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Executive Summary 

Climate-related risk is the product of exposure of vulnerable systems to climate-related hazard. 
The Literature Review and Searchable Inventory together provide an assessment of metrics that 
are strong indicators of climate-change risk that are projected to occur for global warming of 
1.5°C to 4°C above pre-industrial levels. Many of the metrics quantify exposure to climate related 
hazard in the context of known sensitivity to changes in climate.  Sectors covered are drought and 
water security, fluvial flooding, coastal flooding, agriculture and fisheries, natural ecosystems and 
biodiversity, fire, health (heat and disease), and direct, indirect and induced economic impacts. 
In cases where adaptive capacity is very limited, for example for biodiversity, these indicators are 
essentially direct indicators of climate-related risk itself (although in some cases i.e., for some 
species at lower warming levels humans may be able to reduce these risks). 

This report provides a review of existing and emerging evidence on country and regional level 
climate-risk-related metrics, and how these metrics accrue with global warming of 1.5°C to 4°C 
above pre-industrial levels. Regions covered are Africa, Asia, Australasia, Europe, North America, 
Central and South America, Polar regions, and Small Islands.   

In many cases, the climate change literature focuses on global or continental-scale projections 
rather than the country level. Where country-level studies exist, they can be disconnected, using 
different climate scenarios, baselines and/or different methodologies. Climate-related studies 
often generate large volumes of data, and extensive reports, making comparisons and cross-
country analyses difficult. This review fills a gap between the large array of un-harmonised local 
or country scale studies and broader scale discussions in the IPCC reports.   

This is beneficial as it enables comparisons across regions and countries; helps to highlight key 
knowledge gaps at the region and sector level; and by considering different warming levels can 
help decision makers understand the potential consequences of climate change that might emerge 
in countries if the goals of the Paris Agreement are not met, or the benefits of limiting warming 
to lower levels if they are met. 

This review is accompanied by the Searchable Inventory of Global Climate Impacts. Users of the 
Searchable Inventory can access country level data from the Tyndall Centre projections of risk-
related metrics and avoided damages from limiting global warming to a lower, as opposed to 
higher, level of average warming. The Inventory also includes data made available by Climate 
Analytics and the IPCC AR6 Working Group 1 Interactive Atlas. 

The following sections provide a sub-set of key findings for each region, with full details outlined 
in the main body of the review. Reflective of the literature as a whole, many of the metrics 
discussed focus on the quantification of exposure of vulnerable human systems or ecosystems to 
changes in climate-related hazards, important to establish potential concerns regarding exposure 
to hazards. 

Decision makers wanting to design and implement effective adaptation strategies can use the 
review and searchable inventory as a starting point, to indicate the priorities and need for such 
action, but as adaptation is extremely context specific, strategies need to be designed around the 
local context and sensitivities. Climate adaptation actions can then be identified and prioritised 
that reduce sensitivities, increase adaptive capacities and/or reduce exposure to hazards but this 
is beyond the scope of this work.   
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Africa 

Changes to food availability and nutritional content of food will increase the number of people at 
risk of hunger and malnutrition. There is high confidence that Africa is projected to be the region 
hardest hit by impacts on food security. Across Africa, yield reductions for staple crops such as 
rice, wheat and maize are generally expected. Millions more people are projected to be at risk of 
hunger in Sub-Saharan Africa with warming of around 3°C. 

Biodiversity loss due to climate change is projected to be widespread across Africa. There is high 
confidence that risk increases and adaptive capacity declines with higher levels of warming. With 
warming over 2°C the risk of loss of biodiversity increases and becomes more widespread, 
especially in Central, West and East Africa. Endemic species are projected to be particularly 
impacted. 

Increases in aridity, hydrological and agricultural/ecological drought are projected across many 
regions of Africa. With 2°C warming, there is high confidence that North Africa is projected to see 
increases in aridity, hydrological and agricultural/ecological drought, west Southern Africa will 
face increased aridity and agricultural/ecological drought, and east Southern Africa is projected 
to become more arid. 

There is high confidence that climate change poses a significant threat to African marine and 
freshwater fisheries. Impacts, such as reduced fish catch potentials, are projected to accrue with 
warming. Enhanced impacts are projected for tropical regions due to the vulnerability of coral 
reefs, a key habitat for a variety of commercial fish and invertebrate species, particularly at early 
life stages. There is very high confidence that more than 90% of warm-water coral reefs are 
projected to be lost at 2.1°C of warming. 
 
Asia 

There is high agreement in the literature that Asian fisheries are projected to be highly vulnerable 
to climate change. The effect of climate change on fish catch potentials differs in magnitude and 
direction of trend dependent on the region. Negative impacts are projected to be large in the 
Indonesian Sea and the Gulf of Thailand. 

There is high confidence that climate change is projected to have adverse impacts to those whose 
livelihoods depend on coasts and their ecosystems. 12 of the top 20 countries exposed to sea-level 
rise and coastal flooding are in Asia, dominated by low-lying areas including delta regions. A large 
proportion of the global population exposed to sea-level rise and subsidence are in Asian countries. 

Climate change is projected to alter the geographical range of malaria vectors and change the risk 
of malaria infections with high likelihood. Malaria incidence in northern China is projected to 
increase. Projected additional annual deaths showed a significant malaria increase in South 
Asia. In China the high-risk area for dengue transmission is projected to expand with warming, 
while in Nepal, climatically suitable areas for dengue fever are expected to expand. 

Studies suggest India and China will face some of the greatest risks from exposure to heat stress. 
Parts of South-East Asia, including Vietnam, Thailand and the Philippines are some of the countries 
projected to face the greatest excess mortality from future warming. The areas of South Asia 
currently exposed to extreme heat are projected to expand with warming of 1.5°C, including 
across larger parts of India, Bangladesh, Thailand, and Cambodia. 

Models suggest some of the largest increases in fluvial flooding are projected to be in Asia. Flood 
frequencies are projected to increase across large areas of South Asia, Southeast Asia and 
Northeast Eurasia. There is reported medium confidence in projections of regional changes in Asia. 
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The projected relative change in exposed population increases from 1.5°C to 3°C warming in most 
parts of the world, with Asia seeing the largest increase. 
 
Australasia 

There is high confidence that climate change will have profound effects on the biodiversity of 
Australasia, including some irreversible impacts, such as species extinctions. Mountainous regions, 
such as the south-east Australian Alps Bioregion, are particularly vulnerable. However, some 
native and invasive species may see increases in range due to climate change. 

Droughts are projected to increase in Australasia due to climate change, particularly in Southern 
and Eastern Australia and New Zealand with high confidence. With ~2°C warming, Eastern 
Australia is projected to undergo increases in aridity and agricultural/ecological drought and 
Southern Australia is projected to undergo increases in aridity, hydrological and 
agricultural/ecological drought (medium confidence). 

Climate change is already impacting fisheries in Australia, shifting the range of species poleward. 
For Australasia as a whole, fish catch potentials are projected to decline as temperatures rise. 
Studies suggest the most affected areas are the North Australian Shelf and Southwest Australian 
Shelf. Another impact on Australian fisheries already evident is the loss of key habitat-forming 
species, including the effects of extreme weather events driving rapid mortality of corals. 

Extreme heat events are projected to become significant and substantially more common in 
Australia under 2°C warming versus 1.5°C warming. Dangerous humid heat thresholds, with the 
potential to affect health, are projected to be exceeded more frequently over the 21st century 
in Australia, with Northern Australia particularly vulnerable. 

Australia and New Zealand are projected to experience unprecedented fire weather under future 
warming increments relative to the natural variability simulated for the pre-industrial period. Fire 
weather season length and the annual frequency of fire weather extremes are projected to 
increase in Southeast Australian forests, accruing with warming. 
 
Central and South America 

This region contains the most productive marine ecosystem for fisheries catch, which is the 
Humboldt Current System. Projections suggest that the worst impacts will be in the Eastern 
Tropical Pacific, including the Humboldt Current System, related to changes in El Niño Southern 
Oscillation (ENSO) (very high confidence). For Central and South America as a whole, fish catch 
potential is projected to decline as temperatures rise. 

Agricultural production is projected to decrease due to climate change in Central and South 
America, including reduced climate suitability and yield for beans, coffee, maize, plantain, and 
rice (high confidence). Reductions in wheat yields of up to 50% are projected in South America in 
comparison to a 1980–2010 baseline with warming of around 4°C. 

Droughts are projected to lengthen, intensify, and become more frequent in Central America with 
increasing levels of warming. Drought frequency and severity is projected to expand in 
southwestern South America (high confidence). With 2°C warming, the South American Monsoon 
subregion is projected to have increases in agricultural/ecological drought and Southern South 
America is projected to have increases in agricultural/ecological drought (high confidence). 

There is medium confidence that the biodiversity of Central and South America, particularly 
within the region’s biodiversity hotspots, is projected to be particularly negatively impacted by 
climate change. Andean species are likely to be particularly vulnerable due to the high levels of 
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endemicity and their limited ability to adapt by dispersing into new areas as the climate warms. 
Much of the Amazon is projected to become climatically unsuitable as refugia for biodiversity, 
even with warming as low as 1.5°C. 
 
Europe 

Climate change is projected to decrease suitable climate space for many species and lead to 
northwards and upslope range shifts. Risks to terrestrial ecosystems are projected to increase with 
warming as exposure increases and adaptive capacity is limited, with southern Europe generally 
at greater risk than northern Europe (very high confidence).  

There is high confidence that climate change has already negatively impacted marine fisheries in 
Europe, particularly in the North Sea, Iberian coastal Sea and Celtic-Biscay Shelf. However, over-
fishing, rather than climate change, is considered the largest impact on fisheries in Europe. For 
Europe as a whole, fish catch potential is projected to decline as temperatures rise. 

Drought frequency and severity is projected to expand in some regions with climate change (high 
confidence). With warming of ~2°C the Mediterranean subregion is projected to see increases in 
aridity, hydrological and agricultural/ecological drought, while Northern Europe is projected to 
undergo declines in aridity (high confidence). One study projected that changes in drought area 
would affect up to 42% more of the population, with the Mediterranean region most affected. 

Many countries in Europe are projected to experience unprecedented fire weather under future 
warming relative to the natural variability simulated for the pre-industrial period, including Bosnia 
and Herzegovina, Croatia, France, Italy, Portugal, Slovenia, Sweden, Switzerland and Ukraine. 
Projections for the fire-prone Mediterranean region of Europe show an increase in fire probability. 

Some of the largest changes in fluvial floods globally are projected for Europe. By the end of the 
21st century, mean annual precipitation and average discharge are projected to decrease in 
northern and southern Europe (medium confidence) and increase in north-eastern Europe. There 
is high confidence of an observed increasing trend of fluvial floods in Central and Western Europe. 

Critical heat thresholds relevant for humans are projected to be exceeded for global warming of 
2°C and higher in Europe. Countries in Southern Europe are projected to be exposed to excess 
mortality from heat exposure under future global warming of 1.5°C and above. 
 
North America 

For North America as a whole, fish catch potential is projected to decline as temperatures rise. 
Climate change is projected to intensify losses in North American fisheries, with declines in yield 
and poleward range shifts found by several regional studies (high confidence). 

Drought frequency and severity is projected to expand in some regions with climate change (high 
confidence). This includes western North America, much of which is currently in what is termed a 
‘megadrought’. Northern Central America is projected to suffer increases in aridity (high 
confidence) and agricultural/ecological drought (medium confidence). There is high confidence 
that North-Eastern North America is projected to undergo a decrease in aridity. 

There is high confidence that climate change will increase risks to the biodiversity of North 
America, with greater risks projected with greater levels of warming and very limited adaptive 
capacity. In North America, montane ecosystems, including the Appalachian Mountains 
biodiversity hotspot, are projected to be particularly vulnerable. 

Under future projections of warming studies suggest an increase in mortality in southern and 
eastern counties in the USA, particularly for elderly populations. At 1.5°C parts of the East and 
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Southeast USA are projected to be exposed to moderate and high (in shade) occupational heat 
exposure, and above 2°C will be exposed to extreme heat stress. 

Canada, Mexico and the United States have already experienced an unprecedented shift in fire 
weather relative to the natural variability simulated for the pre-industrial period. Substantial 
increases in future fire weather have been modelled for North American boreal regions and parts 
of the western US, with the largest increases in the northwest US. In Canada, fire weather 
conditions are projected to become more severe, by up to a factor of 4-5 during the peak of the 
fire season, in the late 21st Century relative to the late 20th Century, particularly in western 
Canada. 

Some of the largest changes in fluvial flooding globally are seen in the United States. Fluvial floods 
are projected to increase in the United States and Canada (medium confidence). Annual maximum 
daily runoff is projected to increase during the 21st century, especially in the south-eastern United 
States and Pacific Northwest, and to decrease in the Rocky Mountains and northern Great Plains. 

The region is threatened by hurricanes, and local subsidence can enhance the rate of relative sea-
level rise. Protection against extreme events is comprehensive, including hard defences, early 
warning systems and the ability to clear up after a disaster strikes, yet this is still insufficient for 
major hazards. Sea-level rise may mean large numbers of people move landward as housing is 
threatened (medium confidence). By 2100, the number of people at risk could potentially double 
in a non-mitigation scenario compared with a mitigation scenario. 
 
Small Islands 

Small islands in the Pacific suffer coastal flooding largely due to compound effects from high tides 
coinciding with e.g., cyclones. There is high confidence that tropical cyclones are already 
impacting small islands and will continue to do so. There is very high confidence that atolls are 
particularly vulnerable to rising sea-levels, including the associated effects of ground salinisation 
that can impact ground water. 

There is high confidence that small island states are extremely vulnerable to sea level rise, 
freshwater stress and extreme weather events such as cyclones, which will impact their food 
security. Although many small island states are likely to be more impacted by changes to fisheries 
than crop production. 

Island biodiversity is projected to be particularly vulnerable to climate change due to geographic 
isolation, high endemicity, and typically narrow ranges and small population sizes of many species. 
Climate change is projected to significantly affect the biodiversity and ecosystems of small islands 
(high confidence). A review of previous studies found that 100% of endemic species from islands 
examined faced extinction with increasing levels of warming. 

Tropical and sub-tropical islands face health risks from vector-borne diseases, which are expected 
to increase with future climate change, and linked to hazards such as sea level rise and cyclones. 
The Caribbean region has a high probability of mosquito distribution, increasing the risk of 
contracting Zika. The changing climate is likely to alter the risk of water-borne diseases. 

Small island countries are often inherently more dependent on fisheries for national income and 
food security than other countries. The direction of trends depends on the region and species, but 
tropical corals in the Pacific and Indian Oceans are projected to experience a 70-90% loss of coral 
reefs at 1.5°C of warming and 99% loss at >2°C (high confidence). 
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Polar Regions 

High Arctic biodiversity is particularly vulnerable to climate change owing to high exposure to 
climate hazards and limited adaptative capacity. As warming continues, range shifts are projected 
to become more pronounced. One study suggests that the proportion of bird species threatened is 
highest in the Arctic and Southern Ocean. The encroachment of woody shrubs, reducing the area 
of tundra, is projected to continue with higher levels of warming (high confidence). 
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1. Introduction 

This literature review and the associated Searchable Inventory were produced for the Department 
of Business, Energy and Industrial Strategy in response to their specific requests.  Existing and 
emerging evidence on the accrual of country level climate change risk with increasing global 
warming is reviewed.  This information can inform decision makers about the levels of risk that 
might emerge in countries if the goals of the Paris Agreement are, or are not, met, thus potentially 
informing those seeking to explore implications of different levels of action on climate change 
mitigation.   

It can also inform decision makers planning adaptation strategies within countries.  However, 
decision makers wanting to understand risk in detail, particularly at smaller scales, would be 
advised to explore the relative sensitivity of systems in which they are interested, and to combine 
the large-scale top-down analysis made available here with detailed bottom-up studies of 
sensitivity and adaptive capacity on the ground.  This is because this review is global in scope and 
therefore tends, in common with the majority of the peer reviewed literature, to focus on 
quantification of exposure to climate change related hazard as this is a key driver of risk than can 
be relatively easily quantified in a harmonised fashion at large scale. 

The Literature Review and Searchable Inventory together provide an assessment of metrics that 
are strong indicators of climate-change risk that are projected to occur for global warming of 
1.5°C to 4°C above pre-industrial levels.  Climate-related risk is the product of exposure of 
vulnerable systems to climate-related hazard (Figure 1).  The reader is referred to Table A1.1 of 
Appendix A, where the definitions of the terms exposure, vulnerability and risk used by the 
Intergovernmental Panel on Climate Change (IPCC) may be found. 

 

 

Figure 1: Schematic of the interaction among the physical climate system, exposure, and vulnerability producing risk. 
Risk of climate-related impacts results from the interaction of climate-related hazards with the vulnerability and 
exposure of human and natural systems.  Changes in both the climate system (left side) and socioeconomic processes 
(right side) are central drivers of the different core components (vulnerability, exposure, and hazards) that constitute 
risk. Reproduced with permission from Oppenheimer, Campos and Warren, et al., 2014. 
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The literature, and in particular the Tyndall Centre, have both produced projections of a large 
range of indicators, most of which project changes in the exposure of vulnerable human systems 
or ecosystems to changes in climate-related hazard.  Strictly speaking, risk cannot be fully 
quantified unless the vulnerability of the systems are also taken into account, and full analysis of 
vulnerabilities is in general extremely challenging.  Vulnerability includes aspects of both adaptive 
capacity and sensitivity (see Table A1.1 of Appendix A). 

