elements within the grey shaded area) are conceptually 705 
decomposed into climatic drivers (blue boxes), ecological factors (yellow), stressors (red), and impacts (green), 706 
and their causal relationships, including potential feedbacks between these components as internal factors, and 707 
human activities as external factors. Human activity (grey boxes) is included as an external modulator of 708 
climatic drivers through climate change, of ecological factors through management and broader changes in the 709 
environment or direct influence on stressors, for example by pollution or ignition of fires. Ecological factors 710 
can influence stressors directly and modulate impacts by influencing ecosystem vulnerability to stressors. 711 
Feedbacks due to land-atmosphere interactions and legacy effects from previous events (succession dynamics, 712 
composition and/or structural changes) are shown in dashed lines.  713 
 714 

Figure 3. Conceptual representation of the influence of natural vs. human-driven climate variability in 715 
ecological variability and high-impact events. (a) Scenario under stationary climate (no anthropogenic 716 
influence). In this scenario, a given carbon-cycle related state variable or process, for example biomass carbon 717 
(light red line) varies around a long-term reference state in a dynamic equilibrium being exposed to stress of 718 
variable intensities. This long-term variability can be described by a statistical distribution (right panel), whose 719 
tails correspond to high-impact ecoclimatic events occurring relatively seldom (horizontal dashed line in the 720 
right panel). (b) Shifts in the distribution of climatic drivers under climate change can lead to a shift in the 721 
distribution of the variable (dark red line) and result in more frequent and/or intense stress events. (c) 722 
Compounding effects of stress events and recovery dynamics can induce declining trajectories and result in 723 
non-linear impacts, threatening forest stability (dark grey line). We note, however, that other environmental 724 
changes occurring along changes in climate, such as elevated CO2 for example, can result in positive and 725 
offsetting effects. This is the case of the example in Figure 5 and Supplementary Material. 726 

 727 
Figure 4. Factorial approach for the attribution of compound ecoclimatic events to human versus natural 728 

effects. The white lines show different distributions of climate forcing and the color gradient represents 729 
ecosystem vulnerability to climate, from low vulnerability in purple to high vulnerability in yellow. Different 730 
events are represented by vertical dashed lines. In a baseline scenario (a), variability in the climate forcing and 731 
vulnerability to related stressors should be in quasi-equilibrium, so that normal climate conditions would induce 732 
“normal” responses by ecosystems adapted to more frequent conditions (peak of the forcing distribution 733 
associated with low vulnerability), and rare climate extremes would lead to extreme impacts (higher 734 
vulnerability for less frequent climate conditions). Changes in the distribution of the climate drivers driven by 735 
anthropogenic climate change can lead to more frequent high-impact events (b, shift in the forcing distribution 736 
towards higher ecosystem vulnerability). Human activities can change the vulnerability of ecosystems to 737 
stressors, represented by the expansion of the higher vulnerability domain (red and yellow) in panel c). Changes 738 
in vulnerability can thereby increase the frequency of high-impact events, even under the same distribution of 739 
climate drivers (shift in ecosystem vulnerability without changes in the forcing distribution). Finally, these 740 
effects b) and c) can be combined, leading to amplified impacts due to anthropogenic activity (d).   741 

 742 
 743 



 

 

Figure 5. Illustration of climate-ecosystem-carbon cycle storylines for attributing ecosystem variability and 744 
extremes. (a) time-series of annual Net Ecosystem Productivity (NEP) in the Mediterranean region simulated 745 
in a forced (historical and SSP3-7.0) CESM2 simulation (red line) compared to an unforced “nudged 746 
circulation” simulation in which the large-scale simulation is nudged to the transient run, but with pre-industrial 747 
forcing (blue line). The difference between the two simulations (grey line) reflects anthropogenic influence and 748 
its interactions with ecological variability. The detrended forced simulation corresponds to a component only 749 
influenced by ecological variability since natural climate variability is controlled for by keeping atmospheric 750 
circulation fixed. (b) climatic drivers of summer (JJA) NEP anomaly: temperature and relative humidity 751 
anomalies relative to the period 2001-2040. The grey dotted lines connect events with the same circulation in 752 
the forced and the unforced nudged simulation and the size of the points is proportional to the JJA NEP value 753 
(detrended for the transient simulation). The two case-study events correspond to the wettest (E1) and driest 754 
(E2) summers in the forced simulation during the period 2001-2040. (c) Spatial patterns corresponding to the 755 
forced simulation and its decomposition into the anthropogenically- and naturally-driven components for the 756 
two case-study events. The naturally-driven component here includes only ecological variability since 757 
atmospheric circulation is fixed. 758 
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elements of each perspective are included in the boxes: the left column for climate risk as defined by the IPCC 778 
and the right column for the most commonly used elements in disturbance ecology. The lines show conceptual 779 
links between elements across perspectives: bold line for elements considered similarly in both, dashed line for 780 
elements that are analogue but only partly considered in each perspective, and dotted line indicates elements 781 
missing in one perspective. The text below the boxes indicates the relevant aspects that are similar or distinct 782 
across perspectives. Because there is not a 1:1 match in most cases, a given element in one perspective might 783 
be connected to several elements in the other.  784 



 

 

 785 
Figure 2. Conceptual framework of ecoclimatic events. Building on both the climate risk and ecosystem 786 

disturbance perspectives, compound ecoclimatic events (elements within the grey shaded area) are conceptually 787 
decomposed into climatic drivers (blue boxes), ecological factors (yellow), stressors (red), and impacts (green), 788 
and their causal relationships, including potential feedbacks between these components as internal factors, and 789 
human activities as external factors. Human activity (grey boxes) is included as an external modulator of 790 
climatic drivers through climate change, of ecological factors through management and broader changes in the 791 
environment or direct influence on stressors, for example by pollution or ignition of fires. Ecological factors 792 
can influence stressors directly and modulate impacts by influencing ecosystem vulnerability to stressors. 793 
Feedbacks due to land-atmosphere interactions and legacy effects from previous events (succession dynamics, 794 
composition and/or structural changes) are shown in dashed lines.  795 
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Figure 3. Conceptual representation of the influence of natural vs. human-driven climate variability in 805 

ecological variability and high-impact events. (a) Scenario under stationary climate (no anthropogenic 806 
influence). In this scenario, a given carbon-cycle related state variable or process, for example biomass carbon 807 
(light red line) varies around a long-term reference state in a dynamic equilibrium being exposed to stress of 808 
variable intensities. This long-term variability can be described by a statistical distribution (right panel), whose 809 
tails correspond to high-impact ecoclimatic events occurring relatively seldom (horizontal dashed line in the 810 
right panel). (b) Shifts in the distribution of climatic drivers under climate change can lead to a shift in the 811 
distribution of the variable (dark red line) and result in more frequent and/or intense stress events. (c) 812 
Compounding effects of stress events and recovery dynamics can induce declining trajectories and result in 813 
non-linear impacts, threatening forest stability (dark grey line). We note, however, that other environmental 814 
changes occurring along changes in climate, such as elevated CO2 for example, can result in positive and 815 
offsetting effects. This is the case of the example in Figure 5 and Supplementary Material.  816 
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Figure 4. Factorial approach for the attribution of compound ecoclimatic events to human versus natural 823 

