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Perspectives for risk management and adaptation have received ample attention in the recent IPCC Special Report on Changes in the Oceans and Cryosphere (SROCC). However, several knowledge gaps on the impacts of abrupt changes, cascading effects and compound extreme climatic events have been identified, and need further research. We focus on specific climate change risks identified in the SROCC report, namely: changes in tropical and extratropical cyclones; marine heatwaves; extreme ENSO events; and abrupt changes in the Atlantic Meridional Overturning Circulation. Several of the socioeconomic impacts from these events are not yet well-understood, and the literature is also sparse on specific recommendations for integrated risk management and adaptation options to reduce such risks. Also, past research has mostly focussed on concepts that have seen little application to real-world cases. We discuss relevant research needs and priorities for improved social-ecological impact assessment related to these major physical changes in the climate and oceans. For example, harmonised approaches are needed to better understand impacts from compound events, and cascading impacts across systems. Such information is essential to inform options for adaptation, governance and decision-making. Finally, we highlight research needs for developing transformative adaptation options and their governance.
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INTRODUCTION

Over the recent years, significant advances have been made in understanding the impact of human-induced climate change in order to understand potential risks for the planet and people, and options for reducing such risks through mitigation and adaptation. The Special Report on Oceans and Cryosphere in a Changing Climate (SROCC) (IPCC, 2019) made a landmark assessment of the current state of scientific understanding in this regard, with a focus on the oceans and cryosphere.

An important conclusion from the report is that with improved observations and modelling of climatic changes in the ocean and the cryosphere, natural system understanding has improved. However, the precise impacts of such changes on social and ecological systems, and in particular impacts from large-scale and abrupt changes, and how these can be managed and how adaptation can be planned, has received much less attention in research. As we will show, several studies have been devoted to observations and modelling of changes in the ocean circulation for instance, but the number of studies that assessed the economic impacts of regional climatic implications associated with such changes is very limited, let alone the number of studies that have proposed or developed in-depth adaptation options. Chapter 6 in the SROCC report focussed on “Extremes, Abrupt Changes and Managing Risks” (Collins et al., 2019) and discussed several observed and projected changes in the oceans, as well as impacts and risks, and adaptation and risk management options, from the available literature. This paper partly updates, but foremost extends that assessment, by focussing on gaps in our knowledge and subsequent research needs.

The integration of adaptation and risk management perspectives is essential, as these provide important information for societies about what to expect in terms of negative (and potential positive) consequences of these changes. In addition, scientific and actionable information on the socioeconomic consequences of these risks helps to provide opportunities to modify impacts, reduce risks and increase societal resilience. Overall, this information is underrepresented in the current literature and research efforts on abrupt and extreme changes in the ocean and cryosphere with, instead, a heavy focus on the climatological and oceanographic processes.

In this paper, we focus on the research gaps in the assessment of physical and socio-economic impacts from, and adaptation to, several abrupt changes reported in the SROCC chapter, and provide recommendations on how these gaps can be reduced. We refer to the current state of the art related to the assessment of impacts and risk management and adaptation options for socioeconomic impacts of several of the extreme and abrupt climatic changes identified in the SROCC report. These changes are:

• Tropical and extratropical cyclones;

• Marine heatwaves;

• Extreme El Niño Southern Oscillation events;

• Abrupt changes in the Atlantic Meridional Overturning Circulation.

In addition, we discuss the overarching challenges related to the assessment on impacts and risks from compound events and cascading impacts; and transformational adaptation, and governance of transformations, in the context of changes in oceans and cryosphere. We draw on the literature that was included in the assessment for the SROCC report, but also refer to newer literature published since. We highlight the key knowledge gaps and research needs for these four extreme and abrupt changes in climate and oceans. The conclusions of this paper are summarised in Table 1, below.


Table 1. Summary of extreme or abrupt changes in oceans and climate considered in this article, including observed and projected changes, and key knowledge gaps and research needs.
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This paper is structured as follows: We first discuss the current state of knowledge on risks, impacts and adaptation for the four extreme and abrupt changes listed above. In those sections, we critically discuss relevant publications on risk management and adaptation followed by knowledge gaps and resulting research priorities. Next, we discuss compound events and cascading impacts; as well as resilient pathways and transformative governance in two separate sections. Finally, we provide some conclusions.



CHANGES IN TROPICAL AND EXTRATROPICAL CYCLONES

Tropical and extratropical cyclones are important extremes related to climatic variability and change. Cyclones have a large influence on sea-surface dynamics, and potential changes in these weather systems influence the frequency of high surge events and waves, as well as extreme rainfall events. These events can lead to large physical and socioeconomic impacts, through storm damages as well as flooding caused by storm surge, waves, and extreme rainfall.


Climatic Impacts

Several studies have shown that past changes in tropical cyclones include a poleward expansion of the area of maximum cyclone intensity in recent decades, and a slow-down of the tropical cyclone translation speeds, potentially leading to greater flood hazards. Regionally, there are areas that have experienced an increase in more intense tropical cyclones, no change, or decreases. Although there is still much uncertainty over past changes in tropical cyclone activity, there is some certainty that future cyclone intensities may increase. For future climate change, it was concluded that the future global tropical cyclone frequency will likely either decrease or remain unchanged, and that future global mean maximum tropical cyclone wind speed and precipitation rates will likely increase (Collins et al., 2019: Section 6.3.1.1). Since SROCC new studies have further examined cyclone trends over the observational period. Using an extended tropical cyclone intensity record from 1979 to 2017, (Kossin et al., 2020) and found a statistically significant 5% per decade increasing trend in the exceedance probability of category 3–5 cyclones. Wang and Toumi (2021) found that the proximity of the maximum intensity of tropical cyclones to land decreased by about 30 km per decade over the period 1982–2018, associated with a poleward and westward shift in cyclone occurrence, which was due to changes in the atmospheric steering flows rather than changes in tropical cyclone translation speed or genesis locations. Similarly, in the future, the poleward shift of westerlies projected by climate models leads to a reduction in the translation speed of TCs (Zhang et al., 2020). However, this reduction in translation speed of tropical cyclones is compensated by an increase in the relative frequency of tropical cyclones in higher latitudes (Yamaguchi et al., 2020).

For storm surges, it is expected that the effect of sea-level rise will dominate the projected increase in surge height, compared to the contribution of projected increases in maximum cyclone wind speed.