Quantifying spatial vulnerability to each climate related hazard on a global scale is beyond the 
scope of this work, and indeed beyond the state of the art within the literature.  An important 
way in which vulnerability manifests is the ability or not to adapt. Yet the scope of this review, 
and the accompanying Searchable Inventory, is such that there was a requirement to exclude 
adaptation, except in those few cases where it is generally considered in the literature that a 
certain level of adaptation is inevitable, as in the case of coastal flooding, where significant 
extensive flood defences already exist and are anticipated to be maintained.  Therefore, in the 
absence of adaptation, exposure to changes in climate-related hazards do provide a strong 
indicator of climate change risk itself, although variation in the innate sensitivity of exposed 
systems is not included. 

Also included in the Searchable Inventory is information about changes in climate-related hazard 
itself, including many of those produced by the recent IPCC AR6 Interactive Atlas (Gutiérrez et 
al., 2021).  This is of interest so that readers can understand how the climate-related hazards 
themselves are projected to change, since the exposure related metrics are also affected by 
assumptions about the magnitude and spatial distribution of population changes, which are an 
extremely strong driver of exposure related metrics in human systems.  Inevitably, the 
geographical distribution of an exposure metric might look very different from that of the 
corresponding climate-related hazard, 

Within the Tyndall Centre projections, a single time-evolving spatially explicit population scenario 
is assumed for the 21st century (corresponding to the Shared Socioeconomic Pathway SSP2 (Riahi 
et al. 2017)) for all warming scenarios explored.  Hence aspects of vulnerability related to human 
population size and distribution, although not quantified, remains constant across the scenarios 
and this harmonisation of assumptions about changes in population enhances the comparability of 
the exposure estimates across different countries.   

SSP2 is by definition a scenario which was originally derived by considering what a world with a 
medium level of challenges to adaptation, and to climate change mitigation, might look like.  
However, the resultant population scenarios are now widely used in combination with a wide range 
of possible climate change scenarios and adaptation scenarios, and the use of SSP2 in the Tyndall 
Centre projections should not be interpreted as implying that a medium level of climate change 
mitigation or adaptation has been applied.  Rather, a level of global warming is combined with a 
time evolving population scenario and there are no specific mitigation actions assumed for any 
particular level of warming, and similarly no adaptation is assumed as previously mentioned.  

Users of the Searchable Inventory may access Tyndall Centre projections of absolute levels of 
exposure, changes in exposure and percentage changes relative to an observed baseline period. 
In addition, the inventory calculates the percentage avoided change in the metric that results 
from limiting global warming climate change to a lower, as opposed to higher, level of average 
warming: these percentages are more robust to uncertainties in regional climate change 
projection, use of alternative impact models, model parameters, and other factors. 
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For comparison, some examples of model projections originating elsewhere are also included, 
specifically those made available by Climate Analytics via their online Climate Impact Explorer 
Tool (http://climate-impact-explorer.climateanalytics.org/). Most of these metrics are additional 
to those produced by the Tyndall Centre. For example, economic damage from fluvial floods and 
tropical cyclones; fraction of population exposed to crop failures, heatwaves and wildfires; and 
land fraction exposed to fluvial floods, crop failures, heatwaves and wildfires. Change in crop 
yields are also included for comparison to metrics produced by the Tyndall Centre in the 
Searchable Inventory. The metrics from Climate Analytics are based on data from the global 
databases ISIMIP (The Inter-Sectoral Impact Model Intercomparison Project) for biophysical system 
and extreme event metrics, and CLIMADA (CLIMateADAptation) for direct damage metrics. 
Importantly, these metrics do not consider socio-economic change, assuming population and GDP 
remain fixed, and assume no additional adaptation. 

This literature review is a companion to the Searchable Inventory.  Appendix A contains 
methodological details on the basis and details of these simulations.  Further information about 
the methodology may be found in the Topical Collection ‘Accrual of Climate Change Risk in Six 
Vulnerable Countries’ in the journal Climatic Change and in Warren et al (2021, 2022). 

The review provides an aggregation of current understanding of risk-related indicators including 
changes in climate-related hazards and exposure to these hazards across sectors at the regional 
level. The review is inevitably limited in scope and does not encompass the full range of all 
published peer reviewed literature and computer simulations but fills a gap between the large 
array of un-harmonised local or country scale studies, and broader scale discussions in IPCC 
reports.  However, the review does not claim to encompass the full range of all published peer 
reviewed literature or data, which would be beyond its scope. 

The review also places the data contained within the Searchable Inventory in the context of the 
wider and more extensive literature and range of computer model simulations, including those 
presently emerging from IPCC AR6 WGI and WGII. The Appendix provides information about key 
methodological assumptions, and an assessment of the uncertainties and levels of confidence that 
can be associated with the projections found in the inventory. 

Assessment of metrics is provided for each sector and region at global warming levels of between 
1.5°C and 4°C above pre-industrial levels. In some cases, these projections are associated with 
particular time slices at which this warming is reached, and in other cases, not, as the literature 
allows. For some metrics, the literature allows a discussion of implications of alternative 
assumptions about socioeconomic futures. 

Regions covered are Africa, Asia, Australasia, Europe, North America, Central and South America, 
Polar regions, and Small Islands. Sectors covered are drought and water security, fluvial flooding, 
coastal flooding, agriculture and fisheries, natural ecosystems and biodiversity, fire, health (heat 
and disease), and direct, indirect and induced economic consequences. Direct and indirect 
economic consequences are also highlighted within each sector where applicable. 
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2. Literature Review 

2.1 Drought and Water Security  

Introduction 

Drought can have major impacts on biodiversity, agriculture and food security, water security, 
people and economies. There is high confidence that drought frequency and severity will expand 
in some regions with climate change. This includes the Mediterranean, western North America and 
south-western South America. Drought hazard, exposure, and resultant socio-economic impacts 
are likely to increase with every degree of warming, with a general picture of increasing drought 
risk with every degree of global warming. When considering the effects of climate change on 
drought, it is important to distinguish between meteorological drought, which is dependent only 
upon in situ climatology and land use and caused by periods of low precipitation; agricultural 
drought (also including ecosystems, which also often factors in soil moisture and duration of 
drought); and hydrological drought, which is also affected by runoff from upstream locations and 
leads to a reduction in water supply. The IPCC AR6 Working Group I (Seneviratne et al., 2021) 
reported that projections of climate change effects on these different forms of drought are 
consistent in many regions, but that there are also significant differences in some geographic 
regions and in the confidence in projections of future drought. Furthermore, increasing levels of 
aggregation (e.g., across countries and regions) can also mask some of the confidence and 
probability of drought as areas projected to become wetter offset areas becoming drier when 
aggregated together. Drought metrics include the area and number of people exposed to drought; 
the mean probability of a given month in a year being in drought and the number of months in 
drought. Satoh et al. (2021) noted that the diversity of drought indices used in assessments of 
current and future drought is a key limitation for comparing drought assessments. The ISIMIP 
project modelled soil moisture drought (i.e., the total moisture stored in soil within the root 
zone), which is shown in the Climate Analytics climate impact explorer. 

Water security can be defined as ‘the capacity of a population to safeguard sustainable access to 
adequate quantities of acceptable quality water for sustaining livelihoods, human well-being, and 
socio-economic development, for ensuring protection against water-borne pollution and water-
related disasters, and for preserving ecosystems in a climate of peace and political stability’ (UN-
Water, 2013). Water security metrics include both physical (related to the quantity of water) and 
socio-economic components (including demand for water). In addition to drought, the Searchable 
Inventory also includes a measure of the number of people exposed to water stress as another 
measure of water security. One of the most commonly used measures of water scarcity is the 
‘Falkenmark indicator’ or ‘water stress index’. This method defines water scarcity in terms of the 
total water resources that are available to the population of a region; measuring scarcity as the 
amount of renewable freshwater that is available for each person each year. If the amount of 
renewable water in a country is below 1,700 m3 per person per year, that country is said to be 
experiencing water stress; below 1,000 m3 it is said to be experiencing water scarcity; and below 
500 m3, absolute water scarcity. Gosling and Arnell (2016) also use the WCI (Water crowding index) 
and a threshold of <1000 m3/person/year to indicate water stressed cells. However, they also 
combine it with the WSI (water stress index), which is not done in the projections shown in the 
Searchable Inventory. 
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Africa 

The IPCC Working Group 1 Interactive Atlas shows that drought has increased in North Africa, 
showing an upward trend without attribution in aridity, hydrological drought, and 
agricultural/ecological drought over recent decades. Southern Africa shows an upward trend 
without attribution in hydrological and agricultural/ecological drought.  There are no observed 
data in the IPCC Atlas for any other parts of Africa. Observed increases in the number of months 
of drought have led to increases in human migration from rural to urban areas in Senegal 
(Nawrotzki and Bakhtsiyarava, 2017). In the Serengeti, drought is known to alter wildlife migration 
patterns that can impact tourism (Kilungu et al., 2017). Drought has been associated, in part, with 
tree mortality in the Congo Basin (McNicol et al., 2018; Tyukavina et al., 2018).  In the 2014-2016 
extreme drought event, wild grazers declined by 60%, and the remaining populations were reliant 
on drought refugia (Abraham et al., 2019). 

With the equivalent of 2°C warming, North Africa is projected to see increases in aridity, 
hydrological and agricultural/ecological drought with high confidence.  In Southern Africa, the 
Western subregion is projected to undergo increases in hydrological drought with medium 
confidence; and aridity and agricultural/ecological drought with high confidence. West Africa is 
projected to become more arid, with increasing drought duration with warming of 2°C (Sylla et 
al., 2016; Zhao and Dai, 2016; Klutse et al., 2018; Ukkola et al., 2020). Drought extent in the Volta 
River Basin is projected to increase from 24% to 34% with an increase from 2°C to 2.5°C 
(Oguntunde et al., 2017). The Eastern subregion of Southern Africa is projected to become more 
arid (high confidence), with medium confidence in projected increases in hydrological and 
agricultural/ecological drought. Madagascar is projected to have increases in 
agricultural/ecological drought (medium confidence). Data for other parts of Africa shows low 
confidence in the direction of change. Satoh et al. (2021) compared different metrics and models 
of drought and found a decrease in soil moisture or runoff drought frequency is projected despite 
an increased precipitation drought frequency for Northeast Africa. 

Asia 

Droughts are projected to increase in likelihood across West, Central and South Asia. Prudhomme 
et al. (2014) found that most Asian countries are expected to experience increases in the land 
area under hydrological drought by the end of the century under a high warming scenario. The 
IPCC Working Group 1 Interactive Atlas projects increases in aridity in West Central and East Asia 
(medium confidence). Data for other parts of Asia shows low confidence in the direction of change.  
While this means that there cannot be a direct comparison with the Tyndall projections for India 
and China in general, there is data for projected decreases in areas with permanent snow/ice in 
the Tibetan Plateau in the IPCC Atlas and this is generally in agreement with projections for large 
increases in drought in areas with snow/ice in India and China that were reported in the Searchable 
Inventory (Price et al., submitted). Satoh et al. (2021) compared different metrics and models of 
drought and found differences in the sign of change between different forms of drought in India 
with warming. Soil moisture or runoff drought frequency is projected to decrease, while 
precipitation drought frequency is projected to increase. 

Australasia 

There is high confidence that droughts will increase in Australasia as a result of climate change, 
particularly in southern and eastern Australia and New Zealand. The IPCC Working Group 1 
Interactive Atlas shows observed increases in aridity, hydrological, and agricultural/ecological 
drought with no attribution in Southern Australia. With ~2°C warming, Eastern Australia is 
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projected to undergo increases in aridity and agricultural/ecological drought (medium 
confidence).  Southern Australia is projected to undergo increases in aridity, hydrological and 
agricultural/ecological drought (medium confidence).  The other subregions in Australasia are 
reported as low confidence in direction of change. Kirono et al. (2020) compared drought metrics 
for Australia and found significant increases in all drought hazard metrics examined except 
frequency. However, there were differences in the magnitude of the projected changes between 
the drought metrics, with the Standardised Soil Moisture Index (SSMI) projecting larger changes 
from the baseline with warming. Satoh et al. (2021) compared different metrics and models of 
drought and found a decrease in soil moisture or runoff drought frequency is projected despite an 
increase in precipitation drought frequency for Northern Australia. 

Central and South America 

Droughts are projected to lengthen, intensify and become more frequent in Central America with 
increasing warming. The IPCC Working Group 1 Interactive Atlas shows observed increases in 
agricultural/ecological drought (no attribution) in North-Eastern South America and increases in 
aridity (no attribution) in South-Western South America. With 2°C warming, Southern Central 
America, Northern South America, North-Eastern South America, and South-Western South 
America are projected to have increases in aridity and agricultural/ecological drought (medium 
confidence). The South American Monsoon subregion is projected to have increases in aridity 
(medium confidence) and increases in agricultural/ecological drought (high confidence). Southern 
South America is projected to have increases in agricultural/ecological drought (high confidence). 
There is low confidence in the direction of change for other parts of Central and South America. 
The results are generally in agreement with the data for Brazil in the Searchable Inventory, and 
also reflect issues with aggregation over large areas with differing signs of change in different 
parts of the region. Other research on drought in Central and South America found that drought 
may also lead to gender inequity. One study found that, in Colombia, drought was associated with 
migration in men, floods associated with migration in women (Tovar-Restrepo and Irazábal, 2013). 

Europe 

The IPCC Working Group 1 Interactive Atlas shows medium confidence in attribution of the upward 
trend in hydrological drought in the Mediterranean subregion, and an upward trend in 
agricultural/ecological drought (no attribution) for Western-Central Europe. With future warming 
of ~2°C, the Mediterranean subregion is projected to have increases in aridity, hydrological and 
agricultural/ecological drought (high confidence).  The Western-Central European subregion is 
projected to undergo increases in hydrological and agricultural/ecological drought (medium 
confidence). Northern Europe is projected to undergo declines in aridity (high confidence). Data 
for other parts of Europe shows low confidence in the direction of change. Samaniego et al. (2018) 
used an ensemble of hydrological and land-surface models to project changes to soil moisture 
droughts in Europe and projected increases in drought area of 40% (±24%), which would impact up 
to 42% (±22%) more of the population, with the Mediterranean region most affected. These results, 
where comparable (e.g., not including aridity) are in line with the Tyndall projections in the 
Searchable Inventory. 

North America 

The IPCC Working Group 1 Interactive Atlas shows observed increases in aridity (no attribution) 
across Northern Central America. Western North America shows observed increases in 
agricultural/ecological drought (attribution with medium confidence). With warming, Northern 
Central America is projected to show increases in aridity (high confidence) and 
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agricultural/ecological drought (medium confidence). Western North America is projected to have 
increases in hydrological and agricultural/ecological drought (medium confidence). Central North 
America is projected to see increases in aridity and agricultural/ecological drought (medium 
confidence) while Eastern North America is projected to show a decrease in aridity (medium 
confidence). North-Eastern North America is projected to undergo a decrease in aridity (high 
confidence) with North-Western North America projected to undergo an increase in aridity 
(medium confidence). Data for other parts of North America shows low confidence in the direction 
of change. 

Small Islands 

Small islands are already regularly experiencing water shortages and droughts and these are likely 
to increase with warming. The risk to small island states will increase with rising temperature, 
changing rainfall patterns, sea level rise and population changes. There is limited data in the IPCC 
Working Group 1 Interactive Atlas for small islands, which only considers the Caribbean and Pacific 
Islands. With ~2°C warming, there is projected to be increases in aridity and 
agricultural/ecological drought in the Caribbean and increases in aridity in the Pacific islands (all, 
medium confidence). This is supported by other studies. In the Caribbean, an ~1°C temperature 
increase (1.7° to 2.7°C, SSP2) is projected to lead to a 60% increase in the number of people 
experiencing severe water resources stress (Schewe et al., 2014; Karnauskas et al., 2018). Across 
the different drought metrics (such as population exposed, or the probability of months being in 
severe drought), higher warming levels lead to greater risk from drought. 

Summary 

An additional 350 million people are projected to be exposed to drought driven increases in water 
scarcity with 1.5°C warming, increasing to 410 million at 2°C, both with uncertainty ranges of 
approximately half of the value (Liu et al., 2018). Severe droughts are associated with health 
problems from both overheating, and direct and indirect water access issues in both humans and 
livestock (Hall and Crosby, 2020; Mamo, 2020; Rankoana, 2021). Water stress (shortage) and 
drought have been linked to several human diseases and to an increase in violence in some areas 
(Schachtel et al., 2021; Lundgren, 2018; Andersen and Davis, 2017; Kaffenberger et al., 2017; 
Ramesh et al., 2016; Epstein et al., 2020a). Increasing use of open water storage containers as an 
adaptation to drought can also lead to vector-borne disease outbreaks by facilitating the 
reproduction of certain species of mosquitos. Droughts have also been linked to increases in rates 
of suicide among farmers (Carleton, 2017; Edwards et al., 2015; Vins et al., 2015). 

Drought projections are subject to a number of uncertainties, including an incomplete 
understanding of biosphere processes, challenges in constraining plant physiological responses to 
atmospheric CO2 and data limitations. Another important research gap revolves around inherent 
uncertainties due to the choice of climate scenarios. The Searchable Inventory makes use of a 
widely used method for modelling drought that does not have high data requirements. The index 
used for drought hazard, SPEI12, was chosen because (i) it takes into account potential 
evapotranspiration as well as changes in precipitation; (ii) it can be readily calculated from the 
climate projection data available in this study; (iii) it is broadly used and facilitates comparison 
with other studies that use SPEI; and (iv) it has an explicit time-scale over which precipitation 
surplus or deficits are accumulated (Vicente-Serrano et al, 2010). Although it may be over-
sensitive to increasing evapotranspiration in areas of high aridity (Cook et al., 2014), other 
approaches would rely on poorly known aspects such as soil characteristics and snow accumulation.  
Therefore, using alternative metrics to measure drought may lead to differences in the likelihood 
and severity of drought. In addition, the IPCC AR6 WG1 report (Douville et al., 2021) shows that 
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changes in regional evapotranspiration remain uncertain. Satoh et al. (2021) compared multiple 
models and scenarios and found that choice of drought definition was the dominant source of 
uncertainty, particularly in the northern high-latitudes. Therefore, it is critical to understand the 
type of drought being assessed before comparing studies and projections. The definition of drought 
used can affect not only the magnitude of changes but also the sign of changes. 

