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Executive Summary 

The impacts of climate change are increasing in magnitude worldwide. The global burden of climate change impacts 

already spans deaths, disease, the loss of livelihoods, damage to property and infrastructure, other economic losses, and 

the loss of biodiversity. Every tonne of carbon dioxide added to the atmosphere today compounds these impacts. Unless 

drastic action is taken to eliminate net emissions of greenhouse gases from human activity and remove historical emissions 

from the atmosphere, the impacts of climate change will persist for centuries. Some of its consequences, such as sea-level 

rise or glacier retreat, will become more severe over time, even if human emissions ceased today. Climate change is a 

global crisis, though one whose impacts will be felt unequally around the world, with the greatest harm typically affecting 

communities in the Global South, vulnerable individuals in society, and future generations. 

The impacts of climate change manifest through changing likelihood and intensities of extreme weather events, such as 

floods, heatwaves, droughts and storms, and slow-onset changes, such as sea-level rise and glacial retreat. Even though 

the impacts of greenhouse gas emissions arise via the complex intermediary processes of the atmosphere, developments 

in climate science now allow causal links to be drawn between drivers of climate change (i.e. emissions) and their impacts1. 

This report summarises the latest scientific evidence that spans the causal chain from emissions of greenhouse gases as a 

result of human activities, through to the consequences that affect societies. 

Despite global understanding of the impacts of climate change and the humanitarian crises that will occur in coming 

decades in the absence of rapid reductions in greenhouse gas emissions, deforestation rates – and therefore emissions – 

in the Brazilian Amazon have increased substantially during the government of Jair Bolsonaro. Prior to Bolsonaro’s election, 

deforestation in the Brazilian Amazon had fallen decreased substantially from its peak in the early 2000s, and then 

stabilised over the decade from 2009-2018. However, the rapid increase in deforestation since 2019 has resulted in a major 

uptick in emissions of greenhouse gases from the Brazilian Amazon, which will have global humanitarian consequences. 

This report provides a scientific evaluation of the consequences of the greenhouse gas emissions that result from the 

acceleration of deforestation and land-use change that can be attributed to the government of President Jair Bolsonaro.  

ES.1. Greenhouse gas emissions attributable to the Bolsonaro administration 

Responsible for 19% of global CO2 emissions since 1959, deforestation is the second largest contributor to climate change 

after the burning of fossil fuels (section 1.3.1). Moreover, if the goals of the Paris Agreement on climate change are to be 

met, and global warming limited to 1.5 °C above pre-industrial levels, deforestation-related emissions must fall rapidly. 

According to the Intergovernmental Panel on Climate Change’s (IPCC) Special Report on Global Warming of 1.5 °C, most 

scenarios for emission reductions that meet the Paris Agreement’s temperature target require the elimination of all forest-

related emissions by 2030. Any increases in deforestation consequently jeopardise the goals of the Paris Agreement 

(section 1.3.2).  

It is in this context that the Bolsonaro administration has overseen a systematic weakening of legal protections against 

deforestation, and their enforcement, and actively encouraged increasing industrial incursion into the Amazon region 

(section 1.4.1). Since Jair Bolsonaro took office on 1 January 2019, deforestation rates have risen sharply. In 2019, 

deforestation rates were higher than at any point in the previous decade, and 34% above the 2018 deforestation rate. In 

2020, deforestation in the Brazilian Amazon accelerated further, to 44% above the 2018 level. Interim data indicates that 

deforestation rates have increased even further in 2021. 
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In the Brazilian Amazon, deforestation rates had remained relatively stable over the decade from 2009-2018 and, prior to 

the Bolsonaro administration, previous governments had pledged to cut rates to substantially lower levels. We therefore 

make the conservative estimate that in the absence of the Bolsonaro government, deforestation would have continued at 

the average rate for 2009-2018, and attribute surplus deforestation above this level to the Bolsonaro administration. Based 

on these approximations, 3,985 km2 of Amazon deforestation is attributed to the Bolsonaro administration per year, for 

2019 and 2020, the years for which deforestation data is already available. To estimate the likely deforestation in the 

Amazon that will be attributable to the Bolsonaro administration in 2021 and 2022, we developed three scenarios that 

capture the plausible range of deforestation rates over the remainder of the current Bolsonaro administration: a ‘low’ 

deforestation scenario that holds deforestation rates at 2020 levels; a ‘medium’ deforestation scenario that continues the 

increase in deforestation rate observed between 2019-2020 in 2021 and 2022; and a ‘high’ deforestation scenario, in which 

deforestation rates explode, increasing linearly to reach, in 2022, the peak levels observed in 2002-2004 (Figure 3; section 

1.4.2). 

Based on our estimates of attributable deforestation, we then assess the carbon dioxide and methane emissions 

attributable to the Bolsonaro administration by considering three emissions sources: (1) reductions in carbon 

sequestration due to deforestation; (2) carbon dioxide emissions released through burning of deforested land; and (3) 

methane emissions released by replacing forested land with cattle. Across the 4 years of the Bolsonaro administration 

(2019-2022) the combined contribution made by these three emissions sources is equivalent to 1,700 MtCO2 in the low 

deforestation scenario, rising to 1,900 MtCO2 and 3,400 MtCO2 in the medium and high deforestation scenarios, 

respectively (all values given to the nearest 100 MtCO2; Table 1). In addition to the emissions occurring over 2019-2022, 

the loss of forest carbon sequestration and ongoing emissions from cattle will result in a further 6 MtCO2 emitted annually 

even after the end of the Bolsonaro administration, unless reforestation takes place and cattle rearing ceases. The values 

given above relate only to the emissions from Amazon deforestation that are attributable to the Bolsonaro administration 

(section 1.5). 

The increase in deforestation-related emissions during the Bolsonaro administration alone is estimated to account for 

approximately 1% of global greenhouse gas emissions each year, or roughly the same as the total emissions of the UK. 

Based on a recent estimate of the global heat-related deaths expected over the next 80 years due to each tonne of 

emissions produced today, over 180,000 excess heat-related deaths will occur globally before 2100 due to the 

deforestation-related emissions caused by the Bolsonaro administration, even if global emissions are cut substantially 

(section 1.6). This estimate accounts only for a subset of the climate-related harm caused by these emissions but is 

indicative of the magnitude of humanitarian consequences of the deforestation of the Brazilian Amazon as a result of 

global climate change. 

ES.2. Attributed impacts of climate change 

The latest assessment of the Intergovernmental Panel on Climate Change is that ‘it is unequivocal that human influence 

has warmed the atmosphere, ocean and land’2. Virtually all observed global warming is due to human emissions of 

greenhouse gases and aerosols. This global warming has driven the retreat of glaciers, rising sea levels, and increasing 

frequencies and intensities of many extreme events, some of which are occurring with intensities unprecedented in the 

observational record. Nevertheless, it remains the case that not all climate-related harms occur due to climate change. In 

recent years, growing numbers of scientific studies have evaluated the role of climate change in a range of extreme events 
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around the world, demonstrating the substantial role played by climate change in many of these events and therefore the 

gravity of climate change impacts experienced around the world. While we cannot provide a complete summary of the 

impacts of climate change that have occurred to date, since the role of climate change has only been assessed for a subset 

of climate-related impacts, the examples that we provide indicate the severity of global climate-related harms occurring 

due to deforestation-related emissions. In section 2 of the report, we summarise this evidence base. 

The key climate change impacts assessed in our report are those related to heat (section 2.1.1), heavy rainfall and flooding 

(section 2.1.2), drought (section 2.1.3), wildfires (section 2.1.4), tropical cyclones (section 2.1.5), sea-level rise (section 2.2), 

glacial retreat (section 2.3), and the mental health impacts of climate-related disasters (section 2.4). 

ES.3. Projected impacts of climate change 

The impacts of climate change will continue to worsen in coming years, and the extent to which this is the case is 

determined by the rate at which global greenhouse gas emissions are reduced. In section 3 of the report, we summarise 

projections of future climate change impacts at different levels of future warming. Limiting the rise in global temperatures 

to 1.5 °C above pre-industrial levels will result in less severe impacts than those that will occur if rapid cuts to greenhouse 

gas emissions are not made. Further, the impacts of climate change will increase exponentially with subsequent warming 

beyond 1.5 °C. We summarise the projected impacts of climate change on extreme heat (section 3.2.1), extreme rainfall 

and flooding (section 3.2.2), drought (section 3.2.3), wildfire (section 3.2.4), tropical cyclones (section 3.2.5), sea-level rise 

and other marine impacts such as coral bleaching and marine heatwaves (section 3.3), and glacial retreat and mass loss 

(section 3.4). 

ES.4. Impacts of climate change in Brazil and Latin America 

Substantial climate change impacts are already occurring in Brazil and the wider Latin American region. These impacts are 

projected to worsen over coming decades if emissions continue unabated. In section 4, we focus on the impacts of climate 

change in Brazil (section 4.1) and the wider Latin America region (section 4.2). In addition to the impacts of climate change, 

the deforestation of the Amazon directly affects the local temperatures and rainfall. Increasing forest fires, occurring as 

part of the process of clearing forest for agricultural development, or due to the increasingly dry and hot conditions in 

Amazonia, due to climate change, also cause substantial local health impacts through dangerous air pollution. 

Throughout Latin America, climate change alters rainfall patterns, increases the prevalence of extreme heat (section 4.2.1), 

compromises the availability of freshwater due to declining glacial water towers and seasonal snowpack in the Andes 

(section 4.2.2), threatens some of the world’s most biodiverse ecosystems with habitat loss, disease outbreaks, wildfires, 

and ultimately causes species extinctions (section 4.2.3), and causes a range of coastal impacts due to sea-level rise, ocean 

warming and acidification, and the decline of fisheries (section 4.2.4). These impacts compromise food security (section 

4.2.5) and human health (section 4.2.6). 

The impacts noted above and discussed in detail throughout the main sections of the report are largely those that can be 

linked confidently to climate change and produce negative humanitarian consequences. However, there are also risks of 

further impacts associated with abrupt changes to the Amazon region, known as the Amazon tipping point. This tipping 

point describes a possible shift of the Amazon rainforest to savanna or seasonally dry forest. While the likelihood of 

reaching this tipping point is considered to be low in coming decades, continued climate change and deforestation of the 

Amazon increase the likelihood of such an eventuality. Were a tipping point in the Amazon to be crossed, the transition 
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away from rainforest would lead to a substantial release of stored carbon, amplifying climate change, and a drying of the 

surrounding region, threatening agriculture, hydropower generation, and biodiversity (section 4.3). 

ES.5. Climate change as a stress multiplier for conflict and population displacement 

In addition to the direct impacts of climate change, greenhouse gas emissions also increase the risks associated with socio-

political instability that may lead to conflict or refugee flows. In particular, growing water stress in regions that are drying 

as a result of climate change drives food and financial insecurity, and may increase political instability. Since there are a 

broad range of factors that contribute to the risk of armed conflict or population displacement, no one crisis of this type is 

likely to be linked exclusively to climate change. Nevertheless, by creating the conditions in which such events are more 

likely to occur, the United States Department of Defense3, The World Bank4 and other researchers5 have concluded that 

climate change will contribute to increases in the risk of food insecurity, armed conflict and higher rates of internal 

displacement over the twenty-first century. 

ES.6. Linking impacts to individual emitters of greenhouse gases 

The overwhelming findings of climate research demonstrate that climate change is already causing substantial harm to 

communities around the world, and that these harms will increase over coming decades if greenhouse gas emissions 

continue unabated. The scale of deforestation-related emissions is substantial and their contribution to the harms of 

climate change can be demonstrated. These harms include increases in deaths and hospitalisations from extreme heat, 

increasing ranges of vector-borne diseases, and stronger and more frequent storms; food insecurity due to crop failure 

resulting from extreme weather events; loss of property and cultural practices, due to extreme weather events and sea-

level rise; and increasing the risk of conditions that foment political instability, migration, and war. The gravity of the 

impacts associated with the recent acceleration of Amazon deforestation in Brazil should not be in dispute. 

In section 6 of the main report, we explain that not only are these impacts occurring on the global scale, as a result of all 

greenhouse gas emissions, but that it is possible to link the emissions of individual entities, such as countries or companies 

to the impacts of climate change. Past studies have shown the link between individual entities’ emissions and global-

temperature rise6,7, observed7 and projected8 sea-level rise, ocean acidification9, and specific heatwaves10. These studies 

have demonstrated that even relatively small emissions of greenhouse gases can cause substantial impacts. As a 

consequence, there is robust evidence from the existing literature that the increase in deforestation-related emissions 

under the Bolsonaro administration is already causing, and, over coming decades and centuries, will continue to cause a 

global burden of harm. 
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Glossary 

All definitions are taken from the Glossary in Annex VII of the Contribution of Working Group I to the Intergovernmental 

Panel on Climate Change’s Sixth Assessment Report11, unless otherwise stated. 

Anthropogenic  Resulting from or produced by human activities. 

Attribution The process of evaluating the contributions of multiple causal factors to a change or event. 

Carbon budget  The maximum amount of cumulative net global anthropogenic CO2 emissions that would result 

in limiting global warming to a given level with a given probability, taking into account the effect 

of other contributions to climate change (non-CO2 greenhouse gases and aerosols). In this 

report, the carbon budget describes the remaining CO2 emissions, from the present day, 

allowable if global temperature rise is to be limited to a specified level.  

Carbon dioxide (CO2) A by-product of burning fossil fuels, burning biomass and of land use changes, it is the principal 

anthropogenic greenhouse gas that contributes to climate change.  

Carbon sequestration The process of storing carbon in a carbon pool, for instance through the uptake of carbon 

dioxide from the atmosphere by forests. 

Carbon sink  Any process, activity, or mechanism that removes a greenhouse gas from the atmosphere. 

CO2 equivalent (CO2e) The amount of carbon dioxide emission that would have an equivalent effect on a measure of 

climate change, such as global-mean temperatures, over a specified time horizon, as an emitted 

amount of another greenhouse gas.  

Climate extreme A weather or climate variable above (or below) a threshold value near the upper (or lower) ends 

of the range of observed values of the variable. Extreme climate events occur when a pattern 

of extreme weather persists for a period of time. 

Climate projection Simulated response of the climate system to a scenario of future emissions or concentrations 

of greenhouse gases and aerosols and changes in land use, generally derived using climate 

models. Climate projections depend on future changes in emissions. 

Drought An exceptional period of water shortage for existing ecosystems and the human population, 

due to low rainfall, high temperature, and/or wind. Agricultural drought describes a period with 

abnormally low soil moisture that impinges on crop production. Meteorological drought 

describes a period with abnormal precipitation deficit.  

Greenhouse gases (GHGs) Gaseous constituents of the atmosphere, both natural and anthropogenic, that have properties 

that cause the greenhouse effect. Increases in the concentration of greenhouse gases leads to 

a reduction in energy emitted to space from the atmosphere, and therefore warming of the 

earth surface temperature. 
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Hazard The potential occurrence of a natural or human-induced physical event or trend that may cause 

loss of life, injury, or other health impacts, as well as damage and loss to property, 

infrastructure, livelihoods, service provision, ecosystems and environmental resources. 

Heat stress A range of conditions, for instance in humans and other terrestrial or aquatic organisms when 

the body absorbs excess heat during overexposure to high air or water temperatures or thermal 

radiation. Heat stress in mammals, including humans, and birds, is exacerbated by a detrimental 

combination of ambient heat, high humidity, and low wind speeds, causing regulation of body 

temperature to fail. 

IBAMA The Instituto Brasileiro do Meio Ambiente e dos Recursos Naturais Renováveis (Brazilian 

Institute of the Environment and Renewable Natural Resources) is an agency of the Brazilian 

Ministry of the Environment that supports protections against deforestation of the Amazon. 

Impacts The consequences of realised risks on natural and human systems, where risks result from the 

interactions of climate-related hazards, exposure, and vulnerability. Impacts generally refer to 

effects on lives, livelihoods, health and wellbeing, ecosystems and species, economic, social and 

cultural assets, services, and infrastructure. Impacts may also be referred to as consequences. 

IPCC The Intergovernmental Panel on Climate Change is the United Nations body for assessing the 

science related to climate change. 

INPE The Instituto Nacional de Pesquisas Espaciais (National Institute for Space Research) is a 

research unit of the Brazilian Ministry of Science, Technology and Innovations and the 

authoritative source of data on deforestation in Brazil. 

Legal Amazon The Amazônia Legal contains the nine states of the Amazon basin and includes all of the Brazilian 

Amazon biome, 37% of the Cerrado biome, and 40% of the Pantanal biome12.  

Paris Agreement A legally binding international treaty on climate change adopted in December 2015. The key 

temperature goal of the Agreement is to limit global warming to well below 2 °C, and preferably 

to 1.5 °C, above pre-industrial levels13. 190 states (including Brazil), plus the EU, have ratified or 

acceded to the Agreement, collectively responsible for over 95% of global greenhouse gas 

emissions.  

Vulnerability The propensity or predisposition to be adversely affected. Vulnerability encompasses a variety 

of concepts and elements including sensitivity or susceptibility to harm and lack of capacity to 

cope and adapt. 
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Report structure 

Section 1 assesses the greenhouse gas emissions that can be attributed to the increase in deforestation rates observed 

under the Bolsonaro administration. We present data on changes in deforestation rates before and during the Bolsonaro 

administration and estimate the greenhouse gas emissions attributable to the Bolsonaro administration. These emissions 

result from three key sources: (1) burning of deforested land; (2) the conversion of forest land to agricultural uses, including 

methane emissions from increases cattle farming; and (3) reduced carbon uptake by forests due to deforestation. 

In sections 2 and 3, we link deforestation-related emissions to the global observed (section 2) and projected (section 3) 

impacts of climate change, including impacts from extreme weather events, such as heatwaves, droughts and storms, sea-

level rise, and glacial retreat. Section 2 of the report provides an overview of the humanitarian impacts that have been 

shown to have resulted from human influence on the climate. Section 3 summarises the state-of-the-art knowledge of the 

projected future impacts of climate change on human societies. 

The impacts assessed in sections 2 and 3 occur globally and indicate the gravity of greenhouse gas emissions in causing 

worldwide humanitarian consequences. In section 4, we focus on attributed (i.e., shown to already be occurring) and 

projected (future) impacts in Brazil and across the South American region. In section 4.3, we summarise the evidence for 

the existence of a tipping point in Amazonia, in which climate change and deforestation would lead to a large-scale shift in 

the ecosystem, accompanied by a substantial release in stored carbon, amplifying global warming. In section 5, we explain 

how climate change amplifies the risks of complex socio-political impacts, such as conflict and migration, through 

producing conditions that induce political instability, financial and nutritional insecurity, and resource scarcity. 

Finally, in section 6, we explain how links can be made between individual sources of greenhouse gas emissions, such as 

deforestation, and the climate change impacts that occur as a result. We summarise the literature linking the emissions of 

individual entities, such as countries and corporations, to observed and projected climate-change impacts, and indicate 

the magnitude of climate-change impacts attributable to global deforestation.  
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1 Attribution of greenhouse gas emissions to the Bolsonaro administration 

1.1 Introduction 

Deforestation is the second largest human-induced contributor to climate change, after burning of fossil fuels14. Coupled 

with the changes in land use that often accompany deforestation, such as the replacement of forest land with cattle 

ranches, forest loss contributes substantially to global carbon dioxide and methane emissions: the two greenhouse gases 

with the greatest contributions to human-induced climate change. The resulting increase in concentrations of greenhouse 

gases in the atmosphere raises global temperatures and leads to a wide range of impacts affecting human societies, 

including sea-level rise, more damaging and frequent extreme weather events, glacial retreat, climatic shifts affecting crop 

yields, and acidification of the oceans, damaging coral reefs. The destruction of the Amazon carbon sink, one of the world’s 

biggest natural mechanisms for removing carbon dioxide from the atmosphere, jeopardises efforts to mitigate climate 

change. Pathways aligned with the goals of the Paris Agreement typically require rapid and immediate reductions in net 

emissions from agriculture, forestry and other land use15. Consequently, increases in deforestation directly contravene the 

globally agreed objectives of the Paris Agreement. 

Human-caused greenhouse gas emissions have already elevated global-mean temperatures to 1.2 °C above pre-industrial 

levels16 (Figure 1)* and climate change is already causing acute impacts around the world (Section 2). Continued emissions 

of greenhouse gases will amplify these impacts. In Section 3, we explain the state of knowledge on how the global impacts 

of climate change increase at warming of 1.5 °C and beyond. Limiting global warming to 1.5 °C instead of 2 °C substantially 

reduces its global impacts. For instance, 420 million fewer people would be frequently exposed to extreme heatwaves17. 

In light of the increased impacts projected to occur under greater levels of global warming, the Paris Agreement enshrines 

the political ambition of all countries to limit warming to 1.5 °C18†. The humanitarian consequences of failing to limit 

warming to 1.5 °C underline the importance of meeting this target. These consequences are discussed in more detail in 

sections 2-4.  

 
* We note that the Intergovernmental Panel on Climate Change found that the average human-induced increase in global temperatures 
was 1.1 °C above pre-industrial levels in 2011-2020. By 2021, human-induced warming had reached 1.2 °C above pre-industrial levels, 
according to the Global Warming Index, which uses the same peer-reviewed methods as the IPCC, and so this is the value we use for 
this report.  
† As of February 2021, 190 states and the EU, collectively contributing 97% of global greenhouse gas emissions have ratified or 
acceded to the Paris Agreement. See: https://treaties.un.org/pages/ViewDetails.aspx?src=TREATY&mtdsg_no=XXVII-7-
d&chapter=27&clang=_en#1  
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Figure 1: The human-induced (orange) and natural (blue) contributions to observed (black) temperature changes over 1850-2020. The 

estimated human and natural contributions are calculated as described in Haustein et al. 201719. 

1.2 Deforestation: the global picture 

Forest loss includes deforestation, the complete removal of trees to convert forest land for agriculture, mining, or urban 

development, and forest degradation, which describes the thinning of canopy without conversion to an alternative land 

use. Between 2001-2015, 27% of global forest loss was due to deforestation. However, in tropical regions, deforestation 

is the key driver of forest loss, accounting for 56-72% in the tropical forests of Latin America, and 48-78% in Southeast Asia, 

depending on the method used to estimate deforestation drivers20. 95% of global deforestation occurs in tropical forests, 

of which one third is in Brazil21. Tropical deforestation is driven primarily by the expansion of land for agricultural uses. 

41% of tropical deforestation, including 72% in Brazil, takes place to create pastureland for cattle farming. Indeed, such is 

the extent of deforestation in Brazil that 24% of tropical deforestation worldwide is due to the expansion of Brazilian cattle 

farming alone21. 

1.3 Global deforestation and climate change 

Tropical forests hold approximately one-third as much carbon as is contained in the atmosphere22. Consequently, tropical 

forests are an important store of carbon, and their deforestation has the potential to contribute substantially to climate 

change. The Amazon contains 50% of the world’s remaining tropical forest area23 and is therefore a globally-significant 

carbon sink. 
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1.3.1 The contribution of deforestation to climate change 

Tropical forests’ effect on the climate is determined by the balance between their sequestration of carbon dioxide from 

the atmosphere and the release of carbon dioxide and other greenhouse gases through land use, logging and forest 

degradation, and secondary forest regrowth. Intact and recovering tropical forests sequester substantial amounts of 

carbon dioxide, globally. However, rapid deforestation in tropical and extra-tropical regions means that the emissions 

associated with deforestation and forest degradation approximately counterbalance all forest carbon sequestration. This 

is the case for global tropical forests22 and all global forests24. The contribution of deforestation to climate change includes 

(1) direct emissions from deforestation (and forest degradation), (2) emissions associated with land use introduced 

following deforestation, such as cattle farming, and (3) reduced carbon sequestration as a result of deforestation reducing 

the size of carbon sinks. 

Deforestation reduces the ability of the world’s forests to sequester carbon dioxide. Consequently, atmospheric carbon 

dioxide concentrations, and therefore global temperatures, rise.  Globally, 19% of CO2 emissions between 1959 and 2019 

were caused by land-use change, including deforestation25. The majority of carbon emissions to the atmosphere resulting 

from changes in land cover is due to tropical deforestation, with smaller contributions from land degradation26. Tropical 

deforestation was responsible for emissions of 2.9 ± 0.5 GtC yr-1 (= 10.63 GtCO2 yr-1) over the period 1990-2007, partially 

compensated by forest regrowth of 1.6 ± 0.5 GtC yr-1. This gives a net source of 1.3 GtC yr-1 (4.77 GtCO2 yr-1) from tropical 

land-use change27. This was larger than the emissions of the EU, which stood at 3.16 GtCO2 in 201628. Over 2010-2014, the 

net emissions from tropical deforestation fell to 2.6 GtCO2
29

. 

In addition to its global impacts on the climate, Amazon deforestation has also induced increases in fires30, and local 

reductions in rainfall and increases in temperature (section 4). When regional deforestation exceeds around half of land 

cover, substantial decreases in rainfall occur, compromising the largely rainfed agricultural systems of Brazil31. 

1.3.2 Deforestation and climate change mitigation 

To achieve the Paris Agreement goal of limiting global warming to well below 2 °C above pre-industrial levels, and ideally 

to 1.5 °C, substantially reducing deforestation rates is essential. Scientific modelling of emission reduction pathways that 

meet the goals of the Paris Agreement prioritises reducing deforestation as one of the first steps in cutting emissions. 

There are no scenarios in which deforestation rates remain high and the goals of the Paris Agreement are achieved. 

The IPCC’s recent Special Report on Global Warming of 1.5°C finds that limiting warming to 1.5 °C above pre-industrial 

levels requires emissions from agriculture, forestry and other land use to fall rapidly, with CO2 emissions reaching zero by 

2050 at the latest. Most scenarios that meet the Paris goals require all forest-related emissions to be eliminated by 203032. 

After 2050, in these scenarios, agriculture, forestry and other land use becomes a net carbon sink, absorbing more carbon 

than it emits. This underlines the damaging consequences of the recent acceleration of deforestation under the Bolsonaro 

administration. The need to prioritise reducing deforestation-related emissions is opposed by these increases in 

deforestation, jeopardising global efforts to mitigate climate change.  
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1.4 The Bolsonaro administration contribution to deforestation  

1.4.1 How has the Bolsonaro administration caused increases in deforestation and forest degradation? 

Since the Bolsonaro Government entered office on 1 January 2019, the enforcement of legal protections against 

deforestation have been all-but eliminated and political rhetoric has undermined efforts to moderate deforestation. In 

response, deforestation rates have accelerated, including an 290% increase in July-September 2019, compared to the rate 

in the same months of the preceding year33. 

In the Brazilian Amazon, key drivers of deforestation include expanding cattle grazing and soy plantations. Prior to the 

Bolsonaro government, deforestation of the Brazilian Amazon had declined substantially (Figure 2), including a 79% drop 

in the annually deforested area between the peak deforestation rate in 2004 and 201333. Key drivers of this reduction in 

deforestation included state and federal government actions to establish new protected areas, initiate law enforcement 

campaigns, and impose credit restrictions on landowners who contribute to illegal deforestation. These actions brought 

the annual deforested area of the Brazilian Amazon to 5,000 km2 in 2012-15. This rate was the lowest for decades and 

down from an average of 18-19,000 km2 over 1990-201034. In 2016, prior to Jair Bolsonaro’s election, Brazil submitted 

pledges to further reduce deforestation in support of their Intended Nationally Determined Contribution to achieving the 

goals of the Paris Agreement, including eradicating illegal deforestation in the Amazon by 203035. Meeting the goals of the 

Paris Agreement requires near-term and rapid cuts in deforestation, both legal and illegal.  

 

Figure 2: Annually deforested area in the Legal Amazon of Brazil, 1988-2020. Data from the PRODES deforestation dataset compiled 

by INPE33. 

Since the election of Jair Bolsonaro, deforestation of the Amazon has increased substantially. Bolsonaro has stated his 

desire to weaken environmental licensing and remove licensing authority from IBAMA, the federal environment agency, 

and has removed the IBAMA superintendents of 21/27 Brazilian states, replacing many of them with inexperienced 

military. IBAMA’s enforcement capabilities have been weakened substantially, and IBAMA now gives advance notice of 

where it will carry out inspections for illegal deforestation. Further, 99.8% of Brazilian deforestation occurring in 2020 

showed signs of being illegal, but only 2% had any action taken by IBAMA36. However, there is a trend in IBAMA not 

punishing deforestation offenders37, facilitating deforestation with impunity.  

The government has stated that agriculture and mining should be permitted in protected areas (‘conservation units’) and 

on indigenous lands. Further, the Brazilian Forestry Service, which oversees deforestation in private land through the Rural 

Environmental Registry, was moved from the Environment Ministry to the Agriculture Ministry and the department 
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addressing climate change abolished. In addition to the direct impacts of policy changes and reductions in their 

enforcement, vandalism and attacks on indigenous and environmental agencies have increased, spurred on by Bolsonaro’s 

rhetoric, leading to seizing of indigenous lands and repelling of environmental inspectors37.  

Weak legal frameworks for protecting land and the environment have been shown to result in large-scale forest 

destruction38. The absence of action against illegal logging by the Brazilian government has strengthened and emboldened 

the criminal networks driving illegal deforestation, accelerating the rate of forest destruction. The reduction of Amazonian 

protection has continued in Brazil in 2021, with a series of new bills that would legalise land-grabbing and loosen controls 

on new deforestation projects on public lands proposed39. One bill, known as PL-2633 would facilitate the obtaining of 

titles to, and provide amnesties to illegal occupants of, public rainforest land40. 

Further to the increases in deforestation that have taken place under the Bolsonaro administration to date, Brazil has 

submitted an updated Nationally Determined Contribution (NDC) to the Paris Agreement that weakens its emission-

reduction targets for 2025 and 2030 by increasing the base year emissions against which emissions cuts are calculated. As 

a result of these accounting changes, Brazil’s 2030 emissions would be 27% higher than those pledged when ratifying the 

Paris Agreement in 2016. Brazil’s updated NDC also removes all commitments to stopping illegal deforestation, forest 

restoration and supporting native forest management. As a result of the undermining of (already insufficient) climate 

targets, one widely used estimate places Brazil’s emissions trajectory in line with warming of up to 4 °C if other countries 

made similar efforts to reduce their carbon emissions. Consequently, Brazil’s NDC is rated ‘highly insufficient’ by the 

Climate Action Tracker, an independent scientific analysis of national greenhouse gas emission pledges in the context of 

the Paris Agreement41. 

1.4.2 Evidence of changes in deforestation and land degradation 

Following the start of the tenure of the government of Jair Bolsonaro, a step change in deforestation rates in the Amazon 

occurred and deforestation rates have since continued to rise. This contrasts with Brazil’s 2009 National Policy on Climate 

Change, which includes a commitment to an 80% reduction in Amazonian deforestation by 2020, against a baseline of the 

mean rate over 1996-200542. This is equivalent to a maximum extent of deforestation of 3,925 km2. Between August 2019 

and July 2020, 10,851 km2 of rainforest were deforested, a rate 7% higher than the previous year (10,129 km2), and the 

highest level since 200833 (Figure 3). The 2019 and 2020 deforestation extents represented 34% and 44% increases on 

2018, respectively42 and were 2.6 and 2.8 times higher than the maximum rates stipulated by the 2009 National Policy. 

Further, the 2019 and 2020 deforestation rates were 3,620 and 4,350 km2 above the average deforestation rates over 

2009-2018. In the calendar year 2020, Brazil’s forest loss was the 15,000 km2, 13% more than in 201943. Although a small 

rise in deforestation levels was seen prior to the election of Jair Bolsonaro, the increase in deforested area since 2019 still 

represents a major change in deforestation rates, as shown in Figure 3, below. 

The trend of increasing deforestation appears to be continuing, and potentially accelerating in 2021. In May 2021, 

deforestation of 1,180 km2 was recorded in the Legal Amazon, with rates 41% higher than in May 2020, according to the 

DETER database of the Instituto Nacional de Pesquisas Espaciais (INPE)33. The more accurate annual (August – July) 

deforestation assessment, PRODES, typically assesses the deforested area as 1.54 times higher than DETER44‡. We also 

 
‡ The DETER and PRODES databases are both produced by INPE, the Instituto Nacional de Pesquisas Espaciais. PRODES provides annual 
deforestation data and is considered to be the official dataset and most reliable for scientific use, and have been assessed to be 95% 
accurate. We therefore primarily use PRODES data for our deforestation calculations as the most robust and reputable source of 
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note that the PRODES deforestation data are likely to be conservative as they exclude loss of secondary forest – forests 

regrown on abandoned agricultural land45 – in their calculations. The increase in deforestation under the Bolsonaro 

administration is clear for the Legal Amazon (Figure 3). While our analyses of the deforestation-related emissions 

attributable to the Bolsonaro administration in section 1.5, below, focus on the Legal Amazon, it is likely that increased 

deforestation rates have also occurred in regions outside of the Legal Amazon since 2019, and therefore that our 

assessment is conservative.  

 

Figure 3: Annual deforestation in the legal Amazon of Brazil (orange bars). The mean deforestation rate during the Bolsonaro 

administration, to date (green line) is compared to the counterfactual deforestation rate: a continuation of the mean deforestation 

rate for the previous decade (2009-2018, blue line). The period of the Bolsonaro administration is shaded in magenta. Three future 

deforestation scenarios are included: a continuation of the 2019/20 deforestation rate (black dashed line), a continuation of the 

deforestation-rate increase observed over 2018/19-2019/20 (orange dashed line), and a ‘high deforestation scenario’ in which the 

deforestation rate doubles by 2022 to the rates observed in 2002-2004. Data from PRODES33. 

Fire plays a central role in deforestation, including in the conversion of previously forested land to pasture for cattle 

farming. The expansion of cattle farming is the leading driver of illegal land seizure on Reserves and Indigenous territories 

in the Brazilian Amazon. Between 1988-2014, 63% of the area deforested was converted to pasture for cattle46,47 and in 

recent years this has risen to over 70%21,48. The process of converting tropical rainforest to pasture typically involves cutting 

down existing trees and lighting fires to remove vegetation, before planting grass and introducing cattle46. 

 
deforestation data for Brazil. DETER is a monthly alert system for deforestation that uses lower resolution sensors and is more affected 
by data limitations due to cloud cover than the annual PRODES dataset. Since PRODES data is not yet available for August 2020-July 
2021, we use the lower-resolution DETER data to facilitate an indicative comparison between deforestation rates in 2020/21, with the 
previous year, but do not rely on DETER for our quantitative assessment. For more information on PRODES and DETER, see 
http://www.obt.inpe.br/OBT/assuntos/programas/amazonia/prodes  
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In August 2019, incidence of forest fires in the Brazilian Amazon was double the month’s average of the previous decade30, 

and there were three times more fires in August 2019 than August 201844. Fires in the Amazon typically include (1) fires 

involved in clearing of primary forest, with vegetation felled, left to dry, and then burned, (2) agricultural processes 

including burning of weeds by cattle ranchers, and as part of farm-fallow systems by smallholders, traditional and 

Indigenous peoples, and (3) fires affecting standing forests44. While drought can lead to increased fire in the Amazon, peer-

reviewed research has shown that the devastating 2019 fires in the Brazilian Amazon were driven by deforestation30 and 

not by weather conditions such as drought44,49. Indeed, 2019 saw greater forest loss than the extreme El Niño drought year 

of 2015, indicating the role of government policy changes on top of the effect of any contributing climatic factors23. In 

2020, fires in the Amazon were even more intense than 201950. The encroachment of deforestation-driven fires onto non-

deforested land further increases emissions associated with deforestation.   

Nevertheless, not all aboveground biomass loss is the result of deforestation. Even though Amazonian forests are relatively 

resilient to drought due to their deep root systems, some tree mortality and degradation is attributable to climate-related 

factors. Loss of aboveground biomass has been attributed to direct human-induced deforestation, selective logging, forest 

fragmentation and associated edge effects, forest fires51, and mortality from climatic disturbances.  