For extra-tropical cyclones, a small poleward shift is projected but the magnitude is uncertain. In some basins increases have been observed in significant wave heights and associated wave power, as well as increasing extreme sea levels that are associated with sea-level rise. Few studies have looked at changes in wave direction which are also important for coastal processes. A recent assessment of a multi-method ensemble of global wave climate projections for the end of the century under a high emissions scenario finds consistent changes in wave height, period and/or direction to about 50% of the world's coastline, and 40% to at least two variables (Morim et al., 2019). The ranges of change are 5–15% for significant wave height and mean wave period and 5–15° for direction (Morim et al., 2019). The combined changes in wave height and period have been shown to amount to coherent changes in the contribution of wave setup to extreme sea levels along global coastlines. Increases are projected for the western coasts of North and South America, the western coast of southern Africa, the southern coast of Australia, the western coast of India, most of the eastern coasts of the Indian Ocean, and the western coast of New Zealand. On the other hand, decreases are projected along the western coast of Europe and northwestern Africa, the US east coast and the northeastern coast of South America, most of the Mediterranean coasts, the tropical and subtropical western Pacific coasts, the east coast of New Zealand, most of the west coasts of the Indian Ocean, and the western coasts of the Tropical Atlantic Ocean (Melet et al., 2020).



Impacts on Ecology, Humans, and Economy

The SROCC reports the loss of habitats and marine life, human lives, and property from tropical cyclones and related coastal impacts. The magnitude of loss and associated economic and social costs depend on geographic variations of exposure, vulnerability, and adaptive capacity. Overall, it has been shown that property losses from cyclones (mostly wind-related damage, but also surge-related flood damage) have increased as a consequence of increasing property values in coastal zones (e.g., Weinkle et al., 2018). At the same time, mortality from surge related flooding has decreased over time around the world, because of improvements in forecasting, evacuation, and coastal protection (Bouwer and Jonkman, 2018).

As tropical cyclones are projected to change their track along with their frequency and intensity, impacts are increasingly difficult to discern in advance. In addition, it has been a challenge to distinguish between the direct and indirect impacts of cyclones. Indirect impacts are those outside the affected area, or relate to cumulative costs and impacts after the event. While several efforts such as the build-up of new models and economic databases have been made to improve the assessment of indirect impacts (e.g., Koks et al., 2019), there are still many uncertainties. The lack of common and agreed-upon methods and the varying magnitude of the cyclones create challenges to assess indirect impacts, and variable sizes of indirect impacts that are observed in different events.



Risk Management and Adaptation Options

Protection and prevention of risks related to cyclones have a long history, ranging from coastal protection, building codes and land-use zoning, to forecasting and early warning. Early warning systems coupled with forecasting and evacuation help to reduce death and adverse health impacts globally due to tropical cyclones and coastal flooding (Fakhruddin and Schick, 2019; Johnson et al., 2020). Efforts are also made to move beyond the individual basin forecasts by modelling such hazards at the global scale (Bloemendaal et al., 2019). With tropical cyclones that change tracks (Hall and Sobel, 2013; Lejano et al., 2016) it has been difficult to generate timely warnings or warnings easily understood and acted upon by the affected population.

Armoured coasts and natural barriers provide protection for people and property. They are, however, susceptible to the rising sea level and changing paths of the storm. Sometimes protective measures such as seawall construction can lead to adverse impacts on social-ecological systems leading to maladaptation (David et al., 2021). Using ecosystem-based adaptation such as natural vegetation barriers is promoted as an alternative but is difficult to implement (Nalau et al., 2018; Donatti et al., 2020) and its effectiveness is often more variable than traditional coastal protection. Relocation including managed retreat is the least favoured but a possible long-term adaptation option (Carey, 2020; Cutler et al., 2020; Mach and Siders, 2021). Efforts to relocate people after Superstorm Sandy and Typhoon Haiyan, for instance, were fraught with political and social obstacles that led to distributional and human rights issues associated with place attachment (Binder et al., 2019; Fitzpatrick and Compton, 2019; Ensor et al., 2021).



Gaps and Research Needs

Most previous studies have focussed on assessment of current and future hazards and risks, as well as potential adaptation options and their evaluation. To improve the knowledge base, more information about the success of actual adaptation implementation is needed. For instance, more detailed documentation of the local-level implementation of adaptation specific to coastal inundations can be collected, as there are still many gaps in our understanding of the best available options and approaches from technical, financial, legal, and governance perspectives. These include the current level of adaptation (Thomas et al., 2021) or lack thereof in many world regions, as well as potential options and limits to implement such measures. In addition, literature on anticipating social-ecological responses to unprecedented storms that change tracks, frequency, and intensity is scarce, and these issues need to be examined further. There is a strong need for interdisciplinary perspectives on the interaction of natural dynamics, societal demands for adaptation and risk reduction, and political decisions. They are crucial in providing insights on the potential impacts of physical changes such as wave action, erosion hazards and sediment accretion potential and the socio-political dimensions of vulnerabilities and adaptive capacities of people and places.




MARINE HEATWAVES

Marine heatwaves (MHWs) as defined in SROCC are “periods of extremely high ocean temperatures that persist for days to months, can extend up to thousands of kilometres and can penetrate multiple hundreds of metres into the deep ocean” (Collins et al., 2019, p. 607; Hobday et al., 2016). Although MHWs are triggered by natural variability, the SROCC report clearly indicated that their long-term decadal-scale increase in number and intensity is very likely caused by human-induced global warming (Frölicher and Gruber, 2018; Collins et al., 2019; Oliver, 2019); a conclusion reinforced by a 2020 study examining seven of the highest-impact marine heatwaves since 1981, concluding that the occurrence of all but one were at least partially due to human-driven ocean warming (Laufkötter et al., 2020). Under further global warming, MHWs are projected to become more frequent, longer, and more intense (Frölicher and Gruber, 2018).


Climatic Impacts

MHWs have been observed to impact the climate on lands, either close or away from their area of occurrence via teleconnections (e.g., Rodrigues et al., 2019). Impacts include extreme precipitation and flooding, for example in Tasmania in 2016 and the west coast of tropical South America in 2017 associated with a MHW in the Tasman Sea and Peru coastal area, respectively. However, a MHW in the northern Pacific Ocean in 2013–2015 was considered to have prevented winter storms from reaching the west coast of the US, leading to a drought in the entire region (Seager et al., 2015). Climate models suggest that such co-occurring drought and MHW events are projected to become more frequent under global warming (Shi et al., 2021). In the Mediterranean Seas, MHWs are often associated with increased precipitation and heatwaves in Central Europe (Collins et al., 2019). It should be noted that other climate processes may influence the impacts of MHWs; as a result, it is difficult to attribute these impacts only to MHWs (Collins et al., 2019).