Similarly, using different metrics to measure water security may also lead to variations in the 
levels of risk. However, geographically, the areas of greatest risk are very likely to remain the 
same across the different metrics for drought. For water security, a different pattern of the areas 
that are projected to be most at risk could be found when comparing metrics that only consider 
physical water scarcity and those that also consider socio-economic and political factors which 
affect the exposure, sensitivity and adaptive capacity of human systems to water scarcity. For 
example, some parts of the northern hemisphere such as the USA and Southern Europe, experience 
high physical water scarcity but are not considered as at risk when other factors (such as water 
governance, quality and accessibility) are considered. By contrast, water availability may remain 
higher across some regions of Africa but water security will be low due to low water quality, 
accessibility and governance. A combination of metrics should be used to fully understand 
vulnerabilities, impacts and risks associated with climate change. 
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2.2 Fluvial Flooding 

Introduction 

This chapter and Appendix A.3 discusses the state of the art of fluvial modelling assessment work, 
the modelling tools employed, underlying data sets, and an overview of findings at the country, 
regional and global scale. The quantification of historical occurrences and trends and the 
identification of anticipated climate changes in a region are the key steps in most impact analyses. 
The section explores the impacts on fluvial flooding within each region and compares the findings 
from the Searchable Inventory with findings in other literature including the IPCC AR6 reports. 

Africa 

Li et al. (2016) reported the annual flood frequencies fluctuate during the period 1990-2014 with 
medium confidence in an upward trend in flood event occurrence. Tramblay et al. (2021) 
evaluated the drivers responsible for floods in Africa and concluded that flood occurrence is more 
strongly related to the annual maximum soil moisture than annual maximum precipitation. They 
also point out that the Africa region suffers from a lack of observed data in terms of precipitation, 
river discharge and more generally with regards to hydroclimatic data. 

Under future climate scenarios, the extreme river discharge, as characterized by the 30-year 
return period of 5-day average peak flow, is projected to increase by the end of the 21st century 
(2070-2099) for the RCP8.5 (more than 10% relative to 1971-2000 period) for most of the African 
river basins (see Fig 1 in Dankers et al. (2014)). The present-day 100-year return floods can have 
a return period of 40 years with 1.5℃ and 2℃ of global warming (Alfieri et al. 2017) and 21 years 
for 4℃ warming (Hirabayashi et al. 2013; Alfieri et al. 2017). 

Roudier et al. (2014) found overall the future projections in West Africa are very uncertain with 
no clear general pattern of future runoff evolution. Aich et al. (2016) reported medium confidence 
of projected increases in 20-year return flood magnitudes for the near future (2021-2050) 
compared with the base period (1976–2005) within the Niger river basin under RCP8.5. The other 
large river basin, the Volta, in West Africa shows low confidence of an increase in extreme peak 
flows (>Q75) by the 2050s and 2090s (Jin et al. 2018). A significant median change of flood 
magnitude for the Gambia river (-4.5%) and for the Sessandra (+14.4%) and Niger (+6.1%) are 
projected under several scenario between mid-century (2020-2060) and end of century (2061-
2100) (Roudier et al. 2014). In East Africa, extreme flows are projected to increase for the region 
within the Blue Nile with low confidence (limited evidence) (Aich et al., 2014). However, 
uncertainty due to the climate scenario dominates the projection of extreme flows (Aich et al., 
2014; Krysanova et al., 2017) for the Blue Nile and Niger river basins. 

Asia 

Dottori et al. (2018) found globally that the relative change in exposed population increases from 
1.5°C to 3°C warming in most parts of the world, with Asia seeing the largest increase (confidence 
level of the average change is greater than 90%). Alfieri et al. (2017) reported the largest increases 
in flood risk in Asia. Hirabayashi et al. (2013) found the flood frequencies and risks increase across 
large areas of South Asia, Southeast Asia and Northeast Eurasia. The IPCC AR6 WGI Chapter 12 
summarises regional changes in Asia. They report that the monsoon floods will be more intense in 
South Asia (medium confidence) (Nowreen et al. 2015; Babur et al. 2016; Mohammed et al. 2018). 
The total flood damage will increase greatly in river basins in South-East Asian countries under 
climate change and rapid urbanization in the near future (Dahal et al. 2019; Kefi et al. 2020). A 
changing snowmelt regime in the mountains may contribute to a shift of spring floods to earlier 
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periods in Central Asia in future (Reyer et al. 2017) (medium confidence). The annual maximum 
river discharge can almost double by the mid-21st century in major Siberian rivers, and annual 
maximum flood area is projected to increase across Siberia mostly by 2–5% relative to the baseline 
period (1990–1999) under RCP8.5 scenario (Shkolnik et al. 2018) (medium confidence). 

He et al. (2022) quantified impacts between 1.5°C and 4°C of global warming on flood risks in six 
countries including China and India. At 1.5°C warming, 66% and 92% of the major basin areas in 
China and India experience a decrease in the return period of 100-year return floods, rising to 81% 
and 96% respectively with 4°C warming. The decrease in return periods leads to increased human 
exposure to flood risks, particularly with 4°C warming, where exposure in the major river basin 
areas in China and India increases by 202% and 2765% relative to the 1961-1990 reference period 
respectively. Limiting warming to 1.5°C would avoid much of these increased risks, resulting in 
increases of 12 and 239%, respectively. 

Australasia 

In Australia, the streamflow observations during the time period 1975–2012 show that negative 
trends dominate in annual maximum flow and that stations with significant negative trends were 
mostly located in southern Australia (Gu et al. 2020). The observed decreasing trend in southern 
Australia can be attributed to the decrease of soil moisture, although an increase of flood 
magnitude is possible for very rare events. For the more frequent flood events, the increase of 
extreme precipitation is balanced by the decrease of soil moisture (Wasko and Nathan 2019).  

Gu et al. (2020) project that decreases in floods in southern Australia will continue in a warmer 
future (high model agreement) with increasing magnitude and volume of floods in northern 
Australia (high uncertainties). The also pointed out the increasing flood events in northern 
Australia can be attributed to increasingly heavy precipitation conditioned antecedent catchment 
wetness and wetting soil moisture. In contrast, the drying climate in the north counters the effect 
of slight increases in heavy precipitation and hence decreases in floods are projected. The 
diametric changes in flood magnitude between northern and southern Australia are projected to 
be more evident in extreme (50-year) floods than small (5- and 20-year) floods (Gu et al. 2020).  

The median projection for Northern and Eastern Australia is a ~5% and 15% reduction in mean 
annual runoff by 2046–2075 for RCP8.5, respectively, with a 10th to 90th percentile uncertainty 
range of -40% - +30% and -40% - +20% (Chiew et al. 2017). There is stronger agreement in the 
projections for declining runoff in the far south-west and far south-east where the large majority 
of GCMs project a drier future winter. The projection of declining winter rainfall is also supported 
by recent trends in the observations and explanation of change in the global scale circulation 
under warmer conditions causing a poleward shift in rainfall bearing weather systems in far 
southern Australia (CSIRO 2012; Post et al. 2014; P Hope et al. 2017). In the far south-west and 
far south-east, the mean annual runoff is projected to decline by 50% and 20% (with an extreme 
dry projection of -70%, -40%) respectively. 

There is medium confidence that river flooding will increase in New Zealand. Projections for New 
Zealand indicate that the 1 in 50 year and 1 in 100 year flood peaks for rivers in many parts of the 
country may increase by 5 to 10% by 2050 and by more by 2100 (with large variation between 
models and emissions scenarios), with a corresponding decrease in return periods for specific flood 
levels (Gray et al.; Carey-Smith et al. 2010; McMillan et al. 2010; Ballinger et al. 2011). 

Central & South America 

Reyer et al. (2017) published a synthesis of climate change impacts in this region including floods. 
They found no consistent runoff projections for the Amazon basin due to the high variability of 
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rainfall projections using different GCMs and uncertainties introduced by hydrological impact 
models. In Central America, there is high agreement on decreasing mean annual runoff and 
discharge, although the magnitude of the change varies (Milly et al. 2005; Maurer et al. 2009; 
Imbach et al. 2012; Arnell and Gosling 2013; Hidalgo et al. 2013; Nakaegawa et al. 2013; Schewe 
et al. 2013). Camilloni et al. (2013) projected an increase in frequency and duration of river 
flooding in a >3°C world in the Uruguay and Paraná basins. A decrease in mean runoff is projected 
for southernmost South America (Milly et al. 2005; Schewe et al. 2013). 

According to the Tyndall research (He et al. 2022), decreasing annual total precipitation is 
projected in large areas of Brazil. But only a small portion of grids, mostly in central-west Brazil, 
show the 5 GCMs agree that the annual total precipitation will decrease in the 21st century. A large 
portion of Brazil shows a decrease with low to moderate agreement. Small areas in the north-west 
and south of Brazil show increasing precipitation with low to moderate agreement. A very similar 
spatial pattern can be observed in the changes of flooding return period. At 1.5 and 4°C warming, 
the projected median proportional area of major river basins in Brazil that experience a decrease 
in the return period of Q100 is 47% and 54%, respectively. 

North America 

There is limited evidence and low agreement on observed climate change influences for river 
floods in North America (Ranasinghe et al 2021). The IPCC AR6 Chapter 12 reports that the trends 
in streamflow indices are mixed and difficult to separate from river engineering influences, with 
large changes but little spatial coherence across the US. The central United States shows 
increasing frequency of floods but limited evidence of significant changes in the magnitude of 
flood peaks (Mallakpour and Villarini 2015). Flood magnitudes in the Southwest have been 
decreasing but increasing in the Northeast and north-central United States (Peterson et al. 2013). 
There is only weak evidence that the annual maximum gauge height records have been changing 
over the continental United States during 1985-2015 (Villarini and Slater 2018). The frequency of 
flood events has increased across most of the U.S. Midwest, which is mostly driven by precipitation 
and antecedent wetness conditions (Neri et al. 2019).  

There is medium confidence that climate change will increase river floods over the United States 
and Canada but low confidence for changes in Mexico (Ranasinghe et al 2021). The annual 
maximum daily runoff is projected to increase during the 21st century, especially in the south-
eastern United States and Pacific Northwest, and to decrease in the Rocky Mountains and the 
northern Great Plains (Villarini and Zhang 2020). Winter and spring will see the largest changes in 
extremes (Villarini and Zhang 2020). It seems the direction in the projected changes in runoff is 
mostly consistent between CMIP5 and CMIP6 projections. The results based on Villarini and Zhang 
(2020), using the CMIP6 model outputs, are consistent with what is reported by Dankers et al.  
(2014) using the CMIP5 model outputs. The exception is that the CMIP6 models project a slight 
increase in floods in the southwestern United States, while the CMIP5 models show a decrease in 
floods in this region. This may partially help to explain the decreasing projections of floods in 
large parts of North America found by Hirabayashi et al. (2013) and Arnell and Gosling (2016) which 
did not use the CMIP6 model outputs. 

Europe 

Based on the most complete database of European floods, Blöschl et al. (2019) found increasing 
floods in north-western Europe due to increasing autumn and winter rainfall; decreasing floods in 
medium and large catchments in southern Europe due to decreasing precipitation and increasing 
evaporation; and decreasing floods in eastern Europe due to decreasing snow cover and snowmelt, 
resulting from warmer temperatures. They also report that the regional flood discharge trends in 
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Europe range from an increase of about 11% per decade to a decrease of 23%. There is spatial and 
temporal heterogeneity of the observational record, but the flood changes they identified are 
broadly consistent with climate model projections for the 21st century. 

Alfieri et al. (2015a) used an ensemble of EURO-CORDEX RCP8.5 scenarios to drive a distributed 
hydrological model and assessed the projected changes in flood hazard in Europe.  By the end of 
the 21st century they report that both mean annual precipitation and average discharge are 
projected to decrease in southern Europe and to increase in north-eastern Europe, while in central 
Europe the ensemble of projections does not agree on a specific trend. At 4°C global warming, 
climate change alone could increase the socio-economic impact of river floods in Europe by 220% 
by 2080 (Alfieri et al. 2015b). However, their findings are different from trends reported in 
Hirabayashi et al. (2013) and Dankers et al. (2014), of decreasing extreme discharge peaks in 
eastern Europe but increases in Western Europe by the 21st century. 

Small Islands 

The IPCC AR6 WGI Chapter 12 summarises regional changes in Small Islands as follows. There is 
limited evidence on observed changes in river flooding in small islands. Long-term records in 
Hawaii indicate no clear trends in peak flow, except for the significant decrease in peak 
streamflow in Hawaii Island over the period 1967-2016 (Bassiouni and Oki 2013). Similarly, there 
is no significant trend in the frequency and height (after adjusting for average sea level rise) of 
river flood in Fiji over the period 1892-2013 (McAneney et al. 2017). There is low confidence on 
the direction of future change of river flooding in the small islands due to limited currently 
available literature. In Oahu, Hawaii, extreme peak flow events with high return periods are 
projected to increase by end of 21st century under RCP8.5, but there is also high uncertainty in 
these projections (Leta et al. 2018). 

Summary 

Under future climate scenarios, extreme river discharge is projected to increase by the end of the 
century (2070-2099) under the high-end emission scenarios for most African river basins. There is 
low confidence in the direction of future change of river flooding in Africa due to a lack of data.  

Most research show Asia is the region at the highest risk of increasing fluvial flood risks and 
damages at all levels of warming.  

Decreases in floods in southern Australia are projected to continue with a warmer future (high 
model agreement) with increases in the magnitude and volume of floods in northern Australia 
(high uncertainties). The diametric changes in flood magnitude between northern and southern 
Australia are projected to be more evident in extreme (50-year) floods than small (5- and 20-year) 
floods. There is medium confidence that river flooding will increase in New Zealand. 

Extreme precipitation events and total rainfall are projected to increase over most of 
Southeastern South America and western Amazonia. In Northeast Brazil and eastern Amazonia 
smaller or no changes are seen in projected rainfall intensity, though significant changes are seen 
in the frequency of consecutive dry days. 

There is medium confidence that climate change will increase river floods over the United States 
and Canada but low confidence for changes in Mexico. 

There is high confidence of an observed increasing trend in river floods in Central and Western 
Europe and medium confidence of a decrease in northern and Southern Europe (Ranasinghe et al 
2021). 
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There is low confidence on the direction of future change in river flooding in the small islands due 
to limited available literature. 

Some key research gaps and limitations include that flood mitigation and adaptation measures are 
not often taken into consideration in large scale impact studies. Most studies do not consider non-
climatic factors such as flood defences or dams etc. and can therefore lead to over/under-
estimation of inundation areas and population exposure. Future studies could take into 
consideration flood protection levels to obtain more robust estimation. In addition, both current 
and future adaptation strategies for flooding can also affect the estimation. The FLOPROS dataset, 
which is an evolving global database of flood protection standards (Scussolini et al. 2016), could 
also add value to impact assessment by taking flood protection standards into consideration. 

Landcover changes: Most studies use static landcover maps. Future studies should account for land 
use in the model parameterisation by using regionalisation techniques or other approaches.  

Glacier runoff and snow melt: These are very important fluxes in mountainous regions but are not 
accounted for in most studies. In future studies, a global glacier model can be coupled to the 
modelling chain to account for glacier changes and the impacts on water resources and floods due 
to global warming. 

Limited resources: To understand and quantify the risks associated with floods worldwide, at any 
location in the world remains a challenge. The necessary resources including time, budget and 
data for flood risk assessments are often limited. Especially if the full range of uncertainties need 
to be explored, it is very time-consuming to run multiple hydrological and hydraulic models driven 
by multiple climate model outputs. The latter often result in a compromised assessment due to 
the reduced scope.  

Insufficient data or poor data quality: Various global datasets are available as open source and the 
vast amount of data is still increasing. Examples are digital elevation data from SRTM and MERIT 
Hydro; river networks from OpenStreetMap; and flow direction map from MERIT Hydro. However, 
it is often not straightforward to determine which dataset is most suitable for a global scale study 
or a specific region. This is a prevailing problem in Asia, Africa and South America as well as other 
areas of regions where observed data can be sparse or low quality.  

Inconsistent protocols: It is important to highlight the need for more detailed basin, country or 
regional level studies similar to what has been undertaken in ISI-MIP but with more consistent uses 
of GCMs, models, time periods, population projections, and more importantly impact measures. 
The latter will allow a better comparison within and between countries, which can provide 
important scientific evidence to assist policy making. 