effects. The white lines show different distributions of climate forcing and the color gradient represents 824 
ecosystem vulnerability to climate, from low vulnerability in purple to high vulnerability in yellow. Different 825 
events are represented by vertical dashed lines. In a baseline scenario (a), variability in the climate forcing and 826 
vulnerability to related stressors should be in quasi-equilibrium, so that normal climate conditions would induce 827 
“normal” responses by ecosystems adapted to more frequent conditions (peak of the forcing distribution 828 
associated with low vulnerability), and rare climate extremes would lead to extreme impacts (higher 829 
vulnerability for less frequent climate conditions). Changes in the distribution of the climate drivers driven by 830 
anthropogenic climate change can lead to more frequent high-impact events (b, shift in the forcing distribution 831 
towards higher ecosystem vulnerability). Human activities can change the vulnerability of ecosystems to 832 
stressors, represented by the expansion of the higher vulnerability domain (red and yellow) in panel c). Changes 833 
in vulnerability can thereby increase the frequency of high-impact events, even under the same distribution of 834 
climate drivers (shift in ecosystem vulnerability without changes in the forcing distribution). Finally, these 835 
effects b) and c) can be combined, leading to amplified impacts due to anthropogenic activity (d).   836 
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Figure 5. Illustration of climate-ecosystem-carbon cycle storylines for attributing ecosystem variability and 851 
extremes. (a) time-series of annual Net Ecosystem Productivity (NEP) in the Mediterranean region simulated 852 
in a forced (historical and SSP3-7.0) CESM2 simulation (red line) compared to an unforced “nudged 853 
circulation” simulation in which the large-scale simulation is nudged to the transient run, but with pre-industrial 854 
forcing (blue line). The difference between the two simulations (grey line) reflects anthropogenic influence and 855 
its interactions with ecological variability. The detrended forced simulation corresponds to a component only 856 
influenced by ecological variability since natural climate variability is controlled for by keeping atmospheric 857 
circulation fixed. (b) climatic drivers of summer (JJA) NEP anomaly: temperature and relative humidity 858 
anomalies relative to the period 2001-2040. The grey dotted lines connect events with the same circulation in 859 
the forced and the unforced nudged simulation and the size of the points is proportional to the JJA NEP value 860 
(detrended for the transient simulation). The two case-study events correspond to the wettest (E1) and driest 861 
(E2) summers in the forced simulation during the period 2001-2040. (c) Spatial patterns corresponding to the 862 
forced simulation and its decomposition into the anthropogenically- and naturally-driven components for the 863 
two case-study events. The naturally-driven component here includes only ecological variability since 864 
atmospheric circulation is fixed. 865 
 866 

 867 
 868 
 869 
 870 
 871 
 872 
 873 
 874 
 875 
 876 
 877 
 878 



 

 

 879 
References 880 
1. IPCC, I. P. on C. C. IPCC Glossary. https://apps.ipcc.ch/glossary/ (2022). 881 
2. Coumou, D. & Rahmstorf, S. A decade of weather extremes. Nature Clim. Change 2, 491–496 (2012). 882 
3. Bastos, A. et al. Impacts of extreme summers on European ecosystems: a comparative analysis of 2003, 2010 and 2018. 883 

Philosophical Transactions of the Royal Society B: Biological Sciences 375, 20190507 (2020). 884 
4. Abram, N. J. et al. Connections of climate change and variability to large and extreme forest fires in southeast Australia. 885 

Communications Earth & Environment 2, 8 (2021). 886 
5. Ciavarella, A. et al. Prolonged Siberian heat of 2020 almost impossible without human influence. Climatic Change 166, 9 (2021). 887 
6. Allen, C. D. et al. A global overview of drought and heat-induced tree mortality reveals emerging climate change risks for forests. 888 

Forest Ecology and Management 259, 660–684 (2010). 889 
7. Hammond, H., W. M. et al. Global field observations of tree die-off reveal hotter-drought fingerprint for Earth’s forests. Nature 890 

Communications (2022). 891 
8. Hartmann, H. et al. Climate Change Risks to Global Forest Health: Emergence of Unexpected Events of Elevated Tree Mortality 892 

Worldwide. Annu. Rev. Plant Biol. (2022) doi:10.1146/annurev-arplant-102820-012804. 893 
9. Boulton, C. A., Lenton, T. M. & Boers, N. Pronounced loss of Amazon rainforest resilience since the early 2000s. Nature Climate 894 

Change 12, 271–278 (2022). 895 
10. Fan, L. et al. SMOS-IC L-VOD reveals that tropical forests did not recover from the strong 2015-2016 El Niño event. in 4020 896 

(2020). 897 
11. Baltzer, J. L. et al. Increasing fire and the decline of fire adapted black spruce in the boreal forest. Proceedings of the National 898 

Academy of Sciences 118, e2024872118 (2021). 899 
12. Bastos, A. et al. Vulnerability of European ecosystems to two compound dry and hot summers in 2018 and 2019. Earth System 900 

Dynamics 12, 1015–1035 (2021). 901 
13. Senf, C. & Seidl, R. Persistent impacts of the 2018 drought on forest disturbance regimes in Europe. Biogeosciences 18, 5223–902 

5230 (2021). 903 
14. Drouard, M., Kornhuber, K. & Woollings, T. Disentangling Dynamic Contributions to Summer 2018 Anomalous Weather Over 904 

Europe. Geophys. Res. Lett. 46, 12537–12546 (2019). 905 
15. Seneviratne, S. I. et al. Climate Change 2021: The Physical Science Basis. Contribution of Working Group I to the Sixth 906 

Assessment Report of the Intergovernmental Panel on Climate Change. in (eds. Masson-Delmotte, V. et al.) (Cambridge University 907 
Press, 2021). 908 

16. Seneviratne, S. I. et al. Changes in climate extremes and their impacts on the natural physical environment. Managing the risks of 909 
extreme events and disasters to advance climate change adaptation 109–230 (2012). 910 

17. Turner, M. G. Disturbance and landscape dynamics in a changing world. Ecology 91, 2833–2849 (2010). 911 
18. McDowell, N. G. et al. Pervasive shifts in forest dynamics in a changing world. Science 368, eaaz9463 (2020). 912 
19. Seidl, R. & Turner, M. G. Post-disturbance reorganization of forest ecosystems in a changing world. Proceedings of the National 913 