Globally, forest degradation, which describes all mechanisms that do not result in deforestation but that result in forest 

loss, is the largest driver of forest-related carbon emissions, contributing 73% to the loss of aboveground biomass in the 

Brazilian Amazon, in 2010-2019, with deforestation contributing the other 27%23. Forest area coverage is affected only by 

deforestation and afforestation, whereas aboveground biomass may also be altered by forest degradation. In 2019, gross 

forest area loss totalled 3.9 x 106 ha, as compared with 3.0 x 106 ha in 2015, including both deforested and degraded land23 

(Figure 3). While deforestation, rather than forest degradation, dominates forest losses in the Brazilian Amazon, forest 

degradation is also a substantial contributor to forest-related carbon emissions23. In section 1.5, we focus primarily on 

carbon emissions from Amazonian deforestation alone due to greater uncertainty in calculating emissions associated with 

forest degradation. Our calculations therefore represent a conservative estimate of overall deforestation-related 

emissions attributable to the Bolsonaro administration. Estimates of the portions of overall aboveground biomass loss 

attributable to deforestation and forest degradation vary, with ratios of deforestation:degradation ranging from 1:2.723 to 

5:152. 

 

Figure 4: Annual forest-area loss (orange) and gain (green) in the Brazilian Amazon over 2010-2019. The area of forest loss was 

greatest in 2019, with no compensation by forest area gain in that year23. 
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1.5 Calculating emissions associated with deforestation. 

Deforestation-related emissions occur over two timescales. Firstly, at the time of deforestation, burning of biomass (fire is 

the primary method by which forest land is cleared53) and the introduction of cattle result in immediate greenhouse gas 

emissions. Subsequently, over the ensuing decades, continuing methane emissions from cattle and an ongoing deficit in 

carbon sequestration from deforested land increases the contribution made by deforestation to climate change. Here we 

estimate the contribution made by the Bolsonaro government to deforestation-related emissions as the excess in 

estimated deforestation-related emissions above the average rate over 2009-2018. We also present three scenarios of 

changes in deforestation rates in the Legal Amazon over the remaining two years of Bolsonaro’s tenure (2021 – 2022): a 

low deforestation scenario, in which deforestation rates are held at 2020 levels in 2021 and 2022, a medium deforestation 

scenario, where deforestation rates increase year-on-year in line with the increase observed between 2019-2020, and a 

high deforestation scenario, in which deforestation accelerates linearly to double the 2020 rate by 2022, reaching similar 

levels to the Amazon deforestation rate observed in 2002. We note that early indications of deforestation in 2020/21 from 

the DETER dataset suggest that deforestation rates are likely to be most in keeping with the low or medium scenarios. The 

high scenario is provided to indicate the increase in emissions that would occur if substantial and rapid increases in 

deforestation were to happen, beyond the already high levels of the first two years of the Bolsonaro administration. 

We use these three scenarios to assess the plausible range of deforestation-related emissions from the Legal Amazon over 

the full duration of the Bolsonaro administration. The deforested area in each of these three scenarios is shown in Figure 

3. We also assess the long-term emissions commitment incurred due to deforestation and land-use change during the 

Bolsonaro administration. These results are presented in full in Table 1 and Figure 5, below. In sections 1.5.1, 1.5.2, and 

1.5.3, all emissions data is the estimated emissions attributable to the Bolsonaro administration, and not the total 

emissions associated with Amazon deforestation.  

1.5.1 Reduced carbon sequestration due to Amazon deforestation 

The Amazon is one of the world’s largest carbon sinks, accounting for one quarter of the terrestrial carbon dioxide removals 

from the atmosphere. Between 1990-2007, annual carbon sequestration was 0.42-0.65 GtC yr-1 in the Amazon54. This is 

equal to 1.54 – 2.38 GtCO2, or 3.7 – 5.7% of annual global emissions15. Reductions in the size of the Amazon carbon sink 

consequently lower the rate of carbon uptake by forests and therefore increase atmospheric carbon dioxide 

concentrations and therefore global temperatures. We quantify this effect below (see Table 1 and Figure 5). 

Given that the values stated above for Amazon carbon sequestration are based on an estimated area of intact forests in 

tropical South America of 6.29 x 108 ha54, based on the Global Land Cover map 200054,55, the mean sequestration rate for 

the Amazon is 2.45 – 3.78 x 10-9 GtCO2 ha-1 (= 2.45 – 3.78 tCO2 ha-1). We estimate that an average of 3,985 km2 (= 398,500 

ha) of deforestation was attributable to Bolsonaro in each of the first two years of his tenure (362,000 and 435,000 ha in 

2019 and 2020, respectively). As noted above, this is calculated as the increase in deforestation above the 2009-2018 

average rate. Consequently, the first two years of the Bolsonaro administration reduced the Amazon sequestration 

potential by an estimated 1.95 – 3.01 MtCO2 per year due to deforestation. This estimate is based on an assumption that 

the average carbon sequestration rate of deforested land is equal to the mean sequestration rate of the Amazon and does 

not account for the carbon sequestration of ecosystems replacing the forest after deforestation (e.g., pasture), which is 

likely to be far lower than the sequestration of the pre-existing forest ecosystem. Nevertheless, this is a conservative 

estimate as it does not take into account reductions in carbon sequestration due to forest degradation. Over 2010-2019, 
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forest degradation caused three times as much aboveground carbon loss as deforestation23. The resultant reduction in 

sequestration capacity is not estimated here. 

If Amazon deforestation continued at current rates for the final two years of Bolsonaro’s tenure, the overall reduced carbon 

sequestration potential of the Amazon attributable to Bolsonaro would equal 4.1 – 6.3 MtCO2 per year in the ‘low’ 

deforestation scenario, rising to 8.1-12.5 MtCO2 per year in the ‘high’ scenario (see Table 1 and Figure 5a, below). This 

represents a long-term, persistent, reduction in the capacity of the Amazon rainforest to take up carbon. 

1.5.2 Emissions associated with burning deforested land 

Brazil is home to the world’s largest amount of live woody biomass, a total of 118 Gt, and nearly twice as much as the 2nd 

largest national woody biomass stock (Russia, 61.8 Gt)56. However, 18% of the Brazilian Amazon was deforested between 

1970 and 201048, and the recent acceleration of deforestation in Brazil has continued this trend. Historically, fire was 

extremely rare or entirely absent in humid tropical forests, such as the Amazon, but has become increasingly common as 

deforestation increased since the 1980s57. As climate change has accelerated, due in part to deforestation, rising 

temperatures and more-frequent droughts have increased the probability of severe fires58. Fire is strongly associated with 

losses of aboveground biomass and forest area23, and essentially all deforested land is burned to prepare it for conversion 

to agricultural uses53. The average carbon density of remaining unprotected forests was 231 tC ha-1 in the Brazilian Amazon 

in 200959, and there is evidence that deforestation was increasingly occurring on high-biomass regions of the Amazon60. 

Assuming all land that is deforested is burned and has a mean carbon density of 231 tC/ha, CO2 emissions from burning of 

deforested land will be 847 MtCO2 / million ha§. We estimate that emissions attributable to the Bolsonaro administration 

associated with clearing and burning of land deforested in 2019-2020 are 675 MtCO2. This is equal to 1.7% of annual global 

emissions61. 

Over the remainder of Bolsonaro’s presidency, deforestation-related emissions appear likely to remain at least at present 

levels and may rise considerably. Under our ‘low’ deforestation scenario, cumulative attributable emissions are 1.4 GtCO2 

for 2019-2022, rising to 2.8 GtCO2 under the high deforestation scenario. 

1.5.3 Emissions associated with land use change (e.g., agriculture) 

The existing mean ‘stocking rate’ for cattle in Brazil is 0.97 cows per hectare62. In 2011, 1,294,100 ha of Brazilian 

deforestation was attributed to removing forest cover to expand pastureland for cattle farming. Clearing of land for cattle 

farming in Brazil was responsible for 542 MtCO2e yr-1 over 2010-2014. This does not include greenhouse gas emissions 

produced by the introduction of cows themselves. Consequently, Brazilian deforestation for the expansion of cattle 

farming accounts for 21% of global deforestation-related emissions29.  

By area, 72% of deforestation in Brazil has been attributed to cattle ranching21 (supported by earlier analyses that 

attributed 71% of Brazilian deforestation to cattle ranching in 201148), equivalent to 574,000 ha attributable to the 

Bolsonaro administration over 2019 and 2020. Based on the stocking density of 0.97 cows per hectare (the average figure 

for Brazil in 2014/1562), this is equivalent to 557,000 more cows added over the two-year period. Given an average of 100 

kg of annual methane emissions per cow63, this increase in cattle ranching is equivalent to a one-off release of 240 tCO2e 

 
§ Burning 1 tonne of carbon produces 3.67 tonnes of carbon dioxide.  
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(see glossary), followed by annual emissions of 0.8 tCO2e64. Consequently, the estimated increase in cattle farming over 

2019-2020 results in a one-off emission of 134 MtCO2e, followed by annual emissions of 0.4 MtCO2e.  

Under our ‘low’ deforestation scenario, cumulative attributable emissions are 279 MtCO2e for 2019-2022, in addition to 

annual emissions of a further 0.9 MtCO2e as long as cattle herds remain at the same size. These figures rise to 552 MtCO2 

under the high deforestation scenario for 2019-2022, and an additional 1.8 MtCO2e annually thereafter. 

1.5.4 Summary of Bolsonaro-attributable emissions 

Prior to the election of President Bolsonaro, Brazilian deforestation rates had stabilised at a substantially lower level than 

they had been in the early 2000s. Deforestation-related emissions would have been expected to have remained 

approximately stable, if not for the election of Jair Bolsonaro. Instead, deforestation rates have soared since 2019 and the 

associated greenhouse gas emissions are substantially greater than they would likely have been in the absence of the 

Bolsonaro administration. 

Overall, under our low-deforestation scenario, Bolsonaro-attributable emissions over the duration of his tenure are 

estimated to be 1.7 GtCO2, rising to 3.4 GtCO2 in the high emissions scenario (Table 1, Figure 5). Further to these emissions, 

reduced sequestration and increased cattle numbers imply an estimated commitment of 6.1-12.1 MtCO2 in annual 

emissions after 2022.  In addition to the ongoing deforestation-related emissions due to deforestation and land-use change 

occurring during the Bolsonaro government, the legacy of the Bolsonaro government’s impact on deforestation rates may 

continue beyond the end of his tenure. Deforestation and associated greenhouse gas emissions are likely to continue at 

high rates after 2022, due to policy changes made by the Bolsonaro administration, unless major policy changes are 

introduced to reverse the factors facilitating the present extremely high rates of forest destruction. 

Emissions from burning deforested land make up a substantial proportion of the estimated emissions attributable to the 

Bolsonaro administration (307 MtCO2 in 2019). We can evaluate how reasonable these estimates are through comparison 

with existing data on fire-related emissions in Amazonia. A recently published assessment65 based on detailed 

measurements of carbon dioxide emissions over a nine-year period (2010-2018) calculated annual fire emissions at 0.41 

GtC, equal to 1.50 GtCO2 (1,500 MtCO2). Given that deforestation rates increased by 34% between 2018 and 2019, the first 

year of the Bolsonaro administration, and approximately 60% of the Amazon is in Brazil, and assuming that fire-related 

emissions due to each deforested hectare are approximately equal across Amazonia, the data provided in ref. 65 indicate 

that Bolsonaro-attributable deforestation would produce approximately 300 MtCO2 in emissions, in 2019. The proximity 

of this estimate to the value we calculate based on observed deforestation data provides strong evidence to support the 

robustness of our estimates. 
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 2019 2020 2021 2022 Total 

Deforested area (Million ha) 

L 1.013 1.085 1.085 1.085 4.268 

M 1.013 1.085 1.157 1.230 4.485 

H 1.013 1.085 1.628 2.170 5.896 

Pre-Bolsonaro baseline 0.650         

Anomalies           

L 0.362 0.435 0.435 0.435 1.666 

M 0.362 0.435 0.507 0.579 1.883 

H 0.362 0.435 0.977 1.520 3.294 

Reduced sequestration (MtCO2/yr) 

Rate (tCO2/ha/yr) 2.5 3.8 2.5 3.8 2.5 3.8 2.5 3.8 2.5 3.8 

L 0.9 1.4 1.1 1.6 1.1 1.6 1.1 1.6 4.1 6.3 

M 0.9 1.4 1.1 1.6 1.2 1.9 1.4 2.2 4.6 7.1 

H 0.9 1.4 1.1 1.6 2.4 3.7 3.7 5.7 8.1 12.5 

Burning deforested land (MtCO2) 

Conversion factor (MtCO2/ million ha) 847          

L 306.978 368.132 368.132 368.132 1411.373 

M 306.978 368.132 429.285 490.438 1594.833 

H 306.978 368.132 827.671 1287.211 2789.993 

Land use change for cattle farming (MtCO2e/yr) 

Stocking rate (cows / million ha) 970000 One-off emissions per cow (MtCO2e) 0.00024 

Proportion deforested land for cattle 0.72 Annual emissions per cow (MtCO2e/yr) 0.0000008 

 One-off Annual One-off Annual One-off Annual One-off Annual One-off Annual 

L 60.7 0.2 72.9 0.2 72.9 0.2 72.9 0.2 279.3 0.9 

M 60.7 0.2 72.9 0.2 85.0 0.3 97.1 0.3 315.6 1.1 

H 60.7 0.2 72.9 0.2 163.8 0.5 254.7 0.8 552.1 1.8 

Overall attributable emissions 

 Cumulative to 2022 (MtCO2) Annual from 2022 (MtCO2/yr)     

L 1695.9 6.1     

M 1916.3 6.9     

H 3352.4 12.1     
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Table 1: Overview of observed and projected deforestation in the Legal Amazon in Brazil, and associated greenhouse gas emissions. 2019 and 2020 deforestation data from PRODES33, 2021 and 2022 

projected according to the low (‘L’, 2020 deforestation rate maintained), medium (‘M’, 2019-2020 increase in deforestation rate maintained for 2021 and 2022) and high (‘H’, doubling of deforestation rate 

by 2022 to levels last seen in 2004) scenarios described in section 1.5. Data used for calculating emissions associated with reduced sequestration, burning of deforested land, and land-use change are 

described in sections 1.5.1, 1.5.2, and 1.5.3, respectively.  

 

Figure 5: (a) Annual Bolsonaro-attributed emissions due to reduced sequestration, direct emissions from burning of deforested biomass, and expansion of cattle pasture, in the Legal Amazon (2019-2022) 

under the low, medium, and high deforestation scenarios described above. (b) Cumulative deforestation-related emissions from the Legal Amazon in 2019-2022, attributed to Bolsonaro under the low 

deforestation scenario, showing the contributions made by direct emissions from burning deforested biomass, the expansion of cattle pasture, and reduced carbon sequestration.  



24 
 

1.6 Contextualising deforestation associated with the Bolsonaro administration 

In 2019 and 2020, deforestation-related emissions in the Amazon attributed to the Bolsonaro administration are estimated 

to account for approximately 1% of global greenhouse gas emissions. This is roughly the same contribution as that made 

by the total emissions of the UK. The greenhouse gas emissions associated with Amazonian deforestation contribute to 

climate change, and therefore substantial humanitarian consequences worldwide. These impacts, on a global scale, are 

discussed in detail in sections 2 and 3 of the report. Regional impacts of climate change affecting Brazil and the wider South 

American region are then explained in section 4.  

A recently published estimate of the heat-related deaths projected to occur due to climate change found that under a 

high-emissions scenario in which rapid reductions in greenhouse gas emissions are not made, 226 excess deaths will occur 

over 2020-2100 for each MtCO2 emitted in 2020. Deep cuts in greenhouse gas emissions that limit global warming to 2.4 

°C above pre-industrial levels in 2100 imply that each MtCO2 emitted today will cause 107 deaths by 210066. The 

accelerated deforestation of the Amazon jeopardises efforts to limit global warming to lower levels in the 21st Century. 

Nevertheless, even if the lower-emissions scenario were to be achieved, the low-deforestation scenario presented above 

implies that greenhouse gas emissions attributable to the Bolsonaro administration will cause over 180,000 excess heat-

related deaths globally over the next 80 years. This figure represents the shocking global humanitarian consequences of 

Bolsonaro’s acceleration of deforestation in the Amazon. It is worth noting that this value is likely conservative as it 

accounts only for heat-related deaths due to climate change, whereas climate change also results in a far wider range of 

health impacts, including mortality due to other extreme weather events, such as storms and droughts, and sea-level rise.  

1.7 The Bolsonaro-administration and efforts to limit warming to 1.5 °C and 2 °C  

There is strong global consensus on the need to limit climate change to 1.5 °C, and certainly well below 2 °C, above pre-

industrial levels to avoid the worst impacts of climate change. These targets are enshrined in Article 2 of the Paris 

Agreement, which defines global ambition on climate change mitigation. Pathways to meeting this goal require that net 

emissions of carbon dioxide are reduced to zero by around 2050 and involve steep cuts in forest-related emissions such 

that carbon uptake by forests and other land carbon sinks exceeds emissions associated with agriculture, forestry and 

other land use by around 203015. 

At the beginning of 2021, the global emissions budget for limiting the increase in global-mean surface temperature to 1.5 

°C above pre-industrial levels, with 67% probability, was 400 GtCO2, falling to 300 GtCO2 for a 83% likelihood of staying 

below 1.5 °C2. This budget was reduced by approximately 40 GtCO2 in 202067, leaving a remaining budget of 360 GtCO2 in 

2021, equivalent to 9 years of emissions at current rates. Based on our assessment, the minimum expected contribution 

of the Bolsonaro administration to deforestation-related emissions (our ‘low’ scenario) is equal to 0.47% of the remaining 

carbon budget. This rises to 0.93% in the ‘high’ scenario. Total deforestation in the Legal Amazon of Brazil (including that 

attributable and not attributable to the Bolsonaro administration) is estimated to contribute 4.3 GtCO2 over 2019-2022 in 

the ‘low’ scenario, over 1% of the remaining carbon budget for limiting warming to 1.5 °C. In the ‘high’ scenario, this rises 

to 1.35% of the remaining carbon budget. These calculations do not include deforestation in Brazil outside of the Amazon 

and represent a substantial contribution to the remaining allowable emissions if the world is to achieve the goals of the 

Paris Agreement. As described in section 1.3.2, deforestation-related emissions need to be eliminated most rapidly, and 

so increases in deforestation rates represent a significant obstacle for global efforts to achieve the goals of the Paris 

Agreement. 
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Despite the need for rapid and immediate cuts in deforestation-related emissions, under the Bolsonaro government, 

deforestation emissions have risen rapidly. Sustaining current high levels of deforestation compromises global efforts to 

limit warming to 1.5 °C. Any further increases in emissions will further jeopardise these targets.   
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2 The present-day impacts of climate change  

In 2021, global warming due to human influence on the climate reached 1.2 °C above pre-industrial levels16, and 

temperatures continue to rise. Virtually all observed global temperature change since the mid-nineteenth century has 

been attributed to human activities68. Due to human greenhouse gas emissions, increased global temperatures will remain 

for centuries to come. 

The impacts of climate change that affect human societies arise not from changes in the global mean climate conditions, 

but through individual extreme weather events, and slow-onset changes such as sea-level rise. These impacts of climate 

change are growing in magnitude around the world and are projected to increase substantially over coming decades if 

greenhouse gas emissions continue unabated. Climate change violates human rights of communities around the world69 

through its manifestations in intensified and increasingly frequent extreme weather events, such as heatwaves, storms, 

and droughts, sea-level rise, and glacial retreat. These physical hazards result in direct or indirect impacts on human health, 

reduced agricultural productivity, damage to infrastructure, and threaten livelihoods.  

Climate change impacts are already occurring around the world and are projected to increase substantially if greenhouse 

gas emissions continue unabated (section 3). In section 2 of this report, we summarise key findings from the field of 

attribution science which demonstrates the extent to which human influence on the climate has already affected the global 

burden of climate-related harms. It is not the case that all climate-related events are caused by climate change: storms, 

droughts, and heatwaves occurred in the past, and some would have occurred in the absence of climate change. However, 

the growing body of evidence produced by attribution science shows that climate change is causing substantial impacts 

for communities around the world. This report focuses on those impacts. 

Attribution science describes a set of scientific methods for evaluating the role of climate change, or the emissions of 

individual entities, in causing climate-related impacts. Some studies encompass the full causal chain from emissions to the 

resultant damages experienced by human societies. In the context of the meteorological impacts of climate change, 

attribution studies seek to answer the question of how climate change has altered the likelihood or intensity of a defined 

event. For an individual event, attribution studies may find that an event of given magnitude was made more likely, and 

that an event of given probability was made more intense by climate change. 

Some elements of natural systems affected by climate change, such as the extent of thick multi-year sea ice, glacier and 

ice sheet lengths, and sea levels respond gradually to climate change and filter out short-term variations. These ‘slow-

onset’ trends have also been attributed to climate change, typically responding to climate change over protracted 

timescales. Climate change has been shown to be directly responsible for the mass loss of glaciers around the world70, the 

retreat of individual glaciers71,72, and anthropogenic greenhouse gas emissions are the dominant cause of observed global-

mean sea-level rise, at least since 197073. 

Attribution science substantiates the causal link between emissions of greenhouse gases and harms experienced by 

impacted communities around the world. The evidence provided by attribution science is aligned with the logic of legal 

causality74,75 and provides a firm evidentiary basis for legal claims relating to climate change damages75–78. Attribution-

science evidence has demonstrated the gravity of climate change impacts already occurring around the world. 

The IPCC’s recently-published 6th Assessment Report surveyed the evidence from attribution analyses conducted 

worldwide and found that climate change has already increased the incidence of extreme heat globally, has increased 
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extreme precipitation events in most regions, and has increased the incidence of agricultural drought in Europe, Africa and 

parts of Asia and the Americas (Figure 6). 

 

Figure 6: Observed and attributed regional changes in (a) extreme heat, (b) heavy precipitation and (c) agricultural and ecological 

drought across inhabited regions of the world. Regional acronyms represent: North America: NWN (North-Western North America, 

NEN (North-Eastern North America), WNA (Western North America), CNA (Central North America), ENA (Eastern North America), 

Central America: NCA (Northern Central America), SCA (Southern Central America), CAR (Caribbean), South America: NWS (North-

Western South America), NSA (Northern South America), NES (North-Eastern South America), SAM (South American Monsoon), SWS 

(South-Western South America), SES (South-Eastern South America), SSA (Southern South America), Europe: GIC (Greenland/Iceland), 

NEU (Northern Europe), WCE (Western and Central Europe), EEU (Eastern Europe), MED (Mediterranean), Africa: MED 

(Mediterranean), SAH (Sahara), WAF (Western Africa), CAF (Central Africa), NEAF (North Eastern Africa), SEAF (South Eastern Africa), 

WSAF (West Southern Africa), ESAF (East Southern Africa), MDG (Madagascar), Asia: RAR (Russian Arctic), WSB (West Siberia), ESB 

(East Siberia), RFE (Russian Far East), WCA (West Central Asia), ECA (East Central Asia), TIB (Tibetan Plateau), EAS (East Asia), ARP 

(Arabian Peninsula), SAS (South Asia), SEA (South East Asia), Australasia: NAU (Northern Australia), CAU (Central Australia), EAU 
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(Eastern Australia), SAU (Southern Australia), NZ (New Zealand), Small Islands: CAR (Caribbean), PAC (Pacific Small Islands). Figure 

from IPCC AR62. 

2.1 Extreme Weather 

Here, we present a high-level synthesis of the current state of expert knowledge on changes in extreme weather hazards 

linked to climate change, on a global scale. As described in section 1, global climate change is caused, inter alia, by 

deforestation, and the loss of the Brazilian Amazon is a major contributor to this. We highlight the regions most affected 

by changes in each type of extreme weather hazard discussed, focusing on the most severe impacts. To do this,  we 

summarise findings from the field of climate change attribution, which identifies already-occurring impacts of climate 

change. We note that only a tiny subset of the present-day impacts of climate change have been formally assessed using 

these methods. Consequently, the impacts of climate change extend well beyond the events discussed below, which 

merely give an indication of the gravity of the harm inflicted by climate change. The findings of attribution science have 

demonstrated that human influence on single weather events can cause more destruction in a few days than had been 

estimated for whole years in economic models of the impacts of climate change79. 

2.1.1 Heat 

Summary: Heat extremes have increased in likelihood and intensity across the world due to climate change. The most 

significant changes have been in the likelihood of the hottest events, as detected in many recent individual heatwaves. In 

just two extreme heatwaves, discussed below, 125,000 deaths were directly linked to climate change. Thousands more 

deaths from other heatwaves occur annually, and 37% of heat-related deaths have been attributed to climate change80. 

Globally, heat-related mortality due to climate change is vastly underestimated due to the limited recording of impacts 

from extreme heat across the hottest and most densely populated regions. Even though cold extremes are less likely in all 

regions, the reduction in mortality is insignificant in comparison to the increases in heat-related deaths. 

 

Figure 7: The number of days per year that exceed the 90th percentile of daily temperature, TX90p, is used to characterise changes in 

extreme heat. (a) shows the trend in this value between 1950-2018, and (b) shows the absolute difference in number of days per year 

that exceeded this value across two 30-year time periods – adapted from Dunn et al., 202081. 

Changes in extremes: The most dramatic changes in extreme weather induced by climate change are in the rate and 

intensity of heat and cold extremes. Cold extremes are declining while heat extremes are increasing, with dire 

consequences for communities around the world. By 2015, the chance of the most extreme daily temperatures (above the 

99.9th percentile) averaged over land had increased fivefold; equivalently, 75% of daily heat extremes were attributable to 
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climate change82. Globally, as a direct result of climate change, previously very rare heat is now just unusual81,83–85, while 

events now considered ‘extreme’ reach temperatures that were formerly all but impossible86–88. The increasing regularity 

of formerly rare events is particularly consequential: we don’t tend to prepare for events that were historically so unlikely  

that they have never occurred89. Societies are especially vulnerable to the exceptionally extreme events that are now 

possible in a changing climate. Regional trends in heat extremes are attributed to climate change in Asia90,91, Australia92, 

Europe93 and South America94. 

Why it matters: The impact of increased temperatures on mortality is widely established in the epidemiological literature. 

As climate change intensifies heatwaves around the world, heat-related deaths increase in number. The increase in the 

global burden of heat-related mortality due to climate change is large and growing, with 37% of heat-related deaths 

attributed to climate change worldwide80, equivalent to tens of thousands of deaths per year. Increases in the number of 

hot days, and intensity of heatwaves results in a range of heat-related illnesses. Such illnesses include cardiovascular and 

respiratory complications, renal failure, electrolyte imbalance, and harm to foetal health95. Increasing temperatures and 

heatwaves have also increased the prevalence and range of temperature-sensitive pathogens, such as Vibrio, which can 

cause cholera and gastroentiritis96. 

 

Figure 8: Change in labour capacity among rural populations by 2016 due to heat, compared to a reference period of 1986-200897. 

Increases in the occurrence heat extremes result in substantial increases in mortality, and this effect is particularly 

pronounced at the hottest temperatures. Climate change increases the likelihood of reaching the hottest temperatures, 

at which point the human body may no longer be able to cool itself. The theoretical limit for human survival is a ‘wet bulb’ 

temperature of 35 °C, at which point even the healthiest human in shade and with water would die from severe heat stroke 

in a matter of hours98. Both mortality and morbidity rise significantly at far lower temperatures than this upper limit, 

affecting the elderly, very young and those with pre-existing medical conditions, such as respiratory and cardiovascular 

illness97,99–101. Heatwaves are also strongly associated with rises in harmful pollutants such as ozone, particulate matter, 

sulphur dioxide, carbon monoxide and nitrogen dioxide, which further contribute to respiratory health impacts102–105.  
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While there have been very few observations of wet bulb temperatures over the critical 35 °C threshold, the occurrence 

of dangerous humid heat extremes has more than doubled since 197998. By another measure, the average North 

Hemisphere area relevant to humans covered by extreme summer heat has more than doubled106, and 40% of the total 

land surface has already entered an unusual climate in the warmest months107. Accounting for global population 

distributions, this is an even larger change in severe heat exposure due to climate change97. On top of that, between 2000-

2016, the number of vulnerable people (over 65 years) exposed to extreme heat increased by 125 million, reaching 175 

million in 201597. Finally, the labour capacity of rural populations during summer months fell by 5.3% between 2000-2016 

due to rising heat – in tropical regions capacity fell by up to 30% (Figure 8)97. Even in the US, this currently costs around 

USD 2 bn annually108. 

Hazard 
Observed direct impacts 

Attributable influence of climate change on 
hazard severity/likelihood (Confidence level) 

Deaths  Injured Total Affected 

Heatwaves 157,000 193,000 320,000 Increase (High)  

Cold waves and severe 
winter conditions 

14,900 
1.86 
million 

96.1 million Decrease (High) 

Floods 111,000 304,000 1.66 billion Increase (Medium) 

Droughts 21,300 N/A 1.44 billion Increase (Medium) 

Wildfires 1,570 7,260 3.38 million Increase (Medium) 

Storms 201,000 337,000 773 million 
Rainfall Increase (High) 

Other impacts no change (Low) 

Table 2: Direct physical health impacts of different types of disaster between 2000-2020, as recorded by EMDAT, and the attributable 

influence of climate change on each hazard.  

Attributed impacts: Climate change amplifies the temperature of most heat extremes109. Attribution research has found 

that the most extreme heatwaves have become substantially more likely, or even only possible at all88, due to climate 

change. A multitude of impactful heatwaves of the recent past have been explicitly shown to have increased in magnitude 

and/or likelihood as a result of climate change, including Europe 2003110,111 and 2018112, Russia 201087,113, the US114, 

China115 and across the world116–123. In some cases, events were effectively impossible in the absence of climate 

change88,122–124, including the emerging possibility of simultaneous heat extremes across regions and continents106.  

Between the years 2000-2020, the disaster database EMDAT recorded approximately 157,000 deaths from heatwaves 

across the planet (Table 2)125, although it is acknowledged that this is likely to be a substantial underestimate due to 

reporting limitations126. Around 125,000 of these deaths occurred during just two events, the European heatwave of 2003 

and Russian heatwave of 2010, which resulted in 70,000 and 55,000 deaths, respectively. Both of these events were made 

substantially more likely by climate change, as noted above87,110,113. In the case of the 2003 heatwave, this was made at 

least twice as likely to occur, due to climate change, and has since become substantially more likely. The Russian heatwave, 

meanwhile, was found to have been made 5 times more likely to occur by the climate change observed since 196087, and 

the overall effect of human-induced climate change since pre-industrial times would  Heatwaves as intense as that affecting 

Europe in 2003 have since become even more likely111. In the UK, estimates link around 1,500 excess deaths from three 

heatwaves directly to climate change127. And another study on the 2003 heatwave combined meteorological attribution 
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with the effect of temperatures on mortality, to directly attribute deaths in Greater London and Central Paris; 64 additional 

Londoners (~20% of the total) and 506 Parisians (~70% of the total) lost their lives due to the influence of climate change128.  

 

Underestimation of impacts: These Europe-focused results are far from a complete tally of climate change-amplified 

heatwave impacts. This is largely due to data limitations. Both assessments of health associated with extreme heat101 and 

weather observations, crucial for assessing the link to climate change126, are concentrated within higher income countries. 

EMDAT lists 147 instances of impactful heat events from individual countries for the period 2000-2020, only an improbable 

58 of which are from all of Asia, Africa, South and Central America and the Caribbean combined125. Of the 157,000 total 

deaths recorded, only 10,000 – or 6.3% – were recorded in these regions, which together constitute almost 85% of the 

world’s population, over 60% of the land mass, and many of the hottest and most humid climates. Further, this dataset 

focuses only on heatwaves, periods of relatively extreme temperatures. Further, many heat-related deaths in fact occur 

outside of heatwaves, when temperatures are also increased by climate change, but are not captured within these data.   

In the two most impactful European heatwaves recorded, the maximum recorded wet bulb temperature peaked at 28 °C; 

temperatures frequently exceed this in other regions of the world such as south Asia98, with far more lethal heat events 

likely already occurring than are reported129.  

In addition to the attributable trends in exposure to extreme heat described in this section, we can elicit evidence from a 

few attribution studies that exist. For instance, in 2015 in the Indian city of Hyderabad, heat extremes over a 5-day period 

were made more than 30 times more likely by climate change. Including this event, three devastating heatwaves in India 

in 2010, 2013 and 2015 resulted in the deaths of at least 5,000 people130,131. Meanwhile in neighbouring Pakistan, also in 

2015, the city of Karachi experienced an extreme heat event which by the same measure would have been effectively 

impossible without climate change132. 

The impacts from heatwaves in hotter climates may be somewhat mitigated by the natural acclimatisation of populations, 

among other factors such as age demographics101,133, but this is more than likely offset by greater population density, 

higher frequency of more intense extremes, and greater vulnerability in many regions134. We are therefore extremely 

CASE STUDY: Russia, 2010 

In 2010, from early July until mid-August, an intense high-pressure system formed over Eastern Europe and Russia. 

During this time, temperatures soared above 30 °C throughout the region, breaking 40 °C in many major cities. The 

extremity of this event was overwhelmingly due to climate change87,113. 

This extreme heat led to widespread drought conditions that decimated 25% of the entire annual crop and triggered 

wildfires across more than 10 million hectares of dried-out forests, steppe and peat regions537,538. The destruction of 

grain crops led to rising food prices domestically and abroad; neighbouring Pakistan, for example, experienced a 16% 

rise in wheat price that caused a 1.6% rise in poverty539. The destruction of thousands of properties left over 3,500 

people homeless. Harmful gases and aerosols from the fires became trapped in the stagnant high-pressure system, 

resulting in poor air quality in many major cities. This exacerbated the already-unprecedented public health crisis, 

particularly affecting those with severe asthma and heart problems. In the city of Moscow alone, around 5,000 more 

deaths were recorded than for the same period in the previous year, and across the whole country this was closer to 

55,000 from a combination of heat and poor air quality538. The overall economic loss was approximately USD 15 bn. 
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confident that the reported deaths from heatwaves and those linked to climate change in the 21st Century are a vast 

underestimate. 

Is increased heat-related mortality offset by a reduction in cold extremes? Cold extremes display a decreasing trend in 

frequency and intensity across most of the world and at continental and subcontinental scales81,85,93,135. In the Arctic, the 

rise in heat extremes136,137 and decrease in cold extremes137 is especially pronounced, in line with its rapid warming138. 

Specific cold spells of recent years have displayed this decreased probability due to climate change, including in the UK139, 

US140, Europe116,141 and China142. 

On average, mortality rates are higher in winter than summer months, especially in temperate regions143. However, the 

direct effect of cold on health remains obscured by the wide array of seasonal factors at play144–146, including cardiovascular 

disease which is only weakly linked to cold temperatures147. For the effect of extremes specifically, there are two key 

factors to consider. First, temperature-mortality relationships are generally far steeper for extreme heat than extreme 

cold, with sharper impact thresholds143. Second, the most severe winter cold spells contribute little to overall winter 

mortality, and even in some temperature regions there is evidence that climate change will not decrease winter 

mortality146. Thus the reduction in frequency and intensity of cold extremes has likely not affected overall changes in 

mortality substantially, nor offset those from hot extremes147 and the impact of increasing heat-related mortality are 

assessed to far exceed any reductions in cold-related mortality as a result of climate change148–150. 

2.1.2 Extreme rainfall and flooding 

Summary: Heavy precipitation events are more likely and intense overall due to climate change, but with significant regional 

and seasonal variability. Around the world, floods cause ill health, mortality, and damage to homes, agriculture, and 

infrastructure. Several recent rainfall events that led to destructive flooding responsible for USD 50 bn in damages were 

found to be substantially strengthened by climate change. Heavy monsoon seasons and the most intense downpours are 

more likely due to climate change, resulting in more health impacts and damage due to flooding and drought.   