Insufficient study on economic losses: Sauer et al. (2021) conducted an economic assessment based 
on multiple modelling assumptions and pointed out that the quantification of the contribution of 
climate change to observed trends in flood-induced economic damages is limited by an insufficient 
understanding of the observed damage time series and observational data. Both the direct and 
indirect flood damages are important, but especially the latter still forms a research gap. The 
study carried out by Yin et al. (2021) is a very valuable attempt in quantifying economic impacts 
of future fluvial flooding under climate change and socio-economic development. They discussed 
the importance of including socio-economic development when estimating direct and indirect 
flood losses, as well as the role of recovery dynamics, essential to provide a more comprehensive 
picture of potential losses that will be important for decision makers. 

https://www.deltares.nl/en/issues/global-data-tools-flood-risk-assessment/www.cgiar-csi.org/data/srtm-90m-digital-elevation-database-v4-1
http://www.openstreetmap.org/#map=19/-27.46856/153.02233
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2.3 Coastal Flooding 

Introduction 

There is high confidence that sea-levels are rising, and this will affect virtually all coastlines 
worldwide. Coastal flooding metrics include the number of people exposed (assuming no 
adaptation), the number of people flooded (assuming adaptation), cumulative land loss due to 
flooding (assuming adaptation) and damage costs (assuming adaptation) (Haasnoot et al. 2021a; 
Arnell et al. 2019). Outputs presented here and in the Searchable Inventory use a global scale 
methodology following a bath-tub approach, so do not take account of local processes such as 
swell waves or run-up. Uncertainties in input databases include elevation, population and land use 
datasets. Hence regional and local processes are not well represented. A major uncertainty in 
modelling the impacts of sea-level rise is adaptation, which may be considered part of the 
vulnerability component of risk. Globally, adaptation is focused on dikes, yet a wide range of 
methods may be applied in practice.  

The data in the Searchable Inventory uses many studies from the Dynamic Interactive Vulnerability 
Assessment (DIVA) modelling framework (Hinkel 2005; Hinkel et al. 2014; Vafeidis et al. 2008) 
which are aggregated to national level (variations may be expected along a nation’s coastline 
depending on the magnitude of sea-level rise, topography, population and economics, amongst 
other factors). Other global impact studies use different input datasets meaning that outputs can 
be very different to those represented in the Searchable Inventory (see Appendix A4, Table A4.1). 
In particular, different modelling of adaptation, as a measure of vulnerability, means that impact 
metrics can be highly changeable. 

This report and the Searchable Inventory (based on Brown et al. 2021 and Warren et al. 2022) 
considers the impacts of sea-level rise, as adaptation is considered. Supplementing this in this 
report is Arnell et al. (2019). Arnell uses outputs (people at risk assuming adaptation) from the 
DIVA modelling framework (including the same model and database version). Results are 
aggregated as close as possible to the IPCC regions used in this report, except small islands (mostly 
in Australasia) and polar regions (with their relative country) are available at the regional level in 
Appendix A4, Tables A4.2 – A4.7). Due to the similarity of input data, outputs are broadly similar 
to those in the Searchable Inventory. Risk based metrics that do not consider adaptation (e.g., 
land and exposed sea-level rise) have been analysed in other journal papers (e.g., Brown et al. 
2018; Goodwin et al. 2018). 

There is high confidence that damage and adaptation costs will vary between regions. For 
economic costs, Jevrejeva et al. (2018) used the same model (including the same model and 
database version) as most of the data in the Searchable Inventory, with Brown et al. (2021) offering 
an updated analysis with a larger number of climate and socio-economic scenarios, but drawing 
similar conclusions taking account of spatial and temporal uncertainties with different levels of 
warming. Parrado et al. (2020) used a slightly earlier version of the DIVA model and database to 
analyse the indirect economic costs of coastal flooding via an extended computable general 
equilibrium (CGE) model. The study finds that, without additional adaptation, all regions are 
projected to increase their public deficits or reduce surpluses compared to a 2005 baseline, under 
all scenarios (SSP2, SSP5, RCP2.6, RCP4.5 and RCP8.5). 

Africa 

Africa’s coastal zone varies in length from a few hundred metres in mountainous areas to more 
than 100km in low-lying delta regions (Hinkel et al. 2012). Continental studies are limited (e.g. 
Hinkel et al. 2012; Arnell et al. 2019), with country and local impact studies growing in recent 

https://iopscience.iop.org/article/10.1088/1748-9326/ab35a6
https://iopscience.iop.org/article/10.1088/1748-9326/ab35a6
https://link.springer.com/article/10.1007/s10584-021-03130-z
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years, such as in Egypt (e.g. Frihy and El-Saye, 2013), Ghana (e.g. Appeaning Addo, 2015), Kenya 
(Ojwang et al. 2017), Morocco (e.g. Khouakhi et al, 2013), and South Africa (e.g. Kretzinger, 2012). 
Nations particularly at risk are those along lagoons and delta regions where rising sea levels will 
result in salinisation and flooding, such as the Nile, Niger and Volta. Cities with rapidly growing 
populations (e.g., Luanada, Lagos), plus western and eastern sub-Saharan nations are also at risk 
(Neumann et al. 2015; Kulp and Strauss, 2019). Emerging concerns relate to impacts on tourism 
(Fitchett et al. 2016, Snoussi et al. 2008; Sagoe-Addy and Appening Addo, 2013) and heritage 
(Vousdoukas et al. 2022). The major sources of uncertainty relate to the growing exposure and 
vulnerability. 

Hazard: Flooding will be driven by rising sea-levels, cyclones (which are projected to decline in 
number but be more intense around Mozambique (Malherbe et al. 2013; Ranasinghe et al. 2021)), 
plus local subsidence especially in delta regions (Nicholls et al. 2021; Wöppelmann et al. 2013; 
Addo et al. 2018). Sea-level rise is also seen as key driver of risk. 

Exposure: Population growth (Neumann et al. 2015) is seen as a major risk driver, as exposure is 
increasing. This amplifies pressures, such as in cities (high confidence). It is unclear precisely how 
risk will accrue with time as this is dependent on development.  

Vulnerability: Adaptation, such as grey (building restorations) and green (dune restorations, beach 
nourishments, land raising) investments (Snoussi et al. 2008; Sagoe-Addy and Appening Addo, 
2013; Brown et al. 2020) and ecosystem-based approaches can reduce impacts (also called Nature-
based Solutions). There is high confidence that ecosystem-based infrastructure can reduce climate 
risks. Adaptation will become especially important around growing populations (where those that 
will be exposed to the risk may not yet live there) and in delta areas. Vulnerability may be reduced 
through increased financial resources, education and public awareness to manage adaptation 
needs (Ojwang et al. 2017; Sheriff and Koske, 2021; Etongo et al. 2021). 

Arnell et al. (2019) reports potential impacts displayed in Table A4.2 in the Appendix. This 
indicates that even by 2050, socio-economic change is the main variation in the cause of impacts 
across the climate change scenarios. By 2100, impacts remain high as sea-levels continue to rise 
even with temperature stabilisation. Impacts are particularly high under SSP3 and SSP4.  

Economically, Jevrejeva et al. (2018) reports that, assuming no additional adaptation, globally 
Benin and Egypt both factor in the top ten countries with the largest coastal flood costs (as a % of 
GDP) under the 1.5 and 2 ºC scenarios (SSP2). Parrado et al. (2020) find that in South Africa indirect 
macroeconomic effects of Sea-level Rise and coastal protection could impact public deficit, by 13 
billion US$ by 2050 compared to the 2007 baseline, assuming no additional adaptation (SSP2, 
RCP8.5). In North Africa the impact on public deficit was estimated to be ~30 billion US$ by 2050, 
and in sub-Saharan Africa ~70 billion US$ by 2050. These changes are mainly driven by a reduction 
in GDP and consequently lower tax revenues without accounting for indirect impacts on wellbeing. 

Further research includes enhanced elevation models for impact assessments (Karlsson and 
Aarnberg, 2011) and high-resolution data for small islands (Brown et al. 2020; Parodi et al 2020). 
Achieving adaptation whilst maintaining income and sustainable development, with an emphasis 
on an ecosystems-based approach will become increasingly important while considering inequality 
and fairness in society. 

Asia  

Impacts are dominated by low-lying areas including delta regions, which contain many cities that 
have expanded significantly in the last two decades. Country level studies into people affected by 
flooding, with more precise drivers and scenarios of change are more common with some nations, 
such as Bangladesh (Desantis et al. 2007), China (Fang et al. 2020), South Korea (Park and Lee, 

https://10.0.4.64/1748-9326/ab35a6
https://iopscience.iop.org/article/10.1088/1748-9326/aacc76/meta
https://eprints.bournemouth.ac.uk/33317/1/Revised%20Manuscript%20rev3_all.pdf
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2020), and Indonesia (Marfai and King, 2008). Nevertheless, some nations have very few studies of 
the impacts of sea-level rise, such as Pakistan (Akhtar, 2015), Kuwait (Neelamani et al. 2021) and 
Qatar (Al-Mannai, 2021). 

Hazards: Extreme events driven by cyclone activity, where a small number but more intense 
number of cyclones are projected (Arias et al 2021). For example, Feng et al. (2018) projects that 
in a 2°C world compared with a 1.5°C world, a considerable rise in extreme sea-levels is projected 
to result along the Chinese coast. Subsidence can be as large a concern as sea-level rise in deltas, 
especially in cities (Nicholls et al. 2021; Cao et al. 2021) and can exacerbate impacts. There is a 
growing emphasis on understanding multi-hazard events, such as in cities (Gu et al. 2015), plus 
understanding the drivers of extreme sea-levels (Fang et al. 2021; Jevrejeva et al, 2016). Risks 
accrue through rising sea-levels, subsidence (Nicholls et al. 2021; Cao et al. 2021) and the 
projected increase in cyclone intensity (Arias et al 2021). 

Exposure: 12 of the top 20 countries exposed to sea-level rise and flooding are in Asia (Neumann 
et al. 2015) including many in deltas (Edmonds et al. 2020; Nicholls et al. 2021). 70% of global 
population exposed to sea-level rise and subsidence (which often occurs in deltas) are in just eight 
Asian nations (Kulp and Strauss, 2015). Growing populations (Neumann et al. 2015; Haasnoot et 
al. 2021a) exposed to hazards and associated damages (Abadie et al. 2020; Hallegatte et al., 2013) 
are an increasing concern and one of the main ways that risk accrue (Neumann et al. 2015).  

Vulnerability: As populations grow, protection may not have been considered during development, 
or be limited to sea-walls which only offer limited protection in subsiding areas. Sea-level rise 
may result in the displacement of people, such as in Bangladesh (Davis et al. 2018) and this has 
led to the development of the 100-year Bangladesh Delta Plan to ensure water and food security 
whilst reducing vulnerability to hazards. There is high confidence that climate change will have 
adverse impacts on those who livelihoods depend on coasts and their ecosystems. 

Arnell et al. (2019) reports potential impacts displayed in Table A4.3 in the Appendix. This 
indicates that by 2050 there could be substantial variations in those flooded across socio-economic 
change scenarios and sea-level rise plus subsidence. Impacts are particularly high under the SSP3 
scenario, and lowest under SSP5.  

Jevrejeva et al. (2018) highlights Asian countries are predominant in the top ten countries with 
largest annual flood cost, assuming no additional adaptation, both in absolute and relative terms. 
China is projected to suffer the largest absolute annual flood losses. Brown et al. (2021) also 
highlights large potential losses in China, with sea flood damage costs, assuming no additional 
adaptation, in 2100 ranging from $8903bn at <1.5°C (50th percentile) to $10,952bn at 4.0°C (50th 
percentile) compared with the 1986–2005 baseline. Many of the costs are projected to occur occur 
even with lower rises of sea level, as would be expected from the <1.5°C scenario given the 
significant infrastructure investment and population in large delta regions. Parrado et al. (2020) 
find that countries and regions in Asia face high indirect macroeconomic effects of SLR and coastal 
protection investment. China faces the largest impacts globally, with estimates suggesting a 
change in public deficit of more than 500 billion US$ by 2050 compared to the 2007 baseline, 
assuming no additional adaptation (SSP2, RCP8.5). 

Further work could include a growing emphasis on adaptation solutions, moving beyond sea walls, 
and a greater emphasis of ecosystem-based adaptation. In many areas, adaptation needs to focus 
on both sea-level rise and subsidence (Takagi et al. 2017) as large numbers of people could be 
exposed. Adaptation needs to be integrated with development at the time, rather than in 
retrospect. Simultaneously, basic coastal modelling is needed for national scale assessments in 
some nations as details of the impacts of sea-level rise is scarce. 

https://10.0.4.64/1748-9326/ab35a6
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Australasia 

Australasia has identified impacts and more focused on adaptive solutions compare with other 
world regions.  

Hazards: Local drivers include subsidence (Watson 2020; King et al. 2020) and sea-level rise. Where 
wind-speed increase, the increase in extreme storm surge heights is projected to be two times 
smaller than the contribution of sea-level rise (McInnes et al 2013). 

Exposure: Hotspots include cities, such as Sydney (Hague et al. 2020) or along the Gold Coast. 
Exposure has been identified within the road, rail, built environment, storm/waste and water 
supply systems (Ministry for the Environment 2021; Commonwealth of Australia 2018). 

Vulnerability: There is high confidence that vulnerable populations include Aboriginal, Torres 
Strait Islanders and Tangata Whenua Māori. Adaptation to infrastructure and exposed assets is 
being considered, with adaptation pathways in development (Lawrence et al. 2018). A major shift 
is how to move away from defence strategies to more transformative methods (Jongejan et al., 
2016), such as planning regulations, particularly in urban areas and construction of new 
infrastructure (Walsh et al. 2004, Dedekorkut-Howes et al. 2021), improving early warning system, 
plus household and community self-reliance (Astill and Miller, 2018). 

Impacts may occur through compound events. In New Zealand, risks to ecosystems and the built 
environment, (Ministry for the Environment 2021), building on the nuisance flooding seen today. 
In New Zealand, a 1m sea-level rise means that built-land and asset exposure doubles for a 1-in-
100 year event (Paulik et al 2020). With sea-level rise, coastal squeeze and wetland degradation 
are also projected to occur. 

Arnell et al. (2019) reports potential impacts displayed in Table A4.4 in the Appendix. This 
indicates that by 2050 impacts are projected to be similar across all climate and socio-economic 
scenarios. By 2100, the potential range of impacts are more widespread with between 0.04-0.16 
million people per year at risk from flooding.  

As an aggregate, the high-income group of countries, including Australia and New Zealand 
potentially face large absolute coastal flood losses (after the upper middle income group), but if 
additional adaptation in the form of sea dikes is assumed then a large proportion of losses could 
be prevented, resulting in the lowest annual total flood costs of all World Bank income groups 
(Jevrejeva et al. 2018).  

Further research could concentrate on relative costs and benefits of a broader range of adaptation 
strategies (Dedekorkut-Howes et al. 2021, Tarabi and Howes, 2020) and financial systems to 
support adaptation. 

Central and South America 

This is limited research in this region, with risk research more focused on the natural environment 
rather than people exposed. Hence there is low to medium confidence in risk. 

Hazard: With climate change, cyclone intensity is projected to remain at similar levels over the 
Caribbean, with sea-levels being the main risk driver (Kleptsova et al 2021). Additionally, local 
sea-levels are enhanced during El Niño-Southern Oscillation (ENSO) events (Villiamizar) or due to 
swell waves (Andrade et al. 2013). Subsidence (e.g., Cartagena in Caribbean Colombia (Restrepo-
Ángel et al. 2021) can enhance sea-level rise. Wave run-up during extreme events (Heidarzadeh 
et al. 2018) is also a concern.  

Exposure: Mangroves, which cover 28% of the low elevation coastal zone in Latin America and the 
Caribbean (Spalding et al. 2011) are threatened (Nagy et al. 2019), as are tourist beaches (Rangel-

https://environment.govt.nz/what-government-is-doing/areas-of-work/climate-change/adapting-to-climate-change/first-national-climate-change-risk-assessment-for-new-zealand/
https://www.aph.gov.au/Parliamentary_Business/Committees/Senate/Environment_and_Communications/CCInfrastructure/Report
https://doi.org/10.1016/j.envsci.2018.01.012
https://doi.org/10.2112/1551-5036(2004)020%5b0586:USLRPF%5d2.0.CO;2
https://doi.org/10.1080/14693062.2020.1819766
https://environment.govt.nz/what-government-is-doing/areas-of-work/climate-change/adapting-to-climate-change/first-national-climate-change-risk-assessment-for-new-zealand/
https://doi.org/10.3390/su12041513
https://10.0.4.64/1748-9326/ab35a6
https://doi.org/10.1080/09640568.2019.1708709
https://doi.org/10.1080/17565529.2016.1146120
https://meridian.allenpress.com/jcr/article-abstract/29/5/1126/204305/Coastal-Flooding-Hazard-Related-to-Swell-Events-in
https://doi.org/10.1038/s41598-021-98428-4
https://doi.org/10.1038/s41598-021-98428-4
https://www.tandfonline.com/doi/full/10.1080/21664250.2018.1546269
https://doi.org/10.1016/j.rsma.2019.100683
https://www.sciencedirect.com/science/article/pii/S0964569115001775#!


 

Page 28 of 193 

 

Buitrago et al. 2015; Cueto Fonseca et al. 2021, Villamizar et al. 2017) and fishing zones for local 
communities. Increased salinisation especially in delta areas due to the long tidal range and 
increased flood extent (Rojas et al. 2018) is a concern as a greater land area would be exposed to 
flooding. Tourist areas will be exposed, which if flooded have implications for income.  

Vulnerability: There is limited information on vulnerability specifically related to sea-level rise. 
Adaptation constraints are linked with poverty, resource allocation, political will and also a lack 
of early warning systems (Nagy et al. 2019, Villiamizar et al. 2017). Adaptation is moving towards 
ecosystems, reef restoration early warning systems, enhancing adaptive capacity, education and 
disaster risk preparedness (Nagy et al. 2019; Leal Filho et al. 2018; Mercer et al. 2012; Reguero et 
al. 2018). National Adaptation Plans are developed, but not fully implemented (Nagy et al. 2019). 