Academy of Sciences 119, e2202190119 (2022). 914 
20. Reichstein, M. et al. Climate extremes and the carbon cycle. Nature 500, 287–295 (2013). 915 
21. Zscheischler, J., Mahecha, M. D., Harmeling, S. & Reichstein, M. Detection and attribution of large spatiotemporal extreme events 916 

in Earth observation data. Ecological Informatics 15, 66–73 (2013). 917 
22. Bastos, A. et al. Impact of the 2015/2016 El Niño on the terrestrial carbon cycle constrained by bottom-up and top-down 918 

approaches. Philosophical Transactions of the Royal Society B: Biological Sciences 373, 20170304 (2018). 919 
23. Lewis, S. C. et al. Deconstructing Factors Contributing to the 2018 Fire Weather in Queensland, Australia. Bulletin of the American 920 

Meteorological Society 101, S115–S122 (2020). 921 
24. Brown, T., Leach, S., Wachter, B. & Gardunio, B. The Extreme 2018 Northern California Fire Season. Bulletin of the American 922 

Meteorological Society 101, S1–S4 (2020). 923 
25. Meddens, A. J., Hicke, J. A. & Ferguson, C. A. Spatiotemporal patterns of observed bark beetle-caused tree mortality in British 924 

Columbia and the western United States. Ecological Applications 22, 1876–1891 (2012). 925 
26. Hlásny, T. et al. Devastating outbreak of bark beetles in the Czech Republic: Drivers, impacts, and management implications. 926 

Forest Ecology and Management 490, 119075 (2021). 927 
27. Carnicer, J. et al. Widespread crown condition decline, food web disruption, and amplified tree mortality with increased climate 928 

change-type drought. Proceedings of the National Academy of Sciences 108, 1474–1478 (2011). 929 
28. Oliva, J., Stenlid, J. & Martínez-Vilalta, J. The effect of fungal pathogens on the water and carbon economy of trees: implications 930 

for drought-induced mortality. New Phytologist 203, 1028–1035 (2014). 931 
29. McDowell, N. G. et al. Mechanisms of woody-plant mortality under rising drought, CO2 and vapour pressure deficit. Nature 932 

Reviews Earth & Environment 3, 294–308 (2022). 933 
30. Ruehr, N. K., Grote, R., Mayr, S. & Arneth, A. Beyond the extreme: recovery of carbon and water relations in woody plants 934 

following heat and drought stress. Tree physiology 39, 1285–1299 (2019). 935 
31. Seidl, R. et al. Forest disturbances under climate change. Nature Climate Change 7, 395–402 (2017). 936 
32. Frank, D. et al. Effects of climate extremes on the terrestrial carbon cycle: concepts, processes and potential future impacts. Global 937 

change biology 21, 2861–2880 (2015). 938 
33. Anderegg, W. R. et al. Tree mortality from drought, insects, and their interactions in a changing climate. New Phytologist 208, 939 

674–683 (2015). 940 



 

 

34. Mack, M. C. et al. Carbon loss from boreal forest wildfires offset by increased dominance of deciduous trees. Science 372, 280–941 
283 (2021). 942 

35. Anderegg, W. R. L., Trugman, A. T., Badgley, G., Konings, A. G. & Shaw, J. Divergent forest sensitivity to repeated extreme 943 
droughts. Nat. Clim. Chang. 10, 1091–1095 (2020). 944 

36. Jones, M. W. et al. Global and Regional Trends and Drivers of Fire Under Climate Change. REVIEWS OF GEOPHYSICS 60, 945 
(2022). 946 

37. National Academies of Sciences, E., and Medicine. Attribution of Extreme Weather Events in the Context of Climate Change. (The 947 
National Academies Press, 2016). doi:10.17226/21852. 948 

38. Reynaert, S. et al. Does previous exposure to extreme precipitation regimes result in acclimated grassland communities? Science 949 
of The Total Environment 838, 156368 (2022). 950 

39. Bloom, A. A. et al. Lagged effects regulate the inter-annual variability of the tropical carbon balance. Biogeosciences 17, 6393–951 
6422 (2020). 952 

40. Peters, D. P. C. et al. Cross-system comparisons elucidate disturbance complexities and generalities. Ecosphere 2, art81 (2011). 953 
41. Friedlingstein, P. et al. Uncertainties in CMIP5 Climate Projections due to Carbon Cycle Feedbacks. Journal of Climate 27, 511–954 

526 (2014). 955 
42. Landres, P. B., Morgan, P. & Swanson, F. J. Overview of the Use of Natural Variability Concepts in Managing Ecological Systems. 956 

Ecological Applications 9, 1179–1188 (1999). 957 
43. Chapin, F. S., Matson, P. A., Mooney, H. A. & Vitousek, P. M. Principles of terrestrial ecosystem ecology. (2002). 958 
44. Smith, M. D. An ecological perspective on extreme climatic events: a synthetic definition and framework to guide future research. 959 

Journal of Ecology 99, 656–663 (2011). 960 
45. Jentsch, A., Kreyling, J. & Beierkuhnlein, C. A new generation of climate‐change experiments: events, not trends. Frontiers in 961 

Ecology and the Environment 5, 365–374 (2007). 962 
46. Reisinger, A. et al. The concept of risk in the IPCC Sixth Assessment Report: A summary of cross-working group discussions. 963 

Intergovernmental Panel on Climate Change 15 (2020). 964 
47. White, P. S. & Jentsch, A. The search for generality in studies of disturbance and ecosystem dynamics. Progress in botany 399–965 

450 (2001). 966 
48. Zscheischler, J. et al. A few extreme events dominate global interannual variability in gross primary production. Environmental 967 

Research Letters 9, 035001 (2014). 968 
49. Flach, M. et al. Contrasting biosphere responses to hydrometeorological extremes: revisiting the 2010 western Russian heatwave. 969 

Biogeosciences 16, 6067–6085 (2018). 970 
50. Zhang, F. et al. When does extreme drought elicit extreme ecological responses? Journal of Ecology 107, 2553–2563 (2019). 971 
51. Graham, E. B. et al. Toward a Generalizable Framework of Disturbance Ecology Through Crowdsourced Science. Frontiers in 972 

Ecology and Evolution 9, (2021). 973 
52. Grime, J. P. et al. Long-term resistance to simulated climate change in an infertile grassland. Proceedings of the National Academy 974 

of Sciences 105, 10028–10032 (2008). 975 
53. Isbell, F. et al. Biodiversity increases the resistance of ecosystem productivity to climate extremes. Nature 526, 574–577 (2015). 976 
54. Jolly, W. M., Dobbertin, M., Zimmermann, N. E. & Reichstein, M. Divergent vegetation growth responses to the 2003 heat wave 977 

in the Swiss Alps. Geophysical Research Letters 32, (2005). 978 
55. Bastos, A. et al. Direct and seasonal legacy effects of the 2018 heat wave and drought on European ecosystem productivity. Science 979 

Advances 6, eaba2724 (2020). 980 
56. Flach, M. et al. Contrasting biosphere responses to hydrometeorological extremes: revisiting the 2010 western Russian heatwave. 981 