Changes in rainfall extremes: By 2015, 18% of daily precipitation extremes averaged over all land were directly attributable 

to climate change82. A warmer atmosphere can hold more moisture at a given pressure: the Clausius-Clapeyron relation 

states that the increase in moisture held at a given pressure is 6-7% per °C. Extra water in the atmosphere combines with 

changes in weather patterns to affect rainfall extremes in a given region151,152.  

As a direct result of climate change, deluges are becoming more frequent and intense across many regions including North 

America, Asia and Europe153–155. In contrast to heat, these changes vary greatly across regions and seasons. For example, 

extreme rainfall is increasing in Northern Europe in winter but decreasing in the Southern part of the continent in summer.  
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Figure 9: The amount of rainfall per year that comes from very wet days (exceeding the 95th percentile of daily rainfall), R95p, is used 

to characterise changes in extreme rainfall. (a) shows the trend in this value between 1950-2018, and (b) shows the absolute 

difference in mm from very wet days that exceeded this value across two 30-year time periods – adapted from Dunn et al., 202081. 

Link with flooding: The impacts of rainfall extremes on human societies are primarily the result of flooding. In general, 

changes in the risk of flooding are due to the combination of heavy precipitation with other factors including the 

susceptibility of areas to flooding, land use change and river management156. As a result, there is high regional and sub-

regional variation in trends in flooding157,158, but many of the observed changes to river flow can only be explained by 

human influence on the climate159. Evidence from attribution-science literature shows that growing numbers of floods 

have been made more intense by the effect of climate change on precipitation160–164.  

Why it matters: Flooding damages property and infrastructure, as evidenced by disaster data for the years 2000-2020 in 

which floods globally caused USD 610 bn in damage (Table 2). It also places people in direct danger of injury and death. 

The flood events recorded in the EMDAT database led to 111,000 deaths and affected 1.66 bn people over the period 

2000-2020 (Table 2). Indeed, flooding is the environmental hazard that affects the greatest number of people. One further 

study that considered only large floods found that 255-290 million people were directly affected by flooding between 

2000-2018, and the number of people affected by flooding continues to increase due to population increases and climate 

change165. 

The health impacts of floods result directly from dangerous water flows and inundation, as well as ‘cascading impacts’, in 

which the destruction of infrastructure limits access to services and utilities including clean water and sanitation, resulting 

in ill health166. In turn, this enhances the spread of and vulnerability to water-borne disease, including leptospirosis, cholera 

and other diarrhoeal diseases such as giardiasis, salmonellosis, and cryptosporidiosis166,167. This occurrence of such 

outbreaks following floods is well-documented. This evidence includes an inventory of 87 extreme events between 1910-

2010168, known associations between flood events and gastrointestinal illness in the US169,170 and India171, and has been 

observed in the aftermath of floods in Pakistan172, Mozambique173, China174, Ecuador175, the Solomon Islands176 and many 

others177,178. Crucially, this is especially impactful in areas of pre-existing high vulnerability168,179.  

In addition, vector-borne disease such as malaria, dengue and West Nile Fever spread further following flooding, as more 

widespread stagnating waters provide breeding grounds for the proliferation of mosquitoes166,180. Finally, many diseases 

are also enhanced by the effect of warmth (amplified by climate change) and high humidity, because this increases the 

longevity of many pathogens and mosquitoes177,180,181. The combination of climate change impacts on precipitation, and 

other factors that amplify the resulting impacts, such as temperature, create compound risks. These may be particularly 
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pronounced in south Asia and south-eastern South America. Similar compound events also affect low-lying coastal areas 

where high coastal sea levels, due to storm surges and sea-level rise, combine with heavy rainfall combine to amplify 

resulting flood damages182,183, or tropical cyclones result in blackouts, increasing vulnerability to high temperatures as air 

conditioning is disabled184.  

Hazard 

Observed direct impacts 
Attributable influence of climate change on hazard 
severity/likelihood (Confidence level) Insured 

Damages (USD) 
Total Damages 
(USD) 

Heatwaves 10,000 13.4 bn Increase (High)  

Cold waves and Severe 
winter conditions 

4.63 bn 31.3 bn Decrease (High) 

Floods 74.1 bn 610 bn Increase (Medium) 

Droughts 21 bn  119 bn Increase (Medium) 

Wildfires 51.3 bn 94.3 bn Increase (Medium) 

Storms 499 bn 1.30 trillion 
Rainfall Increase (High) 

Other impacts no change (Low) 

Table 3: Direct damages of different types of disaster between 2000-2020, as recorded by EMDAT, and the attributable influence of 

climate change on each hazard. Note that these values are likely to be substantial underestimates of the true magnitude of damages.  

Attributable impacts: Annual monsoons are a critical source of rainfall for at least 60% of the world’s population in areas 

including south and east Asia, Australia, and east and west Africa185. The south Asian monsoon is of particular societal 

importance, providing 80% of the water to the subcontinent, which contains nearly a fifth of the world’s population and is 

heavily reliant upon agriculture186. In the 20th Century, a decline in the East Asian summer monsoon rains was observed, 

with the most intense rains becoming shorter but more intense, including flooding and droughts187. Since 2000, the 

strength of south Asian monsoon rains has increased, with the most pronounced increases occurring in the most intense 

events186. This pattern covers all monsoon regions, to varying degrees, and crucially an associated increase in both drought 

and flooding187,188. In response to future warming, and if aerosol emissions are reduced, substantial increases in monsoon 

rains are expected, resulting in growing flash flooding risks. However, as increased precipitation is expected to occur over 

fewer days of more intense rainfall, worsening of droughts also becomes more likely187. 

According to EMDAT, around 49,000 deaths due to flooding occurred in south Asia from 2000-2020, almost half of the 

global total flood mortality. The region has also suffered damages of around USD 104 bn, only around USD 4 bn of which 

is recorded as insured damages. Many of the deadliest and most destructive floods in this subset occurred during the 

monsoon season, including in 2000 (India and Bangladesh), 2007 (across south Asia), 2010 (Pakistan), 2017 (Bangladesh), 

and 2005, 2008, 2013, 2019 and 2020 (India). However, even outside of the monsoon season, rainfall extremes have been 

amplified by climate change189.  

Outside of south Asia, the most impactful flood events in terms of both mortality and numbers of people affected by 

flooding also occurred primarily in low- and middle-income countries in Africa, including Sudan, Ethiopia, and Nigeria; 

South America, including Peru, Colombia and Brazil; and the Caribbean, including Haiti and the Dominican Republic. While 
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few attribution assessments on specific events are available in these regions, there is nonetheless evidence of links 

between these types of events and climate change (see above). Further, trends in increased flooding have been identified 

in regions including parts of Brazil190 and Ethiopia191, which combine with other factors to pose greater danger to people. 

For example, the Metropolitan Region of São Paulo has simultaneously undergone rapid urban expansion and an increase 

in the number of extremely heavy precipitation days. Such events were exceedingly rare in the 1950s, but by the 2010s, 

occurred 2-5 times per year. This has placed people at a rapidly rising risk of flash flooding.  

Specific extreme rainfall events with a detected anthropogenic influence have occurred in Europe192–195, the 

Mediterranean196, US118,162,197, New Zealand198 and China199–202. Collectively, these events represent economic losses and 

destruction of property of more than USD 50 bn. 

In certain areas, attribution studies on rainfall have directly estimated the fraction of damages incurred due to climate 

change. For example, in the UK between 2000-2020 approximately USD 9 bn in flood damages have been attributed to 

climate change127, and in New Zealand between 2007-2017 we can attribute USD 140 million in insured-only damages 

(likely a significant underestimate of overall costs)79. While changing weather patterns can be complex in a given area, the 

general trend is increasingly extreme rainfall resulting in destructive flooding over a large portion of the world’s surface.  

2.1.3 Drought 

Summary: Drought risk has increased in drought-prone and Mediterranean-like regions around the world, due to the 

influence of climate change on multiple causal factors. Several recent high-impact events have been shown to have been 

amplified by climate change, causing billions in economic losses and driving food insecurity, migration and conflict. In 

common with the assessments provided in other sections of this report, the events for which the role of climate change has 

been evaluated only represent a small subset of the total drought impacts inflicted by climate change globally. In some 

highly vulnerable regions such as East Africa, specific droughts cannot confidently be linked with climate change but are 

occurring more often, disrupting the livelihoods of millions of people. 

Changes in extremes: Droughts are complex but extremely impactful events that affect billions of people worldwide (Table 

2). There are many different types of drought with varying impacts. The main categories include meteorological, 

agricultural and hydrological drought. All are connected, and each simply refers to an anomalous moisture deficit in part 

of the hydrological system relative to some baseline, be it in precipitation directly, soil moisture, or groundwater reservoirs, 

respectively203. The fingerprint of climate change on increasing drought has been observed in several drought-prone 

regions of the world, including California, the Pacific Northwest, western North America, and the Mediterranean203,204, as 

well as globally205. With the exception of the Mediterranean, which is already receiving markedly less precipitation, this is 

largely due to amplified temperatures driving evaporation and melting snowpack, reducing the meltwater contribution to 

riverflows203. Other smaller Mediterranean-like regions such as central Chile, the far southwest tip of southern Africa and 

southwest Australia have also dried due to climate change, and are now more prone to drought206.  

‘Flash droughts’ are a type of soil moisture, or agricultural, drought that occurs extremely rapidly, with little warning207 

and can have severe consequences for agricultural productivity. In recent years, there has been a notable rise in such 

events in the US, China and South Africa203. Meanwhile, some of the most catastrophic droughts in the world continue to 

occur in East Africa208. Though no single drought there has been linked directly to climate change, this is likely due in part 

to a relatively short observational record and high natural variability, especially for precipitation209–211. More generally, the 

drying of the major rainy season in the region, the ‘long rains’212, is likely connected to climate change213,214.  
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Why it matters: Since 2014, the number of people in the world going hungry has increased year on year. In 2019, there 

were approximately 690 million undernourished people. The growth in food insecurity is linked to conflict, alongside 

climate-related shocks such as drought215. The least food secure regions of the world are the most vulnerable to drought, 

and thus any increase in drought severity due to climate change. In Brazil, an ongoing drought since 2019 has led to water 

scarcity, severe crop losses including corn and coffee, and amplified fire activity in the Amazon. In south Asia, the changing 

patterns of monsoon rainfall as well as rising temperatures and other types of extreme weather have already caused a 

decline in food security216. In East Africa, the major drought in 1984/85 led to a famine that caused the deaths of around 

450,000 people. More recently, a drought in 2008-10 affected 13 million people, another in 2010-11 affected 12 million 

and caused the deaths of 250,000 people in Somalia alone. Since 2005, droughts have increased in frequency in East Africa 

and caused substantial livestock death, disruption of livelihoods and rising food prices208,217. In turn, this has contributed 

to internal migration and further socio-economic instabilities in the region208. From South Asia across the middle east and 

most of Africa, hunger is a growing challenge that climate-amplified drought is exacerbating. More broadly, extension of 

drought across water-scarce regions is exceptionally costly through its impact on ecosystems, agriculture and wider 

society203. 

Attributable impacts: Illustrating this, the fingerprint of climate change has manifested very clearly on many recent 

droughts. California provides an exemplary case. From 2011-2017, it suffered an extended drought, possibly the worst in 

a thousand years218. Even as this event unfolded, scientists demonstrated that various contributing factors were 

attributable to climate change, including reduced snowpack219,220 and warm dry years221,222. This drought was then 

alleviated by incredibly intense seasonal rainfall that led to destructive flooding, with damages of at least USD 1 bn223, in a 

compound event that has been linked to climate change224. Similar compound droughts and floods have occurred in the 

UK225 and East Africa208. Not only that, new research shows that the California drought was a smaller part of a larger mega-

drought stretching from 2000-2018, which itself was pushed from a moderate event to the worst in 1200 years by climate 

change226. From 2014-16, economic losses in the agriculture industry amounted to at least USD 5.5 bn, and the loss of 

42,000 jobs227–229. Furthermore, during the first three years of the drought, hundreds of millions of trees perished due to 

water stress, wildfires and proliferating bark beetles; in parts of the Sierra Nevada almost half of all trees died230.  

There are several other cases of drought across the world that have been shown to have been intensified by climate 

change. This includes South Africa 2015-17231,232, Europe 2016-17233, Indonesia 2015234, New Zealand235 and Canada236.  

 

CASE STUDY: Indonesia, 2015 

In July-October 2015, Indonesia experienced a combination of severe heat and extremely low precipitation that 

created drought conditions. This was due to the occurrence of a strong El Niño and the resulting sea surface 

temperatures were amplified significantly by climate change234.   

The impacts of this drought were myriad and severe. Farmland drought affected over 111,000 hectares of crops540, 

which led to widespread loss of income, rises in food prices541 and poverty542. It triggered the worst fire season since 

1997, resulting in air pollution that detrimentally affected the health of millions and caused in the deaths of over 

100,300 people across Indonesia, Malaysia and Singapore543,544. The impact on vegetation more widely disrupted local 

wildlife, causing thousands of long-tailed monkeys to attack and steal from villages in search of food545.  
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The impacts of these droughts vary greatly in severity and form, being acutely related to vulnerability in the affected region. 

In Canada, drought conditions led to forest fires that created a serious public health risk (see section 2.1.4). In New Zealand, 

economic costs of the 2013 drought totalled at least USD 1.3 bn. In Europe, drought costs an average of €6.8 bn per year. 

Against this backdrop, the extreme 2016-17 event caused loss of many types of crops, including cereals, olives, tomatoes, 

wine grapes, and almonds, with losses of at least €2 bn in Italy alone. Episodic drought is becoming more common in Brazil, 

and though the number of fatalities has fallen drastically, the number of people affected is still increasing; since 1990, 

hundreds of droughts affected over a billion people237. In South Africa, economic losses totalled USD 400 million, cost tens 

of thousands of jobs and months of extreme water restrictions for citizens in late 2017238. Cape Town also narrowly avoided 

‘day zero’, when there would have been no water remaining in city pipes. Attribution research has demonstrated that 

climate change amplified all of these impacts. Finally, in the Fertile Crescent from 2007-2010, the worst drought in the 

instrumental record led to widespread agricultural failure and livestock death. In Syria, this contributed to the large-scale 

migration of 1.5 million people from rural areas to cities, which has been held partially responsible for the outbreak of the 

still-ongoing conflict within the country.  

2.1.4 Wildfire 

Summary: Wildfire risk has substantially increased in several regions, with severe health impacts. Between a quarter and 

half a million deaths annually are attributable to landscape fires, as well as at least USD 100 bn annually in health impacts 

in the US and Canada alone. The signal of climate change has been detected in several recent fire events, suggesting direct 

causality to millions of killed or displaced animals, thousands of hectares of crops burned and thousands of deaths due to 

air pollution. 

Changes in extremes: Wildfire risk is inextricably tied to dry and hot conditions, and is greatest during periods of ‘Fire 

weather’, classified using various metrics as some combination of high temperature, low humidity, lack of rain, fuel 

availability and high wind speed239,240. The risk of wildfire has already substantially increased in many regions, including 

the western US, Alaska and Canada241–244, the Mediterranean245–247, Amazonia246–249, southeast Asia247 and Australia250–252.  

Recent blazes across the world have proved to be violent manifestations of this. For instance, in British Columbia in 2017 

and 2021 severe hot and dry summers led to unprecedented forest fires. In 2017, the burned area was made 7-11 times 

larger by climate change and, equivalently, the event was made 2-4 times more likely253. Similar results were found in an 

analysis of fire risk in Western Canada, where fires as large as those that burned almost 600,000 ha near Fort McMurray, 

Alberta, in 2016, were found to have become 1.5-6 times more likely to occur as a result of climate change254. In Sweden 

in 2018, extensive forest fires were made 10%  more likely by climate change255. And using the same method, the record-

breaking Australian bushfire season of 2019/20 was made at least 30% more likely by climate change256. 

Why it matters: Wildfires can cause direct mortality, although the total number of direct deaths are typically lower than 

for other extreme events (Table 2). However, wildfire smoke consists of fine particulate matter (known as PM2.5 and PM10) 

that reaches deep into the lungs when inhaled, can reach the bloodstream, and is likely more toxic than ambient 

particulates of the same scale257. The hazardous air pollutants that constitute the smoke aggravate existing respiratory 

health issues, trigger new conditions and may also have links to cardiovascular health impacts258–260, as well as adverse 

effects on pregnancy outcomes261. In Canada, short term effects of wildfire smoke include 54-240 premature deaths and 

USD 0.41-1.8 bn annually, while long-term chronic issues are responsible for 570-2,500 premature deaths and costs of USD 

4.3-19 bn annually259. A similar study for the US from 2008-2012 showed that short-term effects cost thousands of lives 
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and additional hospital admissions for respiratory and cardiovascular illness annually, while long-term exposure cost tens 

of thousands of lives annually – the economic costs of these health burdens was estimated as USD 11-20 bn (2010$) per 

year for short-term, and USD 76-130 bn per year for long-term effects262. Finally, across the world total attributable deaths 

to landscape fire smoke are in the hundreds of thousands (262,000 in La Niña years, compared with 532,000 during El 

Niño), with the worst affected areas being sub-Saharan Africa and southeast Asia263.  

Attributable impacts: Severe impacts have also been recorded for attributed weather and fire events. For instance, during 

the anthropogenically amplified European heatwave of 2003, the central and Algarve regions of Portugal experienced the 

worst mega-fires in history264. The resultant smoke dispersed across Europe, increasing the concentrations of PM2.5 by 20-

200% in many places265, where several hundred deaths were linked to air pollution in the UK and Netherlands alone266. As 

noted in section 2.1.3, fires across Indonesia in 2015 led to over 100,000 excess deaths. Similarly, in Russia in 2010 smoke 

from burning forests and peatlands became trapped over population centres, exacerbating the public health crisis and 

causing up to 2,000 excess deaths in Moscow alone267. And in the 2019/20 bushfires in Australia, levels of PM2.5 exceeded 

the WHO guideline levels fourfold268. Smoke from the fires was responsible for “417 excess deaths, 1,124 hospitalisations 

for cardiovascular problems and 2,027 for respiratory problems, and 1,305 presentations to emergency departments with 

asthma”269,270.  Finally, the 2016 Alberta wildfires displaced over 80,000 people and caused over CAD 3.5 bn in insured 

losses. As noted above, these fires were made substantially more likely due to climate change. Across Canada, wildfires 

burn 2.1 million ha per year, approximately the area of Wales254.  

 

2.1.5 Tropical Cyclones 

Summary: Tropical cyclone rainfall increases across all basins are attributable to climate change, as is a global increase in 

rapid-intensification events. Basin-specific attributable changes include the poleward shift of storm tracks in the North 

Pacific and a slowdown of translation over the US. Further, several recent seasons of high cyclone activity and rainfall from 

many individual events were amplified by climate change. In the North Atlantic alone, this applies to events that caused 

half a trillion USD in damages.  

CASE STUDY: Australia, 2019/20 

In the summer of 2019/20, New South Wales experienced the worst fire season on record, since dubbed the ‘Black 

Summer fires’. This event was made at least 30% more likely by climate change256. Not only that, the sheer scale of the 

fires went beyond anything simulated in models, leading to a call for urgent improvement of risk modelling for accurately 

informing society546. 

These fires burned a record 19 million hectares of forest and woodland547, resulting in the direct destruction of 5900 

buildings and tens of thousands of livestock being killed. An estimated 3 bn mammals, reptiles, birds and frogs were 

killed or displaced, making it “one of the worst wildlife disasters in modern history.”548, with fears of possible extinctions 

of endangered species269,549. 

Across the region, levels of PM2.5 exceeded the WHO guideline levels fourfold268. Smoke from the fires was responsible 

for “417 excess deaths, 1,124 hospitalisations for cardiovascular problems and 2027 for respiratory problems, and 1305 

presentations to emergency departments with asthma”269,270.   
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Changes in extremes: Trends indicate no significant change in the frequency of tropical cyclones globally, but a greater 

fraction of those that do occur are the most intense Saffir-Simpson category 4 and 5 superstorms271,272, which usually 

dominate the societal impacts273. Tropical cyclones are also shifting poleward in most regions, affecting the areas 

impacted274. Further, a slowing in tropical cyclone movement has been observed275,276, accompanied by deposition of 

higher rainfall intensities277, affecting the severity of impacts. 

There is substantial variability between basins. Increasing trends in the number of storms are most significant in the central 

Pacific, Arabia Sea and North Atlantic, and decreases are observed in the Bay of Bengal, the southern Indian Ocean and 

western North Pacific. This spatial distribution change is too large to be explained by natural variability alone and is linked 

to climate change278. In the North Atlantic, an observed increase in intensification rate is likely too large for natural 

variability279, likewise for the significant slowing of translation speed over the US275, while the observed increase in overall 

activity is significant yet not attributable to climate change280. In the Bay of Bengal, despite the decreasing numbers, there 

is a clear increasing trend in the fraction of high intensity storms and overall cyclone energy281. Changes in overall activity 

are less certain in the west Pacific due to high variability, but northward shift in storm tracks since the 1980s is 

significant274,282, as is a slowdown of translation speed276.  

There have also been several notable events amplified by climate change in recent years, including Hurricanes Irma, Maria, 

Katrina, Harvey, Florence, Sandy, Typhoon Haiyan and others. And notable recent seasons of high cyclone activity could 

not be explained without anthropogenic influence, including in the Arabian sea in 2015283, in the western North Pacific in 

2015284–286, and in the North Atlantic in 2017287.  

Why it matters: Tropical cyclones often cause flooding, including due to storm surges affecting coastal areas, the impacts 

of which are encompassed in the losses described in section 2.1.2. In addition, storms generate high winds that fell trees, 

and destroy property and power lines, thus creating further disruption. For instance, in the wake of Hurricane Irma in 2017, 

services on Puerto Rico were hindered by blackouts after a partial collapse of the power system288. When Hurricane Maria 

struck just two weeks later it caused devastation exacerbated by this additional vulnerability. Further, it extended the 

spatial and temporal aspects of disruption to services and the power grid across the island and for months into the 

future289,290. The subsequent reliance on generators led to worsening air quality in San Juan291. The extreme rainfall also 

triggered over 40,000 landslides across the island, wiping out other power lines, roads and other structures292. The storm’s 

passage also severely damaged vegetation across the island, which took months to fully recover293. There were also more 

long-term impacts. For example, in 2017 in Puerto Rico, in the context of an already-struggling economy, the severity of 

the 2017 hurricane season may have led between 129,000 – 477,000 Puerto Ricans to migrate away from the island294. 

Attributable impacts: Rainfall from both Hurricanes Maria and Irma was amplified by climate change277. As a result of 

these hurricanes, at least 1,000, and potentially as many as 4,645, people lost their lives289,295. Other high-mortality tropical 

cyclones include Typhoon Haiyan296 and Cyclone Idai173, which are estimated to have led to over 7,000 and 1300 deaths in 

southeast Asia and across south-eastern Africa, respectively. Typhoon Haiyan was shown to have been strengthened by 

climate change, increasing the height of the resulting storm surge by 20%297. During Cyclone Idai, flooding destroyed over 

800,000 hectares of croplands belonging to half a million households298. In the Philippines, Haiyan severely impacted the 

livelihoods of 3.4 million coconut farmers and thus disrupted a major component of the nation’s agriculture industry299. 

The deadliest cyclone in the global record in the 21st Century, representing nearly 70% of all recorded mortality for storms 

in the period, was Cyclone Nargis, which struck Myanmar in 2008 and caused over 138,000 fatalities300. This cyclone formed 
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due to anomalously warm waters in the Bay of Bengal301, where such storms are becoming less frequent but more intense 

due to climate change281.  

The extreme rainfall from Hurricanes Katrina, Irma, Maria, Harvey, and Florence were each individually amplified by climate 

change277,302–305. Furthermore, analysis of specific drivers of Hurricane Harvey showed that such an event was linked with 

anomalously high ocean temperatures (both in the Gulf of Mexico and globally), therefore suggesting direct causality to 

global warming306. Together, just these five storms caused almost half a trillion dollars in damage to property and 

infrastructure, wiping out homes, roads, utilities and businesses. 

In the North Atlantic basin alone, it is likely that other hurricanes constituting damages in excess of USD 200 bn follow a 

similar pattern125. Furthermore, while Hurricane Sandy was not significantly intensified by climate change307, the 

probability of storm surges as high have more than tripled due to sea level rise308. The added effect of climate change on 

this storm surge resulted in an extra USD 8 bn in damage and affected a further 71,000 people309. 

2.2 Sea-level rise 

Summary: Sea levels are rising at increasing rates, primarily due to human influence on the climate73. Sea-level rise occurs 

due to rising global temperatures, leading to the thermal expansion of the oceans, and the melting of ice sheets and 

mountain glaciers. Global sea levels have risen by an average of 1.7 ± 0.3 mm per year since 1950, increasing to 3.3 ± 0.4 

mm for the period 1993-2009, and the rate is anticipated to increase significantly in coming decades310. Sea-level rise leads 

to damage to property, infrastructure, agriculture and water resources through permanent inundation of land, increasing 

high-tide flooding, salinization of freshwater resources and coastal erosion. Further, sea-level rise can amplify the impacts 

of storm surges induced by tropical cyclones, increasing deaths and damage associated with tropical cyclones.  

Sea-level rise impacts: Emissions of greenhouse gases and aerosols as a result of human activity are responsible for at 

least one third of observed global-mean sea-level change over the 20th Century311. A widely-cited estimate is that at least 

49% of the observed 20th-Century sea-level rise is due to climate change312 and the IPCC state that ‘there is high confidence 

that anthropogenic forcing very likely is the dominant cause of observed [global-mean sea-level] rise since 1970’73.  

Sea-level rise causes direct impacts through inundating coastlines, salinizing water resources in freshwater lakes and 

groundwater313, and increasing the area affected by high-tide flooding. Sea-level rise impacts also result from its 

combination with other phenomena, such as wind storms and coastal precipitation183, to increase storm surge heights and 

coastal erosion. The impacts of sea-level rise affect coastal populations, infrastructure and ecosystems73. 

Why it matters: 640-700 million people lived in coastal areas below 10m above sea level in 2000, representing a huge 

proportion of the world’s population exposed to sea-level rise impacts73. In Europe, the present-day expected annual 

economic impacts of extreme sea levels is estimated to be €1.25 bn, with 102,000 people exposed to coastal flooding314. 

In New York City, what was a 1-in-500-year flood is now expected to occur once every 25 years. Such flooding events are 

projected to occur as frequently as every 5 years by 2030-2045315. Although the impacts of sea-level rise attributed to 

human influence to date are limited73, sea-level rise is projected to become a key driver of the impacts of climate change 

over coming decades (section 3.3). 

Attributable impacts: Sea-level rise has been shown to have amplified cyclone impacts through increasing storm surge 

heights and therefore the area affected. For instance, USD 8.1 bn of the USD 60 bn in economic damages inflicted by 

Hurricane Sandy in 2012 in the area around coastal New York would have been avoided in the absence of human-induced 
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sea-level rise. As a result of sea-level rise, the area flooded by Sandy’s storm surge increased such that 71,000 additional 

people were affected309. In addition to storm surge impacts, attribution evidence on ‘sunny-day’ flooding has also found 

that the flooding affecting Southeast Florida in September 2015, while caused by a natural spring tide, was made 6 times 

more likely by the sea-level change observed between 1994-2015 alone316. The risk of coastal flooding is increasing globally 

due to sea-level rise. Projections of future sea-level rise (Section 3.3) indicate that these risks will grow substantially in 

future, especially in the absence of rapid greenhouse gas emission reductions.  

2.2.1 Other marine impacts 

In addition to the direct impacts of sea-level rise, the warming of the oceans can cause marine heatwaves, periods of 

extremely high sea temperatures, that can cause severe impacts on marine ecosystems. These impacts include mass death 

of marine organisms, including invertebrates, fish and seabirds, local extinction of mangrove and kelp forests, coral 

bleaching, changes in phytoplankton blooms, changing species composition and geographical distribution, and toxic algal 

blooms317. These effects can lead to reductions in fisheries’ catches and threaten food availability for communities that are 

nutritionally dependent on the seas. The incidence of marine heatwaves has doubled since 1982. In 2016, around 25% of 

the ocean surface experienced its longest or most intense marine heatwave on record318. 

Globally, 84-90% of marine heatwaves occurring worldwide have been attributed to the global temperature increase  since 

1850-1900, which in turn is almost entirely attributable to human emissions of greenhouse gases and aerosols68. 

As ocean temperatures rise and marine heatwaves occur more frequently, a range of impacts on coastal and marine 

organisms will occur (Figure 10). Coral bleaching has become more prevalent319. Coupled with the impacts of ocean 

acidification, the fate of the world’s coral reefs will have substantial implications for the 450 million people who live close 

to coral reefs and depend on these ecosystems for income and nutrition320. Tropical coral reefs also play a vital role in 

coastal protection against storms, with reefs dissipating approximately 97% of wave energy, reducing coastal erosion. 

Mangroves also provide important protection for coastal communities from storms, but these too are threatened by the 

impacts of climate change, due to being unable to keep up with sea-level rise and suffering other impacts such as 

reductions in sediment supply. Coastal areas that are currently protected by mangroves and coral reefs are therefore likely 

to become exposed to growing risks in future321. 
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Figure 10: Risks due to ocean warming (amplified by other consequences of climate change including ocean acidification) for various 

ocean organisms, ecosystems and sectors at 1.0 °C, 1.5 °C and 2.0 °C of sea-surface temperature warming above pre-industrial levels. 

The grey bar shows the global-mean surface temperature over 2006-2015 and assessed changes in risk levels derived from expert 

judgement of IPCC authors and evidence in the peer-reviewed literature. Confidence levels for the location of points of transition 

between different risk levels are noted in the diagram (L = low, M = moderate, H = high, VH = very high). Figure from ref. 17. 

2.3 Glacial retreat 

Summary: Glaciers are retreating globally, threatening water resources in regions that are (seasonally) dependent on 

glacial meltwater and creating a range of hazards in mountain regions. Although the impacts of glacial retreat are not yet 

as substantial as extreme weather events on the global scale, the impacts of climate change on glaciers can have profound 

consequences for communities downstream of glaciers, especially if they overlap with the growing impacts of extreme 

weather events, and hazards attributed to the retreat of glaciers have caused thousands of deaths, directly attributed to 

human influence on the climate. 

Impacts of glacial retreat: The worldwide retreat of mountain glaciers is one of the most prominent impacts of climate 

change in public discourse and an established consequence of anthropogenic climate change71,72,322,323. Glaciers are 

retreating in nearly all high-mountain regions322. In some cases, this may compromise vital water resources324, and these 

impacts are likely to become much more pronounced in future325.  
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Why it matters: Glacial meltwater plays an important role in maintaining streamflow in river systems fed by mountain 

glaciers. In regions with low seasonal or annual precipitation, meltwater from glaciers326–329 and snowpack330–332 may 

constitute a substantial portion of agriculturally-available water. Around 800 million people depend in part on meltwater 

from the 95,500 high-mountain glaciers of Asia, where glaciers are drought-resilient sources of water which mitigate the 

region’s vulnerability to drought333. Drier river basins with higher interannual precipitation variability, such as the Indus, 

experience the greatest relative precipitation reductions during droughts, making extreme water shortages more likely 

and amplifying the importance of meltwater for communities334. For instance, in the Indus basin, the July mean meltwater 

fraction of streamflow is 53%, rising to 63% in a drought year. Glacial melt is consequently vital for hydropower, and water 

supplies for communities and agriculture. The annual net glacier melt volume of the Indus basin is equivalent to the needs 

of 87 +/-19 million people at the threshold of absolute water scarcity334. Past analyses have shown that mass loss from 

high-mountain Asia is among the highest of the regions evaluated in the IPCC’s Special Report on the Ocean and Cryosphere 

in a Changing Climate323. The retreat of glaciers in the Upper Indus basin has negatively affected glacier-supported 

irrigation systems335. 

Attributable impacts: As a result of the human-induced retreat of mountain glaciers, proglacial lakes are expanding336, 

threatening downstream communities with glacial lake outburst floods337,338. Attribution research has found that early 

human-induced climate change increased the risk and impacts of a deadly glacial lake outburst flood that killed at least 

1,800 people in the Peruvian city of Huaraz, in 1948. The ongoing risk of a glacial lake outburst flood from the same lake 

that produced the 1948 event, Lake Palcacocha, now threatens a city of 120,000 people and has been directly linked to 

climate change72. Other disasters in mountain regions may be affected by climate change, although formal attribution 

assessments have not yet been possible. For instance, the catastrophic mass flow that left over 200 people dead or missing 

in February 2021, in Chamoli, India, occurred due to a huge rock and ice avalanche. Even though that specific event has 

not been attributed to climate change, warming is known to decrease the stability of slopes in mountain regions, including 

due to the degradation of permafrost and glacier ice339. Finally, human-induced retreat of mountain glaciers has led to the 

re-routing of rivers, affecting downstream communities that rely on stable water supplies340.  

2.4 Mental health impacts of disasters 

Summary: We can confidently attribute an increase in mental health challenges in affected communities alongside a rise in 

many types of severely impactful extreme weather. In particular these mental health impacts disproportionately affect 

more vulnerable and marginalised communities. 

Links between climate and mental health: Mental health risks and impacts are growing due to climate change, as 

evidenced by a limited but rapidly expanding literature97,341,342. Climate change affects many aspects of mental health, not 

only triggering mental illness and exacerbating pre-existing problems but also impacting overall states of resilience and 

well-being341. It does this in several ways: disasters trigger post-traumatic stress disorder (PTSD), anxiety, depression and 

suicidal thoughts, among other conditions343; incremental changes such as rising temperatures, sea levels and episodic 

drought lead to increased financial and relationship stress and increased instances of violence, especially towards 

women343; the global scale of climate change leads to hopelessness, guilt and despair341,342.  

For extreme weather events, quantitative attribution of mental health impacts to climate change remains challenging. This 

is due to the diverse nature of such impacts, and because attribution studies typically consider one aspect of the causal 

chain (climate-meteorological event or meteorological event-mental health impacts), not both341. Nonetheless, the severe 



44 
 

mental health impacts of different types of disaster including heat and humidity extremes344–346, floods347–353, storms354–

357, wildfires 358,359 and drought360–363 are very well documented. These impacts persist long after individual events 

themselves occur, they affect disaster first responders severely and local first responders most of all364,365, and are more 

likely to occur in those with pre-existing mental health conditions341,343. In addition the mortality and morbidity toll of 

climate change will cause substantial mental ill health for relatives of those worst affected. 

Attributable impacts: A few cases now exist in which mental health impacts are attributed to an event and the event itself 

is attributed to climate change. For instance, Hurricanes Katrina and Maria had rainfall amplified by climate change277 and 

resulted in widespread anxiety-mood disorders354,366–368 especially prevalent among the most marginalised groups369 and 

the young370. The Black Saturday bushfires in Victoria, Australia were made more likely by climate change371, and resulted 

in PTSD in a significant minority of the most affected groups358. The 2013/14 UK floods were made more likely by climate 

change192,372,373 and caused increased psychological morbidity among those both flooded and disrupted348.  
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3 Future impacts of climate change  

3.1 Introduction 

Continued emissions of greenhouse gases will result in increasingly severe climate change impacts in future. Since the 

magnitude of climate change impacts increases with greater levels of global warming, future greenhouse gas emissions 

will determine the extent of future impacts. In section 3, below, we provide an overview of the future impacts projected 

to occur under a range of scenarios. These scenarios include those in which greenhouse gas emissions are cut rapidly and 

future warming is limited, and higher-emissions scenarios in which global temperatures continue to rise, causing more 

extreme impacts. 