Arnell et al. (2019) reports potential impacts displayed in Table A4.5 in the Appendix. This 
indicates that by 2050, the number of people flooded remains similar across all scenarios except 
SSP3 which is higher. By 2100, impacts increase, particularly under SSP2 and SSP3 indicating that 
under these scenarios, socio-economic change is a more important driver of change than sea-level 
rise. Other studies with RCPs indicate increase in area flooded (Orejarena-Rondon et al. 2019), 
increased damage, increased beach erosion and number of people flooded (Vousdoukas et al. 2018, 
Giardino and Merz 2019). 

In terms of economic losses, countries in Central and South America did not factor in the top 20 
countries globally with greatest annual sea flood costs (SSP2, assuming no additional adaptation) 
(Jevrejeva et al. (2018)). However, Brown et al. (2021) report that sea flood damage costs in 2100 
in Brazil, assuming no additional adaptation, range from 1.1% of national GDP at <1.5°C to 1.4% 
at 4.0 °C (50th percentile), equating to 120.1 and 152.8 million US$ per year respectively. 
However, Parrado et al. (2020) highlights that countries in Latin America and the Caribbean may 
face high indirect losses related to SLR and autonomous coastal adaptation, with a change in public 
deficit of more than 150 billion US$ by 2050 compared to the 2007 baseline, assuming no additional 
adaptation (SSP2, RCP8.5). This is primarily driven by a reduction in GDP and consequently lower 
tax revenues. 

Further research includes basic country level and local level impact assessments, mainstreaming 
and diversifying adaptation (with finance) and centralisation of data (Jevrejeva) to enable 
improving adaptation decision making. 

Europe 

Europe’s coast comprises uplifting, rocky Scandinavian coasts, low-lying heavily protected 
coastlines of the North Sea, Mediterranean seas, open coasts and deltas, plus small islands. A 
major risk driver is the hazard where there is high confidence that an increase in sea-level rise 
will result in an increased risk to people and infrastructure with current adaptation measures. 
With continued investment in adaptation, risk has the potential to decrease with time. 

Hazard: This includes erosion and flooding, and in some deltas areas, subsidence, mainly driven 
by sea-level rise (Hinkel et al. 2011; Antonioli et al. 2020), but also human activities. Changes in 
sea-ice cover will exacerbate impacts (Kont et al. 2018). 

Exposure: Large number of people are situated in low-lying areas, but they are frequently 
protected. Whilst there is a continued investment and growth of exposed assets, there is a 
realisation that adaptation cannot happen everywhere and that some exposed areas will be lost 
to the sea.  

Vulnerability: Most countries are now planning for sea-level rise to reduce vulnerability, but to 
different extents (McEvoy et al. 2021). Risk is reduced by protection where it is economically 

https://www.sciencedirect.com/science/article/pii/S0964569115001775#!
https://nhess.copernicus.org/preprints/nhess-2021-210/
https://www.tandfonline.com/doi/abs/10.1080/17565529.2016.1146120
https://www.mdpi.com/2071-1050/10/12/4335
https://doi.org/10.1016/j.rsma.2019.100683
https://doi.org/10.1080/17565529.2016.1146120
https://doi.org/10.1016/j.rsma.2019.100683
https://doi.org/10.1007/s11027-017-9750-3
https://doi.org/10.3390/su4081908
https://doi.org/10.1016/j.jenvman.2018.01.024
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https://10.0.4.64/1748-9326/ab35a6
https://doi.org/10.3389/fmars.2019.00614
https://doi.org/10.1038/s41467-018-04692-w
https://openknowledge.worldbank.org/bitstream/handle/10986/36417/360-Resilience-A-Guide-to-Prepare-the-Caribbean-for-a-New-Generation-of-Shocks-Assessing-the-Impact-of-Sea-Level-Rise-and-Resilience-Potential-in-the-Caribbean.pdf?sequence=5&isAllowed=y
https://eprints.bournemouth.ac.uk/33317/1/Revised%20Manuscript%20rev3_all.pdf
http://nora.nerc.ac.uk/id/eprint/523770/
https://doi.org/10.1007/s11027-010-9237-y
https://doi.org/10.3390/w12082173
https://meridian.allenpress.com/jcr/article-abstract/24/2%20(242)/423/199127/Implications-of-Sea-Level-Rise-for-Estonia
https://www.sciencedirect.com/science/article/pii/S0964569120304191?via%3Dihub
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viable to do so (Lincke and Hinkel 2018, Tiggeloven et al. 2020), such as in densely populated 
areas of where there is significant infrastructure exposed. For instance, the low-lying Netherlands 
is highly protected. Venice and its lagoon, although subsiding is being protected by a barrage. 
Elsewhere, nature based solutions, such as wetlands and sand nourishment (Stive et al. 2013) are 
used to reduce wave height, this decreasing erosion and flooding. Accommodation measures, such 
as retrofitting of houses and early warning systems are increasing. Set-back zones (Linke et al 
2020) and planned relocation is being increasing considered (Haasnoot et al. 2021). 

Arnell et al. (2019) reports potential impacts displayed in Table A4.6 in the Appendix. This 
indicates across all SSPs, the number of people flooded assuming additional adaptation in 2050 
remains similar across all scenarios as sea-level rise is similar. After 2100, the number of people 
flooded increases, mostly driven by rising sea-levels rather than population change.  

Economically, Jevrejeva et al. (2018) highlights that a few countries in Europe are at high risk of 
large economic losses. Based on absolute losses, the UK features in the top ten countries with 
largest annual flood cost, assuming no additional adaptation. Annual losses are projected to be 
241 million US$ per year at 1.5ºC and 383 million US$ per year at 2ºC (SSP2).  

Further work could concentrate on a wider range of adaptation solutions, such as the practical 
base on nature-based solutions, methods of realignment and integration of the impacts of sea-
level rise into spatial planning (Stokke et al. 2014).  

North America 

The northern Caribbean and east coast of the United States risks are already occurring and are 
worsened through extreme events (e.g. hurricanes), coinciding with high tides impacting large 
populations and properties on the coast (Fu et al. 2016; Wdowinski et al. 2016; Heberger et al. 
2011). 

Hazard: The region is threatened by hurricanes, and locally subsidence can enhance the rate of 
relative sea-level rise (Eggleston and Pope 2013). In Canada, localised glacial isostatic adjustment 
means land rises, offsets sea-level rise. 

Exposure: Sea-level rise may mean large numbers of people move landward (Hauer et al. 2020; 
Hauer 2017; Hauer et al. 2016) as housing, including affordable housing (Buchanan et al 2020) is 
threatened resulting in economic losses and property damage (Weiss 2011; Johnston et al. 2014) 
(medium confidence). 

Vulnerability: Protection against extreme events is comprehensive, including hard defences, early 
warning systems, preparedness, structural measures, community-led adaptation and the ability to 
clear up after a disaster strikes. Yet this is still insufficient for the major hazards. There is a 
growing emphasis on green adaptation (Fu 2020, Fu et al 2017), with the number of vulnerable 
people and assets being significantly reduced if natural ecosystems can remain intact (Arkema). 
In Canada, planned retreat is also being considered (Saunders-Hastings 2020). 

Impacts have been felt though nuisance flooding in the United States which could increase by 55 
± 35% in 2050 under RCP8.5 (Moftakhari et al. 2015). Additionally, there are threats to water 
supply (e.g. Texas, part of California) impacting on agricultural and coastal communities 
(Anderson and Al-Thani 2016; Hoover et al. 2017; Rahini et al. 2020) plus flooding from 
groundwater (May 2020). Wetlands and forests are also at risk (Brown et al. 2019) and aggravated 
by extreme events today such as La Niña (Desantis et al. 2007; Raabe and Stumpf 2016), and 
projected to be squeezed or migrate landwards as sea-levels rise (Borchert et al. 2018). There are 
local concerns in Canada about increased flooding and erosion risk (Radosavljevic et al. 2016).  
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Arnell et al. (2019) reports potential impacts displayed in Table A4.7 in the Appendix. This 
indicates the number of people at risk from flooding in 2050 is similar across all scenarios. By 
2100, the number of people at risk could potentially double in a non-mitigation scenario compared 
with a mitigation scenario. Impacts could more than double from 2050 to 2100 due to significant 
population growth. Under a SSP3 scenarios, impacts are less than the other SSP scenarios in 2100. 
Thus, sea-level rise has the potential to be a larger driver of impacts in 2100.  

Based on absolute losses, Jevrejeva et al. (2018) reported that the USA would feature in the top 
ten countries with largest annual flood cost, assuming no additional adaptation. Annual losses 
were projected to be 394 million US$ per year at 1.5ºC and 446 million US$ per year at 2ºC (SSP2). 
In relative terms this equates to 0.9% and 1% of national GDP in 2100 under 1.5ºC and 2ºC 
respectively. 

Further research could focus on pro-active adaptation, especially ecosystem approaches, to 
extreme events today.  

Small islands 

Unlike other IPCC regions where a traditional bathtub approach is taken, for projecting the impacts 
of sea-level rise, multiple drivers of oceanic and meteorological change are considered. Erosion is 
more of an immediate issue and is a concern with sea-level rise, but atoll islands are also subject 
to accretion. Over the century, some coral atolls have sufficiently grown in size over a century 
(Kench et al. 2015; Duvet 2020). Due to the scale of modelling, impacts for small islands are not 
commonly published. For example, elevation models are too coarse to determine precise details 
(Kulp and Strauss, 2019) or model do not consider surface roughness which can reduce flood 
inundation (Vafeidis et al 2019) 

Hazards: Small islands in the Pacific are flooded largely due to compound effects from high tides 
coinciding with cyclones, distant swells, La Niña conditions combined with human interventions 
(Canavesio 2019; Ford et al. 2018, Hoeke et al. 2019; Merrifield et al 2014). Tropical cyclones are 
already impacting small islands and will continue to do so (high confidence). With atoll islands 
around 1m above sea-level, flood frequency is very sensitive to sea-level rise (Vitousek et al. 
2019), so with climate change flood frequency is likely to increase. Flooding and future sea-level 
rise is very locally driven due to topography and bathymetry and can also occur due to drainage 
and raising groundwaters. Sea-levels are likely to be higher in the Pacific than the global mean 
(Oppenheimer et al. 2019). There is very high confidence that atolls are particularly at risk from 
rising sea-levels, including the associated effects of ground salinisation that can impact ground 
water. Groundwater flooding and salinisation may be a more dominant risk than over topping. 

Exposure: Risks accrue today through growing populations often near the coast (Mason et al. 2020; 
Kumar and Taylor 2015; Andrew et al. 2019) and development. 

Vulnerability: Small island nations acknowledge that adaptation is essential, widespread and 
diverse (Klock and Nunn 2019), but challenging to deliver. Coastal hardening which is a relatively 
common adaptation measure and increasing even if rural islands (Robinson 2017) may decrease 
risk in the short-term but can amplify long-term risk as atolls cannot accrete naturally or 
significant population growth may occur behind protected locations. With many built assets on the 
coast, adaptation requires substantial financial resources (Kumar and Taylor 2015; Mycoo 2014). 
Seawalls can fail without additional investment, and soft engineering or relocation may be a longer 
term viable alternative (Nunn et al. 2021; Thomas and Benjamin 2018). Accommodation, such as 
raising floors is also an option (Magnan et al. 2018) as are community-based measures. For atolls 
and high islands, land claim and raising (Biribo and Woodroffe 2013; Esteban et al. 2019) can offset 
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risk as it acts as a buffer, but may in itself be exposed. To reduce vulnerability, there is an urgent 
need for investment strategies as presently adaptation is incremental (high confidence).  

Small islands are already feeling the impacts of climate change, including loss and damage (Martyr-
Koller et al. 2021). Rasmessen et al. 2018 projected islands exposed to sea-level rise based on 
present population levels of 62 million. This indicated using a bath-tub approach with a 1.5°C rise 
0.40 million (0.30 million – 0.56 million representing the 5th and 95th percentiles) people could 
be exposed. With a 2.0°C rise this increased to 0.42 million (0.30 million – 0.64 million) people 
and with a 3.0°C rise this increased to 0.43 million (0.32 million – 0.63 million) people.  

Due to the number of islands, basic data and modelling is essential to understand precisely what 
is at risk (high confidence) and when, plus how risk will evolve. Greater resources are needed to 
understand how islands can adapt, including incorporation of loss and damage. 

Polar  

Polar coasts include those of Greenland and Antarctica and the northern most coast of the Russian 
Federation. Sea-levels declined around some northern polar costs, such as in semi-enclosed seas 
(Oppenheimer et al. 2019).  

Hazard: Concerns are around the melting of permafrost which could result in local ground water 
flooding (Larsen et al. AR5 2014). Some projections consider an ice-free Arctic ocean summer 
under a 2°C scenario (Sanderson et al. 2017), whilst others are more optimistic (Hoegh-Guldberg 
et al. SR1.5 2018) (medium confidence). The latter could cause potential damage to coastal 
infrastructure which were once ice-free and also coastal settlements and marine transport (Larsen 
et al. AR5 2014). Land-based ice melt is projected to increase local flooding and potential result 
in erosion due to greater exposure to waves.  

Although a long coast, limited information is known for global risk related to potential land lost, 
people impacted and economic effects (i.e. exposure) and their vulnerability. 

Summary 

Globally, uncertainties on the state-of-the-art evolve around (i) local processes on the coast, (ii) 
elevation and (iii) adaptation (Eyring et al. 2021). These portray the components of risk, such as 
through an improved understanding of the hazard and who or what is exposed to flooding today. 
Data in the Searchable Inventory is taken from state-of-the-art global datasets, hence greater 
understanding of regional to local processes and elevation and possible forms of adaptation are 
needed to guide the interpretation of this data at sub-regional and sub-national levels. 

Local processes on the coast are increasingly important in impact assessments, such as localised 
subsidence (Nicholls et al. 2021) which can enhance the effects of sea-level rise. Additionally, the 
inclusion of flood mechanisms and extreme events, such as wave driven flooding, swell waves and 
El Nino-La Nina events (Hoeke et al 2021; Merrifield et al. 2014) would enable an improved reality 
of how floods are derived. This is already happening in small island settings due to the scale, as 
bathtub models are not appropriate at high resolution. 

Common issues for further global and sub-global research include the need for improved high-
resolution elevation data (Gesch) including a focus on city populations (Neumann et al. 2015) 
where significant growth is projected leading to large numbers of people at risk from future 
flooding. The advent of the improved elevation data of Kulp and Strauss (2019) has enabled an 
improved understanding of who or what is at risk including better communication and education 
of that risk. As digital elevation models improve in resolution this can lead to more informed 
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impact assessments, globally and at a local level where there is limited or no topographic data 
available. Hence ongoing investment in elevation datasets is vital. 

The ability to analyse greater assets at risk in more detail plus a greater means of adaptation 
would be advantageous, especially where linked to income and economic prosperity. Present 
global models broadly focus on hard defences as a means to adapt, and sometimes beach 
nourishment (Hinkel et al. 2013). Increasingly diverse approaches to adaptation are being applied, 
such as accommodation and ecosystem-based approaches. Applying these both globally and locally 
to models would be advantageous as it would increasingly align to real-world examples. 
Incorporating finance to equate for loss and damage would be advantageous to align with climate 
adaptation funding alluding to in the Paris Agreement (United Nations 2015) and Glasgow Climate 
Pact (United Nations 2021). Increasingly there is a need for appropriate data to help with decision 
making. Where appropriate, data hubs containing accessible climate data would also be an 
advantage (Jevrejeva et al. 2019). 

These gaps apply to all global regions. There is limited research of the impacts of sea-level rise in 
south and central America, plus a limited but growing research base around African coasts. Hence 
a greater number of targeted studies would be beneficial here. With mega cities in south, east 
and south-east Asia, greater research is needed to determine how these cities will cope with sea-
level rise in the far future. This is important given the high exposure. In small islands and other 
coasts that are heavily reliant on tourism as the main income, a greater analysis in adaptation, 
preparedness and post-disaster recovery with respect to the tourist industry and infrastructure 
could be considered (e.g as a consequence of hurricanes in the Caribbean Moattly; Sheller). This 
would be advantageous where tourist income is the main source of economic prosperity and is 
needed to sustain livelihoods. 
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2.4 Food security and agriculture 

Introduction 

The potential impact of climate change on agriculture and food security has been widely discussed 
in the literature on climate change.  There is high confidence that climate change will make some 
areas less suitable for crop production and some areas may become completely unsuitable. 
Whereas some other areas can increase their agricultural productivity (Fezzi et a 2014). Decreased 
yields are expected in many areas as conditions pass their optimum temperatures. However, at 
lower levels of global warming, climate change will likely benefit some crops, as these are 
projected to prefer the warmer conditions. Whilst some crops may benefit from CO2 fertilisation 
in terms of increased leaf area and yield, this is accompanied by losses in nutrient and protein 
content which can offset these changes.  Overall, even at low levels of global warming, potential 
increases in crop yields are unlikely to offset the negative impacts projected for other crops and 
geographic regions. At higher levels of warming, fewer and fewer positive impacts are projected.  
Changes to food availability and nutritional content of food will increase the number of people at 
risk of hunger and malnutrition, with risks generally accruing as temperatures increase and risks 
generally greater in Africa, and Central and South America. Limiting warming to 1.5°C would avoid 
significant risks associated with food security and agricultural production (Hoegh-Guldberg et al., 
2018). Hasegawa et al. (2021) reviewed the literature on projected impacts of climate change on 
crop production. They found global crop yield declines of -7.3% for maize; -2.2% for rice and -3.6% 
for wheat per degree increase in warming. Jägermeyr et al. (2021) used the latest generation of 
climate scenarios (CMIP6) through AgMIP’s GGCMI and found more negative impacts on some major 
crops, occurring earlier, than previous studies. The study found that average global crop yields for 
maize are projected to decrease by 24% by the late 21st century, with the declines becoming 
apparent by 2030. Kummu et al. (2021) found that unhalted growth of greenhouse gas emissions 
could force nearly one-third of global food crop production beyond its safe climatic space by the 
end of the century.  