Biogeosciences 16, 6067–6085 (2018). 982 
57. Bevacqua, E. et al. Guidelines for Studying Diverse Types of Compound Weather and Climate Events. Earth’s Future 9, 983 

e2021EF002340 (2021). 984 
58. Zscheischler, J. et al. Future climate risk from compound events. Nature Climate Change 8, 469–477 (2018). 985 
59. Rosan, T. M. et al. Fragmentation-driven divergent trends in burned area in Amazonia and Cerrado. Front. For. Glob. Change In 986 

press, (2022). 987 
60. Gavinet, J., Ourcival, J.-M., Gauzere, J., García de Jalón, L. & Limousin, J.-M. Drought mitigation by thinning: Benefits from the 988 

stem to the stand along 15 years of experimental rainfall exclusion in a holm oak coppice. Forest Ecology and Management 473, 989 
118266 (2020). 990 

61. Belmonte, A., Ts. Sankey, T., Biederman, J., Bradford, J. B. & Kolb, T. Soil moisture response to seasonal drought conditions and 991 
post-thinning forest structure. Ecohydrology 15, e2406 (2022). 992 

62. Slette, I. J. et al. How ecologists define drought, and why we should do better. Global Change Biology 25, 3193–3200 (2019). 993 
63. Kröel-Dulay, G. et al. Field experiments underestimate aboveground biomass response to drought. Nat Ecol Evol 6, 540–545 994 

(2022). 995 
64. Turner, MonicaG., Romme, WilliamH., Gardner, RobertH., O’Neill, RobertV. & Kratz, TimothyK. A revised concept of landscape 996 

equilibrium: Disturbance and stability on scaled landscapes. Landscape Ecology 8, 213–227 (1993). 997 
65. Staver, A. C., Archibald, S. & Levin, S. A. The Global Extent and Determinants of Savanna and Forest as Alternative Biome 998 

States. Science 334, 230–232 (2011). 999 
66. Bond, W. J., Woodward, F. I. & Midgley, G. F. The global distribution of ecosystems in a world without fire. New Phytologist 1000 

165, 525–538 (2005). 1001 
67. Naveh, Z. The evolutionary significance of fire in the mediterranean region. Plant Ecology 29, 199–208 (1975). 1002 
68. Buma, B. Disturbance ecology and the problem of n = 1: A proposed framework for unifying disturbance ecology studies to 1003 

address theory across multiple ecological systems. Methods in Ecology and Evolution 12, 2276–2286 (2021). 1004 



 

 

69. Freedman, B. Environmental ecology: the impacts of pollution and other stresses on ecosystem structure and function. (Elsevier, 1005 
2013). 1006 

70. Pausas, J. G. & Ribeiro, E. The global fire-productivity relationship. Global Ecology and Biogeography 22, 728–736 (2013). 1007 
71. Anderegg, W. R. L., Trugman, A. T., Bowling, D. R., Salvucci, G. & Tuttle, S. E. Plant functional traits and climate influence 1008 

drought intensification and land–atmosphere feedbacks. Proceedings of the National Academy of Sciences 116, 14071–14076 1009 
(2019). 1010 

72. El-Madany, T. S. et al. Drought and heatwave impacts on semi-arid ecosystems’ carbon fluxes along a precipitation gradient. 1011 
Philosophical Transactions of the Royal Society B: Biological Sciences 375, 20190519 (2020). 1012 

73. Trugman, A. T., Anderegg, L. D. L., Anderegg, W. R. L., Das, A. J. & Stephenson, N. L. Why is Tree Drought Mortality so Hard 1013 
to Predict? Trends in Ecology & Evolution 36, 520–532 (2021). 1014 

74. Liu, L. et al. Bidirectional drought-related canopy dynamics across pantropical forests: a satellite-based statistical analysis. Remote 1015 
Sensing in Ecology and Conservation 8, 72–91 (2022). 1016 

75. Beer, C. et al. Terrestrial Gross Carbon Dioxide Uptake: Global Distribution and Covariation with Climate. Science 329, 834–838 1017 
(2010). 1018 

76. Seddon, A. W., Macias-Fauria, M., Long, P. R., Benz, D. & Willis, K. J. Sensitivity of global terrestrial ecosystems to climate 1019 
variability. Nature 531, 229–232 (2016). 1020 

77. Forzieri, G. et al. Increased control of vegetation on global terrestrial energy fluxes. Nature Climate Change 10, 356–362 (2020). 1021 
78. Duveiller, G. et al. Revealing the widespread potential of forests to increase low level cloud cover. Nature Communications 12, 1022 

4337 (2021). 1023 
79. Zscheischler, J. et al. A typology of compound weather and climate events. Nature Reviews Earth & Environment 1, 333–347 1024 

(2020). 1025 
80. Swann, A. L. S., Hoffman, F. M., Koven, C. D. & Randerson, J. T. Plant responses to increasing CO2 reduce estimates of climate 1026 

impacts on drought severity. Proceedings of the National Academy of Sciences 113, 10019–10024 (2016). 1027 
81. Iglesias, V. et al. Fires that matter: reconceptualizing fire risk to include interactions between humans and the natural environment. 1028 

Environmental Research Letters 17, 045014 (2022). 1029 
82. Piao, S. et al. Interannual variation of terrestrial carbon cycle: Issues and perspectives. Global Change Biology 26, 300–318 (2020). 1030 
83. Fernández-Martínez, M. et al. Global trends in carbon sinks and their relationships with CO2 and temperature. Nature Climate 1031 

Change 9, 73–79 (2019). 1032 
84. Keeling, C. D. et al. Atmospheric CO 2 and 13 CO 2 exchange with the terrestrial biosphere and oceans from 1978 to 2000: 1033 

Observations and carbon cycle implications. in A history of atmospheric CO2 and its effects on plants, animals, and ecosystems 1034 
83–113 (Springer, 2005). 1035 

85. Le Page, Y. et al. Global fire activity patterns (1996–2006) and climatic influence: an analysis using the World Fire Atlas. 1036 
Atmospheric Chemistry and Physics 8, 1911–1924 (2008). 1037 

86. Sippel, S. et al. Drought, Heat, and the Carbon Cycle: a Review. Current Climate Change Reports 4, 266–286 (2018). 1038 
87. Deser, C., Phillips, A., Bourdette, V. & Teng, H. Uncertainty in climate change projections: the role of internal variability. Climate 1039 

Dynamics 38, 527–546– (2012). 1040 
88. Huybers, P. & Curry, W. Links between annual, Milankovitch and continuum temperature variability. Nature 441, 329–332 1041 

(2006). 1042 
89. Eyring, V. et al. Climate Change 2021: The Physical Science Basis. Contribution of Working Group I to the Sixth Assessment 1043 