The future impacts of climate change are assessed using climate model simulations. These simulations can project changes 

in the climate system, and therefore the incidence and intensity of extreme weather events, sea levels, glaciers, and other 

components of the earth system that are affected by climatic changes. Here, we overview the projected changes in these 

impacts under a range of greenhouse gas emissions scenarios. This assessment is not comprehensive but indicates some 

of the impacts that are likely to arise as a result of greenhouse gas emissions, including those occurring due to the 

Bolsonaro administration’s acceleration of Amazon deforestation.  

3.2 Extreme Weather 

3.2.1 Heat 

Summary: Extreme and dangerous heat will occur more frequently across the world (Figure 11, Figure 12), especially Africa, 

South Asia and South America. The impacts include substantial losses in summer labour productivity, up to 20% in some 

regions, and rapidly rising mortality in vulnerable populations. These will be most severe in tropical nations, poorer nations, 

and those most heavily reliant upon primary industries. Limiting warming to 1.5 °C rather than 2 °C approximately halves 

most impacts.  
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Figure 11: Projected changes in the intensity and frequency of extreme heat events, relative to the intensity / frequency of such 

events in the pre-industrial climate (1850-1900). Extreme heatwave conditions have already become hotter and more frequent due 

to observed climate change. Future warming will substantially increase the regularity and impacts of these heat extremes, but the 

extent to which the incidence / intensity of extreme heat will increase is determined by the magnitude of future warming – and 

therefore future greenhouse gas emissions. Figure from IPCC AR62. 

Changes in extremes: In a warming world, heat extremes will occur more often and with greater intensity, causing growing 

heat stress across the world374. Currently, around 30% of the population are exposed to hot humid conditions that cause 

mortality for more than 20 days per year. If climate change continues unabated, this will rise to 74% by 2100129. As 

populations are still increasing, this means that the absolute number of people exposed to deadly heat conditions will grow 

even more rapidly. By another measure, global exposure of people to extreme heatwave events will increase 30-fold by 

2100375. This global view shrouds the even more intense regional impacts of future extreme heat; while the average 

exposure in Europe to severe heat will increase by 4 times, African nations will experience 118 times more375 and south 

Asia and south America will also experience more rapid increases376.  
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Figure 12: Projected population exposure to extreme heat under high-emission scenario climate change and projected population 

growth (scenario RCP8.5-SSP3) for 2046-2065 – adapted from Chen et al., 2019377. 

In west and north Africa and the Middle East, the overwhelming majority of people will begin to experience days of 

dangerous heat stress due to climate change378,379. Similarly, across south Asia and east Africa, overall exposure to severe 

heat will increase nearly 16-fold for 2 °C of warming, and more when the expected population increases are accounted 

for380. And in India specifically, exposure to severe heat will rise by roughly 15 times by mid-century and 92 times by end-

century381. These regions are all densely populated, still rapidly growing and acutely vulnerable to extreme heat due to 

limited cooling infrastructure and adaptive capacity, especially west Africa and south Asia374. Moreover, the most extreme 

temperatures are increasing at the fastest rate. The most extreme wet bulb temperatures of today will occur over 150-750 

million more person-days by 2080, depending on the global warming rate, which in turn depends, inter alia, on 

deforestation practices. Furthermore, from being effectively impossible in the modern day, events that exceed the upper 

limit for human survivability may occur by mid-century and cover a million person-days annually by 2080, especially in 

south Asia374,382.  

Growing megacities will bear the brunt of impacts. Even with relatively low warming, south Asian cities such as Kolkata 

and Karachi will experience heat as severe as the 2015 event every year, while 350 million people in megacities across the 

world (such as Shanghai, China and Lagos, Nigeria) will begin to experience such conditions383. This is a conservative 

estimate that doesn’t incorporate the amplifying effects of urban heat environments, which can make heat stress twice as 

bad as the surrounding areas384. Heat stress will also increase across the entire US385, most European cities386 and all of 

China387. 

Projected impacts: Given the present-day impacts of extreme heat described in section 2, the projections of rapidly 

increasing exposure indicate significant growing risks from climate change. This is also in light of the modern-day 

underestimation of heat impacts across the world. These changes therefore pose dire implications for ecosystems, 

economies and human health on a global scale383.  
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A wet bulb temperature of 32 °C is considered the absolute upper limit for labour productivity388, while heat stress at work 

(or the essential measures needed to prevent serious health impacts) causes a loss in productivity389,390. The occurrence of 

more extremes over the productivity threshold will directly impact industries, especially those reliant upon manual and 

outdoor workers, from steel workers in India to construction workers in Saudi Arabia391–393. In the US, unmitigated climate 

change will lead to USD 51-119 bn worth of labour losses annually, which could be reduced by USD 20-71 bn with moderate 

emissions reductions108. In China in the summer, for a scenario of high emissions, this could mean a slump in labour 

capacity of 5% in the near future (2020-2050) and up to 20% in the latter half of the century, with some of the most 

developed areas losing up to 40%387. In Pacific Island nations, which are heavily reliant on primary industries, labour loss 

may rise from 2-3% up to 9-18% by the end of the century 394. In Brazil, over 20 million people work in agriculture and 

construction, and wet bulb temperatures are projected to increase in frequency, intensity and spatial coverage across the 

nation, indicating clear economic vulnerability395. Overall, heat extremes will cause many tropical regions to experience 

labour losses of 6% annually (from 2% now) at just 1.5 °C, with this doubling for higher emissions396. Across the world by 

2050, hot months could mean a 20% loss in labour capacity389, representing repeated  catastrophic blows to the global 

economy. 

In the absence of adaption measures, or even in spite of them, many construction, agriculture and other outdoor workers 

experience will also experience growing health impacts from heat stress392,393,397. Poorer nations with a larger fraction of 

outdoor and manual workers and greater vulnerability will experience greater impacts from extreme heat398, with India 

and Brazil ranked highest for ‘integrated heat-stress exposure’399, but the overall negative effect on public health will be 

globally ubiquitous. For example, the mortality risk to vulnerable people (over 65 years) in the Middle East and north Africa 

will grow by 8-20 times, but less (3-7 times) if global temperature rise is limited to 2 °C379. Across urban areas in China, 

heat-related mortality will increase by between 25,000 and 40,000 annually by mid-century and up to 60,000 by 2070, 

depending on the magnitude of future emissions400. In the UK, from 1974 heat-related deaths per year in the 2000s, studies 

project 7,040 deaths per year (a 257% increase) in the 2050s and 12,538 deaths (a 535% increase) in the 2080s401. In 

southwest Germany, the 2015 heatwave that caused approximately 1,400 excess deaths will become around 6 times more 

likely by 2080402. And the extreme European 2003 heatwave, which resulted in 70,000 deaths, would cause 20% higher 

mortality in Paris and London in a 2 °C world and become several times more likely403. The mortality risk will increase most 

drastically in tropical and subtropical regions, and while data is limited in many of these regions, estimates suggest that 

the rate of heatwave mortality could increase by as much as 500-2,000% by mid-century in nations including Colombia, 

Brazil and the Philippines404.  

1.5 vs 2 °C: The difference between 1.5 and 2 °C of peak warming is substantial. Globally, it directly translates into 420 

million fewer people frequently exposed to extreme heatwaves and 65 million fewer to exceptional heatwaves376. This 0.5 

°C difference provides benefits over a range of societally relevant impacts, including 38% less health-related heat exposure, 

50% less exposure to wildfires and 35-50% crop heat stress399. The significance of this difference will also manifest at 

regional scales. Over south Asia and east Africa, the exposure to extreme heat will increase by 4 times at 1.5 °C, but around 

16 times at 2 °C, before accounting for population changes380. In south Asia specifically, at 2 °C of warming compared with 

the present day, the exposure of a given person to upper labour threshold of 32 °C will increase by 2.2 times, and to the 

lethal 35 °C threshold by 2.7 times. At 1.5 °C, these risks are halved381,388.  
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Figure 13: Projected changes in extremes at 1.5°C (left) and 2°C (middle) of global warming compared to the pre-industrial period 

(1861–1880), and the difference between 1.5°C and 2°C of global warming (right). Cross-hatching highlights areas where at least two-

thirds of the models agree on the sign of change as a measure of robustness. Figure 3.4 of IPCC Special Report on Global Warming of 

1.5°C321. 

3.2.2 Extreme rainfall and flooding 

Summary: Extreme rainfall will occur more frequently across the world, but especially in the tropics. The impacts include 

rapidly increasing damages to property and destruction of crops, resulting in food insecurity and loss of livelihoods. The 

impacts vary by region, with property especially at risk in Europe and the US and humanitarian impacts more severe in Asia, 

Latin America and Africa.  
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Figure 14: Projected changes in the intensity and frequency of extreme precipitation events, relative to the intensity / frequency of 

such events in the pre-industrial climate (1850-1900). Extreme precipitation events have already become more frequent and intense 

due to observed climate change. Future warming will substantially increase the regularity and impacts of these events, but the extent 

to which the incidence / intensity of extreme heat will increase is determined by the magnitude of future warming – and therefore 

future greenhouse gas emissions. Figure from IPCC AR62. 

Changes in extremes: In general, sudden heavy downpours will become more intense and common as the climate changes, 

because a warmer atmosphere holds more moisture405. So far this holds true for multi-day and single-day rainfall events, 

while sudden hourly bursts will increase even faster than the linear climate change rate406,407. The more extreme the event, 

the more rapidly the chance is increasing408. The amplified temperature effect of cities will also cause even more intense 

rainfall over urban areas, amplifying the chance of flash flooding409. These extremes will increase across nearly all land 

regions, especially in the tropics and parts of the mid-latitudes405,410,411, though there is some diversity by season and 

subregion412,413. 

Globally, intensifying rainfall will bring more flooding from sudden flash floods414,415 and overflowing rivers416,417, though 

the latter is highly regionally dependent. In Europe, especially cities in the northwest such as in the British Isles, river 

flooding will rapidly increase386 as will destructive compound flooding from high sea levels and heavy rainfall183. Brazil is 

especially vulnerable to increased rates of flash flooding with climate change418 as well as swollen levels of the western 

Amazon draining from the Andes419. More widespread rainfall extremes will likely cause more flooding in the US420. 

Meanwhile, more intense rainfall before, during and after monsoons will especially trigger more flooding in west and 

central Africa421–423 as well as south Asia424. East Africa will see more wet extremes from wet areas getting wetter, even in 

the midst of drying trends in other places425,426.  

Projected impacts: If climate change continues unabated, at 4 degrees of warming losses from river flooding will increase 

by 500% in the majority of nations, hitting hardest in the US, Latin America, Europe and Asia (Figure 15)416. However, the 

differences in extreme rainfall even between 1.5 °C and 2 °C are significant (Figure 15) and will translate into substantial 
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differences in flooding. At just 1.5 °C warming, flood mortality rises 75% and damages by 200%, and at 2 °C the mortality 

ramps up another 50% and damages are doubled again427. For context, flood damages over the period 2000-2020 totalled 

USD 610 bn (Table 2). In southeast Asian cities, the combination of rapid urbanisation and climate change will cause flood 

damages to more than double in the near future428. Globally, the number of people exposed to a 1-in-100 year flood will 

increase by 50 million due to climate change alone, between 2010 and 2030165. 

Many destructive recent flooding events have already been attributed to climate change (Section 2.1.2), all of which will 

likely get more likely and intense going forwards. Other events that have not yet been attributed to climate change are 

projected to strengthen in response to future climate change. For example, in Bangladesh, rainfall-driven flooding in 2017 

destroyed 650,000 ha of cropland, affecting food security and livelihoods across the region – such an event will become 

1.7 times more likely in a 2°C world429. And in Pakistan in 2010, catastrophic flooding inundated over a million homes, 

affected 20 million people and caused over 1500 deaths430. By 2090, the rainfall from such an event will be 50-100% more 

intense, inevitably leading to further destruction and suffering431. 



52 
 

 

Figure 15: Average change in population affected (a, c, e) and expected damage (b, d, f) per country at specific warming levels. 

Hatching indicates countries where the confidence level of the average change is less than 90%416. 

3.2.3 Drought 

Summary: Drought will occur more frequently across large parts of the world, becoming more intense, and covering twice 

the land area. Presently, droughts cause billions in economic damages and threaten millions of livelihoods annually. 

Without adaption, this will increase several times over because of climate change even in wealthier regions such as Europe. 

It will also drive 100s of millions more into water and food scarcity and form a growing contribution to violent conflict in 

agriculture-reliant nations.  
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Figure 16: Projected changes in the intensity and frequency of agricultural and ecological droughts, for drying regions only (western 

and central North America, north and south Central America, Caribbean, northern, north-eastern, south-western and southern South 

America, west and central Europe, Mediterranean, western and eastern Southern Africa, Madagascar, eastern and southern 

Australia) relative to the intensity / frequency of such events in the pre-industrial climate (1850-1900). Intensity changes are given in 

(fractions of) standard deviations of annual soil moisture change. Droughts have already become more frequent and intense due to 

observed climate change. Future warming will substantially increase the regularity and impacts of these events, but the extent to 

which the incidence / intensity of extreme heat will increase is determined by the magnitude of future warming – and therefore 

future greenhouse gas emissions. Figure from IPCC AR62. 

Changes in extremes: Over the coming century, drought will occur more often and with greater intensity because of lower 

average rainfall and warmer temperatures, especially in the subtropics and mid-latitudes203. By the end of the century, 

unmitigated climate change will cause a quadrupling of drought conditions432, and combined with population changes will 

expose an additional 386 million people to extreme drought on a monthly basis, a nearly 500% increase from today433. 

Climate change will be directly responsible for 60% of this increase in people exposed to extreme drought: approximately 

230 million people. Further, climate change will indirectly increase drought exposure for a further 100 million. The most 

extreme droughts are projected occur 200-300% more often in some regions434 and affect over twice the land area as 

today435.  

Hotspots of increasing drought include regions such as West, Central, Southern and East Africa, Central America, South 

Asia, and subregions such as Amazonia, southern South America, China, most of Australia, western North America and 

central Europe436–439, in many of which droughts will occur 5 to 10 times more often440. In South Asia, drought exposure 

will rise by 50% within the near-term (2021-2040) and double by mid-century441. Across the North American Southwest 

and Central plains, in line with the modern day megadrought, conditions will continue to dry to unprecedented levels442. 

Drought will increase across the entire African continent, but especially severely in central African nations including Niger 

and Chad, and East Africa -- these changes will combine with rapid population rise to affect more people, more 
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severely426,443. 

 

Figure 17: Projected changes in consecutive dry days (CDD) as a function of global warming. The difference in CDD between 1.5 and 

2 degrees by location is in the centre, and the effect of global warming on CDD for each regional average is presented in the individual 

trend lines. Figure 3.13 of IPCC Special Report on Global Warming of 1.5°C321. 

Projected impacts: Few studies project the future impacts of drought. Nonetheless, the present impacts of drought 

(described in section 2.1.3) provide context to the projected increasing rate of droughts described above. This is especially 

problematic in parts of Africa where vulnerability to drought is likely to increase444. And across the continent, even 

expected decreases in vulnerability will not offset increases in the drought hazard and exposed populations, suggesting 

unilaterally rising impacts443. 

Resources such as food and water will become scarcer. Over the world by 2050, anywhere between 0.5 and 3.1 bn more 

people will experience water scarcity as a result of climate change445. Also by 2050, around 11% of global croplands will 

lose productivity to this water scarcity, the direct fallout from which would be 178 million people ‘no longer fed’, especially 

in Africa and the Middle East446. In the UK and EU, annual drought losses will increase from €9 bn per year currently to 

around €25 bn annually by 2100447. In China, increased drought rates even at 1.5 °C will cause losses 10 times that of the 

1990s448. In East Africa, a variety of crops will be impacted by climate change, with growing zones for tea and coffee 

shrinking by 40%, yields of wheat falling by 72% and other grain crops by 45% by the 2080s449. A similar picture is seen in 

Latin America, where the coffee sector employs millions of people and is highly vulnerable to climate variability. 

Furthermore, drought during the growing season in nations heavily reliant upon agriculture can make violent conflict more 

likely450–452, suggesting a small but increasing effect of climate change on armed conflict in the future5.  



55 
 

 

Figure 18: Normalized agricultural production damage index during different global warming levels. Country-level normalized 

agricultural production damage index for (a) soybean, (e) maize, and (i) wheat during the baseline period (1981–2000); (b) soybean, 

(f) maize, and (j) wheat for the 1.5 °C global warming target; (c) soybean, (g) maize, and (k) wheat for the 2.0 °C global warming target; 

and (d) soybean, (h) maize, and (l) wheat for the 2080–2099 (RCP 8.5) period. Stippling in (b–d, f–h, j–l) indicates locations where the 

degree of change during different global warming periods, relative to the baseline period (a, e, i), was statistically significant at the 

95% confidence level399. 

We can also consider past drought events in a warmer world. In the 1930s, the US experienced devastating ‘dustbowl’ 

conditions, with a brutal drought in 1936 that ruined roughly 40% of maize crop yields. In a world 4 °C warmer, 80% of 

crops would be lost in such an event. Equivalently, by mid-century, the typical yearly yields will be similar to the 1936 

drought453. Another event occurred in 1948-1957: the US experienced a historic drought that caused the loss of crops 

worth billions, widespread ecosystem disruption and cost hundreds of thousands of jobs across the southern states. A 

similar event in the mid-21st century, in the presence of climate change, would result in significantly lower soil moisture 

levels across all affected regions, thus causing far more severe impacts to agriculture and nature454. Modern day analogues 

of these events include the Texas and California droughts, which together wiped out over 400 million trees455. Worse, the 

largest trees are the most vulnerable to drought stress456, and these store a substantial fraction of forest carbon and 

provide valuable ecosystem services457. 

1.5 vs 2 °C: Globally, the difference between 1.5 and 2 °C is roughly 60 million less people exposed to severe drought 

conditions436. This means nearly 40% less people exposed, and 30% less cropland458. The average drought will be 2 months 
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longer at 2 °C than 1.5. Further, the magnitude of droughts will double in intensity across 38% of Earth’s land surface at 2 

°C, and 30% at 1.5 °C440. The future impacts of increased drought, and therefore the drought-related benefits of limiting 

global warming, are regional. In particular, they are heavily focused in the Mediterranean, central Europe, northeast South 

America, East and West Africa, South Asia and China438,448,459. For instance, in China the drought-related losses are halved 

by limiting at 1.5 rather than 2 °C, a difference worth tens of billions of dollars per year448. In Europe, the difference is 

worth around 2-3 bn dollars per year447. And in East Africa, where drought is already a strong driver of socio-economic 

instability, droughts will become more severe at 2 °C than 1.5 °C, and at each 0.5 °C increment thereafter, with implications 

for a wide range of impacts426,438. 

3.2.4 Wildfire 

Summary: Wildfires will occur more frequently across large parts of the world, especially in the Amazon and other parts of 

Latin America. Presently, wildfires cause hundreds of thousands of deaths annually, decimate ecosystems, release CO2 and 

create a global public health burden worth several tens of billions USD. Without mitigation of global emissions and urgent 

halting of deforestation, these problems will continue to increase.  

Changes in extremes: If climate change is not mitigated, such as by curbing deforestation practices like those in Brazil, fire 

weather conditions will continue to increase in several regions in Africa, Australia, several regions of South America, the 

Mediterranean, Europe, parts of China, India and Russia, and North America. Fire frequency could increase over 37.8% of 

the global land area during 2010–2039, corresponding to a global warming level of approximately 1.2°C, compared with 

over 61.9% of the global land area in 2070–2099, corresponding to a warming of approximately 3.5°C460, rising to 74% of 

global land with uncontrolled warming399. The Amazon is one of the region with the greatest projected increases in fire 

weather399. In the southern Amazon specifically, fire will intensify in both low and high emissions scenarios, but to varying 

degrees. The area burned will double by mid-century without mitigation of climate change, up to 16% of the entire forested 

area, which in turn will release millions of tonnes of CO2. However, halting current deforestation practices could offset 

around half of the emissions and prevent around 30% of the burned area, reducing the spread into protected and 

indigenous lands and the loss of ecosystems461.   

Projected Impacts: Annual deaths attributable to landscape fires already range from quarter to half a million people per 

year. This is most likely an underestimate462. As populations grow and climate drives increases in fire weather, this number, 

and the vast number of people affected by smoke-related morbidity, will increase proportionally. In the US, even with 

moderate emissions reductions, wildfire smoke exposure will rise 55%, and for business-as-usual emissions by as much as 

190% by 2100, causing a doubling in premature deaths related to fires463. The vast health costs already caused by wildfires, 

detailed in section 2.1.4, will therefore rise substantially. 

1.5 vs 2 °C: Limiting warming to 1.5°C will reduce global biome exposure to wildfires by 50% (Figure 19). In Europe, the fire 

season would be 3.3 days shorter and far fewer countries would see an increase in risk399. Given the catastrophic impacts 

of wildfire on ecosystems and human health, remaining at 1.5 °C represents a major mitigation of damage. Individual fire 

events in the modern day have been responsible for the deaths of billions of creatures and hundreds of thousands of 

people across several nations; thus, limiting climate change and deforestation practices (which affects both climate change 

and directly impacts burned area) could save the lives of countless plants and animals, and millions of people.  
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Figure 19: Integrated exposure to wildfire during different global warming periods. Country-level wildfire exposure index for (a) the 

baseline period 1981–2000, (b) the 1.5 °C warming target, (c) the 2.0 °C warming target, and (d) the 2080–2099 RCP 8.5 period. 

Stippling in (b, c, d) indicates locations where the degree of change during different global warming periods, relative to the baseline 

period (a), was statistically significant at the 95% confidence level399. 

3.2.5 Tropical Cyclones  

Summary: The high winds and intense rains of tropical cyclones will become even more intense. Though the number of 

cyclones that occur will decrease or remain unchanged, the fraction of the most intense and destructive storms will increase. 

As a result, they will cause far more damage to property, lives and livelihoods. Flooding from rainfall and wind-blown storm 

surges will also increase, affecting thousands more people and costing tens of billions USD without further adaptation.  

Change in extremes: A few important changes will occur as the world warms. Tropical cyclones overall will occur at about 

the same rate, or slightly less. However, the most intense storms happen more frequently – around 13%, taking 2°C as the 

illustrative case. The maximum wind speed will increase by about 5%. The already-intense rainfall will intensify further, by 

about 14%. The rise in sea levels as well as wind speeds means that inundation will occur more often, more destructively 

and reach further inland. In the northwest Pacific, cyclones will occur further northwards, affecting different regions. 

Finally, cyclones will move more slowly, such that the regions underneath experience impacts sustained over a longer 

period464.  

Projected Impacts: There is little formal evidence in the form of projections of future impacts of tropical cyclones. 

However, from the projected changes in meteorology, it is clear that tropical cyclones will become more destructive. In 

particular, we will see more record-breaking extreme cyclones like Hurricanes Maria, Katrina and Harvey, Typhoon Haiyan 

and Cyclone Nargis. These rare but powerful events cause the bulk of all damages from cyclones, with impacts often 

exceeding hundreds of billions USD and affecting millions of people.  

1.5 vs 2 °C: The main difference between these warming levels manifests in the extreme rainfall from cyclones. At 2 °C, the 

heavy rainfall that leads to flooding and landslides would be around 3-4% more intense than at 1.5°C. Storm surges would 

be lower at 1.5°C due to less sea level rise. Given the significant attributed effects of climate change on tropical cyclones 

in the present day, these seemingly minor changes could also cost billions in additional damages to property and businesses 
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and each affect tens of thousands additional people. The amount of climate change is therefore crucial and depends, inter 

alia, upon deforestation practices such as those occurring in Brazil.  

3.3 Sea-level rise 

Summary: Sea-level rise is a consequence of climate change and affects coastal communities through the permanent 

submergence of low-lying areas, more frequent or intense coastal flooding at high tide or due to the combination of high 

sea levels and storm surges, increased coastal erosion, loss or change to coastal ecosystems, salination of soils, 

groundwater and surface water, compromising agriculture and drinking water, and impeded drainage73,465. The 

Intergovernmental Panel on Climate Change’s recent Special Report on the Ocean and Cryosphere in a Changing Climate 

concludes that there is ‘very high confidence that as the sea level continues to rise, the frequency, severity and duration of 

hazards and related impacts increases’. The gradual response of sea levels to changing global temperatures means that 

the most substantial impacts will be experienced in the future73. The greenhouse gas emissions of today therefore create a 

legacy of sea-level rise impacts that will impact future generations the most. The emissions of today mean that urgent 

investment in adaptation measures is required or as many as one-in-25 people globally will be flooded every year by 2100. 

The damages due to this flooding could causes losses of 0.3-9.3% of global GDP annually73. 

Sea-level rise projections: Existing greenhouse gas emissions are sufficient for sea levels to continue to rise for centuries 

and continued global warming will further increase the rate of sea-level rise, causing greater impacts for coastal areas 

around the world466. This is the result of the timescale of the global sea-level response to climate change which occurs 

gradually over centuries. Even under the most stringent reductions in greenhouse gas emissions that limit warming to 1.5 

°C, sea levels will rise by 0.28-0.55 m by 2100 and as much as 0.86 m in 2100, while continued high emissions could lead 

to sea-level rise of 1 m by 2100 and 1.88 m in 21502. In previous periods when global temperatures were warmer than 

those of the mid-19th Century, sea levels were considerably higher than those of today73. The legacy of the greenhouse gas 

emissions of today is that over future centuries, sea levels will continue to rise. If warming is limited to 1.5 °C, sea levels 

will rise by 2-3 m over the next 2000 years, by 2-6 m for warming of 2 °C, and by 19-22 m if warming reaches 5 °C above 

pre-industrial levels. While unlikely, the IPCC has warned that sea-level rise of 15 m by 2300 cannot be ruled out if emissions 

continue unabated2. 

Previous research has shown that it is possible to demonstrate the contribution made by individual countries’ emissions 

to future sea-level rise. For instance, China’s emissions over 1991-2030 (based on their commitments made under the Paris 

Agreement) will result in 12.3cm of sea-level rise in 2100, and 26.2cm by 23008.  

Continued greenhouse gas emissions create a long-term commitment to sea-level rise, and delayed emission reductions 

substantially increase the rate and total amount of sea-level rise. Indeed, a delay in the peak of global CO2 emissions by 

just 5 years is projected to increase sea-level rise in the year 2300 by a further 20cm, although high-end estimates indicate 

that this increase could be as large as 1m465.  

Projected impacts: As sea levels rise over the 21st Century, the number of people exposed to sea-level rise impacts 

increases substantially. As such, the burden of the impacts of sea-level rise will fall greatest on the young people of today, 

and on future generations, representing a major intergenerational iniquity. Even without taking into account future 

population growth, a sea-level rise of 70-90 cm will cause an additional 1.5 million people in Latin America and the 

Caribbean to live in regions exposed to a 10-in-100-year extreme sea-level event73. Including expected population growth, 

just 21 cm of sea-level rise by 2060 would mean that the number of people living below the hundred-year extreme sea 
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level globally will increase from 189 million to 316-411 million. The largest increases in the number of people exposed to 

coastal flooding will take place in regions of the Global South where financial capacity to adapt to these increasing risks is 

often limited, including South and Southeast Asia, and Western and Eastern sub-Saharan Africa73,467. In the USA, 13.1 

million people will live in areas that will become inundated due to sea-level rise by 2100, if sea levels rise by 1.8 m. Limiting 

sea-level rise to 0.9 m reduces the number of people affected by inundation to 4.2 million468. In the absence of substantial 

adaptation measures will be required or annual damages from coastal flooding will grow to 100-1000 times great than 

they are today, by 210073.  

Various studies have sought to quantify the impacts of projected changes in sea levels. Global estimates indicate that losses 

due to sea-level rise could reach USD 1 trillion by 2050 in the absence of major investments in adaptation measures469. 
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Figure 20: Left panel: projected sea-level rise until 2100, relative to 1900. Future changes in sea levels are projected for low (SSP1-

1.9), intermediate, and high (SSP5-8.5) emissions scenarios. The red dashed curve indicates the risk of more rapid sea-level rise if high 

impact ice sheet processes occur. Right panel: global mean sea-level change in 2300, relative to 1900 under a scenario that leads to 

1.8 °C of global warming in 2100 (SSP1-2.6, blue) and a high-emissions scenario, in which warming reaches 4.4 °C by 2100 (SSP5-8.5). 

While there is a possibility of extreme sea-level rise of 15 m, the likelihood of sea-level rise reaching these levels in coming centuries 

remains very low. Figure from the IPCC’s Sixth Assessment Report2. 
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3.3.1 Other marine impacts 

In section 2.2.1 we noted the various ecological and societal impacts resulting from the increasing occurrence and intensity 

of marine heatwaves. While the number of marine heatwave days have doubled globally between 1982 and 2016, these 

events are projected to increase in frequency substantially in future. At 1.5 °C of warming, marine heatwaves will occur 16 

times more frequently, rising to 23 times as frequently for a global temperature rise of 2 °C above pre-industrial levels470. 

While 87% of marine heatwave days are presently attributable to human influence on the climate, this percentage rises to 

nearly 100% at beyond 2 °C of warming. The intensification and increasing regularity of marine heatwaves may take marine 

organisms and ecosystems beyond their survival limits470. The consequences of these changes will not be limited to the 

ecosystems themselves, but also all communities dependent on the health of marine ecosystems for income and 

sustenance. 

Global analyses have found that coral reefs are likely to begin disappearing globally and irreversibly within the coming 

decades320. The Intergovernmental Panel on Climate Change’s Special Report on Global Warming of 1.5 °C found that 

warm-water coral reefs will decline by 70-90% if global warming reaches 1.5 °C above pre-industrial levels, and by greater 

than 99% at +2 °C, and that these losses will largely be irreversible. These coral reefs provide habitats for over one million 

species15. 

3.4 Glacial impacts 

High-mountain glaciers serve as ‘water towers’, maintaining the flow of water into river systems, even in dry seasons when 

rainfall is limited. In regions with low seasonal or annual precipitation, meltwater from glaciers326–329 and snowpack330–332 

may constitute a substantial portion of agriculturally-available river flow. A global assessment of water towers found that 

the Indus watershed is the world’s most important water tower, and highly vulnerable to climate change. Communities 

living in the Indus basin depend on its water and already experience high levels of water stress, complicated by water-

related tensions between the countries receiving water from the Himalaya: Pakistan, India, China, and Afghanistan. The 

population living in the Indus basin, 235 million in 2016, is projected to increase by 50% by 2050, and water supplies from 

the Indus water tower will become increasingly compromised by human-induced glacial retreat325. 

Over recent decades, warming temperatures have raised summer meltwater releases from mountain glaciers. While glacial 

melt rates initially increase as temperatures rise, as glaciers retreat towards mountaintops melt rates will then decline 

substantially. ‘Peak water’, the maximum melt rates occurring in response to initial warming, is expected to be reached 

around 2050 in the river basins of the Himalaya and Karakoram mountains, after which summer flows will decline, even as 

summer temperatures continue to increase471. In the Cordillera Blanca mountains of the Peruvian Andes, peak water is 

expected to be reached by 2030-2060472 Ultimately the ice reserve of the ‘Asian water tower’ will be lost473.   
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4 Local and regional climate change impacts 

4.1 Local impacts in Brazil 

In addition to global climatic changes, intense deforestation also results in changes to the local hydrological cycle, causing 

decreasing rainfall for surrounding regions (Figure 21). Studies have found that for the western Amazon and La Plata basins, 

projected 21st-Century deforestation can reduce dry-season rainfall by as much as 20%474, which may in turn increase the 

risk of forest dieback, destabilising parts of the Amazon forest and acting as a powerful feedback, amplifying the impacts 

of deforestation475. If the rates of deforestation prior to 2004 had been maintained, an 8.1% reduction in annual rainfall in 

the Amazon basin was projected to occur by 2050476. 

Large-scale deforestation is projected to have such severe impacts on local rainfall that overall reductions in agricultural 

productivity may outdo local increases achieved by expanding agricultural areas through deforestation31. In areas where 

greater than 60% of land has been deforested, substantial reductions in rainfall are expected: each 10% of additional forest 

loss reduces annual rainfall by around 50 mm. Amazon deforestation therefore not only leads to the loss of globally-

important biodiversity and carbon dioxide emissions, but may also cost the Brazilian agricultural sector as much as USD 1 

bn per year in losses due to reduced rainfall31. Large-scale forest destruction, such as that caused by commodity agriculture 

has greater impacts on rainfall reductions and causes larger local temperature increases than smaller-scale 

deforestation477.  

 

Figure 21: Impacts of forest loss in the Brazilian Amazon on rainfall. (a) Percentage of forest loss in 2019; (b,c) as (a) but simulated for 

2050 under strong governance and weak governance scenarios, respectively. (d-f) The 28 x 28 km grid cells that exceed the critical 

forest loss threshold beyond which precipitation reductions are projected, for 2019, and 2050 under the strong and weak governance 
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scenarios, respectively. (g-i) Land use / cover under the conditions in a-c. (j-l) Rainfall reductions under the three conditions in a-c. 

Figure from ref. 31. 

Reductions in rainfall will also reduce electricity output from hydropower stations. One study of the projected hydropower 

output from stations in the Grande River Basin found that precipitation reductions over the 21st Century would reduce 

annual energy production by 6.1 – 58.6%, with the largest reductions occurring in the absence of greenhouse gas emission 

reductions478. Large-scale deforestation also results in amplified local warming, increasing deforested regions’ exposure to 

the impacts of more extreme heat479. Forests mediate local temperatures by reducing variability and daily maximum 

temperatures. Deforestation therefore amplifies temperatures throughout the year, and the impacts on communities are 

most pronounced in tropical regions, due to their high temperatures, with substantial deforestation480. 

In addition to rainfall reductions, the Amazon is projected to warm at among the fastest rates of any region. The IPCC’s 6th 

Assessment Report found that under high-emissions scenarios, parts of the Amazon could warm by as much as 6 °C481. As 

global warming increases in magnitude, drier and hotter conditions in South America create more favourable conditions 

for fire, and the area burned and carbon dioxide emissions from fire are both projected to increase482. In the absence of 

substantial reductions in greenhouse gas emissions, global temperatures could rise to 4 °C above pre-industrial levels, 

which could result in a 30% loss of the Amazon’s carbon store due to burning in fires. By contrast, rapid near-term cuts in 

emissions that limit warming to 1.5 °C would reduce the carbon loss due to fire to 7% of the current carbon stock482 These 

positive feedback effects offer support for the idea of a tipping point in the Amazon rainforest, with today’s greenhouse 

gas emissions amplifying future fire-related emissions, and therefore causing increased warming (section 4.3). 

Fires in Amazonia, as well as amplifying the impacts of climate change, cause substantial health impacts in surrounding 

regions. Peaking in the dry season of July – October, severe air pollution due to the fires result in a range of health impacts, 

especially for vulnerable people, especially children, older people, and those with pre-existing lung or heat diseases483.  In 

2019, fires in the Amazon resulted in 2,195 respiratory-illness hospitalisations, although limitations in access to health 

facilities in some communities implies that the impacts of the fires affected a substantially larger number of people483. The 

reduced Brazilian deforestation between 2001-2012 resulted in a 30% reduction in dry-season particulate matter 

concentrations in Brazil and Bolivia. This reduction in pollution has been estimated to have prevented 400-1,700 premature 

deaths per year in South America53. However, the recent growth in deforestation rates, and resulting fire incidence44,49, is 

likely to increase local pollution-related deaths, adding to the global burden of climate-related harm induced by 

deforestation. 

Further, human encroachment into biodiverse areas may lead to exposure to zoonotic infectious diseases. The world’s 

largest pool of zoonotic viruses is located in the Amazon region and deforestation may increase exposure to these diseases, 

risking future pandemics, threatening public health and global security484. 