Africa 

Africa is particularly vulnerable to climate change and is projected to be the region hardest hit by 
its impacts on food security (high confidence).  Climate change is expected to reduce agricultural 
yields in Africa due to shorter growing sessions, increased occurrence of pests and diseases and 
increased water stress (Niang et al., 2014). Climate change is likely to increase the number of 
people at risk of hunger in Sub-Saharan Africa, where food security problems are already acute. 
Janssens et al. (2020) project millions more people will be at risk of hunger in Sub-Saharan Africa 
with warming of around 3°C. In general, negative impacts on yields are expected with climate 
change, but the extent of the loss is projected to vary between regions and crops. Across Africa, 
yields reductions for staple crops such as rice, wheat and maize are expected to be lower at 1.5°C 
warming than at 2°C (Hoegh-Guldberg et al. 2018), a finding which is consistent with Tyndall 
projections in the Searchable Inventory. Studies have shown that other crops are also at risk from 
climate change in Africa. Rippke et al. (2016) found that 30–60% of the common bean growing area 
and 20–40% of the banana growing areas in Africa will lose viability with global temperature 
increases of 2.6°C and 4°C respectively.  

In Southern Africa, Liu et al. (2019) projected reductions in wheat yield of 0-5% for 1.5°C warming 
and 5-10% for 2°C warming. This is similar to the trends seen in the Tyndall projections in the 
Searchable Inventory, which shows greater wheat yield losses with higher levels of warming for 
southern African countries. By contrast, research conducted by AgMIP (Agricultural Model 
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Intercomparison and Improvement Project) projected increases in rice and soy yields for southern 
and eastern regions of Africa (Rosenzweig et al. 2013; Ostberg et al. 2018).  

Many studies have projected reductions in crop yields in West Africa. West Africa is projected to 
see substantial reductions in wheat yield, of around 13% with 1.5°C and 19% with 2°C warming 
(Schleussner et al. 2016). Sorghum yields were also projected to decline across the region; with 
average reductions of 2% at 1.5°C and 5% at 2°C warming (Faye et al., 2018). These reductions in 
crop yields will have significant effects on the local population. For instance, in Burkina Faso, 
child mortality rates are projected to double for subsistence farmer households due to crop yield 
loss attributed to climate change with 1.5°C warming (Belesova et al. 2019). Tyndall data in the 
Searchable Inventory shows projected yield declines of between 4-7% in Burkina Faso with 1.5°C 
warming, with greater losses projected with further temperature rise.  

Asia 

Many studies have projected reductions in crop production in South and Southeast Asia. With 
higher levels of warming, the adverse impacts are expected to increase. There is medium 
confidence that climate change will have overall negative implications for food security across 
Asia. Rosenzweig et al. (2014) projected reductions in wheat yields of up to 50% in comparison to 
1980–2010 baseline in Southeast Asia. Reductions in maize yields are also projected by this study. 
Janssens et al. (2020) project millions more people will be at risk of hunger in South Asia with 
warming of around 3°C. A slight increase in the number of people at risk of hunger is projected 
for Southeast Asia as well. 

By contrast, increases in the yields of some staple crops are projected in China. This mixed 
response is also shown in the Tyndall projections in the Searchable Inventory, which projects 
reductions in maize and wheat yields but increases in rice and soy yields. By contrast, Jägermeyr 
et al. (2021) found that sizeable wheat gains are projected by many models for the North China 
Plains and Central Asia. This is supported by earlier studies that made use of the same models. In 
their global study of wheat yields, Liu et al. (2019) projected a reduction in yield for India of 
around 5% with 1.5°C and 2°C warming but increases in wheat yields for China, of around 5% with 
1.5°C and 10% with 2°C warming. Ostberg et al. (2018) compared different models and climate 
scenarios. For China, results projected increases in wheat yield in at least 50% of available 
combinations of GCM, GGCM, and RCP scenarios with 2.5°C warming. Research into potential 
changes to crop yields in China demonstrates the importance of whether CO2 fertilisation was 
included in the modelling. When CO2 fertilisation effects are taken into account, studies focused 
on China largely project increases in crop yields in the future with warming, whereas those that 
do not consider CO2 fertilisation often project negative yield changes. Ren et al. (2018) modelled 
the projected change in 7 crops with warming of around 3.5°C above pre-industrial levels. Results 
for SSP3 projected around a 15% reduction in yield without CO2 effects, or a 5% increase in yield 
with CO2 effects included. Similarly, results for SSP5 found around a 10% reduction in yield without 
CO2 effects, or an 8% increase in yield with CO2 effects included. 

Australasia 

There are relatively fewer regional and country scale studies of changes to crop production and 
food security for Australasia. Much of the evidence available for the region focuses on Australia. 
However, some studies have projected shifts in the climatic suitability for wine grapes across New 
Zealand (Ausseil et al., 2021). The Searchable Inventory projects reductions in wheat yield in 
Australia with warming of 1.5°C and above. Wang et al. (2018) also projected reductions in crop 
yield, particularly across the northeast wheat belt, across much of Australia but did show possible 
increases in the south of the country. Other recent studies have projected increases in wheat 
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yields in Australia with climate change. For instance, Wang et al. (2019) projected that wheat 
yields could increase by + 2.6% and + 10.5% in response to climate change by the 2030s with around 
1.5°C warming above pre-industrial levels and 2070s with around 2.8°C warming.  Similarly, Liu 
et al. (2019) projected an increase in wheat grain production in Australia with 1.5°C and 2.0°C. 
However, Ostberg et al. (2018), who compared different models and climate scenarios with 2.5°C 
warming, found disagreement in the sign of wheat yield change in Australia between different 
crop models, with some models projecting large reductions in yield (around 50%) and others 
projecting wheat yields would double in northern Australia with 2.5°C warming. Differences in 
model set up and assumptions (including the exclusion of CO2 fertilisation in the Tyndall 
projections) can explain the difference in the sign of wheat yield change between the projections 
in the Searchable Inventory and these other studies.  

Central and South America 

Reduced climate suitability and yield for beans, coffee, maize, plantain, and rice are projected 
for Central and South America (Mbow et al., 2019). There is high confidence that overall 
agricultural production will decrease as a result of climate change. These impacts are projected 
to worsen with higher levels of warming. Rosenzweig et al. (2014) projected reductions in wheat 
yields of up to 50% in South America in comparison to 1980–2010 baseline with warming of around 
4°C. Smaller reductions in other crops were also projected. Similarly, Jägermeyr et al. (2021) 
projected spring wheat losses in Mexico and South America with warming of over 4°C, with good 
agreement between different models. This is consistent with the Tyndall projections in the 
Searchable Inventory. Soybean losses were also projected in Brazil by both Jägermeyr et al. (2021) 
and the Searchable Inventory. 

There is already evidence that changes in timing and magnitude of precipitation and extreme 
temperatures are impacting crop yields and agricultural production in Central and South America. 
This is likely to increase with further warming. Decreasing water availability will be a particular 
problem for agricultural production.  

Europe 

Drought and water stress are projected to be particularly influential in driving changes to crop 
yields in Europe. There is medium confidence that some crop yields (such as wheat) may increase 
in Europe with warming of up to 2°C. However, these gains would be insufficient to offset the 
other negative effects seen in other crop yields across Europe (high confidence). Of the major 
staple crops, maize is projected to suffer the largest negative mean change in Europe. Jägermeyr 
et al. (2021) projected reductions in maize yield in current growing areas for the time period 2069-
2099 under SSP585 across climate and crop models (corresponding to warming of over 4°C), with 
the greatest reductions seen in southern Europe. By contrast, the study projected increases in 
wheat yield across current growing areas in Europe. Liu et al. (2019), in their global study of wheat 
yields projected a small (around 5%) increase across most of Europe with 1.5°C warming. With 2°C 
warming, some countries such as Italy and Greece expected to see further increases in wheat 
yields. However, Ostberg et al. (2018) compared different models and found disagreement in the 
sign of wheat yield change across Europe with 2.5°C warming. 

North America 

There is high confidence that warming temperatures and projected reductions in freshwater 
availability are very likely to alter crop production in North America with climate change. Lant et 
al. (2016) concluded that high risk to the agricultural sector in North America begins just before 
2°C warming, but global studies of crop yield change have shown a mixed picture for North 
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America. Projections in the Searchable Inventory are for reductions in wheat yield in the USA and 
Canada with warming. By contrast, Liu et al. (2019) projected an increase in wheat production of 
around 10% for the USA with 1.5°C and 2.0°C warming. For Canada the same study projected an 
increase in grain production (around 5%) with 1.5°C but then reduction with higher warming levels. 
Jägermeyr et al. (2021) projected gains for winter wheat in Northern USA and Canada with 
warming of over 4°C, but losses for spring wheat in Southern USA.  Losses were also projected in 
Soybean in the USA and maize across North America. 

Small islands 

Small island states are extremely vulnerable to sea level rise, freshwater stress and extreme 
weather events such as cyclones, which will impact their food security (high confidence). Where 
crops are located close to the coast, sea level rise and storms could lead to a loss of agricultural 
land. There are few studies of the impacts of climate change on crop production at the national 
scale for small islands. Crop suitability modelling for economically significant crops in Jamaica 
found that warming of less than 1.5°C could lead to reductions in areas suitable for production 
(Rhiney et al., 2018). In terms of food security, many small island states are likely to be more 
impacted by changes to fisheries than crop production.  

Summary 

Global food security will become increasingly challenging with projected future climate change, 
with risks generally building with greater levels of warming. Overall, the impacts on crops grown 
in the tropics are projected to be more negative than in mid to high latitudes (Mbow et al., 2019). 
Global analyses have even projected increases in the yield of some staple crops such as wheat in 
the mid to high latitudes (Rosenzweig et al., 2014). By contrast, the negative effects on food 
security will be a particular problem in Africa, as well as Central and South America. Modelling 
studies tend to focus on certain crops, for instance staple crops, such as maize and wheat, or 
those with a high economic value, such as tea and coffee. Future research should consider a 
greater range of food crops. 

Model projections and state-of-the-art methods still have high uncertainties. For some crops, 
different crop and climate models disagree on the sign of the change at the global scale 
(Jägermeyr et al., 2021). Multi-model intercomparisons (such as AgMIP) are increasingly used to 
evaluate different models and scenarios and these are extremely valuable for quantifying the 
uncertainties. These studies have shown that rice yields show less variation across models than 
other crops such as maize and wheat. It is also important to highlight the need for further model 
comparison studies as new projections and crop models become available. Hasegawa et al. (2021) 
recently reviewed the literature on climate change effects on crop yields and concluded that 
robust estimates must draw on various simulation studies. Uncertainties and the full range of 
results across different models should be clearly presented. Furthermore, the extent to which 
carbon fertilisation will influence agricultural production remains a key uncertainty in the 
projections. Few models take into account crop protein content, as well as the effects of changes 
in phenology, potential long-term changes in soil, and interactions with pests, pathogens and 
pollinators.  

The Tyndall projections in the Searchable Inventory rely on outputs from a single crop model, 
which does not consider carbon dioxide fertilisation effects, which can have implications for crop 
yield estimates. Therefore, the results presented are likely to be more negative than other studies 
(as shown in the regional sections above). However, there is also evidence that the beneficial 
effects of elevated CO2 on crop yield have been overestimated and can lead to protein deficiency, 
thus potentially offsetting increases in crop yield seen with climate change (Medek et al., 2017). 
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In addition, these estimates assume that the available crop area and the crops grown are constant 
over time. This assumption is consistent with other modelling projects, including the ISIMIP project 
and data provided by Climate Analytics. However, this means that the potential to offset declines 
in yield by shifting agriculture into areas which become more climatically suitable in the future 
has not been considered. The approach also omits the potential for climate-change induced 
increases in pests/diseases to further reduce yields. This is consistent with many other studies of 
the effects of climate change on crop yield.   

In addition, the impact of extreme weather events such as extreme heat, droughts and storms on 
food security with climate change remains uncertain. Extreme climatic events already cause food 
insecurity and can lead to increases in food prices. The increased number and intensity of extreme 
events projected to occur with warming is likely to lead to lower food production and increased 
crop damage. Crops are particularly sensitive to droughts during the developmental stages. 
Droughts also affect soils which further impacts crop production. As well as impacting crops at the 
local level, extreme events can disrupt the food supply chain. Extremes are not directly modelled 
in the projections of crop yield change presented in the Searchable Inventory. 

Furthermore, while the impact of climate change on agriculture is widely discussed, there have 
been few studies that quantify the economic responses to climate-induced crop yield changes with 
different levels of warming. Relatively few country-level studies of the economic impacts of 
climate change on agriculture exist (Wang et al., 2021). Additional research into the economic 
implications is needed.  

Despite the uncertainties in the methods and between different crop and climate models, food 
security metrics all generally show that some regions, such as Africa, Central and South America, 
will be more vulnerable. Overall, the impact of climate change on crop yield without adaptation 
is projected to be generally negative, though the magnitude of changes varies greatly within each 
crop and between regions. The metrics presented in the Searchable Inventory could be combined 
with other elements of food security, such as food access, food utilisation and food stability, to 
fully understand the impacts of climate change in this sector. For example, most studies do not 
consider technological advances.  
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2.5 Fisheries 

Introduction 

Fisheries provide food for 7.6 billion of the global population, with fish exports valued at 164 
billion US dollars and fisheries production rising year on year (FAO, 2020). 

Fisheries state-of-the-art global modelling use a variety of ecosystem models, coupled to Earth 
System Models (ESMs) from the CMIP ensemble, forced by different RCPs. Dynamic Bioclimate 
Envelope Models (DBEMs) are a central type of these ecosystem models.  DBEMs include marine 
ecosystem drivers (atmospheric, surface and bottom temperature, surface and bottom oxygen, 
and net primary productivity) from ESMs (Cheung et al., 2016). DBEMs predict current distributions 
of fisheries species from known ranges and habitat preferences, and future distributions from 
changes in habitat suitability. They include movement and dispersal of larvae and adults, 
population growth, and carrying capacity. The central metric derived from these models is the 
maximum catch potential (MCP), also called marine fish catch potential (MFCP) in marine specific 
studies (Cheung et al., 2016). MCP (or MFCP) is a projection of the future fish stock under levels 
of global warming. Another ecosystem model type, similar to DBEMs, are dynamic size-based food 
web models (DSFMs). These distinguish fish by size, rather than as individual species. DSFMs 
include marine ecosystem drivers (hydrodynamics, abiotic environment, temperature, plankton 
productivity, and biomass per plankton functional type). They represent the food web with 100 
pelagic fish groups, log-spaced by weight, which feed according to size-based preference i.e., 
with large fish feeding on small fish which in turn feed on large plankton. MFCP is also the central 
metric (Cheung et al., 2019). 

Such ecosystem models can be run at global or regional scales, with different definitions used to 
partition the ocean. Large marine ecosystems (LMEs) are used to partition the coastal ocean into 
areas with similar topography, current dynamics, productivity, and trophic interactions, and are 
where around 90% of global fisheries catch is taken. Notably they do not follow countries' national 
borders. Another way to partition the coastal ocean is by countries exclusive economic zones 
(EEZs), these extend from the coastline of the country in question, out to 200 nautical miles, 
where each country has special rights regarding extraction of marine resources (FAO, 2020). 

Climate vulnerability assessments (CVAs) are also used to assess the potential impact of climate 
change on fisheries. CVAs “provide a framework for evaluating climate impacts over a broad range 
of species with existing information. These methods combine the exposure of a species to a 
stressor (climate change and decadal variability) and the sensitivity of species to the stressor. 
These two components are then combined to estimate an overall vulnerability. Quantitative data 
are used when available, but qualitative information and expert opinion are used when 
quantitative data is lacking” (Hare et al., 2016). Similarly, an FAO study on climate impacts on 
global inland fisheries used projected temperature and precipitation output of CMIP models at 
RCP2.6 and RCP8.5 at country levels and projected water stress and population density as stress 
indicators. The stressors were then scored and combined by country to provide an overview of 
climate impacts (Harrod et al., 2019). 

Africa 

The IPCC reports with ‘high confidence’ that climate change is a ‘significant threat’ to African 
marine and freshwater fisheries, with risks accruing with warming (IPCC, AR6, Ch 9). Using African 
LMEs, risks accrue from a -8% loss in MFCP at 1.5°C to a -44% loss at 3.5°C (Appendix Table A6.1).  
Using EEZs of African countries from a DBEM and DSFM, average MFCP shows declines under RCP2.6 
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of -18% (by 2050) to -15% (by 2100), with stronger declines under RCP8.5 of -22% (by 2050) to -43% 
(by 2100) (Appendix Table A6.2). 

Cheung et al. (2016) using DEBM modelling of LMEs, found the reduced MFCP is enhanced in tropical 
regions, especially at greater levels warming, with MFCPs of -62% and -67% at 3.5°C for the Guinea 
Current and Somali Coastal Current respectively. This is slightly reduced in Southern Africa with 
MFCP’s of -41% (Benguela Current) and -36% (Agulhas Current) at 3.5°C and further reduced in 
Northern Africa with an MFCP of -14% (Canary Current) at the same warming level. While at 1.5°C 
of warming, MFCP across Africa is reduced by -8%, with a range of -1 to -12% (Cheung et al., 2016). 
Enhanced impacts in tropical regions are in part due to the acute vulnerability of coral reefs to 
climate change, which are a key habitat for a variety of commercial fish and invertebrate species, 
particularly at early life stages. The IPCC reports with ‘very high confidence’ that more than 90% 
of warm-water coral reefs will be lost at 2.1°C of warming (Hoegh-Guldberg et al., 2018)(IPCC, 
AR6, Ch 9). 