Report of the Intergovernmental Panel on Climate Change. 1–202 (2021). 1044 
90. Forzieri, G. et al. Emergent vulnerability to climate-driven disturbances in European forests. Nature Communications 12, 1081 1045 

(2021). 1046 
91. Zhu, W. et al. Extension of the growing season due to delayed autumn over mid and high latitudes in North America during 1982-1047 

2006. Global Ecology and Biogeography 21, 260–271 (2012). 1048 
92. Liu, Q. et al. Extension of the growing season increases vegetation exposure to frost. Nat Commun 9, 426 (2018). 1049 
93. Dial, R. J., Maher, C. T., Hewitt, R. E. & Sullivan, P. F. Sufficient conditions for rapid range expansion of a boreal conifer. Nature 1050 

608, 546–551 (2022). 1051 
94. Archibald, S., Lehmann, C. E. R., Gómez-Dans, J. L. & Bradstock, R. A. Defining pyromes and global syndromes of fire regimes. 1052 

PNAS 110, 6442–6447 (2013). 1053 
95. Harrison, S. P. et al. Understanding and modelling wildfire regimes: an ecological perspective. Environmental Research Letters 1054 

16, 125008 (2021). 1055 
96. Ghil, M. Natural climate variability. Encyclopedia of global environmental change. (2002). 1056 
97. Bastos, A. et al. Was the extreme Northern Hemisphere greening in 2015 predictable? Environmental Research Letters 12, 044016 1057 

(2017). 1058 
98. Zhu, Z. et al. The effects of teleconnections on carbon fluxes of global terrestrial ecosystems. Geophysical Research Letters 44, 1059 

3209–3218 (2017). 1060 
99. Vicente-Serrano, S. M. et al. A multiscalar global evaluation of the impact of ENSO on droughts. Journal of Geophysical 1061 

Research: Atmospheres 116, D20109 (2011). 1062 
100. Sherriff, R. L., Berg, E. E. & Miller, A. E. Climate variability and spruce beetle (Dendroctonus rufipennis) outbreaks in south-1063 

central and southwest Alaska. Ecology 92, 1459–1470 (2011). 1064 
101. Seager, R. et al. Causes and predictability of the 2011-14 California Drought: Assessment report. (2014). 1065 
102. Marengo, J. A. et al. The Drought of Amazonia in 2005. Journal of Climate 21, 495–516 (2008). 1066 
103. Marengo, J. A., Tomasella, J., Alves, L. M., Soares, W. R. & Rodriguez, D. A. The drought of 2010 in the context of historical 1067 

droughts in the Amazon regionshare. Geophysical Research Letters 38, (2011). 1068 



 

 

104. Carnicer, J. et al. Regime shifts of Mediterranean forest carbon uptake and reduced resilience driven by multidecadal ocean surface 1069 
temperatures. Global Change Biology 25, 2825–2840 (2019). 1070 

105. Bastos, A., Running, S. W., Gouveia, C. & Trigo, R. M. The global NPP dependence on ENSO: La Niña and the extraordinary 1071 
year of 2011. J. Geophys. Res. Biogeosci. 118, 1247–1255 (2013). 1072 

106. Li, N. et al. Interannual global carbon cycle variations linked to atmospheric circulation variability. Earth System Dynamics 13, 1073 
1505–1533 (2022). 1074 

107. Deser, C. “Certain Uncertainty: The Role of Internal Climate Variability in Projections of Regional Climate Change and Risk 1075 
Management”. Earth’s Future 8, e2020EF001854 (2020). 1076 

108. Shepherd, T. G. Atmospheric circulation as a source of uncertainty in climate change projections. Nature Geosci 7, 703–708 1077 
(2014). 1078 

109. Fereday, D., Chadwick, R., Knight, J. & Scaife, A. A. Atmospheric Dynamics is the Largest Source of Uncertainty in Future 1079 
Winter European Rainfall. Journal of Climate 31, 963–977 (2018). 1080 

110. Huguenin, M. F. et al. Lack of Change in the Projected Frequency and Persistence of Atmospheric Circulation Types Over Central 1081 
Europe. Geophysical Research Letters 47, e2019GL086132 (2020). 1082 

111. Coumou, D., Lehmann, J. & Beckmann, J. The weakening summer circulation in the Northern Hemisphere mid-latitudes. Science 1083 
348, 324 (2015). 1084 

112. Barriopedro, D., Fischer, E. M., Luterbacher, J., Trigo, R. M. & García-Herrera, R. The Hot Summer of 2010: Redrawing the 1085 
Temperature Record Map of Europe. Science 332, 220–224 (2011). 1086 

113. Di Capua, G. et al. Drivers behind the summer 2010 wave train leading to Russian heatwave and Pakistan flooding. npj Climate 1087 
and Atmospheric Science 4, 55 (2021). 1088 

114. Goulden, M. & Bales, R. California forest die-off linked to multi-year deep soil drying in 2012–2015 drought. Nature Geoscience 1089 
12, 632–637 (2019). 1090 

115. Senf, C., Buras, A., Zang, C. S., Rammig, A. & Seidl, R. Excess forest mortality is consistently linked to drought across Europe. 1091 
Nature Communications 11, 6200 (2020). 1092 

116. Kornhuber, K. et al. Extreme weather events in early summer 2018 connected by a recurrent hemispheric wave-7 pattern. 1093 
Environmental Research Letters 14, 054002 (2019). 1094 

117. Sousa, P. M. et al. Distinct influences of large-scale circulation and regional feedbacks in two exceptional 2019 European 1095 
heatwaves. Communications Earth & Environment 1, 48 (2020). 1096 

118. Bonan, G. B., Lombardozzi, D. L. & Wieder, W. R. The signature of internal variability in the terrestrial carbon cycle. 1097 
Environmental Research Letters 16, 034022 (2021). 1098 

119. Loughran, T. F. et al. Past and Future Climate Variability Uncertainties in the Global Carbon Budget Using the MPI Grand 1099 
Ensemble. Global Biogeochemical Cycles 35, e2021GB007019 (2021). 1100 

120. Lehner, F. et al. Partitioning climate projection uncertainty with multiple large ensembles and CMIP5/6. Earth System Dynamics 1101 
11, 491–508 (2020). 1102 

121. Shepherd, T. G. et al. Storylines: an alternative approach to representing uncertainty in physical aspects of climate change. Climatic 1103 
Change 151, 555–571 (2018). 1104 

122. Sippel, S. et al. Uncovering the Forced Climate Response from a Single Ensemble Member Using Statistical Learning. Journal of 1105 
Climate 32, 5677–5699 (2019). 1106 

123. van Oldenborgh, G. J. et al. Attribution of the Australian bushfire risk to anthropogenic climate change. Natural Hazards and 1107 
Earth System Sciences 21, 941–960 (2021). 1108 

124. Philip, S. Y. et al. Rapid attribution analysis of the extraordinary heatwave on the Pacific Coast of the US and Canada June 2021. 1109 
Earth System Dynamics Discussions 2021, 1–34 (2021). 1110 