4.2 Climate change impacts in Latin America 

Summary statement: Extreme heat and rainfall are increasing in frequency and intensity across Latin America, affecting 

property, health and livelihoods. Changing rainfall patterns and the retreat of Andean glaciers are causing growing water 

stress, especially for large cities, and challenges for the supply of crucial hydropower energy. As noted in section 4.1, 

reduced precipitation could reduce hydropower electricity output by as much as 60% in some river basins. The incredible 

biodiversity of Latin America is threatened by land-use change and deforestation, which in turn amplify climate change-

driven species extinction. Coupled with the loss of mangroves and coral reefs around the coastline, ecosystem services – 
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the benefits to humans provided by the natural environment – worth billions annually are projected to disappear. Climate 

change is partially responsible for maintaining the severe inequality prevalent across Central and South America, which 

amplifies its impacts further. Food security in the region is decreasing due to drought, especially in northeast South 

America, while climate variability poses a threat to vulnerable region-wide agricultural sectors such as coffee, which 

employs millions of people. Finally, climate-related drivers are associated with increasing respiratory and cardiovascular 

diseases, outbreaks of vector- and water-borne diseases, chronic kidney diseases, and psychological trauma, among other 

growing health impacts.  

In the remainder of Section 4, below, we summarise the IPCC’s 5th Assessment Report’s findings on the present and future 

impacts of climate change in Latin America. Unless otherwise referenced, the information in this section is drawn from the 

5th Assessment Report of the IPCC 485. 

 

Figure 22: Summary of observed changes in climate and other environmental factors in representative regions of Central and South 

America. The boundaries of the regions in the map are conceptual (neither geographic nor political precision). Figure 27-7 in IPCC AR5 

report485. 

4.2.1 Extreme heat and rainfall 

To date, temperatures have risen faster than the global average across almost the entirety of Latin America. This is entirely 

due to human climate change, caused inter alia by deforestation practices such as those occurring in Brazil. Consequently, 

hot extremes are already more common across both regions, but especially in northern and southwest South America and 

the Caribbean. With further global warming, both regions will continue to get hotter and hot extremes will continue to 

become more intense and frequent. Compared to modern day, heat extremes will become at least 0.5, 1 and 2.5 °C hotter 
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at 1.5, 2 and 4 degrees of global warming, respectively405, and some of the hottest and most humid conditions in the 

record, causing dangerous heat stress, have been recorded along the northern coast of South America98. Dangerous heat 

stress will become far more common, experienced 200 more days per year with business-as-usual climate policy, reduced 

to 50-100 extra days with strong mitigation of future emissions413,486. This may be especially impactful in Latin America, 

given that a very large portion of the population resides in cities where urban heat island effects amplify temperatures 

further. This therefore represents a growing threat to human health, as well as labour productivity and economies97. 

Annual rainfall is falling across Central America and parts of Chile, while increasing in southeast South America. The 

frequency of rainfall extremes increased significantly since the 1950s across Latin America, causing more destructive 

landslides and flash floods485,487. Overall rainfall will decrease in northeast South America, where dry spells will become 

longer and more common, and increase in the southeast. Heavy rainfall extremes will continue to become more intense 

depending on the rate of global warming. Heavy rainfall intensity will increase by 0-1% at 1.5 degrees, 4% at 2 degrees, 

and 10-25% at 4 degrees405,487, with even greater intensities expected for tropical storms in the Caribbean and coastal parts 

of Ecuador, Peru and Colombia487. The already-high risks of inland flooding and landslides are therefore growing across 

Latin America and the Caribbean487,488, representing major risks to property, agriculture and life.  

 

Figure 23: Projected changes in annual average temperature and precipitation under different levels of climate change. CMIP5 multi-

model mean projections of annual average temperature changes (left panel) and average percent changes in annual mean 

precipitation (right panel) for 2046–2065 and 2081–2100 under RCP2.6 and 8.5, relative to 1986–2005. Figure 27-2 in IPCC AR5485. 

4.2.2 Freshwater resources 

The availability of freshwater and rates of river flow have already been affected by climate change across Central and South 

America. First, glaciers throughout the Andes are retreating, and at rates among the fastest of the world’s glaciers323,489. In 

the tropical Andes, glaciers have already lost around 20-50% of their area; in a 3 °C world they will lose 66%, and almost 

disappear entirely at 4 °C. In the southern Andes, glaciers are projected to shrink by at least 21 % in a 2 °C world up to 72 % 

in a 4 °C world487. This affects the seasonal supply of freshwater, which is crucial for agriculture in the region due to 
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unreliable rainfall and in dry seasons. As explained in section 3.4, as temperatures rise, meltwater flowing from glaciers 

initially increases in volume. However, as glaciers retreat towards the mountaintops, melt amounts decline as the volume 

of water held in glacier ice falls471. In the Andes, peak glacial discharge is expected to occur within the next 40 years487. This 

critical threshold at which rivers begin to dry indefinitely has already been seen in the majority of rivers in the Cordillera 

Blanca of Peru490. Furthermore, the retreat of mountain glaciers leads to the development or enlargement of lakes at the 

bottom of glaciers, increasing the risk of outburst flooding, presenting a severe risk for Andean cities491,492. In 1941, an 

outburst flood from Lake Palcacocha in the Cordillera Blanca, Peru, destroyed a third of the city of Huaraz and caused at 

least 1800 fatalities. This event was caused by the retreat of the Palcaraju glacier attributable to the early rise in global 

temperatures due to human industrial activities72. Lake Palcacocha now poses a substantial threat once again to 

Huaraz492,493 and this risk has also been attributed to climate change72. Glacial retreat also leads to an array of other 

challenges such as extreme low and high river flows, volcanic collapse and debris flows, and even water pollution from 

exposed contaminants. 

Lower snowfall accumulation due to climate change also threatens freshwater supplies. In the Central Andes, low snowfall 

rates between 2010 and 2015 led to an extended hydrological drought, with severe impacts on agriculture, hydropower 

generation and international tourism494. Changes in rainfall rates have caused corresponding changes in water availability 

in river basins; increasing in the La Plata basin and decreasing in the central Andes, with no change for the Amazon. In 

some already-dry areas, there is an increasing risk of water shortages due to lower rainfall and higher evaporation. In both 

Central Chile and northeast Brazil, severe droughts occurred in 2010, affecting tens of millions of people and causing severe 

agricultural losses494. During the latter event, drought-driven dieback of the Amazon rainforest turned the vegetation into 

a net source of CO2
495. Projections for the Sao Paulo Metropolitan Region, with a population of 23 million people, suggest 

increases in both flooding and drought episodes because of moderate climate change. By mid-century, critical levels of 

seasonal water scarcity will become frequent and the dry season will extend by over a month496.  

The weight of scientific literature on the impact of climate change in Latin America demonstrates that human influence on 

the climate – substantially driven by deforestation and land-use change – is impacting the water supply of large cities, 

hydropower that is central to the region’s power supply, and agriculture that is crucial to the world’s food supply. The 

impact of climate change on the Peruvian electricity sector alone could cost as much as USD 1.5 bn if current trends 

continue. All of these impacts are projected to continue into the future, with the greatest impact on communities in sub-

regions with the greatest vulnerability to these impacts, such as Andean mountain communities.  

4.2.3 Ecosystems 

Central and South America have the greatest biodiversity in the world. These regions are also acutely vulnerable to climatic 

changes. The combination of land-use changes and climate change has created several hotspots in which this biodiversity 

is threatened. Deforestation causes ecosystem loss, increase the vulnerability of species to climate variability and drive 

further global warming. Climate change compounds these issues by accelerating species extinction and furthers the loss 

of forests due to drought, wildfires and pest and disease outbreaks. In the absence of greenhouse gas emission reductions, 

21 of 26 distinct biogeographic regions across South America will experience severe ecosystem changes in at least a third 

of their area497. 

Plant species extinction of 5-9% is projected across these regions by 2050, even before accounting for climate change 

impacts. Central and South America have the highest proportion of rapidly declining amphibian species, while Brazil is 
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among the countries with most threatened bird and mammal species. High Andean ecosystems are expected to face the 

most severe changes due to warming, posing a growing threat to invaluable ecosystem services such as storage of carbon 

in soils, and further affecting the water supply for major cities. On average, 10% of vertebrate species across the Americas 

are expected to be eliminated or replaced over the course of this century, in parts of Central America and the Andes it is 

around 90%. Freshwater fisheries are projected to face negative impacts due to climate change, affecting both food 

security and economic development. The rate and severity of climate change, driven in part by deforestation, directly 

affects biological consequences such as species decline. This in turn affects the ecosystem services relied upon by millions 

of people.  

4.2.4 Coastal Impacts  

The rise, warming and acidification of the ocean is causing numerous impacts throughout Latin America, worsened further 

by human activities. First, there is more frequent episodic bleaching of the Mesoamerican coral reef, off the coast of Central 

America. Coupled with mangroves, this reef provides a whole range of ecosystem services, including marine-tourism, 

fisheries and coastal protection. In Belize alone, these services are valued at around half a billion dollars annually. It is 

projected that this reef could collapse entirely by 2050, depending on the global warming level, of which deforestation is 

a key driver. Similarly, eastern Brazilian reefs are under increasing strain. A 90% loss of coral reef cover would lead to direct 

economic losses of USD 8.7 bn (2008 value), and becomes rapidly more likely if global warming were to exceed 1.5 

°C487. Additionally, Central American mangroves are some of the most threatened in the world, with 40% of species in 

danger of extinction. Mangroves are also threatened more widely across all of coastal Latin America due to deforestation 

and land conversion, agriculture, and shrimp ponds. 

Sea-level rise is already causing more frequent flooding along almost all coastlines, amplified further by the loss of barrier 

reefs and mangroves. Extreme coastal flooding in eastern South America is likely to increase rapidly going forwards, 

especially in urban areas such as Buenos Aires. By 2050, across the 22 largest coastal cities of Latin America, coastal flooding 

could cost an average of USD 940 million annually with 20 cm of sea-level rise, or USD 1.2 bn if sea-level rise reached 40 

cm. In the Caribbean, a 4 °C rather than 2 °C world would result in higher storm surges from tropical storms, causing USD 

22 bn and USD 46 bn more in damage and loss of tourism by 2050 and 2100, respectively487. The Caribbean is especially 

vulnerable because half of all people live along the coast and 70% in coastal cities487. 

Finally, Colombia and Peru are two of the most vulnerable countries in the world to the decline of fisheries, which is 

accelerating due to a combination of ocean changes, the loss of habitats such as mangroves and reefs, invasive species, 

and other factors498. With 2 °C warming in 2050, projected fish stocks may double in the far south coast of South America, 

but will decrease by 15–50 % along the Caribbean coasts, by 5–50 % in parts of the Atlantic coast of Central America, by 

more than 50% off the Amazonas estuary and the Rio de la Plata and by up to 30% along the northern coasts of Peru and 

Chile487. This is without accounting for ocean acidification, which could cause a further 20-30% reduction in yields, and 

human overfishing.  
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Figure 24: Current and predicted coastal impacts (a) and coastal dynamics (b) in response to climate change. (a) Coastal impacts: 

Based on trends observed and projections, the figure shows how potential impacts may be distributed in the region. (b) Coastal 

dynamics: Information based on historical time series that have been obtained by a combination of data reanalysis, available 

instrumental information, and satellite information. Figure 27-6 in IPCC AR5 report485. 

4.2.5 Food security 

In south-eastern South America, where rainfall totals are increasing, agricultural productivity will likely be sustained until 

mid-century at least. However, in Central America, northeast South America, the Caribbean and parts of the Andes, the 

combination of increasing temperatures and less rain is causing longer dry spells. This affects livelihoods across the region, 

disrupts the economy and compromises the food security of the poorest in society.  

Central America is already acutely vulnerable to climate-related agricultural challenges, including both weather conditions 

and diseases. For example, during the coffee rust outbreak of 2012–2013, nearly 600,000 ha (55% of the total growing 

area) was affected. This reduced employment by around 30 to 40% for the harvest. Millions are dependent upon the coffee 

sector, which is generally susceptible to climate variations. Both coffee and soybean rust are expected to move further 

southwards, while in grain pests in Chile will increase 10–14 % in a 3 °C world and 12–22 % in a 4 °C world487. Later in the 

century, wider parts of South and Central America, representing one of the world’s primary food-producing regions, will 

face more intense dry spells and plant diseases and pests as climate change and deforestation continue. 

4.2.6 Human health 

Extreme heat is impacting more people across the regions, causing morbidity and mortality, including dehydration leading 

to chronic kidney disease. This is especially problematic in nations with large sectors of outdoors workers, notable 

examples including construction, sugarcane and cotton workers in Central America and agricultural workers across wider 

Latin America. Summer labour capacity across tropical Latin America has already fallen dramatically since the turn of the 

century97. In urban areas, the combination of extreme heat and worsening air quality has led to higher rates chronic 

respiratory and cardiovascular diseases, morbidity from asthma and rhinitis, negative pregnancy-related outcomes, cancer, 
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cognitive deficit, and diabetes. Other extreme events linked with climate change are also creating health risks. For example, 

severe floods in Colombia in 2010-2012 resulted in hundreds of deaths and the displacement of thousands more. In 

northeast South America, the rise in episodic droughts in the 21st century caused widespread shortages in water for 

drinking, irrigation and hydroelectric energy generation, as well as mental health issues and rates of stress-related violence.  

Outbreaks of disease are also becoming more common and spreading further, often associated with extreme weather 

events and changing climates. For instance, hurricanes made stronger by climate change lead to flooding that in turn causes 

outbreaks of both vector- and water-borne diseases. Malaria rates are increasing with temperatures and spreading to new 

locations, with a notable rise in Colombia and Amazonia, as well as detection at higher altitudes than ever before in Bolivia 

and Venezuela. Incidence of dengue fever has also increased in recent decades, associated with temperature rises, causing 

losses of over USD 2 bn per year and spreading to non-endemic regions such as Central America and southern South 

America. Business-as-usual climate change is projected lead to an upsurge in dengue incidence in Mexico of 18% by 2030, 

31% by 2050 and 40% by 2080499. Another study projected that the relative risk of diarrheal disease in all of South America 

will increase by 5–13% and 14–36% for the period 2010–2039 and 2070–2099 with 1.3 and 3.1 °C warming, respectively500. 

Across the region, climate-related drivers are associated with respiratory and cardiovascular diseases, vector- and water-

borne diseases (malaria, dengue, yellow fever, leishmaniasis, cholera, and other diarrheal diseases), hantaviruses and 

rotaviruses, chronic kidney diseases, and psychological trauma. The knock-on effects include severe economic losses, 

heightened rates of violence, and higher mortality.  

4.2.7 Vulnerability 

A crucial determinant of the severity of climate impacts is people’s vulnerability to them. The rates of poverty and 

inequality in Central and South America remain relatively high despite continued economic growth. Climate change has 

contributed to maintaining such inequalities. The IPCC’s Special Report on Global Warming of 1.5 °C states the following: 

“Climate change is projected to be a poverty multiplier, which means that its impacts are expected to make the poor poorer 

and the total number of people living in poverty greater.” As a result, the regions will suffer disproportionately from greater 

climate variability and change, with a lower capacity to adapt to such changes and severe implications for development 

and human well-being.  

4.3 The Amazon tipping point 

Unabated climate change may trigger abrupt, nonlinear changes in the Amazon rainforest. This ‘tipping point’ could result 

in large areas of the Amazon rainforest being converted to savanna or seasonally dry forest501, and greater evidence 

supporting the existence of such a tipping point has been developed in the last decade502. The continued deforestation of 

the Amazon increases the possibility of triggering this tipping point. This self-reinforcing feedback would induce an 

amplification of global warming of 0.05 °C by 2100503. Modelling experiments indicate that deforestation is expected to 

lengthen dry seasons and 20-25% deforestation in eastern, southern and central Amazonia may be sufficient to shift 

ecosystems to savanna504. Other studies have found that 21st-Century climate change is more likely to convert eastern 

Amazonia’s rainforest to seasonal forest or fire-dominated, low-biomass forests505. This would also release portions of the 

Amazon carbon sink into the atmosphere and reduce its carbon uptake potential. There is substantial evidence that limiting 

deforestation reduces the likelihood of the conversion of the Amazon beyond a tipping point at which point maintaining 

the extensive rainforest that still exists becomes unsustainable505. The IPCC’s 6th Assessment Report, published in 2021, 
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warns that continued deforestation of the Amazon, in combination with global warming, increases the risk of crossing a 

tipping point and transitioning the Amazon to a dry state. While relatively unlikely, this could occur in the 21st Century481. 

Large amounts of moisture cycles through the Amazon rainforest, creating wetter conditions than would occur if the 

rainforest weren’t there. In particular, regions such as the La Plata basin receive substantially more winter rainfall than 

would be expected without the Amazon, providing important support for agricultural systems. Climate change and the 

local climatic impacts of deforestation are projected to reduce rainfall and cause more severe drought in the eastern 

Amazon, although there is evidence that climate change alone is unlikely to cause major forest loss before 2100506. 

Nevertheless, the Intergovernmental Panel on Climate Change found that the combination of climate change-induced 

severe droughts, deforestation, and fires are likely to lead to large-scale shifts in the Amazon to low-biomass fire-adapted 

forests, instead of the rainforests that exist today. While most virgin forest in the Amazon Basin has low fire susceptibility, 

even during dry seasons, logging, severe drought and previous fires, all of which are amplified or caused by deforestation, 

increase the susceptibility of the Amazon to burning. Earlier research found that over half of Amazonia’s forests will be lost 

or exposed to drought between 2008-2030 if deforestation patterns observed through 2005 were continued507, although 

the slowdown in deforestation rates prior to 2019 had meant that this extent of deforestation was less likely. 

Overall, despite conflicting evidence on the point at which the Amazon tipping point would be reached, the accelerated 

deforestation of the Amazon substantially amplifies the risk of breaching the Amazon tipping point. The consequences of 

doing so would include a substantial shift in regional climate to much drier conditions, the loss of one of the world’s most 

valuable biodiversity hotspots508, and increasing the global impacts of climate change.  

 

Figure 25: The processes and interactions that could lead to the dieback of the Amazon Forest over the near term. Figure reproduced 

from ref. 507. 
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5 Climate change as a stress multiplier 

In sections 2-4 we summarised a range of direct impacts that have been causally linked to climate change, and therefore 

to greenhouse gas emissions resulting from deforestation and land-use change. These impacts, including the direct 

consequences of extreme weather events and slow-onset changes on health, property and infrastructure, are substantial 

and affect communities around the world. For instance, climate change is causing growing numbers of deaths from 

extreme heat and other weather events80,509. Indeed, one recent estimate is that every 4,434 tonnes of carbon dioxide 

emitted in 2020 would cause one excess death in 2020-210066. 

Alongside the direct and traceable impacts of anthropogenic climate change – such as ocean acidification, ice-mass loss, 

sea-level rise and increases in the frequency of extreme heat, flooding, wildfires, drought other extreme weather hazards 

– the increased intensity, occurrence and persistence of climate-related extreme events, in particular water stress, raises 

the risk of a range of wider impacts. Such impacts include, but are not limited to, food insecurity, conflict and forced 

displacement. Climate change, through its manifestations in extreme weather events and slow-onset impacts, is a socially 

disruptive force that foments conditions that increase the risk of population displacement, violent conflict and other 

harmful events510,511. The risk of these complex socio-political impacts is increased by climate change impacts that induce 

political instability, financial and nutritional insecurity, and resource scarcity512. For instance, past studies have found that 

the risk of armed conflict increases immediately after climate-related disasters that provide opportunities for armed 

groups to escalate violence in ongoing conflicts. This is part of a vicious cycle in which armed conflict increases populations’ 

vulnerability to climate-related disasters, that in turn create the conditions for more violent conflict511. 

While it is clear that climate change creates or amplifies social disruption, there are still a range of factors that contribute 

to individual complex socio-political events, such as the outbreak of conflict. It may therefore be difficult to directly 

attribute specific conflicts or other crises to climate change alone: it is one increasingly influential element in a web of 

causal factors. Consequently, there is limited evidence quantifying the role of climate change in increasing the likelihood 

of any specific instance of food insecurity, armed conflict or population displacement513,514. In any given instance, there 

exists a multitude of risk factors that interact with one another are not directly climate-induced – for example, the quality 

of local governance and other socio-economic factors515 – which are crucial determinants of the onset of these adverse 

social impacts511. However, climate change may affect these risk factors, for instance by limiting socioeconomic 

development, entrenching inequality, inducing economic shocks, and compromising natural resources, agricultural and 

water systems5. It is therefore increasingly clear that climate change amplifies the risk of a wide range events that carry 

substantial humanitarian consequences, including amplifying the risk of conflict516. 

Synthesis assessments by the United States Department of Defense3, The World Bank4 and other researchers5 have 

concluded that climate change will contribute to increases in the risk of food insecurity, armed conflict and higher rates of 

internal displacement over the twenty-first century. 

5.1 Water stress as a driver of social impacts 

Water insecurity represents the main climate-related driver of societal unrest. For example, the months of June and July 

2021 have seen widespread civil unrest and protests over water shortages in Algeria, Iraq, Iran, Sudan and Yemen517 (Figure 

26) while extreme water shortages have also resulted in protests in Latin America, including in Peru and Chile518. 

Widespread drought and subsequent food insecurity519 was also thought to be a contributing factor to the civil unrest 
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which marked the beginning of the 2011 Syrian war520. Similar concerns relating to land degradation, persistent drought 

and high levels of food insecurity also exist in the Sahel521, a region described by the UNHCR as facing one of the “fastest 

growing displacement crises in the world522”. 

 

Figure 26: Water stress in North Africa and the Middle East. Source: The Economist517. 

5.2 Projected changes in water availability under climate change 

There is strong scientific agreement that the driest regions of the world – those that are characterised as hyper-arid, arid 

and semi-arid – are expected to become even drier523–525. Further, the rate of temperature change varies between regions. 

Although there are uncertainties in these projections526, many already hot and dry regions are expected to experience 

some of the fastest rates of temperature rise under climate change527. 

In some regions downstream of montane ‘water towers’, large, glaciated areas that store and supply water, such as the 

Himalayas, glacial meltwater plays an essential role in maintaining water security. This is especially the case for regions 

that experience limited rainfall, either year-round or in dry seasons. As noted in previous sections, the retreat of mountain 

glaciers will compromise water availability in dependent downstream regions. For instance, in Asia, observational records 

shows accelerating rates of ice loss in the Himalayas528, where some 130 million farmers are reliant on snow and glacier 

melt to support their livelihoods326. Although, meltwater-related river runoff is projected to increase in these regions up 

to 2050529, water security prospects thereafter are uncertain530. Reduced water supply from glaciers could lead to negative 

impacts for some 1.9 billion people325. 
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6 Summary: deforestation and its global humanitarian consequences  

6.1 Impacts of global deforestation-related emissions 

The impacts of climate change result from the combined effect of all greenhouse gas emissions produced globally. 

However, it is also possible to assess the impacts that can be traced to individual contributions to climate change, such as 

the emissions produced by the Bolsonaro administration. In section 6.2 we overview the recent literature that has linked 

the emissions of individual companies and countries to the impacts of climate change. These studies are able to 

demonstrate the consequences of individual entities’ greenhouse gas emissions for a range of weather events, sea-level 

rise, ocean acidification, and global temperature rise. 

We then illustrate the magnitude of global climate change impacts that can be linked to emissions from land-use changes, 

such as deforestation. As set out in section 1, land-use change is responsible for approximately 19% of global greenhouse 

gas emissions25. In section 0, we indicate the contribution that land-use change would make to global climate change 

impacts, were global warming to reach 2 °C above pre-industrial levels. We then supplement this with an example of the 

extent to which mortality in a specific heatwave can be amplified by contributions to climate change that approximately 

reflect the contribution made by land-use change (section 6.4). 

6.2 Impacts of ‘small’ emissions contributions 

Every increment of greenhouse gas emissions and their resultant contribution to global warming amplifies the impacts of 

climate change around the world. Recent research found that every 4,434 tonnes of CO2 emitted in 2020 causes one 

additional climate-related death globally between 2020-210066. The humanitarian impacts of the greenhouse gas 

emissions attributed to the Bolsonaro administration in section 1 are therefore substantial. Even in the lowest emissions 

scenario of the three we present in section 1, an additional 180,000 excess heat-related deaths globally over the next 80 

years are expected to be caused by the greenhouse gas emissions traceable to the Bolsonaro administration (section 1.6). 

This estimate is based on the world making substantial emissions cuts, and efforts to achieve this are being jeopardised by 

the Bolsonaro administration’s pursuit of increasing rates of deforestation. In economic terms, even using the highly 

conservative303 value of USD 31 / tCO2 for the ‘social cost of carbon’, the global economic cost caused by emitting one 

tonne of carbon dioxide emissions531, the emissions attributable to the Bolsonaro administration due to Amazon 

deforestation will cause global damage of over USD 52 bn (in 2010 USD), in the low deforestation scenario presented in 

section 1.  

Peer-reviewed research has shown that it is possible to link climate change impacts, including heatwaves, ocean 

acidification, sea-level rise and global temperature change, to individual emitters of greenhouse gases7–10. It is possible to 

quantify contributions to global-mean temperature change at the level of individual countries: for instance Brazil 

contributed 4% of global temperature change due to CO2 emissions from fossil-fuel combustion and land-use change 

between 1850-20106. Other studies have shown that individual emitters’ contributions to global-mean temperature 

change can be linearly transferred to their contribution to heatwaves10. 

The impacts of emissions of individual countries over a number of years are calculable. For instance, one assessment found 

that over 1991-2030, the emissions produced by China, assuming they meet their pledged climate targets for 2030 would 

produce 10cm of sea-level rise by 23008. Even though Bolsonaro’s contribution to deforestation-related emissions is 
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smaller, and effective for fewer years, than 40 years of China’s emissions, the principle that contributions to greenhouse 

gas emissions can be causally linked to climate change impacts holds. 

6.3 Climate change impacts at 1.5 and 2 °C: a proxy for estimating the impacts of global deforestation-related 

emissions 

Global emissions due to land-use change make up roughly one fifth of the human contribution to warming. If global 

warming were to reach 2 °C above pre-industrial levels, these deforestation emissions will be responsible for a substantial 

portion of the difference between a 2°C world and a 1.5°C world, assuming an approximately linear relationship between 

emissions and warming (a reasonable approximation at these temperatures2,532). Consequently, the difference in climate 

change impacts projected to occur between these two warming levels is indicative of approximately 25% more than the 

contribution of land-use and agriculture-related emissions would have made, were global warming to reach 2 °C above 

pre-industrial levels. In summarising the difference between climate change impacts at 1.5 and 2 °C of warming, and 

thereby indicating the approximate contribution of land-use change to climate change impacts at that level of warming, 

we focus on the findings described in the IPCC’s 2018 Special Report on Global Warming of 1.5 °C15.  

Moreover, if global warming is to be limited to 1.5 °C, then all deforestation must stop by 2030. Continued deforestation, 

and especially any acceleration in deforestation rates compromises natural carbon sinks and puts the world on track for 

warming of at least 2 °C by mid-century. 

Globally, the impacts of climate change are projected to be substantially greater at a global warming of 2 °C above pre-

industrial levels than at 1.5 °C warming (Figure 27). Based on the findings of the IPCC, such differences will include the 

likelihood and intensity of hot extremes globally, and both heavy rainfall events and droughts in some regions. Heatwaves 

are becoming even hotter at a faster rate than the global-mean temperature: in temperate regions, hot days are projected 

to be 3 °C warmer than pre-industrial conditions at 1.5 °C of global warming, rising to 4 °C warmer at 2 °C of global warming. 

The largest increases in hot days will occur in the tropics, which are already heavily exposed to the risks of extreme heat15. 

The IPCC also found that allowing global temperatures to reach 2 °C above pre-industrial levels will result in increased risks, 

including of flooding, due to heavy precipitation events in eastern Asia and eastern North America, and in regions affected 

by tropical cyclones. Limiting warming to 1.5 °C would also reduce sea-level rise in 2100 by 10cm, compared to the 

projected 2100 rise given 2 °C of warming, exposing an additional 10 million people to the risks of rising sea levels. Further, 

the increased rate of sea-level rise compromises the ability of coastal communities to adapt to changing risks15. As noted 

in section 3, above, warm-water coral reefs will decline by 70-90% if global warming reaches 1.5 °C above pre-industrial 

levels, but all-but disappear at +2 °C15. 

The health impacts of climate change also increase substantially between 1.5-2 °C, including heat-related mortality and 

morbidity15, and risks from ozone-related mortality, malaria, Dengue, and Lyme disease533. For agriculture, 2 °C of warming 

will result in greater yield reductions for staple crops such as maize, rice, and wheat, especially in sub-Saharan Africa, 

Southeast Asia, and Central and South America, jeopardising food security. Food availability is also projected to fall further 

at 2 °C warming than 1.5 °C in the Sahel, southern Africa, the Mediterranean, central Europe, and the Amazon15.  
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Figure 27: Summary of the global-scale impacts across many indicators, at 1.5, 2 and 4 °C above pre-industrial levels. The horizontal, 

coloured lines show the median impact, the dark shading shows the inter-quartile range and the light shading shows the 10th to 90th 

percentile range of likely changes. The vertical lines show the range between lowest and highest impact432. 

Further research has focused specifically on the impact of 0.5°C of warming on changes in extreme temperatures and 

precipitation. This warming has been shown to intensify extreme hot conditions by over 1 °C. Crucially, this warming has 

resulted in over half of the world’s land area experiencing substantial increases in the occurrence of high temperatures 

that exceed the range of natural temperature variability that could be expected to occur in the absence of climate 

change534. The increasing occurrence of events that were unprecedented in affected regions has especially pronounced 

impacts as communities are generally less likely to be well prepared for such events that would not have occurred under 

past climate conditions. The recently published Sixth Assessment Report of the IPCC found that even at 1.5 °C of warming, 
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there will be substantial increases in the occurrence of unprecedented extreme events2, but will become even more 

prevalent if warming reaches 2 °C or more535. 

6.4 Case study: mortality from a heatwave 

The European summer heatwave of 2003 resulted in 70,000 excess deaths125. At the time, atmospheric CO2 levels stood at 

approximately 376 ppm, 96 ppm above the pre-industrial level536. In 2015, atmospheric CO2 levels were at 401 ppm, or 

120 ppm above pre-industrial. As such, 20% of anthropogenic greenhouse gas emissions produced prior to 2015, were 

emitted between 2003-2015. We can therefore estimate the implications of deforestation-related emissions by 

considering the likelihood of the 2003 event occurring in the climates of 2003 and 2015. We compare the probability of an 

event like that of 2003, in the climates of 2003 and 2015, to indicate how the portion of emissions attributable to land-use 

change affects the impacts.  

In 2003, an attribution study indicated that the heatwave event was approximately doubled in likelihood by climate 

change, using a very conservative estimate110. Based on an approach used in past attribution studies on heatwave mortality 

attributed to climate change127,128, around 35,000 deaths were attributable to climate change. In 2015, a new study 

estimated the likelihood of the same event in the modern day and the extent to which climate change had changed that 

likelihood. In the 12 years since the event occurred, using the same conservative definition, it became 10 times more likely 

again111 (Table 4). In other words, an event that extreme had become at least 20 times more likely because of climate 

change. This means that if the same event occurred at this higher emissions level, 95% or 66,500 deaths would be 

attributable to climate change. Based on this approach, as a result of the increase in global warming between 2003 and 

2015, around 31,500 extra deaths would be attributable to these emissions. 

Event Date Total mortality Fraction of risk attributable 

to climate change 

Climate change-related 

mortality 

2003 70000 50% 35000 

2015 (hypothetical) 70000 95% 66500 

Table 4: Mortality attributable to climate change from the European summer heatwave, at the date of its occurrence in 2003, and a 

hypothetical version of the same event had it occurred in 2015. These data demonstrate how much more likely extreme events like 

these have become as a result of human influence on the climate. Data for the attribution of the 2003 event from ref. 110, and for the 

hypothetical 2015 event from ref. 111. 

To summarise, at any given level of warming, had the emissions related to global deforestation never occurred, the impacts 

of extreme weather upon humans and society would be substantially lower. For a single deadly heatwave, this could 

represent tens of thousands of deaths.  

  



77 
 

References 

1. Otto, F. E. L. Attribution of Weather and Climate 

Events. Annu. Rev. Environ. Resour. 42, 627–646 

(2017). 

2. IPCC. Summary for Policymakers. in Climate Change 

2021: The Physical Science Basis. Contribution of 

Working Group I to the Sixth Assessment Report of the 

Intergovernmental Panel on Climate Change (eds. 

Masson-Delmotte, V. et al.) (Cambridge University 

Press, 2021). 

3. U.S. Department of Defence. National security 

implications of climate-related risks and a changing 

climate. https://archive.defense.gov/pubs/150724-

congressional-report-on-national-implications-of-

climate-change.pdf (2015). 

4. Kumari Rigaud, K. et al. Groundswell: preparing for 

internal climate migration. (2018). 

5. Mach, K. J. et al. Climate as a risk factor for armed 

conflict. Nature 571, 193–197 (2019). 

6. Skeie, R. B. et al. Perspective has a strong effect on the 

calculation of historical contributions to global 

warming. Environ. Res. Lett. 12, 024022 (2017). 

7. Ekwurzel, B. et al. The rise in global atmospheric CO2, 

surface temperature, and sea level from emissions 

traced to major carbon producers. Clim. Change 144, 

579–590 (2017). 

8. Nauels, A. et al. Attributing long-term sea-level rise to 

Paris Agreement emission pledges. Proc. Natl. Acad. 

Sci. 116, 23487–23492 (2019). 

9. Licker, R. et al. Attributing ocean acidification to major 

carbon producers. Environ. Res. Lett. 14, 124060 

(2019). 

10. Otto, F. E. L., Skeie, R. B., Fuglestvedt, J. S., Berntsen, 

T. & Allen, M. R. Assigning historic responsibility for 

extreme weather events. Nat. Clim. Chang. 7, 757–759 

(2017). 

11. IPCC. Annex VII: Glossary [Matthews, J. B. R., J. S. 

Fuglestvedt, V. Masson-Delmotte, V. Möller, C. 

Méndez, R. van Diemen, A. Reisinger, S. Semenov 

(eds.)]. in Climate Change 2021: The Physical Science 

Basis. Contribution of Working Group I to the Sixth 

Assessment Report of the Intergovernmental Panel on 

Climate Change (eds. Masson-Delmotte, V. et al.) 

(Cambridge University Press, 2021). 

12. Wikipedia. Amazônia Legal. 

https://en.wikipedia.org/wiki/Amazônia_Legal 

(2021). 

13. UNFCCC. The Paris Agreement. 

https://unfccc.int/process-and-meetings/the-paris-

agreement/the-paris-agreement (2021). 

14. van der Werf, G. R. et al. CO2 emissions from forest 

loss. Nat. Geosci. 2, 737–738 (2009). 

15. IPCC. Summary for Policymakers. in Global Warming 

of 1.5°C. An IPCC Special Report on the impacts of 

global warming of 1.5°C above pre-industrial levels 

and related global greenhouse gas emission pathways, 

in the context of strengthening the global response to 

the threat of climate change (eds. Masson-Delmotte, 

V. et al.) (2018). 

16. Leedham, C. & Allen, M. R. Global Warming Index. 

https://globalwarmingindex.org/. 

17. Hoegh-Guldberg, O. et al. Impacts of 1.5°C of Global 

Warming on Natural and Human Systems. in Global 

Warming of 1.5°C. An IPCC Special Report on the 

impacts of global warming of 1.5°C above pre-

industrial levels and related global greenhouse gas 

emission pathways, in the context of strengthening the 

global response to the threat of climate change, (eds. 

Masson-Delmotte, V. et al.) (Cambridge University 

Press, 2018). 