Impacts on Ecology, Humans and Economy

Coral reefs and kelp forests are two iconic marine ecosystems that are often strongly affected by MHWs (Hughes et al., 2018; Smale et al., 2019). Bleaching, disease, and mortality in coral reefs regularly occur during or directly following MHWs. In recent years, several severe bleaching events in the tropical ocean were associated with extremely hot temperature events. For example, during an extreme temperature event in 2014–2017, 75% of the reefs located in the tropics bleached and the mortality reached 30% (Collins et al., 2019). The intensity of the bleaching is closely related to the temperature during the MHW and can vary geographically. The bleaching of coral reefs has strong implications for other species associated with this ecosystem, including fish and marine invertebrates that are essential for subsistence fishing and livelihood in many coastal communities in the tropics (Collins et al., 2019). In addition, coral reefs are an essential asset for the tourism industry in many tropical countries, and longer, more frequent, and severe bleaching events in combination with other stressors (Klein et al., in press) have significant consequences on the incomes of these countries (Doshi et al., 2012). In more temperate waters, kelp forests have diminished in response to MHWs and are replaced by small, turf forming algae (Wernberg et al., 2016). Similar to what is observed in coral reefs, these changes have significant impacts on the fish and invertebrate species associated with this ecosystem.

Many other marine organisms and ecosystems, both in coastal and open-ocean areas, including seabird populations (Piatt et al., 2020), can be strongly affected by MHWs. Generally, MHWs result in loss in biodiversity and genetic diversity, change in species distribution (Cheung and Frölicher, 2020), behaviour or performance leading to economic loss from changes in fishery catch (Cheung et al., 2021), decrease in adaptive capacity of fish and mortality or reduced production in aquaculture (see Smale et al., 2019; Holbrook et al., 2020). These impacts may either come from a change in species population as highlighted in the examples above, or may also result from blooms of harmful microorganisms. These microorganisms such as vibrio, Pseudo-nitzschia, and other harmful algae produce toxins that migrate through the food chain and generate food poisoning in humans (Collins et al., 2019).

For example, the lobster fishery in the Northwest Atlantic was severely impacted by a MHW in 2012, resulting in a collapse of lobster prices due to increased catch at a period when demand was low. Closure of fisheries due to harmful microorganisms blooms during or after a MHW were observed along the North American West Coast, the Baltic Sea, Alaskan Sea and Coastal Peru (Collins et al., 2019).

Since the publication of the SROCC, additional research suggests that globally the potential catch of fisheries will drop by 6 percent per year and 77 percent of exploited fishes and invertebrates will decrease in biomass during extremely hot years. This will occur on top of the projected decrease in fish stocks from long-term climate change (Cheung et al., 2021). However, at the regional scale, the impacts of MHWs on fisheries can be diverse. In the Northeast Pacific, the biomass of 22 exploited fish stocks is expected to decrease on average by almost 3% during MHWs with the greatest projected decrease at 20% (Cheung and Frölicher, 2020), which is consistent with the impacts observed during the 2013–2014 MHW, called the blob (Cavole et al., 2016). However, in the Great Barrier Reef, catches of coral trout (Plectropomus and Variola spp.) have increased by 18% for any given level of fishing effort during the 2016 MHW event (Brown et al., 2021).



Risk Management and Adaptation Options

The SROCC report indicated that risk management for MHWs relies on monitoring and forecasting (Collins et al., 2019), such as the NOAA Coral Reef Watch tool (Liu et al., 2014). Forecasting and predictions of MHWs on seasonal to interannual timescales is essential to support risk management and adaptation to the projected increase in frequency, intensity and duration of MHWs. The improvement of forecasting capacity relies on better understanding and modelling of the drivers of MHWs and associated changes in ocean biogeochemistry and ecosystems (Holbrook et al., 2020; Sen Gupta et al., 2020). However, for decision makers and stakeholders, the current models are not sophisticated enough and cannot provide information at fine-enough resolution to inform the kinds of policy decisions they need to prepare for a potential MHW (Viglioni, 2021). Dissemination of MHW forecasts, early warning and information to all interested stakeholders is essential to give them time to implement risk reduction measures. Moreover, the unpredictability of some extreme events needs to be considered when planning for adaptations to long-term climate change. In addition, appropriate decision-making processes, including exploration of options, and necessary governance frameworks are also needed to make adaptation actions effective, besides the provision of better risk information.

Active fisheries management, including adjusting catch quotas in years when fish stocks are suffering from extreme temperature events, may be vital, especially in regions with limited capacity to provide robust scientific predictions. Other tools to manage the risks and adapt to MHWs is the identification of refugia, where the water temperature increases less than in surrounding areas and that can provide some respite to marine organisms (Ainsworth T. D. et al., 2020). Development of marine protected areas, protection of marine ecosystems from additional stressors such as overfishing, eutrophication and pollution can also help marine organisms to survive MHWs. More active interventions, including habitat restoration or rehabilitation, assisted migration, species selection based on their resilience to MHWs, selection of resilient individuals from warm habitat and their relocation in degraded ecosystems, cross breeding with resilient species or genetic engineering are also part of a range of options, although they all have limitations and face challenges (Ainsworth T. D. et al., 2020; Holbrook et al., 2020).

Efforts are also on-going to decrease surface water temperature locally by shading areas or pumping deeper water (from 20 to 40 m deep) and mixing it with surface water. However, although theoretically interesting, some uncertainties remain (e.g., how to achieve the degree of mixing necessary to sufficiently decrease sea surface temperature), and risks associated with these methods exist, making their implementation difficult (Ainsworth T. D. et al., 2020).



Gaps and Research Needs

As mentioned in section Risk Management and Adaptation Options, the current models for MHW modelling and prediction or forecasting do not allow for precise early warning of local MHWs, although some tools exist such as NOAA's Coral Reef Watch and these can be improved. Also, current process understanding and modelling capacities are insufficient for projecting future locations of changes in MHWs, to allow adaptation planning. Research needs in this area include better understanding of the local and global drivers of MHWs and the generation of baseline information; that is: the natural background and frequency of these high water temperature events for specific locations. Although the response to specific ecosystems or species are studied, uncertainties remain regarding adaptive capacity of some species. For example, it seems that the adjustment in fatty acid composition in algae species allows them to be more resilient to MHWs (Britton et al., 2020). More research is needed to identify resilient species and adaptive capacity that can be used in different environments. In addition, research is needed on other options that are available for coastal communities to adapt, beyond introducing resilient species, including livelihood diversification and other options for local resilience with regard to MHW events.