125. Fischer, E. M., Sippel, S. & Knutti, R. Increasing probability of record-shattering climate extremes. Nat. Clim. Chang. 11, 689–1111 
695 (2021). 1112 

126. Bastos, A. et al. European land CO2 sink influenced by NAO and East-Atlantic Pattern coupling. Nature communications 7, 1113 
(2016). 1114 

127. Ahlström, A., Miller, P. A. & Smith, B. Too early to infer a global NPP decline since 2000. Geophys. Res. Lett. 39, L15403 (2012). 1115 
128. Anderegg, W. R. et al. Tropical nighttime warming as a dominant driver of variability in the terrestrial carbon sink. Proceedings 1116 

of the National Academy of Sciences 112, 15591–15596 (2015). 1117 
129. von Buttlar, J. et al. Impacts of droughts and extreme-temperature events on gross primary production and ecosystem respiration: 1118 

a systematic assessment across ecosystems and climate zones. Biogeosciences 15, 1293–1318 (2018). 1119 
130. Musavi, T. et al. Stand age and species richness dampen interannual variation of ecosystem-level photosynthetic capacity. Nat 1120 

Ecol Evol 1, 1–7 (2017). 1121 
131. Pfleiderer, P., Menke, I. & Schleussner, C.-F. Increasing risks of apple tree frost damage under climate change. Climatic Change 1122 

157, 515–525 (2019). 1123 
132. Vautard, R. et al. Human influence on growing-period frosts like the early April 2021 in Central France. Natural Hazards and 1124 

Earth System Sciences Discussions 2022, 1–25 (2022). 1125 
133. Kay, J. E. et al. The Community Earth System Model (CESM) large ensemble project: A community resource for studying climate 1126 

change in the presence of internal climate variability. Bulletin of the American Meteorological Society 96, 1333–1349 (2015). 1127 
134. Maher, N. et al. The Max Planck Institute Grand Ensemble: enabling the exploration of climate system variability. Journal of 1128 

Advances in Modeling Earth Systems 11, 2050–2069 (2019). 1129 
135. Temperli, C., Bugmann, H. & Elkin, C. Cross-scale interactions among bark beetles, climate change, and wind disturbances: A 1130 

landscape modeling approach. Ecological Monographs 83, 383–402 (2013). 1131 



 

 

136. Temperli, C., Veblen, T. T., Hart, S. J., Kulakowski, D. & Tepley, A. J. Interactions among spruce beetle disturbance, climate 1132 
change and forest dynamics captured by a forest landscape model. Ecosphere 6, art231 (2015). 1133 

137. Fu, Z. et al. Atmospheric dryness reduces photosynthesis along a large range of soil water deficits. Nature Communications 13, 1134 
989 (2022). 1135 

138. Shepherd, T. G. Storyline approach to the construction of regional climate change information. Proceedings of the Royal Society 1136 
A: Mathematical, Physical and Engineering Sciences 475, 20190013 (2019). 1137 

139. Trenberth, K. E., Fasullo, J. T. & Shepherd, T. G. Attribution of climate extreme events. Nature Climate Change 5, 725–730 1138 
(2015). 1139 

140. van Garderen, L., Feser, F. & Shepherd, T. G. A methodology for attributing the role of climate change in extreme events: a global 1140 
spectrally nudged storyline. Natural Hazards and Earth System Sciences 21, 171–186 (2021). 1141 

141. Goulart, H., Van Der Wiel, K., Folberth, C., Balkovic, J. & Van Den Hurk, B. Storylines of weather-induced crop failure events 1142 
under climate change. Earth System Dynamics 12, 1503–1527 (2021). 1143 

142. Danabasoglu, G. et al. The Community Earth System Model Version 2 (CESM2). Journal of Advances in Modeling Earth Systems 1144 
12, e2019MS001916 (2020). 1145 

143. Lawrence, D. M. et al. The Community Land Model Version 5: Description of New Features, Benchmarking, and Impact of 1146 
Forcing Uncertainty. Journal of Advances in Modeling Earth Systems 11, 4245–4287 (2019). 1147 

144. Rodgers, K. B. et al. Ubiquity of human-induced changes in climate variability. Earth System Dynamics 12, 1393–1411 (2021). 1148 
145. Walker, A. P. et al. Integrating the evidence for a terrestrial carbon sink caused by increasing atmospheric CO2. New Phytologist 1149 

229, 2413–2445 (2021). 1150 
146. Brondizio, E., Settele, J., Díaz, S. & Ngo, H. Global assessment report on biodiversity and ecosystem services. Global assessment 1151 

report. New York: United Nations Organisation (2019). 1152 
147. Steffen, W. et al. Planetary boundaries: Guiding human development on a changing planet. Science 347, 1259855 (2015). 1153 
148. Pastorello, G. et al. A new data set to keep a sharper eye on land-air exchanges. Eos, Transactions American Geophysical Union 1154 

(Online) 98, (2017). 1155 
149. Poyatos, R. et al. SAPFLUXNET: towards a global database of sap flow measurements. Tree Physiology 36, 1449–1455 (2016). 1156 
150. FAO. Global Forest Resources Assessment 2015 (FRA2015). (2015). 1157 
151. McDowell, N. G. et al. Global satellite monitoring of climate-induced vegetation disturbances. Trends in Plant Science 20, 114–1158 

123 (2015). 1159 
152. Cooper, L. A., Ballantyne, A. P., Holden, Z. A. & Landguth, E. L. Disturbance impacts on land surface temperature and gross 1160 

primary productivity in the western United States. Journal of Geophysical Research: Biogeosciences 122, 930–946 (2017). 1161 
153. Senf, C., Pflugmacher, D., Wulder, M. A. & Hostert, P. Characterizing spectral–temporal patterns of defoliator and bark beetle 1162 

disturbances using Landsat time series. Remote Sensing of Environment 170, 166–177 (2015). 1163 
154. Zhang, W. et al. From woody cover to woody canopies: How Sentinel-1 and Sentinel-2 data advance the mapping of woody plants 1164 

in savannas. Remote Sensing of Environment 234, 111465 (2019). 1165 
155. Brandt, M. et al. An unexpectedly large count of trees in the West African Sahara and Sahel. Nature 587, 78–82 (2020). 1166 
156. Harris, N. L. et al. Global maps of twenty-first century forest carbon fluxes. Nature Climate Change (2021) doi:10.1038/s41558-1167 

020-00976-6. 1168 
157. Mildrexler, D. J., Zhao, M. & Running, S. W. Testing a MODIS Global Disturbance Index across North America. Remote Sensing 1169 

of Environment 113, 2103–2117 (2009). 1170 
158. Seidl, R., Schelhaas, M.-J., Rammer, W. & Verkerk, P. J. Increasing forest disturbances in Europe and their impact on carbon 1171 

storage. Nature climate change 4, 806–810 (2014). 1172 
159. Keenan, T. F. et al. Increase in forest water-use efficiency as atmospheric carbon dioxide concentrations rise. Nature 499, 324–1173 