18. UNFCCC. Adoption of the Paris Agreement. in Report 

of the Conference of the Parties on its twenty-first 

session, held in Paris from 30 November to 13 

December 2015 (2015). 

19. Haustein, K. et al. A real-time Global Warming Index. 

Sci. Rep. 7, 15417 (2017). 

20. Curtis, P. G., Slay, C. M., Harris, N. L., Tyukavina, A. & 

Hansen, M. C. Classifying drivers of global forest loss. 

Science (80-. ). 361, 1108–1111 (2018). 

21. Richie, H. Drivers of deforestation. Our World in Data 

https://ourworldindata.org/drivers-of-deforestation. 

22. Mitchard, E. T. A. The tropical forest carbon cycle and 

climate change. Nature 559, 527–534 (2018). 

23. Qin, Y. et al. Carbon loss from forest degradation 

exceeds that from deforestation in the Brazilian 

Amazon. Nat. Clim. Chang. 11, 442–448 (2021). 

24. Tubiello, F. N. et al. Carbon emissions and removals 

from forests: new estimates, 1990–2020. Earth Syst. 

Sci. Data 13, 1681–1691 (2021). 

25. Friedlingstein, P. et al. Global Carbon Budget 2020. 

Earth Syst. Sci. Data 12, 3269–3340 (2020). 

26. Houghton, R. A. et al. Carbon emissions from land use 

and land-cover change. Biogeosciences 9, 5125–5142 

(2012). 

27. Pan, Y. et al. A Large and Persistent Carbon Sink in the 

World’s Forests. Science (80-. ). 333, 988–993 (2011). 



78 
 

28. Richie, H. & Roser, M. CO2 and Greenhouse Gas 

Emissions. OurWorldInData.org 

https://ourworldindata.org/greenhouse-gas-

emissions (2020). 

29. Pendrill, F. et al. Agricultural and forestry trade drives 

large share of tropical deforestation emissions. Glob. 

Environ. Chang. 56, 1–10 (2019). 

30. Cardil, A. et al. Recent deforestation drove the spike in 

Amazonian fires. Environ. Res. Lett. 15, 121003 (2020). 

31. Leite-Filho, A. T., Soares-Filho, B. S., Davis, J. L., 

Abrahão, G. M. & Börner, J. Deforestation reduces 

rainfall and agricultural revenues in the Brazilian 

Amazon. Nat. Commun. 12, 2591 (2021). 

32. Rogelj, J. et al. Mitigation Pathways Compatible with 

1.5°C in the Context of Sustainable Development. in 

Global Warming of 1.5°C. An IPCC Special Report on 

the impacts of global warming of 1.5°C above pre-

industrial levels and related global greenhouse gas 

emission pathways, in the context of strengthening the 

global response to the threat of climate change, (eds. 

Masson-Delmotte, V. et al.) (2018). 

33. Portal TerraBrasilis. Instituto Nacional de Pesquisas 

Espaciais (INPE) (2021). 

34. Moutinho, P., Guerra, R. & Azevedo-Ramos, C. 

Achieving zero deforestation in the Brazilian Amazon: 

What is missing? Elem. Sci. Anthr. 4, 000125 (2016). 

35. Perez, R. Deforestation of the Brazilian Amazon Under 

Jair Bolsonaro’s Reign: A Growing Ecological Disaster 

and How It May Be Reduced. Univ. Miami Inter-

American Law Rev. 52, 193–235 (2021). 

36. Map Biomas Alerta. Brazil lost 24 trees per second in 

2020. http://alerta.mapbiomas.org/en/news (2021). 

37. Ferrante, L. & Fearnside, P. M. Brazil’s new president 

and ‘ruralists’ threaten Amazonia’s environment, 

traditional peoples and the global climate. Environ. 

Conserv. 46, 261–263 (2019). 

38. Nnoko-Mewanu, J., Téllez-Chávez, L. & Rall, K. Protect 

rights and advance gender equality to mitigate climate 

change. Nat. Clim. Chang. 11, 368–370 (2021). 

39. Watts, J. UK supermarkets will seek soy alternatives if 

Amazon protections weakened. The Guardian (2021). 

40. Mcbee, J. & McCarthy, N. Implications of Proposed PL-

2633/2020 Legislation for Brazilian Beef Supply 

Chains, Indigenous Groups. 

https://climateadvisers.org/wp-

content/uploads/2020/06/Brazil-Newsletter-Issue-5-

June-2020.pdf (2020). 

41. Climate Action Tracker. CAT Climate Target Update 

Tracker: Brazil. 

https://climateactiontracker.org/climate-target-

update-tracker/brazil/ (2021). 

42. Silva Junior, C. H. L. et al. The Brazilian Amazon 

deforestation rate in 2020 is the greatest of the 

decade. Nat. Ecol. Evol. 5, 144–145 (2021). 

43. Monitoring of the Andean Amazon Project. Amazon 

Deforestation 2020. (2021). 

44. Barlow, J., Berenguer, E., Carmenta, R. & França, F. 

Clarifying Amazonia’s burning crisis. Glob. Chang. Biol. 

26, 319–321 (2020). 

45. Houghton, R. A. et al. Annual fluxes of carbon from 

deforestation and regrowth in the Brazilian Amazon. 

Nature 403, 301–304 (2000). 

46. Amnesty International. Fence off and bring cattle: 

illegal cattle farming in Brazil’s Amazon. 

https://www.amnesty.org/download/Documents/A

MR1914012019ENGLISH.PDF (2019). 

47. Tyukavina, A. et al. Types and rates of forest 

disturbance in Brazilian Legal Amazon, 2000–2013. Sci. 

Adv. 3, e1601047 (2017). 

48. Karstensen, J., Peters, G. P. & Andrew, R. M. 

Attribution of CO 2 emissions from Brazilian 

deforestation to consumers between 1990 and 2010. 

Environ. Res. Lett. 8, 024005 (2013). 

49. Kelley, D. I. et al. Technical note: Low meteorological 

influence found in 2019 Amazonia fires. 

Biogeosciences 18, 787–804 (2021). 

50. NASA Earth Observatory. Fires Raged in the Amazon 

Again in 2020. 

https://earthobservatory.nasa.gov/images/147946/fi

res-raged-in-the-amazon-again-in-2020 (2021). 

51. Aragão, L. E. O. C. et al. 21st Century drought-related 

fires counteract the decline of Amazon deforestation 

carbon emissions. Nat. Commun. 9, 536 (2018). 

52. Aguiar, A. P. D. et al. Land use change emission 

scenarios: anticipating a forest transition process in 

the Brazilian Amazon. Glob. Chang. Biol. 22, 1821–

1840 (2016). 

53. Reddington, C. L. et al. Air quality and human health 

improvements from reductions in deforestation-

related fire in Brazil. Nat. Geosci. 8, 768–771 (2015). 

54. Brienen, R. J. W. et al. Long-term decline of the 

Amazon carbon sink. Nature 519, 344–348 (2015). 

55. Bartholomé, E. & Belward, A. S. GLC2000: a new 

approach to global land cover mapping from Earth 

observation data. Int. J. Remote Sens. 26, 1959–1977 

(2005). 

56. Woods Hole Research Center. Unpublished data. 



79 
 

57. Silva, C. V. J. et al. Estimating the multi-decadal carbon 

deficit of burned Amazonian forests. Environ. Res. 

Lett. 15, 114023 (2020). 

58. Silva Junior, C. H. L. et al. Fire Responses to the 2010 

and 2015/2016 Amazonian Droughts. Front. Earth Sci. 

7, (2019). 

59. Loarie, S. R., Asner, G. P. & Field, C. B. Boosted carbon 

emissions from Amazon deforestation. Geophys. Res. 

Lett. 36, L14810 (2009). 

60. Song, X.-P., Huang, C., Saatchi, S. S., Hansen, M. C. & 

Townshend, J. R. Annual Carbon Emissions from 

Deforestation in the Amazon Basin between 2000 and 

2010. PLoS One 10, e0126754 (2015). 

61. Richie, H. & Roser, M. Emissions by sector. Our World 

in Data (2020). 

62. Arantes, A. E., Couto, V. R. de M., Sano, E. E. & Ferreira, 

L. G. Livestock intensification potential in Brazil based 

on agricultural census and satellite data analysis. 

Pesqui. Agropecuária Bras. 53, 1053–1060 (2018). 

63. Rogelj, J. & Schleussner, C.-F. Reply to Comment on 

‘Unintentional unfairness when applying new 

greenhouse gas emissions metrics at country level’. 

Environ. Res. Lett. 16, 068002 (2021). 

64. Lynch, J., Cain, M., Pierrehumbert, R. & Allen, M. 

Demonstrating GWP*: a means of reporting warming-

equivalent emissions that captures the contrasting 

impacts of short- and long-lived climate pollutants. 

Environ. Res. Lett. 15, 044023 (2020). 

65. Gatti, L. V et al. Amazonia as a carbon source linked to 

deforestation and climate change. Nature 595, 388–

393 (2021). 

66. Bressler, R. D. The mortality cost of carbon. Nat. 

Commun. 12, 4467 (2021). 

67. WMO. United in Science 2021. 

https://public.wmo.int/en/resources/united_in_scien

ce (2021). 

68. Haustein, K. et al. A Limited Role for Unforced Internal 

Variability in Twentieth-Century Warming. J. Clim. 32, 

4893–4917 (2019). 

69. UNEP. Climate Change and Human Rights. 

https://wedocs.unep.org/bitstream/handle/20.500.1

1822/9530/-

Climate_Change_and_Human_Rightshuman-rights-

climate-change.pdf.pdf (2015). 

70. Roe, G. H., Christian, J. E. & Marzeion, B. On the 

attribution of industrial-era glacier mass loss to 

anthropogenic climate change. Cryosph. 15, 1889–

1905 (2021). 

71. Roe, G. H., Baker, M. B. & Herla, F. Centennial glacier 

retreat as categorical evidence of regional climate 

change. Nat. Geosci. 10, 95–99 (2017). 

72. Stuart-Smith, R. F., Roe, G. H., Li, S. & Allen, M. R. 

Increased outburst flood hazard from Lake Palcacocha 

due to human-induced glacier retreat. Nat. Geosci. 14, 

85–90 (2021). 

73. Oppenheimer, M. et al. Sea Level Rise and Implications 

for Low-Lying Islands, Coasts and Communities. in IPCC 

Special Report on the Ocean and Cryosphere in a 

Changing Climate (eds. Pörtner, H.-O. et al.) 321–446 

(2019). 

74. Minnerop, P. & Otto, F. E. L. Climate change and 

causation: joining law and climate science on the basis 

of formal logic. Buffalo Environ. Law J. 27, 49–86 

(2020). 

75. Marjanac, S., Patton, L. & Thornton, J. Acts of God, 

human influence and litigation. Nat. Geosci. 10, 616–

619 (2017). 

76. Marjanac, S. & Patton, L. Extreme weather event 

attribution science and climate change litigation: an 

essential step in the causal chain? J. Energy Nat. 

Resour. Law 36, 265–298 (2018). 

77. Stuart-Smith, R. F. et al. Filling the evidentiary gap in 

climate litigation. Nat. Clim. Chang. 11, 651–655 

(2021). 

78. Burger, M., Horton, R. M. & Wentz, J. The Law and 

Science of Climate Change Attribution. Columbia J. 

Environ. Law 45, 57–241 (2020). 

79. Frame, D. J. et al. Climate change attribution and the 

economic costs of extreme weather events: a study on 

damages from extreme rainfall and drought. Clim. 

Change 162, 781–797 (2020). 

80. Vicedo-Cabrera, A. M. et al. The burden of heat-

related mortality attributable to recent human-

induced climate change. Nat. Clim. Chang. 11, 492–

500 (2021). 

81. Dunn, R. J. H. et al. Development of an Updated Global 

Land In Situ‐Based Data Set of Temperature and 

Precipitation Extremes: HadEX3. J. Geophys. Res. 

Atmos. 125, (2020). 

82. Fischer, E. M. & Knutti, R. Anthropogenic contribution 

to global occurrence of heavy-precipitation and high-

temperature extremes. Nat. Clim. Chang. 5, 560–564 

(2015). 

83. Seong, M.-G., Min, S.-K., Kim, Y.-H., Zhang, X. & Sun, Y. 

Anthropogenic Greenhouse Gas and Aerosol 

Contributions to Extreme Temperature Changes 

during 1951–2015. J. Clim. 34, 857–870 (2021). 



80 
 

84. Donat, M. G., Alexander, L. V., Herold, N. & Dittus, A. 

J. Temperature and precipitation extremes in century‐

long gridded observations, reanalyses, and 

atmospheric model simulations. J. Geophys. Res. 

Atmos. 121, (2016). 

85. King, A. D. Attributing Changing Rates of Temperature 

Record Breaking to Anthropogenic Influences. Earth’s 

Futur. 5, 1156–1168 (2017). 

86. Sippel, S., Meinshausen, N., Fischer, E. M., Székely, E. 

& Knutti, R. Climate change now detectable from any 

single day of weather at global scale. Nat. Clim. Chang. 

10, 35–41 (2020). 

87. Rahmstorf, S. & Coumou, D. Increase of extreme 

events in a warming world. Proc. Natl. Acad. Sci. 108, 

17905–17909 (2011). 

88. Imada, Y., Watanabe, M., Kawase, H., Shiogama, H. & 

Arai, M. The July 2018 High Temperature Event in 

Japan Could Not Have Happened without Human-

Induced Global Warming. SOLA 15A, 8–12 (2019). 

89. Woo, G. Counterfactual Disaster Risk Analysis. 

Variance 1–30 (2016). 

90. Dong, S. et al. Observed changes in temperature 

extremes over Asia and their attribution. Clim. Dyn. 

51, 339–353 (2018). 

91. Yin, H., Sun, Y. & Donat, M. G. Changes in temperature 

extremes on the Tibetan Plateau and their attribution. 

Environ. Res. Lett. 14, 124015 (2019). 

92. Alexander, L. V. & Arblaster, J. M. Historical and 

projected trends in temperature and precipitation 

extremes in Australia in observations and CMIP5. 

Weather Clim. Extrem. 15, 34–56 (2017). 

93. Christidis, N. & Stott, P. A. Attribution analyses of 

temperature extremes using a set of 16 indices. 

Weather Clim. Extrem. 14, 24–35 (2016). 

94. Rusticucci, M. & Zazulie, N. Attribution and projections 

of temperature extreme trends in South America 

based on CMIP5 models. Ann. N. Y. Acad. Sci. (2021) 

doi:10.1111/nyas.14591. 

95. Ebi, K. L. et al. Human Health. in Impacts, Risks, and 

Adaptation in the United States: The Fourth National 

Climate Assessment, Volume II (eds. Reidmiller, D. R. 

et al.) 572–603 (2018). doi:10.7930/NCA4.2018.CH14. 

96. Ebi, K. L., Ogden, N. H., Semenza, J. C. & Woodward, A. 

Detecting and Attributing Health Burdens to Climate 

Change. Environ. Health Perspect. 125, 085004 (2017). 

97. Watts, N. et al. The Lancet Countdown on health and 

climate change: from 25 years of inaction to a global 

transformation for public health. Lancet 391, 581–630 

(2018). 

98. Raymond, C., Matthews, T. & Horton, R. M. The 

emergence of heat and humidity too severe for human 

tolerance. Sci. Adv. 6, eaaw1838 (2020). 

99. Sugg, M. M., Konrad, C. E. & Fuhrmann, C. M. 

Relationships between maximum temperature and 

heat-related illness across North Carolina, USA. Int. J. 

Biometeorol. 60, 663–675 (2016). 

100. Michelozzi, P. et al. High Temperature and 

Hospitalizations for Cardiovascular and Respiratory 

Causes in 12 European Cities. Am. J. Respir. Crit. Care 

Med. 179, 383–389 (2009). 

101. Green, H. et al. Impact of heat on mortality and 

morbidity in low and middle income countries: A 

review of the epidemiological evidence and 

considerations for future research. Environ. Res. 171, 

80–91 (2019). 

102. Kalisa, E., Fadlallah, S., Amani, M., Nahayo, L. & 

Habiyaremye, G. Temperature and air pollution 

relationship during heatwaves in Birmingham, UK. 

Sustain. Cities Soc. 43, 111–120 (2018). 

103. García-Herrera, R., Díaz, J., Trigo, R. M., Luterbacher, J. 

& Fischer, E. M. A Review of the European Summer 

Heat Wave of 2003. Crit. Rev. Environ. Sci. Technol. 40, 

267–306 (2010). 

104. Analitis, A. et al. Effects of Heat Waves on Mortality. 

Epidemiology 25, 15–22 (2014). 

105. Li, J. et al. Modification of the effects of air pollutants 

on mortality by temperature: A systematic review and 

meta-analysis. Sci. Total Environ. 575, 1556–1570 

(2017). 

106. Vogel, M. M., Zscheischler, J., Wartenburger, R., Dee, 

D. & Seneviratne, S. I. Concurrent 2018 Hot Extremes 

Across Northern Hemisphere Due to Human‐Induced 

Climate Change. Earth’s Futur. 7, 692–703 (2019). 

107. Hawkins, E. et al. Observed Emergence of the Climate 

Change Signal: From the Familiar to the Unknown. 

Geophys. Res. Lett. 47, e2019GL086259 (2020). 

108. Zhang, Y. & Shindell, D. T. Costs from labor losses due 

to extreme heat in the USA attributable to climate 

change. Clim. Change 164, 35 (2021). 

109. Otto, F. E. L. et al. The attribution question. Nat. Clim. 

Chang. 6, 813–816 (2016). 

110. Stott, P. A., Stone, D. A. & Allen, M. R. Human 

contribution to the European heatwave of 2003. 

Nature 432, 610–614 (2004). 

111. Christidis, N., Jones, G. S. & Stott, P. A. Dramatically 

increasing chance of extremely hot summers since the 

2003 European heatwave. Nat. Clim. Chang. 5, 46–50 

(2015). 



81 
 

112. Leach, N. J. et al. Anthropogenic Influence on the 2018 

Summer Warm Spell in Europe: The Impact of 

Different Spatio-Temporal Scales. Bull. Am. Meteorol. 

Soc. 101, S41–S46 (2020). 

113. Otto, F. E. L., Massey, N., Van Oldenborgh, G. J., Jones, 

R. G. & Allen, M. R. Reconciling two approaches to 

attribution of the 2010 Russian heat wave. Geophys. 

Res. Lett. 39, L04702 (2012). 

114. Shiogama, H. et al. Attribution of the June-July 2013 

Heat Wave in the Southwestern United States. SOLA 

10, 122–126 (2014). 

115. Zhou, C., Wang, K., Qi, D. & Tan, J. Attribution of a 

Record-Breaking Heatwave Event in Summer 2017 

over the Yangtze River Delta. Bull. Am. Meteorol. Soc. 

100, S97–S103 (2019). 

116. Peterson, T. C., Stott, P. A. & Herring, S. Explaining 

extreme events of 2011 from a climate perspective. 

Bull. Am. Meteorol. Soc. (2012) doi:10.1175/BAMS-D-

12-00021.1. 

117. Peterson, T. C. et al. Explaining extreme events of 2012 

from a climate perspective. Bulletin of the American 

Meteorological Society (2015) doi:10.1175/BAMS-D-

13-00085.1. 

118. Herring, S. C., Hoerling, M. P., Peterson, T. C. & Stott, 

P. A. Explaining Extreme Events of 2013 from a Climate 

Perspective. Bull. Am. Meteorol. Soc. 95, S1–S104 

(2014). 

119. Herring, S. C., Hoerling, M. P., Kossin, J. P., Peterson, T. 

C. & Stott, P. A. Explaining Extreme Events of 2014 

Explaining Extreme Events of 2014 From a. Bull. Am. 

Meteorol. Soc. 96, 35–40 (2015). 

120. Herring, S. C. et al. Explaining Extreme Events of 2015 

from a Climate Perspective. Bull. Am. Meteorol. Soc. 

97, S1–S145 (2016). 

121. Herring, S. C. et al. Explaining Extreme Events of 2016 

from a Climate Perspective. Bull. Am. Meteorol. Soc. 

99, S1–S157 (2018). 

122. Herring, S. C., Christidis, N., Hoell, A., Hoerling, M. P. & 

Stott, P. A. Explaining Extreme Events of 2017 from a 

Climate Perspective. Bull. Am. Meteorol. Soc. 100, S1–

S117 (2019). 

123. Herring, S. C., Christidis, N., Hoell, A., Hoerling, M. P. & 

Stott, P. A. Explaining Extreme Events of 2018 from a 

Climate Perspective. Bull. Am. Meteorol. Soc. 101, S1–

S140 (2020). 

124. Herring, S. C., Christidis, N., Hoell, A., Hoerling, M. P. & 

Stott, P. A. Explaining Extreme Events of 2019 from a 

Climate Perspective. Bull. Am. Meteorol. Soc. 102, S1–

S116 (2021). 

125. EMDAT. The Emergency Events Database. Universite 

catholique de Louvain (UCL) - CRED, D. Guha-Sapir 

(2019). 

126. Otto, F. E. L. et al. Challenges to Understanding 

Extreme Weather Changes in Lower Income Countries. 

Bull. Am. Meteorol. Soc. 101, E1851–E1860 (2020). 

127. Clarke, B. J., Otto, F. E. L. & Jones, R. G. Inventories of 

extreme weather events and impacts: Implications for 

loss and damage from and adaptation to climate 

extremes. Clim. Risk Manag. 32, 100285 (2021). 

128. Mitchell, D. et al. Attributing human mortality during 

extreme heat waves to anthropogenic climate change. 

Environ. Res. Lett. 11, 074006 (2016). 

129. Mora, C. et al. Global risk of deadly heat. Nat. Clim. 

Chang. 7, 501–506 (2017). 

130. Mazdiyasni, O. et al. Increasing probability of mortality 

during Indian heat waves. Sci. Adv. 3, e1700066 

(2017). 

131. Azhar, G. S. et al. Heat-Related Mortality in India: 

Excess All-Cause Mortality Associated with the 2010 

Ahmedabad Heat Wave. PLoS One 9, e91831 (2014). 

132. Wehner, M., Stone, D., Krishnan, H., AchutaRao, K. & 

Castillo, F. The Deadly Combination of Heat and 

Humidity in India and Pakistan in Summer 2015. Bull. 

Am. Meteorol. Soc. 97, S81–S86 (2016). 

133. Gasparrini, A. et al. Mortality risk attributable to high 

and low ambient temperature: a multicountry 

observational study. Lancet 386, 369–375 (2015). 

134. Harrington, L. J. & Otto, F. E. L. Reconciling theory with 

the reality of African heatwaves. Nat. Clim. Chang. 10, 

796–798 (2020). 

135. Hu, T., Sun, Y., Zhang, X., Min, S. K. & Kim, Y. H. Human 

influence on frequency of temperature extremes. 

Environ. Res. Lett. (2020) doi:10.1088/1748-

9326/ab8497. 

136. Dobricic, S., Russo, S., Pozzoli, L., Wilson, J. & Vignati, 

E. Increasing occurrence of heat waves in the 

terrestrial Arctic. Environ. Res. Lett. 15, 024022 (2020). 

137. Sui, C., Zhang, Z., Yu, L., Li, Y. & Song, M. Investigation 

of Arctic air temperature extremes at north of 60°N in 

winter. Acta Oceanol. Sin. 36, 51–60 (2017). 

138. Box, J. E. et al. Key indicators of Arctic climate change: 

1971–2017. Environ. Res. Lett. 14, 045010 (2019). 

139. Christidis, N. & Stott, P. A. The Extremely Cold Start of 

the Spring of 2018 in the United Kingdom. Bull. Am. 

Meteorol. Soc. 101, S23–S28 (2020). 

140. Bellprat, O. et al. The Role of Arctic Sea Ice and Sea 

Surface Temperatures on the Cold 2015 February Over 



82 
 

North America. Bull. Am. Meteorol. Soc. 97, S36–S41 

(2016). 

141. Christiansen, B. et al. Was the Cold European Winter 

of 2009/10 Modified by Anthropogenic Climate 

Change? An Attribution Study. J. Clim. 31, 3387–3410 

(2018). 

142. Sun, Y. et al. Anthropogenic Influence on the Eastern 

China 2016 Super Cold Surge. Bull. Am. Meteorol. Soc. 

99, S123–S127 (2018). 

143. Gronlund, C. J., Sullivan, K. P., Kefelegn, Y., Cameron, 

L. & O’Neill, M. S. Climate change and temperature 

extremes: A review of heat- and cold-related 

morbidity and mortality concerns of municipalities. 

Maturitas 114, 54–59 (2018). 

144. Kinney, P. L. et al. Winter season mortality: will climate 

warming bring benefits? Environ. Res. Lett. 10, 064016 

(2015). 

145. Hajat, S. Health effects of milder winters: a review of 

evidence from the United Kingdom. Environ. Heal. 16, 

109 (2017). 

146. Staddon, P. L., Montgomery, H. E. & Depledge, M. H. 

Climate warming will not decrease winter mortality. 

Nat. Clim. Chang. 4, 190–194 (2014). 

147. Ebi, K. L. & Mills, D. Winter mortality in a warming 

climate: a reassessment. WIREs Clim. Chang. 4, 203–

212 (2013). 

148. Gasparrini, A. et al. Projections of temperature-

related excess mortality under climate change 

scenarios. Lancet Planet. Heal. 1, e360–e367 (2017). 

149. Huber, V., Ibarreta, D. & Frieler, K. Cold- and heat-

related mortality: a cautionary note on current 

damage functions with net benefits from climate 

change. Clim. Change 142, 407–418 (2017). 

150. Vicedo-Cabrera, A. M. et al. Temperature-related 

mortality impacts under and beyond Paris Agreement 

climate change scenarios. Clim. Change 150, 391–402 

(2018). 

151. Pfahl, S., O’Gorman, P. A. & Fischer, E. M. 

Understanding the regional pattern of projected 

future changes in extreme precipitation. Nat. Clim. 

Chang. 7, 423–427 (2017). 

152. O’Gorman, P. A. Precipitation Extremes Under Climate 

Change. Curr. Clim. Chang. Reports 1, 49–59 (2015). 

153. Sun, Q., Zhang, X., Zwiers, F., Westra, S. & Alexander, 

L. V. A Global, Continental, and Regional Analysis of 

Changes in Extreme Precipitation. J. Clim. 34, 243–258 

(2021). 

154. Paik, S. et al. Determining the Anthropogenic 

Greenhouse Gas Contribution to the Observed 

Intensification of Extreme Precipitation. Geophys. Res. 

Lett. 47, (2020). 

155. Dong, S. et al. Attribution of Extreme Precipitation 

with Updated Observations and CMIP6 Simulations. J. 

Clim. 34, 871–881 (2021). 

156. Ji, P. et al. Anthropogenic Contributions to the 2018 

Extreme Flooding over the Upper Yellow River Basin in 

China. Bull. Am. Meteorol. Soc. 101, S89–S94 (2020). 

157. Gudmundsson, L., Leonard, M., Do, H. X., Westra, S. & 

Seneviratne, S. I. Observed Trends in Global Indicators 

of Mean and Extreme Streamflow. Geophys. Res. Lett. 

46, 756–766 (2019). 

158. Do, H. X., Westra, S. & Leonard, M. A global-scale 

investigation of trends in annual maximum 

streamflow. J. Hydrol. 552, 28–43 (2017). 

159. Gudmundsson, L. et al. Globally observed trends in 

mean and extreme river flow attributed to climate 

change. Science (80-. ). 371, 1159–1162 (2021). 

160. Cho, C., Li, R., Wang, S.-Y., Yoon, J.-H. & Gillies, R. R. 

Anthropogenic footprint of climate change in the June 

2013 northern India flood. Clim. Dyn. 46, 797–805 

(2016). 

161. Pall, P. et al. Diagnosing conditional anthropogenic 

contributions to heavy Colorado rainfall in September 

2013. Weather Clim. Extrem. 17, 1–6 (2017). 

162. van der Wiel, K. et al. Rapid attribution of the August 

2016 flood-inducing extreme precipitation in south 

Louisiana to climate change. Hydrol. Earth Syst. Sci. 21, 

897–921 (2017). 

163. Philip, S. et al. Validation of a Rapid Attribution of the 

May/June 2016 Flood-Inducing Precipitation in France 

to Climate Change. J. Hydrometeorol. 19, 1881–1898 

(2018). 

164. Teufel, B. et al. Investigation of the mechanisms 

leading to the 2017 Montreal flood. Clim. Dyn. 52, 

4193–4206 (2019). 

165. Tellman, B. et al. Satellite imaging reveals increased 

proportion of population exposed to floods. Nature 

596, 80–86 (2021). 

166. Dhara, V. R., Schramm, P. J. & Luber, G. Climate change 

& infectious diseases in India: implications for health 

care providers. Indian J. Med. Res. 138, 847–52 (2013). 

167. Marcheggiani, S. et al. Risks of water-borne disease 

outbreaks after extreme events. Toxicol. Environ. 

Chem. 92, 593–599 (2010). 

168. Cann, K. F., Thomas, D. R., Salmon, R. L., Wyn-Jones, A. 

P. & Kay, D. Extreme water-related weather events 



83 
 

and waterborne disease. Epidemiol. Infect. 141, 671–

686 (2013). 

169. Uejio, C. K. et al. Drinking Water Systems, Hydrology, 

and Childhood Gastrointestinal Illness in Central and 

Northern Wisconsin. Am. J. Public Health 104, 639–

646 (2014). 

170. Patz, J. A., Vavrus, S. J., Uejio, C. K. & McLellan, S. L. 

Climate Change and Waterborne Disease Risk in the 

Great Lakes Region of the U.S. Am. J. Prev. Med. 35, 

451–458 (2008). 

171. Bush, K. F. et al. Associations between Extreme 

Precipitation and Gastrointestinal-Related Hospital 

Admissions in Chennai, India. Environ. Health 

Perspect. 122, 249–254 (2014). 

172. Baqir, M. et al. Infectious diseases in the aftermath of 

monsoon flooding in Pakistan. Asian Pac. J. Trop. 

Biomed. 2, 76–79 (2012). 

173. Devi, S. Cyclone Idai: 1 month later, devastation 

persists. Lancet 393, 1585 (2019). 

174. Zhang, N. et al. The impact of the 2016 flood event in 

Anhui Province, China on infectious diarrhea disease: 

An interrupted time-series study. Environ. Int. 127, 

801–809 (2019). 

175. Carlton, E. J. et al. Heavy Rainfall Events and Diarrhea 

Incidence: The Role of Social and Environmental 

Factors. Am. J. Epidemiol. 179, 344–352 (2014). 

176. Jones, F. K. et al. Increased Rotavirus Prevalence in 

Diarrheal Outbreak Precipitated by Localized Flooding, 

Solomon Islands, 2014. Emerg. Infect. Dis. 22, 875–879 

(2016). 

177. Levy, K., Woster, A. P., Goldstein, R. S. & Carlton, E. J. 

Untangling the Impacts of Climate Change on 

Waterborne Diseases: a Systematic Review of 

Relationships between Diarrheal Diseases and 

Temperature, Rainfall, Flooding, and Drought. 

Environ. Sci. Technol. 50, 4905–4922 (2016). 

178. Fredrick, T. et al. Cholera outbreak linked with lack of 

safe water supply following a tropical cyclone in 

Pondicherry, India, 2012. J. Health. Popul. Nutr. 33, 

31–8 (2015). 

179. Davies, G. et al. Water-Borne Diseases and Extreme 

Weather Events in Cambodia: Review of Impacts and 

Implications of Climate Change. Int. J. Environ. Res. 

Public Health 12, 191–213 (2014). 

180. Hinz, R., Frickmann, H. & Krüger, A. Climate Change 

and Infectious Diseases. in International Climate 

Protection 269–276 (Springer International Publishing, 

2019). doi:10.1007/978-3-030-03816-8_34. 

181. Moors, E., Singh, T., Siderius, C., Balakrishnan, S. & 

Mishra, A. Climate change and waterborne diarrhoea 

in northern India: Impacts and adaptation strategies. 

Sci. Total Environ. 468–469, S139–S151 (2013). 

182. Moftakhari, H. R., Salvadori, G., AghaKouchak, A., 

Sanders, B. F. & Matthew, R. A. Compounding effects 

of sea level rise and fluvial flooding. Proc. Natl. Acad. 

Sci. 114, 9785–9790 (2017). 

183. Bevacqua, E. et al. Higher probability of compound 

flooding from precipitation and storm surge in Europe 

under anthropogenic climate change. Sci. Adv. 5, 

(2019). 

184. Matthews, T., Wilby, R. L. & Murphy, C. An emerging 

tropical cyclone–deadly heat compound hazard. Nat. 

Clim. Chang. 9, 602–606 (2019). 

185. Li, Z. et al. Aerosol and monsoon climate interactions 

over Asia. Rev. Geophys. 54, 866–929 (2016). 

186. Katzenberger, A., Schewe, J., Pongratz, J. & 

Levermann, A. Robust increase of Indian monsoon 

rainfall and its variability under future warming in 

CMIP-6 models. Earth Syst. Dyn. Discuss. (2020) 

doi:10.5194/esd-2020-80. 

187. Burke, C. & Stott, P. Impact of Anthropogenic Climate 

Change on the East Asian Summer Monsoon. J. Clim. 

30, 5205–5220 (2017). 

188. Wang, B. et al. Monsoons Climate Change Assessment. 

Bull. Am. Meteorol. Soc. 102, E1–E19 (2021). 

189. Rimi, R. H., Haustein, K., Allen, M. R. & Barbour, E. J. 

Risks of Pre-Monsoon Extreme Rainfall Events of 

Bangladesh: Is Anthropogenic Climate Change Playing 

a Role? Bull. Am. Meteorol. Soc. 100, S61–S65 (2019). 

190. Bartiko, D., Oliveira, D. Y., Bonumá, N. B. & Chaffe, P. 

L. B. Spatial and seasonal patterns of flood change 

across Brazil. Hydrol. Sci. J. 64, 1071–1079 (2019). 

191. Mamo, S., Berhanu, B. & Melesse, A. M. Historical 

flood events and hydrological extremes in Ethiopia. in 

Extreme Hydrology and Climate Variability 379–384 

(Elsevier, 2019). doi:10.1016/B978-0-12-815998-

9.00029-4. 

192. Schaller, N. et al. Human influence on climate in the 

2014 southern England winter floods and their 

impacts. Nat. Clim. Chang. 6, 627–634 (2016). 

193. Otto, F. E. L. et al. Climate change increases the 

probability of heavy rains in Northern 

England/Southern Scotland like those of storm 

Desmond—a real-time event attribution revisited. 

Environ. Res. Lett. 13, 024006 (2018). 

194. van Oldenborgh, G. J. et al. Rapid attribution of the 

May/June 2016 flood-inducing precipitation in France 

and Germany to climate change. Hydrol. Earth Syst. 



84 
 

Sci. Discuss. 3, 1–23 (2016). 

195. Pall, P. et al. Anthropogenic greenhouse gas 

contribution to flood risk in England and Wales in 

autumn 2000. Nature 470, 382–385 (2011). 

196. Vautard, R. et al. Extreme Fall 2014 Precipitation in the 

Cévennes Mountains. Bull. Am. Meteorol. Soc. 96, 

S56–S60 (2015). 

197. Eden, J. M., Wolter, K., Otto, F. E. L. & Jan van 

Oldenborgh, G. Multi-method attribution analysis of 

extreme precipitation in Boulder, Colorado. Environ. 

Res. Lett. 11, 124009 (2016). 

198. Rosier, S. et al. Extreme Rainfall in Early July 2014 in 

Northland, New Zealand—Was There an 

Anthropogenic Influence? Bull. Am. Meteorol. Soc. 96, 

S136–S140 (2015). 