A regional study on the Benguela Current, using an end-to-end ecosystem model, forced with 
scenarios RCP2.6 and 8.5, found that for over half of the modelled groups biomass reduction 
increased from >-20% in RCP2.6 to >-30% in RCP 8.5. The largest biomass reduction was for 
anchovies, increasing from -46% to -53% under the two scenarios (Ortega-Cisneros et al., 2018). 

A trait-based CCVA on African inland fisheries of commercially important freshwater fish, found 
that risks accrue severely with warming; at 2°C warming 36% of species are vulnerable to 
extinction, this increases to 55-68% with only an additional 0.5°C of warming, and at over 4°C of 
warming 77-79% of species are vulnerable to extinction. The regions at greatest risk from warming 
are West African coastal rivers, Rift Valley lakes and the Congo River basin (Nyboer et al., 2019). 

Climate-related extreme weather has already had impacts on marine and freshwater fisheries, 
and these are likely to increase in the future as climate-related extreme weather events increase 
with climate change (Muringai et al., 2021). Although the report contains no analysis of the risks 
to the fish stocks themselves. 

Asia 

Asia contributes 75% of global fisheries production, with China, Indonesia, India, Vietnam and 
Japan in the top 10 countries globally for fisheries production (FAO, 2020). The IPCC reports ‘high 
agreement’ in the literature for ‘high vulnerability’ of Asian fisheries to climate change (IPCC, 
AR6, Ch10). 

For Asia as a whole, MFCP is projected to decline as temperatures rise from -5% at 1.5°C, to -7% 
at 2°C and to -35% at 3.5°C (Appendix Table A6.1). The range of responses across ecosystems is 
large; for several LMEs around Japan MFCP is projected to increase as temperatures rise, by 16% 
at 1.5°C for the Sea of Japan and Oyashio Current and 31% for the Sea of Okhotsk, increasing up 
to >30% and >80% respectively by 3.5°C of warming (Cheung et al., 2016). At the other end of the 
scale at 1.5°C is the Indonesian Sea with declines of -30%, and at 3.5°C the Indonesian Sea and the 
Gulf of Thailand have MFCP declining by >-90% (Cheung et al., 2016). Using EEZs of Asian countries, 
Cheung et al. (2019) finds average MFCP shows moderate declines under RCP2.6 of -7% (by 2050) 
to -6% (by 2100), with stronger declines under RCP8.5 of -14% (by 2050) to -33% (by 2100) (Appendix 
Table A6.2). 

Fernandes et al. (2016) used a regional DBEM, of a physical-biogeochemical model of the Bay of 
Bengal, using output from a regional climate model and a hydrological model (comprising river-
flow and nutrients) and applying different fishing management regimes in Bangladesh to key fished 
species. The climate model was forced with Special Report on Emissions Scenario (SRES) A1B, a 
medium-high emissions scenario, now outdated. They find a change in fisheries production of -8% 
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from 2000s to 2090s, which worsen under ‘business as usual’ and ‘over-fishing’ scenarios for two 
key fished species (Fernandes et al., 2016). Cheung et al. (2016), in their global DBEM, found 
declines in the Bay of Bengal of -1.5% at 2°C and -38% at 3.5°C. 

Barange et al. (2014) employed a dynamic coupled size spectrum model, with high-resolution of 
shelf seas, also forced with SRES A1B, to 2050, equating to around 2°C of warming. They find 
moderate declines of MFCP in Asia, varying by region. Notably they find one of the largest increases 
globally to be in the Kuroshio Current (21.3%), neighbouring the LMEs found by Cheung et al., 
(2016) to also increase. Although Cheung found declines in the Kuroshio Current LME specifically. 

Australasia 

For Australasia as a whole, MFCP is projected to decline as temperatures rise from -11% at 1.5°C, 
to -13% at 2°C and to -28% at 3.5°C (Appendix Table A6.1). Only the Southeast Australian Shelf 
shows an increase in MFCP with warming, and the effect is moderate, with no effect at 1.5°C, 
rising to an increase of 6.4% at 3.5°C. All other LMEs in this region are projected to have decreasing 
MFCP. The most affected area at all levels of warming is the North Australian Shelf, with risks 
increasing from -24% at 1.5°C, up to -76% at 3.5°C (Cheung et al., 2016). Using EEZs of Australia 
and New Zealand, average MFCP shows moderate declines under RCP2.6 of -3% (by 2050) to -2% 
(by 2100), with increased declines under RCP8.5 of -7% (by 2050) to -19% (by 2100) (Appendix 
Table A6.2). 

Climate change is already impacting fisheries in Australia through shifting the range of species 
poleward, as species move to stay within their thermal tolerance as oceans warm (Gervais et al., 
2021). Although Gervais et al. notes that studies are hampered by sparse baseline data on species 
distributions, and are generally focussed on the highly populated, southerly regions of the country, 
with a lack of research undertaken in the northerly, tropical regions. Another impact of climate 
change on Australian fisheries already evident is the loss of key habitat-forming species i.e., the 
gradual loss of kelp forests in eastern Australia (Vergés et al., 2016) and extreme weather events 
driving rapid mortality of corals and kelps (from heatwaves), seagrasses (from flooding runoff) and 
mangroves (from drought) (Babcock et al., 2019). A multi-model approach, with nine regional 
EcoPath with Ecosim (EwE) models aimed to assess the long-term climate impact of extreme 
weather events on these key habitat-forming species. A median recovery time for habitat-forming 
species of 10-15 years (ranging from 4-60 years) was found, which combined with the climate 
driven increasing frequency of extreme weather events to 1 in 15 years, results in many habitats 
being unable to sufficiently recover between events, and subsequently reducing fisheries catches 
by 15-25% (Babcock et al., 2019). 

Fulton et al. (2018) uses the Atlantis ecosystem model for the Great Australian Bight, covering 
two LMEs (Southeast and Southwest Australian Shelves), for a variety of stressors, including 
climate change, fisheries, protected areas, pollution, and shipping. Fulton et al., find changes in 
fisheries catch at 2°C (under RCP8.5 in 2050) of declines in demersal fish (-14%), slope fish (-8%) 
and small forage fish (-11%) and increases in large pelagic fish (16%). For comparison, at 2°C of 
warming Cheung et al. (2016) find a slight increase in fisheries catch for the Southeast Australian 
Shelf (1%) and a substantial decrease for the Southwest Australian Shelf (-23%). 

Pethybridge et al. (2020) employ 13 marine ecosystem models (of five types) of regions around 
Australia, forced with the multi-model mean of CMIP5 for RCP8.5 to 2050, finding temperate and 
demersal regions to be more negatively affected by climate change than tropical and pelagic 
regions. The demersal/pelagic response is similar to results found by Fulton et al. (2018), while 
the temperate/tropical response is in opposition to results in Cheung et al. (2016) at 2°C, where 
the most northerly tropical LME has the strongest negative response (-29%) and the most southerly 
temperate LME has the most positive response, of a small increase (1%) in catch potential. 
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In New Zealand, a statistical spatial population model of albacore tuna, found an increase in 
abundance and a range expansion poleward under RCP8.5 (Cummings et al., 2021). Law et al. 
(2016) use an ensemble of ESMs to project vertical particle flux under RCP4.5 and RCP8.5 to 2100, 
this is combined with current fish ranges and diets to generate a ‘fish-based’ flux. Overall, a 
decrease in particle flux was found, with subsequent decreases in fish flux for all 38 key species 
assessed, with biomass changes of between -2.9 to -14.7% for RCP4.5 and between -5.7 to -24.6% 
for RCP8.5 (Law et al., 2016). This aligns with results from Cheung et al. (2016) which finds 
declines in the New Zealand Shelf MFCP of -7 to -21% at 1.5°C to 3.5°C of warming. 

Central and South America 

Central & South America contains the most productive marine ecosystem for fisheries catch, the 
Humboldt Current System (HCS), where climate is considered the most important driving factor 
(Bertrand et al., 2019). The IPCC reports ‘high confidence’ in impacts of climate change hazards 
in fished marine resources, with ‘very high confidence’ that the worst impacts will be in the 
Eastern Tropical Pacific, including the HCS, related to changes in El Niño Southern Oscillation 
(ENSO) (IPCC, AR6, Ch12). 

For Central & South America as whole, MFCP is projected to decline as temperatures rise from -
13% at 1.5°C, to -15% at 2°C and to -32% at 3.5°C (Appendix Table A6.1). Six of the seven LMEs 
have a minimal change in MFCP from 1.5°C to 2°C, with values across the ecosystems ranging 
between -3% and -17%. The MFCP for four of these ecosystems then reduces at 3.5°C to between 
-20 and -40% and remains the same for the other two. The other ecosystem, Pacific Central 
American, stands out as the most affected with risks strongly accruing from -33% at 1.5°C to -98% 
at 3.5°C (Cheung et al., 2016). Using EEZs of Central & South American countries average MFCP 
declines under RCP2.6 of -7% by 2050 reducing slightly to -4% by 2100. While under RCP8.5 MFCP 
declines from -11% by 2050 to -32% by 2100 (Appendix Table A6.2). 

A biogeochemical model of the HCS, investigating climate effects on egg and larval dispersal of 
small pelagic fish (i.e. Anchovy), comparing pre-industrial to 4xCO2 for a 30-year period, found a 
significant reduction in fish capacity with increasing CO2 (Brochier et al., 2013). Global models 
find more moderate declines in MFCP in the HCS, of -7% to -9% from 1.5°C to 3.5°C (DBEM, Cheung 
et al., 2016), -3% to -10% from 1.5°C to >3.5°C (DBEM, Cheung et al., 2019) and -4% to -13% from 
1.5°C to >3.5°C (DSFM, Cheung et al., 2019). The HCS has previously undergone large changes 
shifting the ecosystem into different states, these ecosystem shifts are very likely to occur under 
climate change (Bertrand et al., 2020), but are not currently accounted for in current modelling, 
especially global scale models. The FAO reports this as a key reason why global models predict a 
low to moderate impact in this region from climate change (Cheung et al., 2019). Although both 
types of model in Cheung et al. (2019) predict more substantial declines in Peru’s EEZ (northern 
HCS) at >3.5°S of -55% and -23% (DBEM and DSFM respectively). 

The DBEM finds the strongest impacts of climate change occurring in the tropics, in the Pacific 
Central-American region, of -98% at 3.5°C in Cheung et al. (2016) and -78% at >3.5°C in Cheung et 
al. (2019), with the DSFM finding more moderate declines of -19% at >3.5C (Cheung et al., 2019). 

Europe 

The IPCC reports with ‘high confidence’ that climate change has already negatively impacted 
marine fisheries in Europe, particularly in the North Sea, Iberian coastal Sea and Celtic-Biscay 
Shelf (IPCC, AR6, Ch13). Although, with most fish stocks already overfished (Froese et al., 2018), 
extraction, rather than climate change, is considered the largest impact on fisheries in Europe. 
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For Europe as a whole, MFCP is projected to decline as temperatures rise from -8% at 1.5°C, to -
12% at 2°C and to -19% at 3.5°C (Appendix Table A6.1). One ecosystem is projected to have an 
opposing trend to the rest, with MFCP in the Black Sea increasing as temperatures increase, from 
an initial decline of -14% at 1.5°C, up to a 37% increase at 3.5°C. All other ecosystems have 
negative MFCP at 3.5°C, with three experiencing declines of >-37% (North Sea, Celtic-Biscay Shelf 
and Mediterranean). Using EEZs of European countries MFCL declines on average by -28% to -25% 
by 2050, further declining to -31% to -39% by 2100 (RCP2.6 and 8.5 respectively) (Appendix Table 
A6.2). 

The European-wide project CERES (Climate change and European Fisheries and Aquaculture) 
assessed fisheries using regional-scale models with RCP4.5 and RCP8.5 to 2100, under a range of 
management scenarios (Peck et al., 2020). For most commercially fished species, abundance was 
reduced by -35%, between 1.5°C and 4°C, with reductions up to -90% for species in certain regions 
i.e., herring and plaice in the North Sea, Northeast Atlantic and Bay of Biscay, and mackerel and 
sardine in the western Mediterranean and Aegean Sea (Peck et al., 2020). 

Fernandes et al. (2017) used two coupled regional hydrodynamic-biogeochemical models of UK 
fisheries under RCP2.6 and RCP8.5 to 2100 and found that MFCP declined by around -60% under 
RCP8.5, equating to warming >3.5°C. This is higher than the declines found by two global models 
for the UK under RCP8.5, of -40% (DSFM) and -25% (DBEM) by 2100 (Cheung et al., 2019). 

Heatwaves have caused mass mortality events of marine and freshwater species across Europe, 
and this is likely to worsen under climate change (Frölicher et al., 2018), but such extreme 
weather events are poorly represented in models. 

North America 

The IPCC reports with ‘high confidence’ that climate change will intensify losses in North American 
fisheries (IPCC, AR6, Ch 14). For North America as a whole, MFCP is projected to decline as 
temperatures rise from -5% at 1.5°C, to -8% at 2°C and to -22% at 3.5°C (Appendix Table A6.1). 
LMEs of the Atlantic coast of the U.S. have the largest decline and follow a similar trend, with a 
small decrease in MFCP from 1.5 to 2°C (range of -7 to -20% decreasing to a range of -10 to -23%), 
then dropping to -38 to -47% at 3.5°C of global warming. The other LMEs stay within a range of 
±2% for 1.5 and 2°C of warming, the Gulf of Alaska has an increase in MFCP at 3.5°C of 10%, while 
the other LMEs decrease to a range of -11 to -15% (Cheung et al., 2016). Using EEZs of North 
America, declines average -6% by 2050 for RCP2.6 and RCP8.6, and -5% to -11% by 2100 (RCP2.6 
and 8.5 respectively) (Appendix Table A6.2). 

Declines in yield and poleward range shifts have been found by several regional studies of North 
America. Hare et al. (2016) used a CVA of 82 marine species in the Northeast US Shelf, finding 
that for half of species climate vulnerability is high to very high, and for most species there is a 
high potential for range distribution shifts with climate change. Rheuban et al. (2017) used a 
subset of a CMIP5 model, regionally downscaled for the northeast US Shelf under RCP4.5 and 
RCP8.5. They used bottom temperature combined with the known thermal tolerance of life stages 
of the American Lobster, and found poleward and offshore range expansion, with range reduction 
in nearshore southerly regions. Morley et al. (2018) coupled habitat models for 686 marine species 
to CMIP5 models under RCP2.6 and RCP8.5 for North American Atlantic and Pacific shelves. Range 
shifts under climate change were mostly poleward following coastlines, but with variation in 
regions and species. The largest range shifts were in the Californian Current, followed by the Gulf 
of Alaska, then the northeast US Shelf. 

Moore et al. (2021) updated the model from Morley et al. (2018) adding RCP4.5, two new models, 
and projecting catch levels, assuming the catch changes in direct proportion to the projected 
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change in habitat range. They project catch levels by 2100 for crustaceans will decline by -2.8% 
to -3.5%, and for fish by -3% to -13.2%, for RCP4.5 and RCP8.5 respectively. Bryndum-Buchholz et 
al. (2020) using Fish-MIP (involving CMIP5 projections forced with RCP2.6 and 8.5, driving six 
marine ecosystem models) found declines in biomass of –5 to -40% under RCP8.5 for the northeast 
US Continental Shelf and Scotian Shelf. Similar to the declines in biomass found by Cheung et al. 
(2016) of 13-43% in their global DBEM for the same region. Although it should be noted that this 
DBEM was one of the six models used in Bryndum-Buchholz et al., albeit under slightly different 
conditions. 

Cheung and Frölicher (2020) modelled marine heat waves in the northeast Pacific, using DBEM 
forced by an ensemble of ESMs using RCP8.5 to 2050, finding that marine heat waves doubled the 
negative impact of climate change on key fisheries species. 

Small islands 

Small island countries are often inherently more dependent on fisheries for national income, food 
security and independence than other countries (Monnereau et al., 2017), with fish protein 
estimated to contribute 40-90% of the animal protein consumed in Pacific island’s (Bell et al., 
2009; Hanich et al., 2018). 

Bell et al. (2021) modelled the western Pacific Ocean for three tuna species, used a spatial 
ecosystem and population dynamics model, forced with four ESMs for RCP8.5 to 2050. The 
combined tuna biomass declined by an average of -13% for the island EEZs, and >-20% for three of 
the EEZs, while concurrently increasing by an average of 12% in the high seas. Asch et al. (2018) 
modelled the western Pacific Ocean, including seventeen Pacific Island entities, using DBEM to 
forecast MFCP to 2100 under RCP8.5. For nine of the island entities MFCP is projected to decline 
by >-50%. The only increases occur in Wallis and Futuna by 2050, which changes to a decline by 
2100. While for Easter Island, in the eastern Pacific, MFCP is projected to increase by 43% by 2100 
under RCP8.5 (Cheung et al., 2019). 