EXTREME EL NIñO SOUTHERN OSCILLATION EVENTS

Although no formally accepted definition exists, extreme El Niño Southern Oscillation (ENSO) events have been proposed to be characterised by a pronounced eastward extension of the west Pacific warm pool and development of atmospheric convection, and a rainfall increase of >5 mm per day during December to February (above 90th percentile), in the usually cold and dry equatorial eastern Pacific (Niño 3 region, or 150–90°W, 5°S−5°N) (Collins et al., 2019). Although ENSO response to greenhouse forcing is variable and uncertain, models that better simulate the non-linear characteristics of ENSO project increased frequency of extreme El Niño and La Niña events in a changing climate (Cai et al., 2020). The SROCC highlighted the lack of literature on extreme ENSO events, although the strong 2015–2016 event generated additional literature (Collins et al., 2019). Since the SROCC, additional literature has been published to improve our understanding of extreme ENSO events but knowledge gaps still remain.


Climatic Impacts

Impacts from extreme El Niño, in particular from the 2015–2016 event, include increased variability of rainfall, severe weather events, and tropical cyclone activity, extreme temperatures in Southern Asia and impacts on the atmospheric CO2 cycle (Collins et al., 2019). Since this report, additional impacts of extreme El Niño events have been reported, including reduced spring coldness in northern America (Zhou et al., 2021); dry conditions in Western, Central and Northern Europe (King et al., 2020); flooding in Peru, Bolivia, Argentina, Angola, and Indonesia, heatwaves in California, and wet conditions in Seattle (USA) (Emerton et al., 2017).

These last two studies also indicate that the impact of extreme El Niño events either differ from what was expected (e.g., flooding in Indonesia while dry conditions were expected–Emerton et al., 2017) or the impacts do not correspond to an intensification of the impacts observed during strong El Niño events (e.g., dry conditions in Western Europe during extreme El Niño events, but rather wetter conditions during strong El Niño events over the same region—King et al., 2020), suggesting a non-linear relation between the intensity and the impacts of the El Niño events. However, it is difficult to conclude whether these differences are specific to the 2015–2016 El Niño event, or if they can be generalised to all extreme El Niño events.



Impacts on Ecology, Humans, and Economy

Ecological, agricultural and socioeconomic impacts from ENSO events have been widely studied and reported, and have been addressed in previous IPCC special reports, such as SREX (see e.g., Handmer et al., 2012). The study of extreme impacts beyond the natural variations, has received less attention. The SROCC report (Collins et al., 2019) mentioned impacts of extreme El Niño events on marine ecosystems, in particular more frequent intense coral bleaching and decrease in equatorial upwelling intensity. Terrestrial ecosystems are also impacted, in particular through the changes in rainfall patterns leading to intense fires, for example in Indonesia, and decrease in agricultural yields in other regions. Also intensified rainfall leads to river flooding, flash floods and mass movements. Such climatic events from ENSO can have severe consequences for agriculture, infrastructure and the built environment, and for human health and local and national economies (Collins et al., 2019).

A recent study indicates that the extreme 2015–2016 El Niño event affected sea turtle species nesting on Costa Rica beaches but with significant differences between species (Santidrián Tomillo et al., 2020). Another study in Guatemala however showed no variation in sea turtle nesting related to ENSO variability over a 16-year period (Ariano-Sánchez et al., 2020). Limited additional knowledge on ecological or socioeconomic impacts from extreme ENSO has been published since SROCC.



Risk Management and Adaptation Options

Obviously, many of the approaches, including forecasting early warning, and hedging against El Niño events and their impacts have benefits also for extreme El Niño events that we discuss here. Such approaches have been highlighted by many studies and assessments (IPCC, 2012). Also new studies have proposed the use of forecasts for preparations to reduce damages in households (Aguirre et al., 2019) and (financial) planning of responses (Coughlan de Perez et al., 2015). Below, we discuss a few lines of options for managing the risks of extreme ENSO events.

SROCC did not provide specific risk management and adaptation options for extreme ENSO events but highlighted the need to closely monitor the ENSO precursors to improve the forecasting of these events, in order to enable early warning and risk reduction measures (Collins et al., 2019). While much progress has been made in improving predictions and developing more sophisticated prediction models for ENSO (Tang et al., 2018), there is evidence that the predictability of recent severe ENSO events has in fact declined (Zhang et al., 2021), making the practical usefulness of the predictions for early warning and risk reduction responses more limited. Also, there are indications as mentioned above, that extreme ENSO events may have opposite climatic and consequential socioeconomic effects in some regions, making prediction and prevention of such impacts more challenging there.

Progress on our understanding of the impacts of extreme ENSO events helps to identify risk management and adaptation options; however, they are limited, and uncertainties remain. In particular, it was noted that each El Niño event generates a specific combination of impacts, making generalisations of what is observed or simulated for one event difficult. The recent information about the different impacts of strong and extreme El Niño events indicates that risk management strategies for extreme ENSO events cannot be limited to an intensification of the options in place for “normal” or strong events.



Gaps and Research Needs

Research needs for extreme El Niño events include the better forecasting of such events, in order to allow better prediction of regional climatic impacts and early warning for response measures, including for water resources planning, agriculture and crop production, and regional food supplies. Also, more research into the effects and impacts of past extreme El Niño events helps to better understand current and future risks, and allows communities to better prepare and plan adaptation measures. For example, research may show whether past impacts in extreme El Niño events are simply more intense changes in rainfall surplus or deficits, or whether such effects on temperature and rainfall are fundamentally different in localities exposed to these effects.




ABRUPT CHANGES IN THE ATLANTIC MERIDIONAL OVERTURNING CIRCULATION

Observational and modelling studies have indicated that global warming could lead to weakening of the Atlantic Meridional Overturning Circulation (AMOC), which is a key circulation mechanism in the Earth's climate system (e.g., Caesar et al., 2018; Weijer et al., 2020; Boers, 2021). Changes in this system can have important implications for the global and local climate systems, with several detrimental effects. The SROCC report has summarised the state of understanding changes in the AMOC, and concluded that although collapse is deemed very unlikely over the twenty-first century, a substantial weakening may occur with many potential impacts. The SROCC report summarised the past research into this topic, and while several studies since then have confirmed earlier modelling and observation studies into a potentially weakening (e.g., Boers, 2021; Caesar et al., 2021), limited new insights have emerged, especially on the socio-economic impacts of a change in the circulation and possible management options, for which understanding is still limited.