199. Burke, C., Stott, P., Ciavarella, A. & Sun, Y. Attribution 

of Extreme Rainfall in Southeast China During May 

2015. Bull. Am. Meteorol. Soc. 97, S92–S96 (2016). 

200. Sun, Q. & Miao, C. Extreme Rainfall (R20mm, RX5day) 

in Yangtze–Huai, China, in June–July 2016: The Role of 

ENSO and Anthropogenic Climate Change. Bull. Am. 

Meteorol. Soc. 99, S102–S106 (2018). 

201. Yuan, X., Wang, S. & Hu, Z.-Z. Do Climate Change and 

El Niño Increase Likelihood of Yangtze River Extreme 

Rainfall? Bull. Am. Meteorol. Soc. 99, S113–S117 

(2018). 

202. Zhou, C., Wang, K. & Qi, D. Attribution of the July 2016 

Extreme Precipitation Event Over China’s Wuhang. 

Bull. Am. Meteorol. Soc. 99, S107–S112 (2018). 

203. Cook, B. I., Mankin, J. S. & Anchukaitis, K. J. Climate 

Change and Drought: From Past to Future. Curr. Clim. 

Chang. Reports 4, 164–179 (2018). 

204. Gudmundsson, L. & Seneviratne, S. I. Anthropogenic 

climate change affects meteorological drought risk in 

Europe. Environ. Res. Lett. 11, 044005 (2016). 

205. Marvel, K. et al. Twentieth-century hydroclimate 

changes consistent with human influence. Nature 569, 

59–65 (2019). 

206. Seager, R. et al. Climate Variability and Change of 

Mediterranean-Type Climates. J. Clim. 32, 2887–2915 

(2019). 

207. Yuan, X. et al. Anthropogenic shift towards higher risk 

of flash drought over China. Nat. Commun. 10, 4661 

(2019). 

208. Gebremeskel Haile, G. et al. Droughts in East Africa: 

Causes, impacts and resilience. Earth-Science Rev. 

193, 146–161 (2019). 

209. Uhe, P. et al. Attributing drivers of the 2016 Kenyan 

drought. Int. J. Climatol. 38, e554–e568 (2018). 

210. Kew, S. F. et al. Impact of precipitation and increasing 

temperatures on drought trends in eastern Africa. 

Earth Syst. Dyn. 12, 17–35 (2021). 

211. Philip, S. et al. Attribution Analysis of the Ethiopian 

Drought of 2015. J. Clim. 31, 2465–2486 (2018). 

212. Lyon, B. & DeWitt, D. G. A recent and abrupt decline in 

the East African long rains. Geophys. Res. Lett. 39, n/a-

n/a (2012). 

213. Tierney, J. E., Ummenhofer, C. C. & DeMenocal, P. B. 

Past and future rainfall in the Horn of Africa. Sci. Adv. 

1, e1500682 (2015). 

214. Hoell, A., Hoerling, M., Eischeid, J., Quan, X.-W. & 

Liebmann, B. Reconciling Theories for Human and 

Natural Attribution of Recent East Africa Drying. J. 

Clim. 30, 1939–1957 (2017). 

215. FAO. The State of Food Security and Nutrition in the 

World 2020. The State of Food Security and Nutrition 

in the World 2020 (FAO, IFAD, UNICEF, WFP and WHO, 

2020). doi:10.4060/ca9692en. 

216. Bandara, J. S. & Cai, Y. The impact of climate change 

on food crop productivity, food prices and food 

security in South Asia. Econ. Anal. Policy 44, 451–465 

(2014). 

217. Nicholson, S. E. Climate and climatic variability of 

rainfall over eastern Africa. Rev. Geophys. (2017) 

doi:10.1002/2016RG000544. 

218. Osaka, S. & Bellamy, R. Natural variability or climate 

change? Stakeholder and citizen perceptions of 

extreme event attribution. Glob. Environ. Chang. 62, 

102070 (2020). 

219. Mote, P. W. et al. Perspectives on the causes of 

exceptionally low 2015 snowpack in the western 

United States. Geophys. Res. Lett. 43, (2016). 

220. Berg, N. & Hall, A. Anthropogenic warming impacts on 

California snowpack during drought. Geophys. Res. 

Lett. 44, 2511–2518 (2017). 

221. Williams, A. P. et al. Contribution of anthropogenic 

warming to California drought during 2012–2014. 

Geophys. Res. Lett. 42, 6819–6828 (2015). 

222. Diffenbaugh, N. S., Swain, D. L. & Touma, D. 

Anthropogenic warming has increased drought risk in 

California. Proc. Natl. Acad. Sci. 112, 3931–3936 

(2015). 

223. The Weather Channel. 16 Billion-Dollar Disasters Have 

Impacted the U.S. This Year, Tying an All-Time Record, 

Thanks to the California Wildfires. (2017). 

224. Wang, S.-Y. S., Yoon, J.-H., Becker, E. & Gillies, R. 



85 
 

California from drought to deluge. Nat. Clim. Chang. 7, 

465–468 (2017). 

225. Parry, S., Marsh, T. & Kendon, M. 2012: from drought 

to floods in England and Wales. Weather 68, 268–274 

(2013). 

226. Williams, A. P. et al. Large contribution from 

anthropogenic warming to an emerging North 

American megadrought. Science (80-. ). 368, 314–318 

(2020). 

227. Medellín-Azuara, J. et al. Economic Analysis of the 

2016 California Drought on Agriculture. Cent. 

Watershed Sci. Univ. California, Davis, Calif. (2016). 

228. Howitt, R., Medellín-Azuara, J., MacEwan, D., Lund, J. 

& Sumner, D. Economic Analysis of the 2015 Drought 

For California Agriculture. Center for Watershed 

Sciences. University of California, Davis, California 

(2015). 

229. Howitt, R., Medellín-azuara, J. & Macewan, D. 

Economic Analysis of the 2014 Drought for California 

Agriculture. Cent. Watershed Sci. Univ. California, 

Davis, Calif. (2014). 

230. Fettig, C. J., Mortenson, L. A., Bulaon, B. M. & Foulk, P. 

B. Tree mortality following drought in the central and 

southern Sierra Nevada, California, U.S. For. Ecol. 

Manage. 432, 164–178 (2019). 

231. Otto, F. E. L. et al. Anthropogenic influence on the 

drivers of the Western Cape drought 2015–2017. 

Environ. Res. Lett. 13, 124010 (2018). 

232. Yuan, X., Wang, L. & Wood, E. F. Anthropogenic 

Intensification of Southern African Flash Droughts as 

Exemplified by the 2015/16 Season. Bull. Am. 

Meteorol. Soc. 99, S86–S90 (2018). 

233. García-Herrera, R. et al. The European 2016/17 

Drought. J. Clim. 32, 3169–3187 (2019). 

234. King, A. D., Karoly, D. J. & van Oldenborgh, G. J. Climate 

Change and El Niño Increase Likelihood of Indonesian 

Heat and Drought. Bull. Am. Meteorol. Soc. 97, S113–

S117 (2016). 

235. Harrington, L. J. et al. Investigating event‐specific 

drought attribution using self‐organizing maps. J. 

Geophys. Res. Atmos. 121, 12,766-12,780 (2016). 

236. Szeto, K., Zhang, X., White, R. E. & Brimelow, J. The 

2015 Extreme Drought in Western Canada. Bull. Am. 

Meteorol. Soc. 97, S42–S46 (2016). 

237. Sena, A., Barcellos, C., Freitas, C. & Corvalan, C. 

Managing the Health Impacts of Drought in Brazil. Int. 

J. Environ. Res. Public Health 11, 10737–10751 (2014). 

238. Stanford University. In a warming world, Cape Town’s 

‘Day Zero’ drought won’t be an anomaly. phys.org 

(2020). 

239. Van Wagner, C. E. Development and structure of the 

Canadian forest fire weather index system. Forestry 

(1987). 

240. Dowdy, A. J., Mills, G. a, Finkele, K. & Groot, W. De. 

Australian fire weather as represented by the 

McArthur Forest Fire Danger Index and the Canadian 

Forest Fire Weather Index. CAWCR Technical Report 

No. 10 

http://citeseerx.ist.psu.edu/viewdoc/download?doi=

10.1.1.307.8282&rep=rep1&type=pdf (2009). 

241. Jarraud, M. & Steiner, A. Summary for policymakers. 

Managing the Risks of Extreme Events and Disasters to 

Advance Climate Change Adaptation: Special Report of 

the Intergovernmental Panel on Climate Change vol. 

9781107025 3–22 (2012). 

242. Balch, J. et al. Switching on the Big Burn of 2017. Fire 

1, 17 (2018). 

243. Dennison, P. E., Brewer, S. C., Arnold, J. D. & Moritz, 

M. A. Large wildfire trends in the western United 

States, 1984-2011. Geophys. Res. Lett. 41, 2928–2933 

(2014). 

244. Goss, M. et al. Climate change is increasing the 

likelihood of extreme autumn wildfire conditions 

across California. Environ. Res. Lett. 15, 094016 (2020). 

245. Barbero, R., Abatzoglou, J. T., Pimont, F., Ruffault, J. & 

Curt, T. Attributing Increases in Fire Weather to 

Anthropogenic Climate Change Over France. Front. 

Earth Sci. 8, (2020). 

246. Abatzoglou, J. T., Williams, A. P. & Barbero, R. Global 

Emergence of Anthropogenic Climate Change in Fire 

Weather Indices. Geophys. Res. Lett. 46, 326–336 

(2019). 

247. Touma, D., Stevenson, S., Lehner, F. & Coats, S. 

Human-driven greenhouse gas and aerosol emissions 

cause distinct regional impacts on extreme fire 

weather. Nat. Commun. 12, 212 (2021). 

248. Alencar, A., Asner, G. P., Knapp, D. & Zarin, D. 

Temporal variability of forest fires in eastern 

Amazonia. Ecol. Appl. 21, 2397–2412 (2011). 

249. Alencar, A. A., Brando, P. M., Asner, G. P. & Putz, F. E. 

Landscape fragmentation, severe drought, and the 

new Amazon forest fire regime. Ecol. Appl. 25, 1493–

1505 (2015). 

250. Harris, S. & Lucas, C. Understanding the variability of 

Australian fire weather between 1973 and 2017. PLoS 

One 14, e0222328 (2019). 

251. Dowdy, A. J. Climatological Variability of Fire Weather 



86 
 

in Australia. J. Appl. Meteorol. Climatol. 57, 221–234 

(2018). 

252. Dowdy, A. J. & Pepler, A. Pyroconvection Risk in 

Australia: Climatological Changes in Atmospheric 

Stability and Surface Fire Weather Conditions. 

Geophys. Res. Lett. 45, 2005–2013 (2018). 

253. Kirchmeier‐Young, M. C., Gillett, N. P., Zwiers, F. W., 

Cannon, A. J. & Anslow, F. S. Attribution of the 

Influence of Human‐Induced Climate Change on an 

Extreme Fire Season. Earth’s Futur. 7, 2–10 (2019). 

254. Kirchmeier-Young, M. C., Zwiers, F. W., Gillett, N. P. & 

Cannon, A. J. Attributing extreme fire risk in Western 

Canada to human emissions. Clim. Change 144, 365–

379 (2017). 

255. Krikken, F., Lehner, F., Haustein, K., Drobyshev, I. & 

van Oldenborgh, G. J. Attribution of the role of climate 

change in the forest fires in Sweden 2018. Nat. 

Hazards Earth Syst. Sci. (2019) doi:10.5194/nhess-

2019-206. 

256. van Oldenborgh, G. J. et al. Attribution of the 

Australian bushfire risk to anthropogenic climate 

change. Nat. Hazards Earth Syst. Sci. 1–46 (2020) 

doi:10.5194/nhess-2020-69. 

257. Aguilera, R., Corringham, T., Gershunov, A. & 

Benmarhnia, T. Wildfire smoke impacts respiratory 

health more than fine particles from other sources: 

observational evidence from Southern California. Nat. 

Commun. 12, 1493 (2021). 

258. Reid, C. E. et al. Critical Review of Health Impacts of 

Wildfire Smoke Exposure. Environ. Health Perspect. 

124, 1334–1343 (2016). 

259. Matz, C. J. et al. Health impact analysis of PM2.5 from 

wildfire smoke in Canada (2013–2015, 2017–2018). 

Sci. Total Environ. 725, 138506 (2020). 

260. Chen, H., Samet, J. M., Bromberg, P. A. & Tong, H. 

Cardiovascular health impacts of wildfire smoke 

exposure. Part. Fibre Toxicol. 18, 2 (2021). 

261. Abdo, M. et al. Impact of Wildfire Smoke on Adverse 

Pregnancy Outcomes in Colorado, 2007–2015. Int. J. 

Environ. Res. Public Health 16, 3720 (2019). 

262. Fann, N. et al. The health impacts and economic value 

of wildland fire episodes in the U.S.: 2008–2012. Sci. 

Total Environ. 610–611, 802–809 (2018). 

263. Johnston, F. H. et al. Estimated Global Mortality 

Attributable to Smoke from Landscape Fires. Environ. 

Health Perspect. 120, 695–701 (2012). 

264. Tedim, F., Remelgado, R., Borges, C., Carvalho, S. & 

Martins, J. Exploring the occurrence of mega-fires in 

Portugal. For. Ecol. Manage. 294, 86–96 (2013). 

265. Hodzic, A. et al. Wildfire particulate matter in Europe 

during summer 2003: meso-scale modeling of smoke 

emissions, transport and radiative effects. Atmos. 

Chem. Phys. 7, 4043–4064 (2007). 

266. Solberg, S. et al. European surface ozone in the 

extreme summer 2003. J. Geophys. Res. 113, D07307 

(2008). 

267. Shaposhnikov, D. et al. Mortality Related to Air 

Pollution with the Moscow Heat Wave and Wildfire of 

2010. Epidemiology 25, 359–364 (2014). 

268. Yu, P., Xu, R., Abramson, M. J., Li, S. & Guo, Y. Bushfires 

in Australia: a serious health emergency under climate 

change. Lancet Planet. Heal. 4, e7–e8 (2020). 

269. Filkov, A. I., Ngo, T., Matthews, S., Telfer, S. & Penman, 

T. D. Impact of Australia’s catastrophic 2019/20 

bushfire season on communities and environment. 

Retrospective analysis and current trends. J. Saf. Sci. 

Resil. 1, 44–56 (2020). 

270. Borchers Arriagada, N. et al. Unprecedented smoke‐

related health burden associated with the 2019–20 

bushfires in eastern Australia. Med. J. Aust. 213, 282–

283 (2020). 

271. Kossin, J. P., Knapp, K. R., Olander, T. L. & Velden, C. S. 

Global increase in major tropical cyclone exceedance 

probability over the past four decades. Proc. Natl. 

Acad. Sci. 117, 11975–11980 (2020). 

272. Walsh, K. J. E. et al. Tropical cyclones and climate 

change. Trop. Cyclone Res. Rev. 8, 240–250 (2019). 

273. Christensen, J. H. et al. Climate phenomena and their 

relevance for future regional climate change. in 

Climate Change 2013 the Physical Science Basis: 

Working Group I Contribution to the Fifth Assessment 

Report of the Intergovernmental Panel on Climate 

Change (2013). doi:10.1017/CBO9781107415324.028. 

274. Kossin, J. P., Emanuel, K. A. & Camargo, S. J. Past and 

Projected Changes in Western North Pacific Tropical 

Cyclone Exposure. J. Clim. 29, 5725–5739 (2016). 

275. Kossin, J. P. A global slowdown of tropical-cyclone 

translation speed. Nature 558, 104–107 (2018). 

276. Yamaguchi, M. & Maeda, S. Slowdown of Typhoon 

Translation Speeds in Mid-latitudes in September 

Influenced by the Pacific Decadal Oscillation and 

Global Warming. J. Meteorol. Soc. Japan. Ser. II 98, 

1321–1334 (2020). 

277. Patricola, C. M. & Wehner, M. F. Anthropogenic 

influences on major tropical cyclone events. Nature 

563, 339–346 (2018). 

278. Murakami, H. et al. Detected climatic change in global 

distribution of tropical cyclones. Proc. Natl. Acad. Sci. 



87 
 

117, 10706–10714 (2020). 

279. Bhatia, K. T. et al. Recent increases in tropical cyclone 

intensification rates. Nat. Commun. 10, 635 (2019). 

280. Ting, M., Camargo, S. J., Li, C. & Kushnir, Y. Natural and 

Forced North Atlantic Hurricane Potential Intensity 

Change in CMIP5 Models*. J. Clim. 28, 3926–3942 

(2015). 

281. Balaji, M., Chakraborty, A. & Mandal, M. Changes in 

tropical cyclone activity in north Indian Ocean during 

satellite era (1981-2014). Int. J. Climatol. 38, 2819–

2837 (2018). 

282. Lee, T.-C., Knutson, T. R., Nakaegawa, T., Ying, M. & 

Cha, E. J. Third assessment on impacts of climate 

change on tropical cyclones in the Typhoon 

Committee Region – Part I: Observed changes, 

detection and attribution. Trop. Cyclone Res. Rev. 9, 1–

22 (2020). 

283. Murakami, H., Vecchi, G. A. & Underwood, S. 

Increasing frequency of extremely severe cyclonic 

storms over the Arabian Sea. Nat. Clim. Chang. 7, 885–

889 (2017). 

284. Zhang, W. et al. Influences of Natural Variability and 

Anthropogenic Forcing on the Extreme 2015 

Accumulated Cyclone Energy in the Western North 

Pacific. Bull. Am. Meteorol. Soc. 97, S131–S135 (2016). 

285. Yang, S.-H., Kang, N.-Y., Elsner, J. B. & Chun, Y. 

Influence of Global Warming on Western North Pacific 

Tropical Cyclone Intensities during 2015. J. Clim. 31, 

919–925 (2018). 

286. Yamada, Y. et al. High‐Resolution Ensemble 

Simulations of Intense Tropical Cyclones and Their 

Internal Variability During the El Niños of 1997 and 

2015. Geophys. Res. Lett. 46, 7592–7601 (2019). 

287. Murakami, H., Levin, E., Delworth, T. L., Gudgel, R. & 

Hsu, P.-C. Dominant effect of relative tropical Atlantic 

warming on major hurricane occurrence. Science (80-. 

). 362, 794–799 (2018). 

288. Zorrilla, C. D. The View from Puerto Rico — Hurricane 

Maria and Its Aftermath. N. Engl. J. Med. 377, 1801–

1803 (2017). 

289. Kishore, N. et al. Mortality in Puerto Rico after 

Hurricane Maria. N. Engl. J. Med. 379, 162–170 (2018). 

290. Kwasinski, A., Andrade, F., Castro-Sitiriche, M. J. & 

O’Neill-Carrillo, E. Hurricane Maria Effects on Puerto 

Rico Electric Power Infrastructure. IEEE Power Energy 

Technol. Syst. J. 6, 85–94 (2019). 

291. Subramanian, R. et al. Air Quality in Puerto Rico in the 

Aftermath of Hurricane Maria: A Case Study on the 

Use of Lower Cost Air Quality Monitors. ACS Earth Sp. 

Chem. 2, 1179–1186 (2018). 

292. Bessette-Kirton, E. K. et al. Landslides Triggered by 

Hurricane Maria: Assessment of an Extreme Event in 

Puerto Rico. GSA Today 29, 4–10 (2019). 

293. Hu, T. & Smith, R. The Impact of Hurricane Maria on 

the Vegetation of Dominica and Puerto Rico Using 

Multispectral Remote Sensing. Remote Sens. 10, 827 

(2018). 

294. Acosta, R. J., Kishore, N., Irizarry, R. A. & Buckee, C. O. 

Quantifying the dynamics of migration after Hurricane 

Maria in Puerto Rico. Proc. Natl. Acad. Sci. U. S. A. 117, 

32772–32778 (2020). 

295. Santos-Burgoa, C. et al. Differential and persistent risk 

of excess mortality from Hurricane Maria in Puerto 

Rico: a time-series analysis. Lancet Planet. Heal. 2, 

e478–e488 (2018). 

296. Lagmay, A. M. F. et al. Devastating storm surges of 

Typhoon Haiyan. Int. J. Disaster Risk Reduct. 11, 1–12 

(2015). 

297. Takayabu, I. et al. Climate change effects on the worst-

case storm surge: a case study of Typhoon Haiyan. 

Environ. Res. Lett. 10, 064011 (2015). 

298. Club of Mozambique. Idai wiped out over 800,000 

hectares of crops, in 5 Mozambican provinces – AIM 

report. (2019). 

299. Seriño, M. N. V. et al. Impact of the 2013 Super 

Typhoon Haiyan on the livelihood of small-scale 

coconut farmers in Leyte island, Philippines. Int. J. 

Disaster Risk Reduct. 52, 101939 (2021). 

300. Fritz, H. M., Blount, C. D., Thwin, S., Thu, M. K. & Chan, 

N. Cyclone Nargis storm surge in Myanmar. Nat. 

Geosci. 2, 448–449 (2009). 

301. Lin, I.-I., Chen, C.-H., Pun, I.-F., Liu, W. T. & Wu, C.-C. 

Warm ocean anomaly, air sea fluxes, and the rapid 

intensification of tropical cyclone Nargis (2008). 

Geophys. Res. Lett. 36, n/a-n/a (2009). 

302. van Oldenborgh, G. J. et al. Attribution of extreme 

rainfall from Hurricane Harvey, August 2017. Environ. 

Res. Lett. 12, 124009 (2017). 

303. Frame, D. J., Wehner, M. F., Noy, I. & Rosier, S. M. The 

economic costs of Hurricane Harvey attributable to 

climate change. Clim. Change 160, 271–281 (2020). 

304. Wang, S.-Y. S., Zhao, L., Yoon, J.-H., Klotzbach, P. & 

Gillies, R. R. Quantitative attribution of climate effects 

on Hurricane Harvey’s extreme rainfall in Texas. 

Environ. Res. Lett. 13, 054014 (2018). 

305. Reed, K. A., Stansfield, A. M., Wehner, M. F. & Zarzycki, 

C. M. Forecasted attribution of the human influence 



88 
 

on Hurricane Florence. Sci. Adv. 6, eaaw9253 (2020). 

306. Trenberth, K. E., Cheng, L., Jacobs, P., Zhang, Y. & 

Fasullo, J. Hurricane Harvey Links to Ocean Heat 

Content and Climate Change Adaptation. Earth’s 

Futur. 6, 730–744 (2018). 

307. Lackmann, G. M. Hurricane Sandy before 1900 and 

after 2100. Bull. Am. Meteorol. Soc. 96, 547–560 

(2015). 

308. Lin, N., Kopp, R. E., Horton, B. P. & Donnelly, J. P. 

Hurricane Sandy’s flood frequency increasing from 

year 1800 to 2100. Proc. Natl. Acad. Sci. 113, 12071–

12075 (2016). 

309. Strauss, B. H. et al. Economic damages from Hurricane 

Sandy attributable to sea level rise caused by 

anthropogenic climate change. Nat. Commun. 12, 

2720 (2021). 

310. Nicholls, R. J. & Cazenave, A. Sea-Level Rise and Its 

Impact on Coastal Zones. Science (80-. ). 328, 1517–

1520 (2010). 

311. Slangen, A. B. A. et al. Anthropogenic forcing 

dominates global mean sea-level rise since 1970. Nat. 

Clim. Chang. 6, 701–705 (2016). 

312. Kopp, R. E. et al. Temperature-driven global sea-level 

variability in the Common Era. Proc. Natl. Acad. Sci. 

113, E1434–E1441 (2016). 

313. Mohammed, R. & Scholz, M. Critical review of salinity 

intrusion in rivers and estuaries. J. Water Clim. Chang. 

9, 1–16 (2018). 

314. Vousdoukas, M. I. et al. Climatic and socioeconomic 

controls of future coastal flood risk in Europe. Nat. 

Clim. Chang. 8, 776–780 (2018). 

315. Garner, A. J. et al. Impact of climate change on New 

York City’s coastal flood hazard: Increasing flood 

heights from the preindustrial to 2300 CE. Proc. Natl. 

Acad. Sci. 114, 11861–11866 (2017). 

316. Sweet, W. V. et al. In Tide’s Way: Southeast Florida’s 

September 2015 Sunny-day Flood. Bull. Am. Meteorol. 

Soc. 97, S25–S30 (2016). 

317. Hayashida, H., Matear, R. J., Strutton, P. G. & Zhang, X. 

Insights into projected changes in marine heatwaves 

from a high-resolution ocean circulation model. Nat. 

Commun. 11, 4352 (2020). 

318. Collins, M. et al. Extremes, Abrupt Changes and 

Managing Risk. in IPCC Special Report on the Ocean 

and Cryosphere in a Changing Climate2 (eds. Pörtner, 

H.-O. et al.) 589–655 (Cambridge University Press, 

2019). 

319. Sully, S., Burkepile, D. E., Donovan, M. K., Hodgson, G. 

& van Woesik, R. A global analysis of coral bleaching 

over the past two decades. Nat. Commun. 10, 1264 

(2019). 

320. Pandolfi, J. M., Connolly, S. R., Marshall, D. J. & Cohen, 

A. L. Projecting Coral Reef Futures Under Global 

Warming and Ocean Acidification. Science (80-. ). 333, 

418–422 (2011). 

321. Hoegh-Guldberg, O. et al. Impacts of 1.5oC Global 

Warming on Natural and Human Systems. in Global 

Warming of 1.5°C. An IPCC Special Report on the 

impacts of global warming of 1.5°C above pre-

industrial levels and related global greenhouse gas 

emission pathways, in the context of strengthening the 

global response to the threat of climate change, (eds. 

Masson-Delmotte, V. et al.) (Cambridge University 

Press, 2018). 

322. Zemp, M. et al. Historically unprecedented global 

glacier decline in the early 21st century. J. Glaciol. 61, 

745–762 (2015). 

323. Hock, R. et al. High Mountain Areas. in IPCC Special 

Report on the Ocean and Cryosphere in a Changing 

Climate (eds. Pörtner, H.-O. et al.) 131–202 (2019). 

324. Immerzeel, W. W., van Beek, L. P. H. & Bierkens, M. F. 

P. Climate Change Will Affect the Asian Water Towers. 

Science (80-. ). 328, 1382–1385 (2010). 

325. Immerzeel, W. W. et al. Importance and vulnerability 

of the world’s water towers. Nature 577, 364–369 

(2020). 

326. Biemans, H. et al. Importance of snow and glacier 

meltwater for agriculture on the Indo-Gangetic Plain. 

Nat. Sustain. 2, 594–601 (2019). 

327. Boral, S., Sen, I. S., Ghosal, D., Peucker-Ehrenbrink, B. 

& Hemingway, J. D. Stable water isotope modeling 

reveals spatio-temporal variability of glacier 

meltwater contributions to Ganges River headwaters. 

J. Hydrol. 577, 123983 (2019). 

328. Zhang, M. et al. Climate change, glacier melting and 

streamflow in the Niyang River Basin, Southeast Tibet, 

China. Ecohydrology 4, 288–298 (2011). 

329. Gascoin, S. et al. Glacier contribution to streamflow in 

two headwaters of the Huasco River, Dry Andes of 

Chile. Cryosph. 5, 1099–1113 (2011). 

330. Evan, A. & Eisenman, I. A mechanism for regional 

variations in snowpack melt under rising temperature. 

Nat. Clim. Chang. 11, 326–330 (2021). 

331. Musselman, K. N., Addor, N., Vano, J. A. & Molotch, N. 

P. Winter melt trends portend widespread declines in 

snow water resources. Nat. Clim. Chang. 11, 418–424 

(2021). 



89 
 

332. Kraaijenbrink, P. D. A., Stigter, E. E., Yao, T. & 

Immerzeel, W. W. Climate change decisive for Asia’s 

snow meltwater supply. Nat. Clim. Chang. (2021) 

doi:10.1038/s41558-021-01074-x. 

333. Nie, Y. et al. Glacial change and hydrological 

implications in the Himalaya and Karakoram. Nat. Rev. 

Earth Environ. (2021) doi:10.1038/s43017-020-00124-

w. 

334. Pritchard, H. D. Asia’s shrinking glaciers protect large 

populations from drought stress. Nature 569, 649–654 

(2019). 

335. Nüsser, M. & Schmidt, S. Nanga Parbat Revisited: 

Evolution and Dynamics of Sociohydrological 

Interactions in the Northwestern Himalaya. Ann. Am. 

Assoc. Geogr. 107, 403–415 (2017). 

336. Shugar, D. H. et al. Rapid worldwide growth of glacial 

lakes since 1990. Nat. Clim. Chang. 10, 939–945 

(2020). 

337. Harrison, S. et al. Climate change and the global 

pattern of moraine-dammed glacial lake outburst 

floods. Cryosphere 12, 1195–1209 (2018). 

338. Zheng, G. et al. Increasing risk of glacial lake outburst 

floods from future Third Pole deglaciation. Nat. Clim. 

Chang. 11, 411–417 (2021). 

339. Shugar, D. H. et al. A massive rock and ice avalanche 

caused the 2021 disaster at Chamoli, Indian Himalaya. 

Science (80-. ). eabh4455 (2021) 

doi:10.1126/science.abh4455. 

340. Shugar, D. H. et al. River piracy and drainage basin 

reorganization led by climate-driven glacier retreat. 

Nat. Geosci. 10, 370–375 (2017). 

341. Hayes, K., Blashki, G., Wiseman, J., Burke, S. & Reifels, 

L. Climate change and mental health: risks, impacts 

and priority actions. Int. J. Ment. Health Syst. 12, 28 

(2018). 

342. Cianconi, P., Betrò, S. & Janiri, L. The Impact of Climate 

Change on Mental Health: A Systematic Descriptive 

Review. Front. Psychiatry 11, 1 (2020). 

343. Dodgen, D. et al. Ch. 8: Mental Health and Well-Being. 

The Impacts of Climate Change on Human Health in 

the United States: A Scientific Assessment. 

https://health2016.globalchange.gov/downloads#me

ntal-health-and-well-being (2016) 

doi:10.7930/J0TX3C9H. 

344. Wang, H. & Horton, R. Tackling climate change: the 

greatest opportunity for global health. Lancet 386, 

1798–1799 (2015). 

345. Page, L. A., Hajat, S., Kovats, R. S. & Howard, L. M. 

Temperature-related deaths in people with psychosis, 

dementia and substance misuse. Br. J. Psychiatry 200, 

485–490 (2012). 

346. Cusack, L., de Crespigny, C. & Athanasos, P. Heatwaves 

and their impact on people with alcohol, drug and 

mental health conditions: a discussion paper on 

clinical practice considerations. J. Adv. Nurs. 67, 915–

922 (2011). 

347. Tunstall, S., Tapsell, S., Green, C., Floyd, P. & George, 

C. The health effects of flooding: social research 

results from England and Wales. J. Water Health 4, 

365–380 (2006). 

348. Waite, T. D. et al. The English national cohort study of 

flooding and health: cross-sectional analysis of mental 

health outcomes at year one. BMC Public Health 17, 

129 (2017). 

349. Alderman, K., Turner, L. R. & Tong, S. Assessment of 

the Health Impacts of the 2011 Summer Floods in 

Brisbane. Disaster Med. Public Health Prep. 7, 380–

386 (2013). 

350. Stanke, C., Murray, V., Amlôt, R., Nurse, J. & Williams, 

R. The effects of flooding on mental health: Outcomes 

and recommendations from a review of the literature. 

PLoS Curr. 4, (2012). 

351. Fernandez, A. et al. Flooding and Mental Health: A 

Systematic Mapping Review. PLoS One 10, e0119929 

(2015). 

352. Azuma, K. et al. Effects of water-damaged homes after 

flooding: health status of the residents and the 

environmental risk factors. Int. J. Environ. Health Res. 

24, 158–175 (2014). 

353. Burton, H., Rabito, F., Danielson, L. & Takaro, T. K. 

Health effects of flooding in Canada: A 2015 review 

and description of gaps in research. Can. Water 

Resour. J. / Rev. Can. des ressources hydriques 41, 

238–249 (2016). 

354. Whaley, A. L. Trauma Among Survivors of Hurricane 

Katrina: Considerations and Recommendations for 

Mental Health Care. J. Loss Trauma 14, 459–476 

(2009). 

355. Neria, Y. & Shultz, J. M. Mental Health Effects of 

Hurricane Sandy. JAMA 308, 2571 (2012). 

356. Schmeltz, M. T. et al. Lessons from Hurricane Sandy: a 

Community Response in Brooklyn, New York. J. Urban 

Heal. 90, 799–809 (2013). 

357. Haskett, M. E., Scott, S. S., Nears, K. & Grimmett, M. A. 

Lessons from Katrina: Disaster mental health service in 

the Gulf Coast region. Prof. Psychol. Res. Pract. 39, 93–

99 (2008). 

358. Bryant, R. A. et al. Psychological outcomes following 



90 
 

the Victorian Black Saturday bushfires. Aust. New Zeal. 

J. Psychiatry 48, 634–643 (2014). 

359. Laugharne, J., Van de Watt, G. & Janca, A. After the 

fire: the mental health consequences of fire disasters. 

Curr. Opin. Psychiatry 24, 72–77 (2011). 

360. OBrien, L. V., Berry, H. L., Coleman, C. & Hanigan, I. C. 

Drought as a mental health exposure. Environ. Res. 

131, 181–187 (2014). 

361. Sartore, G.-M., Kelly, B., Stain, H., Albrecht, G. & 

Higginbotham, N. Control, uncertainty, and 

expectations for the future: a qualitative study of the 

impact of drought on a rural Australian community. 

Rural Remote Health 8, 950 (2008). 

362. Stain, H. J. et al. The psychological impact of chronic 

environmental adversity: Responding to prolonged 

drought. Soc. Sci. Med. 73, 1593–1599 (2011). 

363. Hanigan, I. C., Butler, C. D., Kokic, P. N. & Hutchinson, 

M. F. Suicide and drought in New South Wales, 

Australia, 1970-2007. Proc. Natl. Acad. Sci. 109, 

13950–13955 (2012). 

364. Osofsky, H. J. et al. Hurricane Katrina’s First 

Responders: The Struggle to Protect and Serve in the 

Aftermath of the Disaster. Disaster Med. Public Health 

Prep. 5, S214–S219 (2011). 

365. Rusiecki, J. A. et al. Disaster-Related Exposures and 

Health Effects Among US Coast Guard Responders to 

Hurricanes Katrina and Rita. J. Occup. Environ. Med. 

56, 820–833 (2014). 

366. Galea, S. et al. Exposure to Hurricane-Related 

Stressors and Mental Illness After Hurricane Katrina. 

Arch. Gen. Psychiatry 64, 1427 (2007). 

367. Scaramutti, C., Salas-Wright, C. P., Vos, S. R. & 

Schwartz, S. J. The Mental Health Impact of Hurricane 

Maria on Puerto Ricans in Puerto Rico and Florida. 

Disaster Med. Public Health Prep. 13, 24–27 (2019). 

368. Ferré, I. M. et al. Hurricane Maria’s Impact on Punta 

Santiago, Puerto Rico: Community Needs and Mental 

Health Assessment Six Months Postimpact. Disaster 

Med. Public Health Prep. 13, 18–23 (2019). 

369. Rhodes, J. et al. The impact of Hurricane Katrina on the 

mental and physical health of low-income parents in 

New Orleans. Am. J. Orthopsychiatry 80, 237–247 

(2010). 

370. Orengo-Aguayo, R., Stewart, R. W., de Arellano, M. A., 

Suárez-Kindy, J. L. & Young, J. Disaster Exposure and 

Mental Health Among Puerto Rican Youths After 

Hurricane Maria. JAMA Netw. Open 2, e192619 

(2019). 

371. Black, M. T. An attribution study of southeast 

Australian wildfire risk. (2016). 

372. Kay, A. L. et al. Flood event attribution and damage 

estimation using national-scale grid-based modelling: 

Winter 2013/2014 in Great Britain. Int. J. Climatol. 38, 

5205–5219 (2018). 