327 (2013). 1174 
160. Yang, Y. et al. Contrasting responses of water use efficiency to drought across global terrestrial ecosystems. Scientific reports 6, 1175 

(2016). 1176 
161. Papastefanou, P. et al. A Dynamic Model for Strategies and Dynamics of Plant Water-Potential Regulation Under Drought 1177 

Conditions. Front. Plant Sci. 11, (2020). 1178 
162. Sabot, M. E. B. et al. One Stomatal Model to Rule Them All? Toward Improved Representation of Carbon and Water Exchange 1179 

in Global Models. Journal of Advances in Modeling Earth Systems 14, e2021MS002761 (2022). 1180 
163. Mu, M. et al. Exploring how groundwater buffers the influence of heatwaves on vegetation function during multi-year droughts. 1181 

Earth System Dynamics 12, 919–938 (2021). 1182 
164. Gentine, P., Guérin, M., Uriarte, M., McDowell, N. G. & Pockman, W. T. An allometry‐based model of the survival strategies of 1183 

hydraulic failure and carbon starvation. Ecohydrology 9, 529–546 (2016). 1184 
165. Pugh, T. A. M. et al. Understanding the uncertainty in global forest carbon turnover. Biogeosciences 17, 3961–3989 (2020). 1185 
166. De Kauwe, M. G. et al. Towards species-level forecasts of drought-induced tree mortality risk. New Phytologist 235, 94–110 1186 

(2022). 1187 
167. Koven, C. D. et al. Benchmarking and parameter sensitivity of physiological and vegetation dynamics using the Functionally 1188 

Assembled Terrestrial Ecosystem Simulator (FATES) at Barro Colorado Island, Panama. Biogeosciences 17, 3017–3044 (2020). 1189 
168. Lawrence, D. M. et al. The Land Use Model Intercomparison Project (LUMIP) contribution to CMIP6: rationale and experimental 1190 

design. Geoscientific Model Development 9, 2973–2998 (2016). 1191 
169. Chen, Y.-Y. et al. Simulating damage for wind storms in the land surface model ORCHIDEE-CAN (revision 4262). Geosci. Model 1192 

Dev. 11, 771–791 (2018). 1193 
170. Shukla, P. et al. Climate Change and Land: an IPCC special report on climate change, desertification, land degradation, sustainable 1194 

land management, food security, and greenhouse gas fluxes in terrestrial ecosystems. (2019). 1195 



 

 

171. White, P. S. & Pickett, S. T. A. Chapter 1 - Natural Disturbance and Patch Dynamics: An Introduction. in The Ecology of Natural 1196 
Disturbance and Patch Dynamics (eds. Pickett, S. T. A. & White, P. S.) 3–13 (Academic Press, 1985). doi:10.1016/B978-0-12-1197 
554520-4.50006-X. 1198 

172. Grime, J. Plant strategies, vegetation processes, and ecosystem properties. Chichester: John Wiley and Sons. 417 p. (2001). 1199 
173. Kwon, M. J. et al. Siberian 2020 heatwave increased spring CO2 uptake but not annual CO2 uptake. Environmental Research 1200 

Letters 16, 124030 (2021). 1201 
174. Novenko, E. Y. et al. Evidence that modern fires may be unprecedented during the last 3400 years in permafrost zone of Central 1202 

Siberia, Russia. Environmental Research Letters 17, 025004 (2022). 1203 
175. Overland, J. E. & Wang, M. The 2020 Siberian heat wave. International Journal of Climatology 41, E2341–E2346 (2021). 1204 
176. Yin, Y. et al. Variability of fire carbon emissions in equatorial Asia and its nonlinear sensitivity to El Niño. Geophysical Research 1205 

Letters 43, 10,472-10,479 (2016). 1206 
177. Liu, J. et al. Contrasting carbon cycle responses of the tropical continents to the 2015–2016 El Niño. Science 358, eaam5690 1207 

(2017). 1208 
178. Bastos, A. et al. Impact of the 2015/2016 El Niño on the terrestrial carbon cycle constrained by bottom-up and top-down 1209 

approaches. Philosophical Transactions of the Royal Society B: Biological Sciences 373, 20170304 (2018). 1210 
179. Fan, L. et al. Satellite-observed pantropical carbon dynamics. Nature plants 5, 944–951 (2019). 1211 
180. Werf, G. R. van der et al. Global fire emissions and the contribution of deforestation, savanna, forest, agricultural, and peat fires 1212 

(1997–2009). Atmos. Chem. Phys. 10, 16153–16230 (2010). 1213 
181. Varma, A. The economics of slash and burn: a case study of the 1997–1998 Indonesian forest fires. Ecological Economics 46, 1214 

159–171 (2003). 1215 
182. Fanin, T. & van der Werf, G. R. Precipitation–fire linkages in Indonesia (1997–2015). Biogeosciences 14, 3995–4008 (2017). 1216 
183. Masih, I., Maskey, S., Mussá, F. E. F. & Trambauer, P. A review of droughts on the African continent: a geospatial and long-term 1217 

perspective. Hydrology and Earth System Sciences 18, 3635–3649 (2014). 1218 
184. Manatsa, D., Chingombe, W., Matsikwa, H. & Matarira, C. H. The superior influence of Darwin Sea level pressure anomalies 1219 

over ENSO as a simple drought predictor for Southern Africa. Theor Appl Climatol 92, 1–14 (2008). 1220 
185. Mupepi, O. & Matsa, M. M. Spatio-temporal dynamics of drought in Zimbabwe between 1990 and 2020: a review. Spat. Inf. Res. 1221 

30, 117–130 (2022). 1222 
186. Wainwright, C. M., Finney, D. L., Kilavi, M., Black, E. & Marsham, J. H. Extreme rainfall in East Africa, October 2019–January 1223 

2020 and context under future climate change. Weather 76, 26–31 (2021). 1224 
187. Nicholson, S. E., Fink, A. H., Funk, C., Klotter, D. A. & Satheesh, A. R. Meteorological causes of the catastrophic rains of 1225 

October/November 2019 in equatorial Africa. Global and Planetary Change 208, 103687 (2022). 1226 
188. Chang’a, L. B. et al. Assessment of the evolution and socio-economic impacts of extreme rainfall events in October 2019 over the 1227 

east Africa. Atmospheric and Climate Sciences 10, 319–338 (2020). 1228 
189. Swemmer, A. Locally high, but regionally low: the impact of the 2014–2016 drought on the trees of semi-arid savannas, South 1229 