Climatic Impacts

Several studies are available that have studied the impact of AMOC variations in the North Atlantic, and in the Gulf region. The most important climatic impacts of a reduction of the AMOC were included in Collins et al. (2019): section 6.7.2, and included shifts in storm track position and intensity over Europe, potential increase in the number of storms, possible changes in rainfall patterns on the British Isles, a higher probability of cold events in winter, and higher heat wave probabilities in summer. A decline in AMOC can also lead to a rapid warming in the Gulf region and a decrease in the tropical cyclone frequency, increased sea-levels on the European and US Atlantic coasts, potentially increasing coastal flood risks. Drought incidence could increase in Africa and South America, and more remote climatic impacts include a potential weakening of the monsoon in Asia.

Finally, a collapse of the AMOC may lead to other abrupt changes globally, although these are highly uncertain. Such impacts can include changes in ENSO characteristics, impacts on the Amazon rainforest, impact on melting of the West Antarctic Ice Sheet, warming of the Southern Ocean, and southern migration of the Intertropical Convergence Zone (Collins et al., 2019, section 6.7.2). The AMOC weakening can potentially also lead to a positive carbon cycle-climate feedback, as less of the anthropogenic carbon emissions may be taken up by the ocean and the terrestrial biosphere due to the weakening and associated changes in rain patterns, albeit with large uncertainties.



Impacts on Ecology, Humans, and Economy

The number of studies concerning the economical and societal impacts of a rapid shift of the AMOC is too small to make any comprehensive assessment on the overall potential societal impacts and costs. The SROCC reported that available sector studies indicate lower agricultural production in Mexico and Africa (Defrance et al., 2017; Azuz-Adeath et al., 2019); and impacts on marine ecosystems, in response to changes in upper-ocean nutrient content and dissolved oxygen concentration (Collins et al., 2019: section 6.7.2).

Only a few studies have evaluated wider-scale impacts of an AMOC slow-down on human systems. For instance, Kopits et al. (2014) reviewed existing studies. Economic studies have indicated that anticipated reduced warming in some regions in response to a reduction in the AMOC can lead to overall global benefits (Anthoff et al., 2016). Economic studies of fisheries show net losses for instance for the Barents Sea (Link and Tol, 2009). Other economic studies show that local losses can account for losses in the order of a few percent in GDP, albeit under a complete shutdown (Link and Tol, 2011).

New studies since the SROCC report have focussed on sectoral impacts, such as food production. For instance, the study by Ritchie et al. (2020) estimates the losses for the UK from cooling and reduced rainfall in response to a slowdown of AMOC to be larger than the impacts from climate change without such a slowdown, and costs for additional irrigation to compensate for such changes to be prohibitively large. Global estimates for such losses, or more integrated cross-sectoral analyses are however still lacking.



Risk Management and Adaptation Options

While much work has been done on assessing changes and variability of the AMOC system, and also on climatic and some of the socioeconomic impacts, less information is available on potential adaptation and risk management options. An obvious option for improved risk management is the improvement of monitoring and early warning of AMOC slow-down, including decadal prediction systems. Related to this could be systems to project or predict changes in rainfall and temperature, especially rainfall declines over Europe and Africa. However, there are problems of predictability because of large and poorly-understood natural variability within the system. Another challenge is to match the needs of users for prediction information, for instance on regional or local rainfall and temperature, to the temporal and spatial scales of available prediction systems.

At a strategic level, more risk assessment studies and integral frameworks for adaptation planning would help to improve risk management for AMOC changes, including assessment of sectoral adaptation options and cross-sectoral trade-offs. Especially with regard to the following expected impacts: drying and cooling conditions with impacts on agricultural production, ecology, and energy production. Also to be included are possible changes in extreme events, including regional sea-level rise, and changes in storminess, with possible impacts for coastal and wind damage risks.



Gaps and Research Needs

A stable and long-term observational system in the Atlantic is a prerequisite in order to be able to measure the state and changes of the circulation reliably and continuously. Despite the Global Ocean Observing System (GOOS) that has been installed, there is a lack of financial and institutional possibilities to further develop and sustainably operate long-term observations. Circulation measurements are only available selectively and cannot be easily integrated into models in order to determine more reliable indicators and statements about the variability of the Atlantic circulation and to make them available to decision-makers in a timely manner as a secure basis of information. A longer-term observation and analysis system can help to address open questions, including: How strong are the different components of the Atlantic circulation at present? Are fluctuations in the circulation interconnected? To what extent are such changes linked to human-induced climate change? What are the effects in the different marine and coastal regions across the Atlantic?

Comparatively little research has been done on the effects and costs for ecology and human communities, impacted by several regional climatic changes that are the result of changes in the overturning circulation. Such studies until now are limited to studies on ecological effects for fish species and other marine organisms and only few integrated or sectoral studies exist for wider production systems and economics effects (see section Impacts on Ecology, Humans, and Economy). Studies that have looked into the wider economic effect have above all emphasised the reduction in warming (section Impacts on Ecology, Humans, and Economy), leading to potential benefits compared to warming scenarios without such changes in overturning circulation, often without accounting for effects of other climatic changes. More integrated approaches are needed, to look into several sectoral effects related to many potential regional and local climate effects.

In addition, studies that target potential adaptation options, as well as integration of the climatic effects of overturning circulation changes in national climate change scenarios in potentially affected regions are missing; yet such changes could potentially be severe, affecting rainfall patterns, coastal water levels and storm tracks in many locations.




COMPOUND EVENTS AND CASCADING IMPACTS

There is a tradition of studying possible risk reduction and adaptation options, and strategies. These include hard and soft measures, such as structural protection as well as risk transfer and insurance systems, and these have been covered in recent assessment reports (IPCC, 2012, 2019). More recently, compound and cascading events have received particular attention, as risk multipliers that have to be considered when designing response measures and strategies. Compound events are defined as multiple weather and/or climate related events (hazards) that combine to challenge the capacity of natural and/or human systems (impact) (Leonard et al., 2013; Zscheischler et al., 2018, 2020). Although the impact of the single event might not necessarily be extreme, the impact of such combined multiple climate drivers and/or hazards is extreme, and contributes to societal and environmental risks. The single events either occur at the same time; or in sequence. Examples include; consecutive tropical cyclones, or a combination of wind-driven surge and rainfall. Combined, these cause increased flooding in the same geographic location; or at multiple locations within a given country or around the world and drive impacts such as reductions yields in different locations due to different causes: drought and flooding. The combination of the multiple hazards can also lead to cascades of impact that unfold and potentially impact across economic and societal realms.