373. Christidis, N. & Stott, P. A. Extreme Rainfall in the 

United Kingdom During Winter 2013/14: The Role of 

Atmospheric Circulation and Climate Change. Bull. 

Am. Meteorol. Soc. 96, S46–S50 (2015). 

374. Coffel, E. D., Horton, R. M. & de Sherbinin, A. 

Temperature and humidity based projections of a 

rapid rise in global heat stress exposure during the 

21st century. Environ. Res. Lett. 13, 014001 (2018). 

375. Liu, Z. et al. Global and regional changes in exposure 

to extreme heat and the relative contributions of 

climate and population change. Sci. Rep. 7, 43909 

(2017). 

376. Dosio, A., Mentaschi, L., Fischer, E. M. & Wyser, K. 

Extreme heat waves under 1.5 °C and 2 °C global 

warming. Environ. Res. Lett. 13, 054006 (2018). 

377. Chen, J. et al. Global socioeconomic exposure of heat 

extremes under climate change. J. Clean. Prod. 277, 

123275 (2020). 

378. Sylla, M. B., Faye, A., Giorgi, F., Diedhiou, A. & 

Kunstmann, H. Projected Heat Stress Under 1.5 °C and 

2 °C Global Warming Scenarios Creates 

Unprecedented Discomfort for Humans in West 

Africa. Earth’s Futur. 6, 1029–1044 (2018). 

379. Ahmadalipour, A. & Moradkhani, H. Escalating heat-

stress mortality risk due to global warming in the 

Middle East and North Africa (MENA). Environ. Int. 

117, 215–225 (2018). 

380. Harrington, L. J. & Otto, F. E. L. Changing population 

dynamics and uneven temperature emergence 

combine to exacerbate regional exposure to heat 

extremes under 1.5 °C and 2 °C of warming. Environ. 

Res. Lett. 13, 034011 (2018). 

381. Mishra, V., Mukherjee, S., Kumar, R. & Stone, D. A. 

Heat wave exposure in India in current, 1.5 °C, and 2.0 

°C worlds. Environ. Res. Lett. 12, 124012 (2017). 

382. Im, E.-S., Pal, J. S. & Eltahir, E. A. B. Deadly heat waves 

projected in the densely populated agricultural 

regions of South Asia. Sci. Adv. 3, e1603322 (2017). 

383. Matthews, T. K. R., Wilby, R. L. & Murphy, C. 

Communicating the deadly consequences of global 

warming for human heat stress. Proc. Natl. Acad. Sci. 

114, 3861–3866 (2017). 

384. Wouters, H. et al. Heat stress increase under climate 

change twice as large in cities as in rural areas: A study 



91 
 

for a densely populated midlatitude maritime region. 

Geophys. Res. Lett. 44, 8997–9007 (2017). 

385. Rastogi, D., Lehner, F. & Ashfaq, M. Revisiting Recent 

U.S. Heat Waves in a Warmer and More Humid 

Climate. Geophys. Res. Lett. 47, e2019GL086736 

(2020). 

386. Guerreiro, S. B., Dawson, R. J., Kilsby, C., Lewis, E. & 

Ford, A. Future heat-waves, droughts and floods in 571 

European cities. Environ. Res. Lett. 13, 034009 (2018). 

387. Li, C. et al. Rapid Warming in Summer Wet Bulb Globe 

Temperature in China with Human-Induced Climate 

Change. J. Clim. 33, 5697–5711 (2020). 

388. Saeed, F., Schleussner, C. & Ashfaq, M. Deadly Heat 

Stress to Become Commonplace Across South Asia 

Already at 1.5°C of Global Warming. Geophys. Res. 

Lett. 48, e2020GL091191 (2021). 

389. Zander, K. K., Botzen, W. J. W., Oppermann, E., 

Kjellstrom, T. & Garnett, S. T. Heat stress causes 

substantial labour productivity loss in Australia. Nat. 

Clim. Chang. 5, 647–651 (2015). 

390. Flouris, A. D. et al. Workers’ health and productivity 

under occupational heat strain: a systematic review 

and meta-analysis. Lancet Planet. Heal. 2, e521–e531 

(2018). 

391. Habibi, P., Moradi, G., Dehghan, H., Moradi, A. & 

Heydari, A. The impacts of climate change on 

occupational heat strain in outdoor workers: A 

systematic review. Urban Clim. 36, 100770 (2021). 

392. Al-Bouwarthan, M., Quinn, M. M., Kriebel, D. & 

Wegman, D. H. Assessment of Heat Stress Exposure 

among Construction Workers in the Hot Desert 

Climate of Saudi Arabia. Ann. Work Expo. Heal. 63, 

505–520 (2019). 

393. Krishnamurthy, M. et al. Occupational Heat Stress 

Impacts on Health and Productivity in a Steel Industry 

in Southern India. Saf. Health Work 8, 99–104 (2017). 

394. Akerman, A., Cotter, J. & Kjellstrom, T. O8B.5 

Occupational heat exposure and cardiovascular health 

risks related to climate change in pacific countries. 

Occup. Environ. Med. 76, A73.1-A73 (2019). 

395. Bitencourt, D. P., Alves, L., Shibuya, E. K., da Cunha, I. 

& de Souza, J. P. Climate change impacts on heat stress 

in Brazil—Past, present, and future implications for 

occupational heat exposure. Int. J. Climatol. 41, 

E2741–E2756 (2021). 

396. Kjellstrom, T., Freyberg, C., Lemke, B., Otto, M. & 

Briggs, D. Estimating population heat exposure and 

impacts on working people in conjunction with climate 

change. Int. J. Biometeorol. 62, 291–306 (2018). 

397. Acharya, P., Boggess, B. & Zhang, K. Assessing Heat 

Stress and Health among Construction Workers in a 

Changing Climate: A Review. Int. J. Environ. Res. Public 

Health 15, 247 (2018). 

398. Ahmadalipour, A., Moradkhani, H. & Kumar, M. 

Mortality risk from heat stress expected to hit poorest 

nations the hardest. Clim. Change 152, 569–579 

(2019). 

399. Sun, Q. et al. Global heat stress on health, wildfires, 

and agricultural crops under different levels of climate 

warming. Environ. Int. 128, 125–136 (2019). 

400. Li, Y., Ren, T., Kinney, P. L., Joyner, A. & Zhang, W. 

Projecting future climate change impacts on heat-

related mortality in large urban areas in China. 

Environ. Res. 163, 171–185 (2018). 

401. Arbuthnott, K. G. & Hajat, S. The health effects of 

hotter summers and heat waves in the population of 

the United Kingdom: a review of the evidence. 

Environ. Heal. 16, 119 (2017). 

402. Muthers, S., Laschewski, G. & Matzarakis, A. The 

Summers 2003 and 2015 in South-West Germany: 

Heat Waves and Heat-Related Mortality in the Context 

of Climate Change. Atmosphere (Basel). 8, 224 (2017). 

403. Mitchell, D. et al. Extreme heat-related mortality 

avoided under Paris Agreement goals. Nat. Clim. 

Chang. 8, 551–553 (2018). 

404. Guo, Y. et al. Quantifying excess deaths related to 

heatwaves under climate change scenarios: A 

multicountry time series modelling study. PLOS Med. 

15, e1002629 (2018). 

405. Li, C. et al. Changes in Annual Extremes of Daily 

Temperature and Precipitation in CMIP6 Models. J. 

Clim. 34, 3441–3460 (2021). 

406. Guerreiro, S. B. et al. Detection of continental-scale 

intensification of hourly rainfall extremes. Nat. Clim. 

Chang. 8, 803–807 (2018). 

407. Fowler, H. J. et al. Anthropogenic intensification of 

short-duration rainfall extremes. Nat. Rev. Earth 

Environ. 2, 107–122 (2021). 

408. Kharin, V. V. et al. Risks from Climate Extremes Change 

Differently from 1.5°C to 2.0°C Depending on Rarity. 

Earth’s Futur. 6, 704–715 (2018). 

409. Li, Y. et al. Strong Intensification of Hourly Rainfall 

Extremes by Urbanization. Geophys. Res. Lett. 47, 

e2020GL088758 (2020). 

410. Seneviratne, S. I. & Hauser, M. Regional Climate 

Sensitivity of Climate Extremes in CMIP6 Versus CMIP5 

Multimodel Ensembles. Earth’s Futur. 8, 

e2019EF001474 (2020). 



92 
 

411. Chen, H., Sun, J. & Li, H. Increased population 

exposure to precipitation extremes under future 

warmer climates. Environ. Res. Lett. 15, 034048 

(2020). 

412. Dosio, A. et al. What can we know about future 

precipitation in Africa? Robustness, significance and 

added value of projections from a large ensemble of 

regional climate models. Clim. Dyn. 53, 5833–5858 

(2019). 

413. Coppola, E. et al. Climate hazard indices projections 

based on CORDEX-CORE, CMIP5 and CMIP6 ensemble. 

Clim. Dyn. 1, 3 (2021). 

414. Fowler, H. J. et al. Towards advancing scientific 

knowledge of climate change impacts on short-

duration rainfall extremes. Philos. Trans. R. Soc. A 

Math. Phys. Eng. Sci. 379, 20190542 (2021). 

415. Hettiarachchi, S., Wasko, C. & Sharma, A. Increase in 

flood risk resulting from climate change in a developed 

urban watershed – the role of storm temporal 

patterns. Hydrol. Earth Syst. Sci. 22, 2041–2056 

(2018). 

416. Alfieri, L. et al. Global projections of river flood risk in 

a warmer world. Earth’s Futur. 5, 171–182 (2017). 

417. Jongman, B., Winsemius, H. C., Fraser, S. A., Muis, S. & 

Ward, P. J. Assessment and Adaptation to Climate 

Change-Related Flood Risks. in Oxford Research 

Encyclopedia of Natural Hazard Science (Oxford 

University Press, 2018). 

doi:10.1093/acrefore/9780199389407.013.278. 

418. Debortoli, N. S., Camarinha, P. I. M., Marengo, J. A. & 

Rodrigues, R. R. An index of Brazil’s vulnerability to 

expected increases in natural flash flooding and 

landslide disasters in the context of climate change. 

Nat. Hazards 86, 557–582 (2017). 

419. Sorribas, M. V. et al. Projections of climate change 

effects on discharge and inundation in the Amazon 

basin. Clim. Change 136, 555–570 (2016). 

420. Rastogi, D., Touma, D., Evans, K. J. & Ashfaq, M. Shift 

Toward Intense and Widespread Precipitation Events 

Over the United States by Mid‐21st Century. Geophys. 

Res. Lett. 47, e2020GL089899 (2020). 

421. Akinsanola, A. A. & Zhou, W. Projections of West 

African summer monsoon rainfall extremes from two 

CORDEX models. Clim. Dyn. 52, 2017–2028 (2019). 

422. Sonkoué, D., Monkam, D., Fotso-Nguemo, T. C., 

Yepdo, Z. D. & Vondou, D. A. Evaluation and projected 

changes in daily rainfall characteristics over Central 

Africa based on a multi-model ensemble mean of 

CMIP5 simulations. Theor. Appl. Climatol. 137, 2167–

2186 (2019). 

423. Fotso-Nguemo, T. C. et al. Projected changes in the 

seasonal cycle of extreme rainfall events from CORDEX 

simulations over Central Africa. Clim. Change 155, 

339–357 (2019). 

424. Janes, T., McGrath, F., Macadam, I. & Jones, R. High-

resolution climate projections for South Asia to inform 

climate impacts and adaptation studies in the Ganges-

Brahmaputra-Meghna and Mahanadi deltas. Sci. Total 

Environ. 650, 1499–1520 (2019). 

425. Ongoma, V., Chen, H. & Gao, C. Projected changes in 

mean rainfall and temperature over East Africa based 

on CMIP5 models. Int. J. Climatol. 38, 1375–1392 

(2018). 

426. Haile, G. G. et al. Projected Impacts of Climate Change 

on Drought Patterns Over East Africa. Earth’s Futur. 8, 

e2020EF001502 (2020). 

427. Dottori, F. et al. Increased human and economic losses 

from river flooding with anthropogenic warming. Nat. 

Clim. Chang. 8, 781–786 (2018). 

428. Kefi, M., Mishra, B. K., Masago, Y. & Fukushi, K. 

Analysis of flood damage and influencing factors in 

urban catchments: case studies in Manila, Philippines, 

and Jakarta, Indonesia. Nat. Hazards 104, 2461–2487 

(2020). 

429. Philip, S. et al. Attributing the 2017 Bangladesh floods 

from meteorological and hydrological perspectives. 

Hydrol. Earth Syst. Sci. 23, 1409–1429 (2019). 

430. Kirsch, T. D., Wadhwani, C., Sauer, L., Doocy, S. & 

Catlett, C. Impact of the 2010 Pakistan Floods on Rural 

and Urban Populations at Six Months. PLoS Curr. 4, 

(2012). 

431. van der Schrier, G., Rasmijn, L. M., Barkmeijer, J., Sterl, 

A. & Hazeleger, W. The 2010 Pakistan floods in a future 

climate. Clim. Change 148, 205–218 (2018). 

432. Arnell, N. W. et al. The global and regional impacts of 

climate change under representative concentration 

pathway forcings and shared socioeconomic pathway 

socioeconomic scenarios. Environ. Res. Lett. 14, 

084046 (2019). 

433. Smirnov, O. et al. The relative importance of climate 

change and population growth for exposure to future 

extreme droughts. Clim. Change 138, 41–53 (2016). 

434. Cook, B. I. et al. Twenty‐First Century Drought 

Projections in the CMIP6 Forcing Scenarios. Earth’s 

Futur. 8, e2019EF001461 (2020). 

435. Pokhrel, Y. et al. Global terrestrial water storage and 

drought severity under climate change. Nat. Clim. 

Chang. 11, 226–233 (2021). 

436. Liu, W. et al. Global drought and severe drought-



93 
 

affected populations in 1.5 and 2 °C warmer worlds. 

Earth Syst. Dyn. 9, 267–283 (2018). 

437. Spinoni, J. et al. Future Global Meteorological Drought 

Hot Spots: A Study Based on CORDEX Data. J. Clim. 33, 

3635–3661 (2020). 

438. Nguvava, M., Abiodun, B. J. & Otieno, F. Projecting 

drought characteristics over East African basins at 

specific global warming levels. Atmos. Res. 228, 41–54 

(2019). 

439. Teshome, A. & Zhang, J. Increase of Extreme Drought 

over Ethiopia under Climate Warming. Adv. Meteorol. 

2019, 1–18 (2019). 

440. Naumann, G. et al. Global Changes in Drought 

Conditions Under Different Levels of Warming. 

Geophys. Res. Lett. 45, 3285–3296 (2018). 

441. Mondal, S. K. et al. Doubling of the population exposed 

to drought over South Asia: CMIP6 multi-model-based 

analysis. Sci. Total Environ. 771, 145186 (2021). 

442. Cook, B. I., Ault, T. R. & Smerdon, J. E. Unprecedented 

21st century drought risk in the American Southwest 

and Central Plains. Sci. Adv. 1, e1400082 (2015). 

443. Ahmadalipour, A., Moradkhani, H., Castelletti, A. & 

Magliocca, N. Future drought risk in Africa: Integrating 

vulnerability, climate change, and population growth. 

Sci. Total Environ. 662, 672–686 (2019). 

444. Ahmadalipour, A. & Moradkhani, H. Multi-

dimensional assessment of drought vulnerability in 

Africa: 1960–2100. Sci. Total Environ. 644, 520–535 

(2018). 

445. Gosling, S. N. & Arnell, N. W. A global assessment of 

the impact of climate change on water scarcity. Clim. 

Change 134, 371–385 (2016). 

446. Fitton, N. et al. The vulnerabilities of agricultural land 

and food production to future water scarcity. Glob. 

Environ. Chang. 58, 101944 (2019). 

447. Naumann, G., Cammalleri, C., Mentaschi, L. & Feyen, 

L. Increased economic drought impacts in Europe with 

anthropogenic warming. Nat. Clim. Chang. 11, 485–

491 (2021). 

448. Su, B. et al. Drought losses in China might double 

between the 1.5 °C and 2.0 °C warming. Proc. Natl. 

Acad. Sci. 115, 10600–10605 (2018). 

449. Adhikari, U., Nejadhashemi, A. P. & Woznicki, S. A. 

Climate change and eastern Africa: a review of impact 

on major crops. Food Energy Secur. 4, 110–132 (2015). 

450. Vesco, P., Kovacic, M., Mistry, M. & Croicu, M. Climate 

variability, crop and conflict: Exploring the impacts of 

spatial concentration in agricultural production. J. 

Peace Res. 58, 98–113 (2021). 

451. Linke, A. M. & Ruether, B. Weather, wheat, and war: 

Security implications of climate variability for conflict 

in Syria. J. Peace Res. 58, 114–131 (2021). 

452. von Uexkull, N. & Buhaug, H. Security implications of 

climate change: A decade of scientific progress. J. 

Peace Res. 58, 3–17 (2021). 

453. Glotter, M. & Elliott, J. Simulating US agriculture in a 

modern Dust Bowl drought. Nat. Plants 3, 16193 

(2017). 

454. Cook, B. I. et al. Climate Change Amplification of 

Natural Drought Variability: The Historic Mid-

Twentieth-Century North American Drought in a 

Warmer World. J. Clim. 32, 5417–5436 (2019). 

455. Choat, B. et al. Triggers of tree mortality under 

drought. Nature 558, 531–539 (2018). 

456. Stovall, A. E. L., Shugart, H. & Yang, X. Tree height 

explains mortality risk during an intense drought. Nat. 

Commun. 10, 4385 (2019). 

457. Lutz, J. A. et al. Global importance of large‐diameter 

trees. Glob. Ecol. Biogeogr. 27, 849–864 (2018). 

458. Arnell, N. W., Lowe, J. A., Lloyd-Hughes, B. & Osborn, 

T. J. The impacts avoided with a 1.5 °C climate target: 

a global and regional assessment. Clim. Change 147, 

61–76 (2018). 

459. Lehner, F. et al. Projected drought risk in 1.5°C and 2°C 

warmer climates. Geophys. Res. Lett. 44, 7419–7428 

(2017). 

460. Moritz, M. A. et al. Climate change and disruptions to 

global fire activity. Ecosphere 3, art49 (2012). 

461. Brando, P. M. et al. The gathering firestorm in 

southern Amazonia. Sci. Adv. 6, eaay1632 (2020). 

462. Ebi, K. L. et al. Extreme Weather and Climate Change: 

Population Health and Health System Implications. 

Annu. Rev. Public Health 42, 293–315 (2021). 

463. Ford, B. et al. Future Fire Impacts on Smoke 

Concentrations, Visibility, and Health in the 

Contiguous United States. GeoHealth 2, 229–247 

(2018). 

464. Knutson, T. et al. Tropical Cyclones and Climate 

Change Assessment: Part II: Projected Response to 

Anthropogenic Warming. Bull. Am. Meteorol. Soc. 101, 

E303–E322 (2020). 

465. Mengel, M., Nauels, A., Rogelj, J. & Schleussner, C.-F. 

Committed sea-level rise under the Paris Agreement 

and the legacy of delayed mitigation action. Nat. 

Commun. 9, 601 (2018). 



94 
 

466. Mengel, M. et al. Future sea level rise constrained by 

observations and long-term commitment. Proc. Natl. 

Acad. Sci. 113, 2597–2602 (2016). 

467. Neumann, B., Vafeidis, A. T., Zimmermann, J. & 

Nicholls, R. J. Future Coastal Population Growth and 

Exposure to Sea-Level Rise and Coastal Flooding - A 

Global Assessment. PLoS One 10, e0118571 (2015). 

468. Hauer, M. E., Evans, J. M. & Mishra, D. R. Millions 

projected to be at risk from sea-level rise in the 

continental United States. Nat. Clim. Chang. 6, 691–

695 (2016). 

469. Hallegatte, S., Green, C., Nicholls, R. J. & Corfee-

Morlot, J. Future flood losses in major coastal cities. 

Nat. Clim. Chang. 3, 802–806 (2013). 

470. Frölicher, T. L., Fischer, E. M. & Gruber, N. Marine 

heatwaves under global warming. Nature 560, 360–

364 (2018). 

471. Huss, M. & Hock, R. Global-scale hydrological response 

to future glacier mass loss. Nat. Clim. Chang. 8, 135–

140 (2018). 

472. Chevallier, P., Pouyaud, B., Suarez, W. & Condom, T. 

Climate change threats to environment in the tropical 

Andes: glaciers and water resources. Reg. Environ. 

Chang. 11, 179–187 (2011). 

473. Huss, M. et al. Toward mountains without permanent 

snow and ice. Earth’s Futur. 5, 418–435 (2017). 

474. Zemp, D. C., Schleussner, C.-F., Barbosa, H. M. J. & 

Rammig, A. Deforestation effects on Amazon forest 

resilience. Geophys. Res. Lett. 44, 6182–6190 (2017). 

475. Zemp, D. C. et al. Self-amplified Amazon forest loss 

due to vegetation-atmosphere feedbacks. Nat. 

Commun. 8, 14681 (2017). 

476. Spracklen, D. V & Garcia-Carreras, L. The impact of 

Amazonian deforestation on Amazon basin rainfall. 

Geophys. Res. Lett. 42, 9546–9552 (2015). 

477. Maeda, E. E. et al. Large-scale commodity agriculture 

exacerbates the climatic impacts of Amazonian 

deforestation. Proc. Natl. Acad. Sci. 118, e2023787118 

(2021). 

478. de Oliveira, V. A., de Mello, C. R., Viola, M. R. & 

Srinivasan, R. Assessment of climate change impacts 

on streamflow and hydropower potential in the 

headwater region of the Grande river basin, 

Southeastern Brazil. Int. J. Climatol. 37, 5005–5023 

(2017). 

479. Duveiller, G., Hooker, J. & Cescatti, A. The mark of 

vegetation change on Earth’s surface energy balance. 

Nat. Commun. 9, 679 (2018). 

480. Alkama, R. & Cescatti, A. Biophysical climate impacts 

of recent changes in global forest cover. Science (80-. 

). 351, 600–604 (2016). 

481. Arias, P. A. et al. Technical Summary. in Climate 

Change 2021: The Physical Science Basis. Contribution 

of Working Group I to the Sixth Assessment Report of 

the Intergovernmental Panel on Climate Change (eds. 

Masson-Delmotte, V. et al.) (Cambridge University 

Press, 2021). 

482. Burton, C. et al. South American fires and their impacts 

on ecosystems increase with continued emissions. 

Clim. Resil. Sustain. (2021) doi:10.1002/cli2.8. 

483. Human Rights Watch, Amazon Environmental 

Research Institute & Institute for Health Policy 

Studies. ‘The Air is Unbearable’: Health Impacts of 

Deforestation-Related Fires in the Brazilian Amazon. 

https://www.hrw.org/sites/default/files/media_2020

/08/brazil0820_web.pdf (2020). 

484. Olival, K. J. et al. Host and viral traits predict zoonotic 

spillover from mammals. Nature 546, 646–650 (2017). 

485. IPCC. Climate Change 2014: Impacts, Adaptation, and 

Vulnerability. Part A: Global and Sectoral Aspects. 

Contribution of Working Group II to the Fifth 

Assessment Report of the Intergovernmental Panel on 

Climate Change. (Cambridge University Press, 2014). 

doi:10.1017/CBO9781107415379. 

486. Schwingshackl, C., Sillmann, J., Vicedo‐Cabrera, A. M., 

Sandstad, M. & Aunan, K. Heat Stress Indicators in 

CMIP6: Estimating Future Trends and Exceedances of 

Impact‐Relevant Thresholds. Earth’s Futur. 9, 

e2020EF001885 (2021). 

487. Reyer, C. P. et al. Climate change impacts in Latin 

America and the Caribbean and their implications for 

development. Reg. Environ. Chang. 17, 1601–1621 

(2017). 

488. Hirabayashi, Y. et al. Global flood risk under climate 

change. Nat. Clim. Chang. 3, 816–821 (2013). 

489. Dussaillant, I. et al. Two decades of glacier mass loss 

along the Andes. Nat. Geosci. 12, 802–808 (2019). 

490. Baraer, M. et al. Glacier recession and water resources 

in Peru’s Cordillera Blanca. J. Glaciol. 58, 134–150 

(2012). 

491. Emmer, A. & Vilímek, V. Review Article: Lake and 

breach hazard assessment for moraine-dammed 

lakes: an example from the Cordillera Blanca (Peru). 

Nat. Hazards Earth Syst. Sci. 13, 1551–1565 (2013). 

492. Somos-Valenzuela, M. A., Chisolm, R. E., Rivas, D. S., 

Portocarrero, C. & McKinney, D. C. Modeling a glacial 

lake outburst flood process chain: the case of Lake 



95 
 

Palcacocha and Huaraz, Peru. Hydrol. Earth Syst. Sci. 

20, 2519–2543 (2016). 

493. Frey, H. et al. Multi-Source Glacial Lake Outburst Flood 

Hazard Assessment and Mapping for Huaraz, 

Cordillera Blanca, Peru. Front. Earth Sci. 6, 1–16 

(2018). 

494. Rivera, J., Penalba, O., Villalba, R. & Araneo, D. Spatio-

Temporal Patterns of the 2010–2015 Extreme 

Hydrological Drought across the Central Andes, 

Argentina. Water 9, 652 (2017). 

495. Esquivel‐Muelbert, A. et al. Compositional response of 

Amazon forests to climate change. Glob. Chang. Biol. 

25, 39–56 (2019). 

496. Gesualdo, G. C., Oliveira, P. T., Rodrigues, D. B. B. & 

Gupta, H. V. Assessing water security in the São Paulo 

metropolitan region under projected climate change. 

Hydrol. Earth Syst. Sci. 23, 4955–4968 (2019). 

497. Gerten, D. et al. Asynchronous exposure to global 

warming: freshwater resources and terrestrial 

ecosystems. Environ. Res. Lett. 8, 034032 (2013). 

498. Allison, E. H. et al. Vulnerability of national economies 

to the impacts of climate change on fisheries. Fish Fish. 

10, 173–196 (2009). 

499. Colón-González, F. J., Fezzi, C., Lake, I. R. & Hunter, P. 

R. The Effects of Weather and Climate Change on 

Dengue. PLoS Negl. Trop. Dis. 7, e2503 (2013). 

500. Kolstad, E. W. & Johansson, K. A. Uncertainties 

Associated with Quantifying Climate Change Impacts 

on Human Health: A Case Study for Diarrhea. Environ. 

Health Perspect. 119, 299–305 (2011). 

501. Collins, M. et al. Long-term Climate Change: 

Projections, Commitments and Irreversibility. in 

Climate Change 2013: The Physical Science Basis. 

Contribution of Working Group I to the Fifth 

Assessment Report of the Intergovernmental Panel on 

Climate Change (eds. Stocker, T. F. et al.) 1029–1136 

(Cambridge University Press, 2013). 

502. Oppenheimer, M. et al. Emergent risks and key 

vulnerabilities. in Climate Change 2014 Impacts, 

Adaptation and Vulnerability: Part A: Global and 

Sectoral Aspects. Contribution of Working Group II to 

the Fifth Assessment Report of the Intergovernmental 

Panel on Climate Change2 (eds. Field, C. B. et al.) 

1039–1099 (Cambridge University Press, 2014). 

503. Steffen, W. et al. Trajectories of the Earth System in 

the Anthropocene. Proc. Natl. Acad. Sci. 115, 8252–

8259 (2018). 

504. Lovejoy, T. E. & Nobre, C. Amazon Tipping Point. Sci. 

Adv. 4, eaat2340 (2018). 

505. Malhi, Y. et al. Exploring the likelihood and mechanism 

of a climate-change-induced dieback of the Amazon 

rainforest. Proc. Natl. Acad. Sci. 106, 20610–20615 

(2009). 

506. Settele, J. et al. Terrestrial and inland water systems. 

in Climate Change 2014 Impacts, Adaptation and 

Vulnerability: Part A: Global and Sectoral Aspects. 

Contribution of Working Group II to the Fifth 

Assessment Report of the Intergovernmental Panel on 

Climate Change (eds. Field, C. et al.) 271–359 

(Cambridge University Press, 2014). 

507. Nepstad, D. C., Stickler, C. M., Filho, B. S.- & Merry, F. 

Interactions among Amazon land use, forests and 

climate: prospects for a near-term forest tipping point. 

Philos. Trans. R. Soc. B Biol. Sci. 363, 1737–1746 

(2008). 

508. Lenton, T. M. et al. Tipping elements in the Earth’s 

climate system. Proc. Natl. Acad. Sci. 105, 1786–1793 

(2008). 

509. Watts, N. et al. The 2020 report of The Lancet 

Countdown on health and climate change: responding 

to converging crises. Lancet 397, 129–170 (2021). 

510. Abel, G. J., Brottrager, M., Crespo Cuaresma, J. & 

Muttarak, R. Climate, conflict and forced migration. 

Glob. Environ. Chang. 54, 239–249 (2019). 

511. Ide, T., Brzoska, M., Donges, J. F. & Schleussner, C.-F. 

Multi-method evidence for when and how climate-

related disasters contribute to armed conflict risk. 

Glob. Environ. Chang. 62, 102063 (2020). 

512. Sellers, S., Ebi, K. L. & Hess, J. Climate Change, Human 

Health, and Social Stability: Addressing Interlinkages. 

Environ. Health Perspect. 127, 045002 (2019). 

513. Adams, C., Ide, T., Barnett, J. & Detges, A. Sampling 

bias in climate–conflict research. Nat. Clim. Chang. 8, 

200–203 (2018). 

514. Thalheimer, L., Otto, F. & Abele, S. Deciphering 

Impacts and Human Responses to a Changing Climate 

in East Africa. Front. Clim. 3, 1–11 (2021). 

515. Andrijevic, M., Crespo Cuaresma, J., Muttarak, R. & 

Schleussner, C.-F. Governance in socioeconomic 

pathways and its role for future adaptive capacity. 

Nat. Sustain. 3, 35–41 (2020). 

516. Burke, M. B., Miguel, E., Satyanath, S., Dykema, J. A. & 

Lobell, D. B. Warming increases the risk of civil war in 

Africa. Proc. Natl. Acad. Sci. 106, 20670–20674 (2009). 

517. The Economist. The countries of the Middle East and 

north Africa are parched. 

https://www.economist.com/middle-east-and-

africa/2021/07/24/the-countries-of-the-middle-east-



96 
 

and-north-africa-are-parched (2021). 

518. Albro, R. South American Megacities, Water Scarcity 

and the Climate Crisis. Center for Latin American & 

Latino Studies, American University (2021). 

519. Erian, W., Katlan, B. & Babah, O. Drought vulnerability 

in the Arab region, special case study: Syria. (2010). 

520. Femia, F. & Werrell, C. Syria: Climate Change, Drought 

and Social Unrest. (2012). 

521. Muggah, R. & Cabrera Luengo, J. The Sahel is engulfed 

by violence. Climate change, food insecurity and 

extremists are largely to blame. World Economic 

Forum (2019). 

522. UNHCR. Sahel emergency. 

https://www.unhcr.org/sahel-emergency.html 

(2021). 

523. Berg, A. et al. Land–atmosphere feedbacks amplify 

aridity increase over land under global warming. Nat. 

Clim. Chang. 6, 869–874 (2016). 

524. Park, C.-E. et al. Keeping global warming within 1.5 °C 

constrains emergence of aridification. Nat. Clim. 

Chang. 8, 70–74 (2018). 

525. Greve, P. & Seneviratne, S. I. Assessment of future 

changes in water availability and aridity. Geophys. Res. 

Lett. 42, 5493–5499 (2015). 

526. Huang, J. et al. Dryland climate change: Recent 

progress and challenges. Rev. Geophys. 55, 719–778 

(2017). 

527. Byrne, M. P. & O’Gorman, P. A. Trends in continental 

temperature and humidity directly linked to ocean 

warming. Proc. Natl. Acad. Sci. 115, 4863–4868 (2018). 

528. Maurer, J. M., Schaefer, J. M., Rupper, S. & Corley, A. 

Acceleration of ice loss across the Himalayas over the 

past 40 years. Sci. Adv. 5, (2019). 

529. Lutz, A. F., Immerzeel, W. W., Shrestha, A. B. & 

Bierkens, M. F. P. Consistent increase in High Asia’s 

runoff due to increasing glacier melt and precipitation. 

Nat. Clim. Chang. 4, 587–592 (2014). 

530. Azam, M. F. et al. Glaciohydrology of the Himalaya-

Karakoram. Science (80-. ). eabf3668 (2021) 

doi:10.1126/science.abf3668. 

531. Nordhaus, W. D. Revisiting the social cost of carbon. 

Proc. Natl. Acad. Sci. 114, 1518–1523 (2017). 

532. Matthews, H. D. et al. Opportunities and challenges in 

using remaining carbon budgets to guide climate 

policy. Nat. Geosci. 13, 769–779 (2020). 

533. Ebi, K. L. et al. Burning embers: synthesis of the health 

risks of climate change. Environ. Res. Lett. 16, 044042 

(2021). 

534. Schleussner, C.-F., Pfleiderer, P. & Fischer, E. M. In the 

observational record half a degree matters. Nat. Clim. 

Chang. 8, 257–257 (2018). 

535. Seneviratne, S. I. & Zhang, X. Weather and climate 

extreme events in a changing climate. in IPCC AR6 WGI 

(Cambridge University Press, 2021). 

536. Dlugokencky, E. J. Global Monitoring Laboratory - 

Carbon Cycle Greenhouse Gases. US Department of 

Commerce, NOAA, Global Monitoring Laboratory 

(2019). 

537. Bondur, V. G. Satellite monitoring of wildfires during 

the anomalous heat wave of 2010 in Russia. Izv. 

Atmos. Ocean. Phys. 47, 1039–1048 (2011). 

538. Barriopedro, D., Fischer, E. M., Luterbacher, J., Trigo, 

R. M. & Garcia-Herrera, R. The Hot Summer of 2010: 

Redrawing the Temperature Record Map of Europe. 

Science (80-. ). 332, 220–224 (2011). 

539. Welton, G. The Impact of Russia’s 2010 Grain Export 

Ban. Oxfam Research Report (2011). 

540. DMCDD. Drought in Indonesia 2015 Situation Report. 

DISASTER MANAGEMENT CENTER DOMPET DHUAFA – 

Siaga Bencana (2015). 

541. Webb, A. & Wadhwa, A. The Impact of Drought on 

Households in Four Provinces in Eastern Indonesia. 

(2016). 

542. Reuters. Beyond haze, El Nino drought poses poverty 

challenge for Indonesia. (2015). 

543. Huijnen, V. et al. Fire carbon emissions over maritime 

southeast Asia in 2015 largest since 1997. Sci. Rep. 6, 

26886 (2016). 

544. Koplitz, S. N. et al. Public health impacts of the severe 

haze in Equatorial Asia in September–October 2015: 

demonstration of a new framework for informing fire 

management strategies to reduce downwind smoke 

exposure. Environ. Res. Lett. 11, 094023 (2016). 

545. Rohmah, A. Drought hits most Indonesian provinces 

due to El Nino. (2015). 

546. Sanderson, B. M. & Fisher, R. A. A fiery wake-up call 

for climate science. Nat. Clim. Chang. 10, 175–177 

(2020). 

547. Khan, S. J. Ecological Consequences of Australian 

‘Black Summer’ (2019/20) Fires. Integr. Environ. 

Assess. Manag. ieam.4469 (2021) 

doi:10.1002/ieam.4469. 

548. WWF Australia. Australia’s 2019-2020 Bushfires: The 

Wildlife Toll - WWF-Australia - WWF-Australia. (2020). 



97 
 

549. Ward, M. et al. Impact of 2019–2020 mega-fires on 

Australian fauna habitat. Nat. Ecol. Evol. 4, 1321–1326 

(2020). 

 