Africa. African Journal of Range & Forage Science 37, 31–42 (2020). 1230 
190. Sousa, P. M., Blamey, R. C., Reason, C. J. C., Ramos, A. M. & Trigo, R. M. The `Day Zero’ Cape Town drought and the poleward 1231 

migration of moisture corridors. Environ. Res. Lett. 13, 124025 (2018). 1232 
191. Rakovec, O. et al. The 2018–2020 Multi-Year Drought Sets a New Benchmark in Europe. Earth’s Future 10, e2021EF002394 1233 

(2022). 1234 
192. Beillouin, D., Schauberger, B., Bastos, A., Ciais, P. & Makowski, D. Impact of extreme weather conditions on European crop 1235 

production in 2018. Philosophical Transactions of the Royal Society B: Biological Sciences 375, 20190510 (2020). 1236 
193. Schuldt, B. et al. A first assessment of the impact of the extreme 2018 summer drought on Central European forests. Basic and 1237 

Applied Ecology 45, 86–103 (2020). 1238 
194. Stott, P. A., Stone, D. A. & Allen, M. R. Human contribution to the European heatwave of 2003. Nature 432, 610–614 (2004). 1239 
195. Ciais, Ph. et al. Europe-wide reduction in primary productivity caused by the heat and drought in 2003. Nature 437, 529–533 1240 

(2005). 1241 
196. Reichstein, M. et al. Determinants of terrestrial ecosystem carbon balance inferred from European eddy covariance flux sites. 1242 

Geophysical Research Letters 34, (2007). 1243 
197. Rouault, G. et al. Effects of drought and heat on forest insect populations in relation to the 2003 drought in Western Europe. 1244 

Annals of Forest Science 63, 613–624 (2006). 1245 
198. Rousi, E., Kornhuber, K., Beobide-Arsuaga, G., Luo, F. & Coumou, D. Accelerated western European heatwave trends linked to 1246 

more-persistent double jets over Eurasia. Nat Commun 13, 3851 (2022). 1247 
199. King, A. D., Pitman, A. J., Henley, B. J., Ukkola, A. M. & Brown, J. R. The role of climate variability in Australian drought. 1248 

Nature Climate Change 10, 177–179 (2020). 1249 
200. Poulter, B. et al. Contribution of semi-arid ecosystems to interannual variability of the global carbon cycle. Nature advance online 1250 

publication, (2014). 1251 
201. Cleverly, J. et al. The importance of interacting climate modes on Australia’s contribution to global carbon cycle extremes. 1252 

Scientific Reports 6, 23113– (2016). 1253 
202. Boening, C., Willis, J. K., Landerer, F. W., Nerem, R. S. & Fasullo, J. The 2011 La Niã: So strong, the oceans fell. Geophys. Res. 1254 

Lett. 39, L19602– (2012). 1255 
203. van der Velde, I. R. et al. Vast CO2 release from Australian fires in 2019–2020 constrained by satellite. Nature 597, 366–369 1256 

(2021). 1257 
204. De Kauwe, M. G. et al. Identifying areas at risk of drought-induced tree mortality across South-Eastern Australia. Global Change 1258 

Biology 26, 5716–5733 (2020). 1259 



 

 

205. Wolf, S. et al. Warm spring reduced carbon cycle impact of the 2012 US summer drought. Proceedings of the National Academy 1260 
of Sciences 113, 5880–5885 (2016). 1261 

206. Schwalm, C. R. et al. Reduction in carbon uptake during turn of the century drought in western North America. Nature Geosci 5, 1262 
551–556 (2012). 1263 

207. Williams, A. P. et al. Large contribution from anthropogenic warming to an emerging North American megadrought. Science 368, 1264 
314–318 (2020). 1265 

208. Lehner, F., Deser, C., Simpson, I. R. & Terray, L. Attributing the U.S. Southwest’s Recent Shift Into Drier Conditions. Geophysical 1266 
Research Letters 45, 6251–6261 (2018). 1267 

209. Garreaud, R. D. et al. The Central Chile Mega Drought (2010–2018): A climate dynamics perspective. International Journal of 1268 
Climatology 40, 421–439 (2020). 1269 

210. Garreaud, R. D. et al. The 2010–2015 megadrought in central Chile: impacts on regional hydroclimate and vegetation. Hydrology 1270 
and Earth System Sciences 21, 6307–6327 (2017). 1271 

211. Mo, R., Lin, H. & Vitart, F. An anomalous warm-season trans-Pacific atmospheric river linked to the 2021 western North America 1272 
heatwave. Commun Earth Environ 3, 1–12 (2022). 1273 

212. Environment and Climate Change Canada. Canada’s top 10 weather stories of 2021. https://www.canada.ca/en/environment-1274 
climate-change/services/top-ten-weather-stories/2021.html (2021). 1275 

213. Gloor, E. et al. Tropical land carbon cycle responses to 2015/16 El Niño as recorded by atmospheric greenhouse gas and remote 1276 
sensing data. Philosophical Transactions of the Royal Society B: Biological Sciences 373, 20170302 (2018). 1277 

214. van Schaik, E. et al. Changes in surface hydrology, soil moisture and gross primary production in the Amazon during the 1278 
2015/2016 El Niño. Philosophical Transactions of the Royal Society B: Biological Sciences 373, 20180084 (2018). 1279 

215. Lewis, S. L., Brando, P. M., Phillips, O. L., van der Heijden, G. M. F. & Nepstad, D. The 2010 Amazon Drought. Science 331, 1280 
554 (2011). 1281 

216. Zhao, M. & Running, S. W. Drought-Induced Reduction in Global Terrestrial Net Primary Production from 2000 Through 2009. 1282 
Science 329, 940–943 (2010). 1283 

 1284 
 1285 
Acknowledgements 1286 

This study was partly funded by the European Research Council (ERC) Synergy Grant “Understanding 1287 
and Modelling the Earth System with Machine Learning (USMILE)” under the Horizon 2020 research and 1288 
innovation programme (Grant agreement No. 855187). Ana Bastos was funded by the European Union (ERC 1289 
StG, ForExD, grant agreement No. 101039567). Views and opinions expressed are however those of the authors 1290 
only and do not necessarily reflect those of the European Union or the European Research Council. Neither the 1291 
European Union nor the granting authority can be held responsible for them. 1292 

We thank Urs Beyerle for setting up and management of forced and unforced but nudged CESM2 1293 
simulations. 1294 

 1295 
 1296 

Competing interests 1297 
The authors declare they have no competing interests.  1298 
 1299 

Author contributions 1300 
A. Bastos conceptualized the study and wrote the first draft. A.B., M.R., D.F and S.S. prepared the figures. 1301 

S.S. analysed the CESM outputs. D.F., M.D.M., S.Z., S.S., M.R. and J.Z. contributed to the development of 1302 
the study through extensive discussions and feedback on initial stages of the manuscript. All authors contributed 1303 
to revisions of the manuscript.  1304 
 1305 
 1306 
 1307 
 1308 
 1309 
 1310 
 1311 
 1312 
 1313 
 1314 
 1315 



 

 

 1316 
 1317 
 1318 