For example, in 2018, heavy rains that fell one month after wildfires on steep slopes in southern California caused fatal mudflows that otherwise possibly would not have been as devastating (Lancaster et al., 2021). A wet winter with extensive plant growth followed by a hot and dry summer can increase the fire risk due to the build-up of fine fuels and shrubs. Extreme precipitation in low-lying coastal areas might overwhelm the existing drainage system or add to the rises in ground water level. Even the traditionally safe and massive dikes along rivers and coasts can become weak points of protection under drought conditions, when dike materials may potentially degrade and subsequently breach under extreme conditions. Also across social and economic systems, impacts can lead to a cycle of vulnerability (Reichstein et al., 2021). Such cascades across different natural and social systems have received increasing academic attention only in the past few years. However, the social aspects, in particular an integrative perspective of risk management and adaptation measures, are still not well-understood (Scolobig et al., 2017; Zscheischler et al., 2020; De Ruiter et al., 2021a).


Definition and Research Approaches

Compound events are extremes with additive or even multiplicative effects (Kopp et al., 2017). Compound events can result either from shared forcing factors (e.g., ENSO), large-scale circulation patterns, or greater regional sensitivity to global change. And compound events may well result from mutually reinforcing cycles between individual events, such as the relationship between drought and heat, linked through soil moisture and evaporation, in water-limited areas (IPCC, 2012; Kopp et al., 2017).

In the SROCC report, compound events and cascading impacts were spelled out as examples of deep uncertainty—due not only to data deficiency, often preventing the assessment of probabilities and consequences of the risks, but also, due to the missing incorporation of climate processes in the climate models that can contribute to feedbacks, compound extreme events, and abrupt and/or irreversible changes (Kopp et al., 2017). Climate drivers that contribute to compound events could cross tipping-points in the future (Collins et al., 2019).

There is a need to better understand compound events, improve the projections of potential high-impact events, and consider an integrated view of detection and attribution across climate scientists, engineers, social scientists, and decision-makers, who need to work closely together to understand these complex events and their impacts on socio-ecological systems.



Findings From the Recent Literature

Zscheischler et al. (2020) distinguish four types of compound events: (i) preconditioned, where a weather-driven or climate-driven precondition aggravates the impacts of a hazard; (ii) multivariate, where multiple drivers and/or hazards lead to an impact; (iii) temporally compounding, where a succession of hazards leads to an impact; and (iv) spatially compounding, where hazards in multiple connected locations cause an aggregated impact. And they emphasise the need for a new perspective of analysing compound events rather from an impact perspective than a hazard perspective. Not “what is physically plausible” but “what impacts are conceivable” “thinkable”? Rather than scrutinising if the co-occurrence is more likely than expected by pure chance, scrutinising the possible occurrence and impacts by the combination of hazards and their cascading effects is important (AghaKouchak et al., 2020). New advances have also been made in characterising, modelling and understanding compound events in the open ocean. Gruber et al. (2021) stressed that compound physical and biogeochemical ocean extreme events, such as co-occurring marine heatwaves, high acidity, low oxygen, and low nutrient events may be a particular stress for marine life and Le Grix et al. (2021) show that such high temperature and low nutrient events are particularly frequent in the equatorial Pacific.

There is little work addressing the practical challenges of managing compound events and cascading impacts. Khanam et al. (2021) show how the impact of compound flood events needs a combined consideration of the current climatic conditions, expected single impact events and as well the co-occurrence of compound drivers resulting in more extreme impacts on critical infrastructure. Such infrastructure is currently designed to function under outdated climatic circumstances, and is therefore operating outside of its tolerance levels. De Ruiter et al. (2020) address shortcomings in current modelling approaches for consecutive events, and provide a framework for improving this.



Gaps and Research Needs

Several gaps exist in the field of compound and cascading events and impacts. We list the following important research needs to fill these gaps, related to compound events, outcomes, and risk management strategies.

Multiple drivers of compound events have to be investigated, some combinations of events may not have historical analogues, which requires more research into the probability and hazards of these events (Zscheischler et al., 2018; Gruber et al., 2021). Understanding risks from hazards and risks that have not (yet) materialised in the real world are also important to consider, given their importance for the actual risk, including possible cascade and compound impacts, as well as consequent adaptation needs (Lin et al., 2020). There is also a lack of the understanding of the socioeconomic impacts of compound risks and cascading effects, compared to single risks. A key issue obviously is to identify those compound events that have a drastic increase of risks beyond the addition of two outcomes, some of which may show that there are threshold effects.

For cascading impact events, there is literature on theory, especially for infrastructure and networks in which impacts propagate, but there are very few studies on actual impacts from such events, let alone for adaptive responses. Cascading effects across societies emanating from extreme events are rarely considered in most countries' strategies for risk reduction and climate change adaptation, but need to be integrated in future strategies to address such compound events.

Human activities, especially urbanisation and critical infrastructure development, will interact with compound events, leading to increased risks. Studying these risks requires interdisciplinary collaboration to increase the understanding of compound events and their impacts on vulnerable communities. A potentially increasing role could be played by big data and artificial intelligence (AI) to assess such risks: Reichstein et al. (2021) argue that AI techniques and big data could help improve models of environment and agent interactions and build more trust in these complex models.

What has become obvious during the last decades of disaster prevention and risk management is that disasters are culturally sensitive and place-specific so more is needed than big-data efforts on an international or national level. Multi-stakeholder involvement and transdisciplinary co-evolution of adaptation measures is crucial for dealing with current and future extreme events. The preparation for an extreme event should include the strengthening of the actors involved in disaster risk reduction and adaptation. In transdisciplinary collaboration between science and actors, information needs must be identified and processed in an action-oriented manner, and precautionary measures and action routines for disaster situations must be developed. Simulation exercises, real world laboratories can help to establish emergency routines and raise awareness for potential event cascades. Through the playful simulation of a disaster, cross-sectoral cooperation and communication needs can be recognised, strategic points can be determined and courses of action can be identified that are helpful in dealing with the impacts and the uncertainties that arise (Schaper et al., 2019; Weisse et al., 2019). Such simulations can also include serious games, to explore possible outcomes and adaptation approaches (De Ruiter et al., 2021b).

The use and application of nature-based solutions (NBS) for integrating climate change adaptation and disaster risk reduction has recently received special attention in scientific and political discourses as well as in practical measures and project work. The recently published EU report on “Nature-based solutions in Europe” discusses the practical integration of adaptation and disaster risk reduction on the basis of NBS (European Environment Agency, 2021). The term “compound event,” in the sense used here, does not appear once. In addition to numerous practical examples of NBS implementation, only one example appears among the extensive European case studies, where coupling of water, fire and climate resilience with biomass production in forestry to adapt watersheds to climate change (European Environment Agency, 2021, p. 134) is considered. Here, too, it becomes clear that the concept of compound events and cascading impacts is not yet sufficiently embedded. More research, more awareness and acceptance are needed. Furthermore, the implementation of nature-based solutions to climate change adaptation and disaster risk reduction needs to consider the occurrence of coupled and or sequential events. Besides the development of technical standards, capacity building and cross-sectoral collaborative governance is urgently needed (see also the next section).




TRANSFORMATIVE ADAPTATION AND TRANSFORMATIVE GOVERNANCE


Definition and Research Approaches

Transformative adaptation includes adaptation actions that may change the fundamental attributes of a system in response to climate and its effects and find different solutions (European Environment Agency, 2021: glossary). Transformative governance is an approach to environmental governance that has the capacity to respond to, manage, and trigger regime shifts in coupled social-ecological systems (SESs) at multiple scales (Chaffin et al., 2016). Agency is key in social determinants of adaptive and transformative responses to climate change. Adaptive and transformative actions are related to social-ecological network structures between people and ecological resources as are aspects of social organisation (Barnes et al., 2017, p. 827). The discussion about a need for societal and governance transformation in the face of global environmental changes, and climate change has a long tradition (e.g., O'Brien, 2012), but has recently become even more important in academic literature as well as politics (Barnes et al., 2017; Blythe et al., 2018; Hay et al., 2018; Bennett, 2019; Bennett et al., 2019).

With increasing impacts from climate change, and more concrete projections of future risks, increasingly more attention has been paid to transformational approaches, both in outcome and process of adaptation actions, to address these challenges. In addition, given the current lack of adaptation actions, there is an increasing tendency to place more emphasis on the need for more drastic adaptation actions, beyond the incremental adaptation approaches from the past. Transformative adaptation is contrasted with incremental adaptation, as it changes the SESs more fundamentally, but also requires more investment (or human inputs); (see Figure 1).


[image: Figure 1]
FIGURE 1. Types of strategies for reducing the impact of climate change on social-ecological systems, with examples from agriculture (taken from: Fedele et al., 2019) (Creative Commons CC-BY-NC-ND).


People and ecosystems are in the process of responding to extreme weather events. Fedele et al. (2019) mentioned several examples, where adaptation modifies the social system to accommodate changes modifying the core characteristics of the socio-ecological system, for instance by relocating houses from low lying coasts. “Transformative adaptation reduces the root causes of vulnerability to climate change, such as social, cultural, economic, environmental, and power relations by transforming them into more just, sustainable, or resilient states” (Fedele et al., 2019). At the same time, transformative governance is rarely considered in adaptation projects to reduce the impacts of climate change (Chaffin et al., 2016). It requires higher investments in human, financial and time resources (Adger et al., 2005; Kuntz and Gomes, 2012).

Transformative adaptation is emerging as an opportunity to address complex climate change effects (Chaffin et al., 2016). Fedele et al. (2019) found references to transformative adaptation for example, in the SDGs preamble (“transformative steps […] to a sustainable and resilient path”) (UN, 2018), in the Green Climate Fund mandate (“paradigm shift toward […] climate-resilient development pathways”) (UNFCCC, 2012), and in the Paris Agreement Article 7 (“greater adaptation needs can involve greater adaptation costs”) (UN, 2015).

More research is needed regarding the development of transformative governance in origins of theory of change in complex adaptive systems, distinguishing features between transformative and other forms of environmental governance, and potential guidance for encouraging transformative governance where appropriate (Chaffin et al., 2016).

An example of this transformation has been observed in the Great Barrier Reef management, which is influenced by internal dynamics and external disturbances that can generate a sudden change and a regime shift in its structure causing a system reorganisation and resulting in a new system configuration (Olsson et al., 2006, 2008). Another example on a Papua New Guinean island community provides evidence for the complex social-ecological interactions and how they relate to human behaviour (Barnes et al., 2017). Employing the influence of networks, facilitating individual and social learning, and carefully considering power dynamics add considerable value to existing approaches and encourage transformative actions. Agency is key and focussing on financial assets only is not sufficient for adapting to current and future changes. The authors identified six domains of societal adaptive capacity and suggest “… that harnessing the influence of networks, facilitating individual and social learning, and carefully considering power dynamics could add considerable value to existing approaches aimed at reducing climate vulnerabilities” (Barnes et al., 2017, p. 827).



Findings in SROCC and Recent Literature

Accepting diverse ways of knowing, understanding, and experiencing the multiple risks to ecosystems, populations, and infrastructure in low-lying coastal areas (McMichael et al., 2021), arguing for the importance of integrating scientific measurement and modelling with local knowledge and bringing together local/indigenous and scientific knowledge provides significant ways of knowing and sensing the world that can build the resilience of social-ecological systems.

Transformative governance has gained momentum in recent years. In contrast to adaptive governance, which has the goal of building resilience and enabling adaptive management (Brunner and Lynch, 2017), it describes the capacity to shape non-linear change in complex systems of people and nature and strives to actively shift a SES to an alternative and inherently more desirable regime by altering the structures and processes that define the system (Ratter and Leyshon, 2021). Transformation change involves a broad set of governance components (e.g., institutions, actors, networks, and organisations) and structures (e.g., legitimacy, power, and human behaviour), but requires additional capacity (e.g., leadership, innovation) including increased risk tolerance, significant systemic investment, and restructured economies and power relations (see Clarke et al., 2018).

The number of concrete case studies that implement transformation processes is increasing. A recent systematic global stocktake reveals evidence on human adaptation action to climate change in a broad range of examples (Berrang-Ford et al., 2021). The >48,000 articles systematically screened and 1,682 articles analysed documented that although the literature on adaptation to climate change is rapidly expanding, little is known about the actual extent of implementation. The academic literature (see also e.g., Mallette et al., 2021) shows a broad range of examples across most global regions and sectors but demonstrates that documented adaptations is largely fragmented, local and incremental, with only limited evidence of transformational adaptation and negligible evidence of risk reduction outcomes (Berrang-Ford et al., 2021, p. 993). Transformational change includes responses beyond usual incremental changes to activities and to address government, business and society at large (Shi and Moser, 2021). Understanding local community (Coates, 2015) and acknowledging social dynamics of community resilience (Fazey et al., 2021) is just as important as engaging publics about environmental and technology risks (Pidgeon, 2020) or the integration of scientific and local knowledge (Ainsworth G. B. et al., 2020; McMichael et al., 2021). Local governments are identified as drivers for societal transformation (Amundsen et al., 2018) for just transformations (Bennett et al., 2019). In addition, participation of stakeholders and civil society is essential (Forester, 1999), and has already received ample attention. For example, the PAR (participatory action-research) approach from Brazil demonstrated the high potential of early and active engagement of the community approaches in stakeholders and other management forums to rise from a low degree of social capital, mobilisation, and trust among themselves toward a better informed and engaged community, committed to the sustainability of Araçá Bay's ecosystem services and uses (Grilli et al., 2021). A sense of ownership, equalising power relationships, and enhancing social participation can boost and maintain the engagement needed for long-term participatory processes.



Gaps and Research Needs

Ocean governance still needs to address basic principles of ocean governance, the conservation and sustainable use of marine biological diversity, including benefit sharing of marine genetic resources, environmental impact assessment for new activities and the establishment of marine protected areas. As well as to study issues relating to the conservation and sustainable use of marine biological diversity beyond areas of national jurisdiction (GEF, 2016; Freestone, 2018). Van Assche et al. (2020) state the issue of rethinking the idea of coastal governance and the possibilities of a coastal governance adapted to challenges of climate change and intensified use of both land and sea.

Global ocean governance efforts face challenges and opportunities related to the nature of oceans and actors involved in leading to new and renewed global governance efforts directed toward ocean issues in areas of food production, biodiversity conservation, industrialisation, global environmental change, and pollution. Campbell et al. (2016) review these topics generally and in relation to nine new and emerging issues: small-scale fisheries, aquaculture, biodiversity conservation on the high seas, large marine protected areas, tuna fisheries, deep-sea mining, ocean acidification, blue carbon, and plastics pollution.

Haas et al. (2021) addressed the existing gaps and the question of how to move toward more sustainable ocean governance aligning with the sustainable development goals and the UN Ocean Decade, of three major risks to oceans that arise from governance-related issues: (1) the impacts of the overexploitation of marine resources; (2) inequitable distribution of access to and benefits from marine ecosystem services, and (3) inadequate or inappropriate adaptation to changing ocean conditions.

Meeting growing impacts of climate change requires significant and rapid societal change toward building community resilience. To further advance know-how about resilience building, much greater focus will be needed on the “how” of resilience. This, in turn, will require new framings of, and approaches for, community resilience and new framings of research, knowledge and knowing (Berrang-Ford et al., 2021; Bruno et al., 2021; Fazey et al., 2021; Mallette et al., 2021; Porto de Albuquerque et al., 2021).

For transformative governance, a high amount of theory has been developed, but only little on the ground ocean studies of actual practicability are available. More practical experience of implementing these concepts would be needed, in order to study the effectiveness, and be able to make recommendations on further improvements of transformative adaptation approaches and effective ways of governing the implementation.

Nalau and Verrall (2021) reviewed publications from 1978 to mid-2020, and identified the underpinning foundations of climate change adaptation literature, and explored how these have changed over time. They found that priority research topics and themes have been dynamic over time, while some core concepts (vulnerability, resilience, adaptive capacity) and sectors (water, agriculture) have remained relatively stable. The key challenge going forward is how to consolidate this vast research endeavour into a more coherent adaptation theory that in turn can better guide science of adaptation and support adaptation policy and practise (science for adaptation).




CONCLUSIONS

In conclusion, we have highlighted that although substantial improvements have been made in understanding and identifying key climate hazards, the assessment of risks (that is: socioeconomic impacts) and strategies to formulate risk management and adaptation responses, has fallen behind. This is also reflected by other authors such as Sutton (2019), who argues that more attention needs to be paid to risk assessment, including probability of climatic events but also the consequences if such events take place, and that improved studies require multiple disciplines to work together.

In addition, we have highlighted some key areas for research that need attention. The abrupt changes and extreme events projected by several studies point to the fact that compounding or consecutive events will require additional efforts by researchers to study risk and possible responses. The level of adaptive capacity for locally occurring “new” risks for some of the climatic hazards identified in the SROCC report that may lead to local “surprises,” such as MHWs, extreme ENSO events, or shifts in cyclone tracks, is largely unexplored.

In addition, cascading impacts through increasingly complex socioeconomic systems also require approaches to better understand and mitigate such risks. Finally, we have argued that transformative adaptation and transformative governance are emerging fields, but concrete applications and implementation of such approaches are largely lacking. Most of these fields will require the increasing collaboration between scientists from multiple fields, including climate and risk modelling, ecosystems, and social and economic sciences.
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Observed changes

« Poleward expansion of areas of
maximum intensity (fow conficence)

* Slowdown of translation speed

* Increase in extreme wave-heights
(medium confidence)

« Doubling in frequency, longer
lasting, more intense and more
extensive (very lkely)

« Strongest events occurred in last
50 years (medium confidence)

* Weakening (medium confidence)

Projected changes

« Increase in intensity and rainfall rate
(medium confidence)

« Changes in significant wave height,
period and direction in many areas
(medlum-high conficence)

* Increase in extreme sea-levels due
to searlevel rise (very
high confidence)

« Increase in frequency, duration,
spatial extent and intensity (very
high confidence)

o Likely increase in frequency
o Likely regional impacts on rainfall

Further weakening (very likely)
Reduced warming in some regions
Rainfall changes

Regional sea-level changes

Storm track changes

Observed and projected changes and confidence levels are taken from the SROCC report (Collins et al., 2019).

Key knowledge gaps and research needs

« Better understanding of ~compounding
hazards and resulting impacts, including
indirect losses.

 Adaptation responses to changing storm
tracks

« Better documentation of adaptation actions
already taken

 More information on options and limits to
implement adaptation measures

« Better prediction and forecasting capabilties
of MHWs

 Knowledge on resiience of marine species
and socio-economic impacts

« Options needed for livelihood diversification
and adaptation for coastal communities

« Better forecasting of extreme ENSO events

« Research on differential climatic impacts from
extreme vs. “normal” ENSO events

« Studies on additional adaptation needs for
extreme ENSO events

+ Better and sustainable observations systems
of all components of the AMOC

« Assessment of impacts and costs for ecology
and regional communities

* Studies on regional adaptation options.
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