Townhill et al. (2021) downscaled ESMs under RCP4.5 and RCP8.5 for the South Atlantic, with an 
ensemble of four species distribution models of five tuna species, to determine changes in habitat 
suitability in the EEZs of Tristan da Cunha, St Helena, and Ascension Island. Habitat suitability for 
one species declined in Tristan da Cunha and St Helena, while it increased in the other EEZ. For 
all other species in every EEZ habitat suitability increased with climate change. Cheung et al. 
(2019) found increased MFCP for Tristan da Cunha (DBEM 25%, DSFM 1%), and decreased MFCP for 
Ascension Island (DEBM -26%, DSFM -42%) and St Helena (DBEM -5%, DSFM -43%) by 2100 under 
RCP8.5. 

In their global study, Cheung et al. (2019) projected that by 2100 under RCP8.5, islands in the 
Indian Ocean may experience a decline in MFCP of -42% on average, while those in the Caribbean 
are projected to experience a decline of -17% on average. Impacts in tropical small island countries 
are expected to be more acute due to the vulnerability of coral reefs to climate change, which 
act as a key habitat for certain life-stages of many commercial fish and invertebrates. The IPCC 
reports with ‘very high confidence’ that these tropical corals in the Pacific and Indian Oceans are 
presently at ‘high risk’, and with ‘high confidence’ of 70-90% loss at 1.5°C of warming and 99% loss 
at >2°C (Hoegh-Guldberg et al., 2018). Global models of climate impacts on coral reefs and those 
on fisheries are not yet integrated, and so the future impact of declining corals on fisheries species 
has yet to be quantified with modelling studies.  

 

Polar 
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Projections differ strongly in the polar regions between global and regional models. Global-scale 
models often project increases in catch potential, while regional, high-resolution models often 
project declines in catch due to warming and loss of sea ice (IPCC, AR6, Ch 6). 

Global DBEM studies show strong increases in MFCP in polar regions with warming, following the 
opposite trend to most other global regions. In polar LMEs catch is projected to strongly increase 
as temperatures rise from 18% at 1.5C, to 41% at 2°C, up to 110% at 3.5°C ( Appendix Table A6.1). 
In polar EEZs catch increases by 42% in 2050 to 71% in 2100 (average of RCP2.6 and 8.5) (Appendix 
Table A6.2). However, in a global DSFM of polar EEZ’s, catch is projected to decline with warming 
by -2% in 2050 to -8% in 2100 (average of RCP2.6 and 8.5) Appendix Table A6.2). 

In the Antarctic LME (sited around the coastline) at 1.5°C and 2°C MFCP is reduced by around -
10%, but then increases to 5% at 3.5°C (Cheung et al., 2016). A later global study using the same 
DBEM reported for small island EEZs in the Southern Ocean, where more of the fishing occurs. For 
these islands, a similar but more extreme trend was found with catch declining by 2050 by -8 to -
1% (RCP2.6 and 8.5) and then increasing by 2100 by 1 to 82% (RCP2.6 and 8.5). The DSFM used in 
the same study found moderate increases in catch for both RCPs of around 1%, increasing to 1.5% 
in 2100 (Cheung et al., 2019). A key fisheries species in the Southern Ocean is krill, whose 
distribution and biomass has shifted poleward and declined with warming. Future projections of 
krill are still considered uncertain (Atkinson et al., 2019). 

The Arctic contains 15 LMEs which exhibit a wide range of responses to climate change. The Faroe 
Plateau and Newfoundland-Labrador Shelf have declining MCFP for all levels of warming, and the 
Norwegian Sea and Greenland Sea have minor gains for 1.5 and 2°C which become losses at 3.5°C 
(Cheung et al., 2016). These four LMES are at lower latitudes in the Atlantic region of the Arctic. 
At similar latitudes in the Pacific, the Aleutian Islands and East Bering Sea experience substantial 
increases in MFCP, with the Aleutian Islands rapidly accruing with warming, from increases of 72% 
at 2°C, up to 164% at 3.5°C. The largest increase is in the Kara Sea, north of Russia, where at only 
1.5°C MFCP increases to 89% and continues to increase with warming up to 655% at 3.5°C (Cheung 
et al., 2016). 

Several regional high-resolution models of the eastern Bering Sea have found declines in catch and 
biomass, opposing trends found in a global DBEM of the same region where catch increases with 
warming from 27% (1.5°C) to 30% (2°C) to 46% (3.5°C) (Cheung et al., 2016). Szuwalski et al. (2021) 
found populations declined and contracted poleward for two of three crab species studied. 
Holsman et al. (2020) used an ensemble of high-resolution downscaled ocean models, coupled to 
a nutrient-phytoplankton-zooplankton model and a multispecies stock assessment, and found by 
2100 under RCP8.5 fisheries stocks declines by -70% for pollock, -41% for cod, and -6% for flounder. 
By 2100 for RCP4.5, stocks of the same species declined by -47%, -25% and increased by 7% 
respectively. Reum et al. (2020) used downscaled ESMs under RCP4.5 and 8.5 to force a 
multispecies size spectrum model of the local foodweb. By 2100 stock biomass is projected to 
decline by -36%, with fisheries catch declining by -61% (average of RCPs). 

Mixed results have been found by regional studies of other areas of the Arctic. Bryndum-Buchholz 
et al. (2020) used the Fish-MIP model, which involves CMIP5 projections driving six marine 
ecosystem models, found declines in biomass of -5% to -40% under RCP8.5 in the Labrador-
Newfoundland LME region, changing to increases in biomass of 20% to 70% further poleward in the 
Canadian Eastern Arctic – West Greenland LME. Steiner et al. (2019), using a marine ecosystem 
multi-model ensemble study of the Western Canadian Arctic, found a decrease in a key fisheries 
species, Arctic cod, MFCP of -17% by 2100 under RCP8.5, but increases of two-tenfold in MFCP of 
other fish species. Weatherdon et al. (2016) used a DBEM including 98 exploited marine species 
along British Columbia (in the Gulf of Alaska LME), forced under RCP2.6 and RCP8.5. Most species 
declined under both scenarios, with enhanced declines under RCP8.5 compared to RCP2.6, 
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averaging -21% and -15% MFCP respectively. While a global DBEM found a 10% increase in MFCP at 
3.5°C in the Gulf of Alaska (Cheung et al., 2016). 

Summary 

From a global perspective, fisheries are expected to decline with a warming climate (‘high 
confidence’ in many regions), with risks accruing as temperatures increase, and risks generally 
more severe in the tropics (Appendix Tables A6.1 and A6.2). Smaller scale, regional models 
generally have higher resolution and focus on specific species, in the Polar regions it is notable 
that these often predict opposing results to global models, with strong increases in catch in global 
models and strong decreases in catch (with a few exceptions) in regional models. In other areas, 
regional models predict the same trend as global models, but to varying degrees of strength. 

In the majority of regions around the world, exploitation of fisheries resources is the major driver 
of stock levels rather than climate change (FAO, 2020; Barange et al., 2018), with the FAO stating 
“it is important to note that these projections only reflect changes in the capacity of the oceans 
to produce fish, and do not consider the management decisions that may or may not be taken in 
response” (Barange et al., 2018). Modelling the interaction of climate change integrated with 
changes in fisheries catch, overfishing, marine protected areas etc, is still in early stages and 
introduces substantial additional complexity. 

The increase in extreme weather is considered detrimental to marine fisheries, with studies 
analysing the impacts of current and historic extreme weather events (Muringai et al., 2021; 
Sainsbury et al., 2018), but these are yet to be included in most marine fisheries models. For 
example, marine heatwaves are likely to increase with climate change, threatening fisheries 
(Smale et al., 2019) and where they have been explicitly modelled in the northeast Pacific, 
heatwaves were found to double the impact of climate change on fisheries (Cheung and Frölicher 
2020). The severe projected impacts of climate change on coral reefs are also yet to be integrated 
into most marine fisheries models. 

Data deficiencies for African freshwater fish, around populations sizes, genetic variability, and 
life history of species (Nyboer et al., 2019), limit the reliability of models. The low buffering 
capacity of freshwater ecosystems makes them particularly vulnerable to climate change (Harrod 
et al., 2019). Modelling of freshwater fisheries globally is far behind that of marine fisheries, in 
part because of the wide range of freshwater habitats (from lakes, to rivers, to wetlands), and in 
part because of their small contribution to global fisheries production (12%). The use of modelling 
for inland fisheries projections is based on model outputs of temperature and hydrological changes 
due to climate change, with these outputs then used to manually assess the impact on fisheries. 
Non-climate anthropogenic based stressors are predicted to have a greater impact on inland 
fisheries than climate change, these stressors include over-exploitation, habitat degradation, 
pollution, dam building, water extraction among others (Harrod et al., 2019). 

North America and the Canadian Arctic have a substantially greater volume of literature, 
especially with relation to directly modelling fisheries under climate change, compared to most 
other regions. The regional, high-resolution, multi-system modelling work here needs to be 
extended globally to improve predictions of climate change impacts on key fisheries species. 
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2.6 Biodiversity and ecosystem services 

Introduction 

The observed impacts of climate change on biodiversity were first highlighted in the IPCC Third 
Assessment Report and a subsequent meta-analysis of the published literature (Root et al. 2003).  
Since then, hundreds of additional studies have been published such that, by the IPCC Fifth 
Assessment Report, more than 4000 species had been studied (Parmesan, 2006; Parmesan and 
Hanley, 2015). These analyses continue to be made and published, and the confidence in the 
attribution to climate change is even stronger (Scheffers et al., 2016; Wiens, 2016; Cohen et al., 
2018; Feeley et al., 2020).  There is very high confidence and high agreement that climate change 
has impacted, and continues to impact, changes such as range shifts (usually poleward or up in 
elevation) and the timing of events such as migration, flowering, or breeding.  Climate associated 
local extinctions have been observed in 47% of 976 species examined (Wiens 2016; very high 
confidence). These extinctions were higher in the tropics (55%), than in temperate habitats (39%), 
higher in freshwater (74%), than in marine (51%) or terrestrial (46%) habitats, and higher in animals 
(50%) than in plants (39%).  Further studies noted that, in many of the areas where local extinctions 
were observed, changes in extreme weather events had increased at a much higher rate than 
changes in means (Román-Palacios and Wiens, 2020). Globally, it is much more difficult to identify 
when a species has become totally extinct, and even more difficult to attribute it with high 
confidence.  Nevertheless, the balance of evidence is that three species/subspecies have become 
extinct owing, directly or indirectly, to climate change (medium confidence (one species), high 
confidence (the other two).   

There have been thousands of studies on the potential impacts of climate change on species, 
ecosystems, and biodiversity, both locally and globally. The largest comprehensive study to date 
is that by Warren et al. (2018) which drew on the modelling efforts of the Wallace Initiative to 
project how climate change will constrain the geographic range of over a hundred thousand 
species globally. The results from this study have underpinned key messages in the IPCC 1.5°C 
Special Report, and key messages and figures in the forthcoming IPCC Sixth Assessment Report.  
The Wallace Initiative also underpins many of the entries in the Tyndall data included in the 
Searchable Inventory and the methods and data are described in appendix A7. 

The key findings, globally, from Warren et al. (2018a) are: 



 

Page 47 of 193 

 

 

Figure 2: Plants – Proportion of species losing more than 50% of their range 

 

At 3.2°C warming, climatic range losses of >50% are projected in 44% of the terrestrial plants, 
dropping to 16% at 2°C, and 8% at 1.5°C.  Thus, when warming is limited to 1.5°C as compared 
with 2°C, the numbers of species of plants projected to lose >50% of their climatic range is reduced 
by ~50%.  Thus, limiting global warming to 1.5°C avoids half the risks associated with warming of 
2°C for plants. 

 

 

Figure 3: Vertebrates - Proportion of species losing more than 50% of their range 



 

Page 48 of 193 

 

 

At 3.2°C warming, climatic range losses of >50% are projected in 26% of the terrestrial birds, 
mammals, reptiles and amphibians, dropping to 8% at 2°C and 4% at 1.5°C.  Thus, limiting warming 
to 1.5°C as compared with 2°C, means the numbers of vertebrates projected to lose >50% of their 
climatic range are reduced by ~50%. Limiting global warming to 1.5°C avoids half the risks 
associated with warming of 2°C for vertebrates. 

 

 

Figure 4: Insects - Proportion of species losing more than 50% of their range 

 

A major advance in this study, compared to previous studies, was the inclusion of large numbers 
of insects.   At 3.2°C warming, climatic range losses of >50% was projected in 49% insects, dropping 
to 18% at 2°C, and 6% at 1.5°C.  Thus, limiting warming to 1.5°C as compared with 2°C, means 
that the numbers of insects projected to lose >50% of their range are reduced by ~66%. Limiting 
global warming to 1.5°C avoids two thirds of the risks associated with warming of 2°C for insects.  
Concern over the impacts of climate change on insects, especially pollinators, has moved from the 
science policy realm and has been picked up in more mainstream public sources such as Wired 
magazine and the new ABBA song ‘Bumblebee’. 

The searchable inventory includes the overall breakdown for projected changes in biodiversity (as 
a whole as opposed to these individual groups) summarised for countries. 

Global Summary: Ecosystems 

Maps showing biodiversity loss with increasing levels of climate change. The higher the percent of 
species projected to lose suitable climate in a given area, the greater the risk to ecosystem 
integrity, functioning and resilience to climate change. Warming levels are based on global levels 
(GSAT) above pre-industrial temperatures. Colour shading represent proportion of species for 
which the climate is projected to become unsuitable within a given pixel across their current 
distributions at a given GSAT warming level, based on the data underpinning Warren et al. (2018; 
modelled n=119,813 species globally, with no dispersal, averaged over 21 CMIP5 climate models). 
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Areas shaded in green are above the 50% biodiversity loss threshold, meaning that <50% of species 
in that area are projected to go locally extinct (I.e., lose their suitable climate). Areas shaded in 
pink and purple represent significant risk of biodiversity loss (areas where climates become 
unsuitable, rendering them locally extinct, for >50% and >75% of species, respectively). The maps 
of species richness remaining have been overlaid with a landcover layer (2015) from the European 
Space Agency Climate Change Initiative. This landcover layer leaves habitats classified by the ESA 
as natural as being transparent, cities as black, water as blue, permanent snow/ice as white and 
bare/rock as dark brown. Areas with a landcover identified as agriculture are 5% transparent, such 
that potential species richness remaining if the land had not been converted to agricultural shows 
as pale shading of the legend colours (very pale pink or very pale green). These paler areas 
represent biodiversity loss due to habitat destruction, but with a potential to be restored, with 
green shading having potential for restoration to higher species richness than pink and purple 
shadings. 

 

a. 1.5°C 

  

 

b. 2°C 
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c. 3°C 

 

 

d. 4°C 

 

Figure 5: Maps showing biodiversity loss at increasing levels of warming 
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Figure 6: Areas classified as both natural and refugia under different levels of warming 

 

Areas classified as both natural and refugia under different levels of warming are shown in Figure 
6. The darker the blue, the higher the temperature at which the area remains a refugia. These 
areas are projected to be more resilient to higher levels of warming and thus could be considered 
as ‘better’ areas for new protected areas, at least in terms of climate. Areas in the Maritimes of 
Canada, the southern cone of South America, the Andes, China and Western and Central Africa 
show refugia at higher temperatures. Many more areas would be refugia at 2°C, strengthening the 
argument that the best adaptation for biodiversity is mitigation. 

Global Summary: Species and Extinction Risk 

Figure 7 and Figure 8 show the percent of species of different taxonomic groups classified as being 
under risk of extinction (medium to high confidence). Figure 7 shows the percent of the species 
group listed projected to be at very high risk of extinction, corresponding to the IUCN Red List 
criteria for a species classified as "critically endangered" (version 3.1) through losing >80% of its 
climatically suitable range area. Figure 8 shows the percent of the species group listed projected 
to be at high risk of extinction, corresponding to the IUCN Red List criteria for a species classified 
as "endangered" (version 3.1) through losing >50% of its climatically suitable range area. For a) 
and b), values calculated from the underlying data underpinning (Warren et al., 2018). Values for 
each temperature are the mean values across 21 CMIP5 models.  The grey band represents the 
high-end of extinction risk from the 10th percentile of the climate models to show the maximum 
range of values while the low end (90th percentile, 1.5°C) is not shown as it is too small to appear 
on the plots. Taxa marked with * represent potential benefits from a kay autonomous adaptation, 
specifically dispersal at realistic rates (Warren et al., 2018); those with no * have dispersal rates 
that are essentially not detected in the spatial resolution of the models (20 km). See (Warren et 
al., 2018) for caveats and more details. Sample size for each group is as follows: Invertebrates 
(33949), Annelid Worms (155), Butterflies (1684), Moths (6910), Dragonflies (599), Pollinators 
(1755), Spiders (2212), Beetles (7630), True Bugs (1728), Bees/Ants/Wasps (5914), Flies (4809), 
Plants (72399), Flowering Plants (52310), Conifers (340), Timber spp (1328), Grasses (3389), Fungi 
(16187), Vertebrates (12642), Mammals (1769), Carnivores (107), Ungulates (80), Bats (500), Birds 
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(7968), Passeriformes (4744), Non-passeriformes (3224), Amphibians (1055), Frogs (887), 
Salamanders (163), Reptiles (1850), Snakes (1741), Turtles (94). Globally, using the above and 
other data, it is estimated that there is a potential for species extinctions to reach 60% with 5°C 
GSAT warming (high confidence). 

 

 

 

Figure 7: The % of species projected to lose >80% of their climatic range; this would be considered critically 
endangered or very high extinction risk with a >50% likelihood of extinction in 10-100 years. Even the lowest level of 
extinction risk from climate change (9% at 1.5°C) is 1000x the background rate. This is in addition to other human 
causes. 
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Figure 8: The percent of species of different taxonomic groups classified as being under risk of extinction (medium to 
high confidence). High extinction risk means >20% likelihood of extinction in 20-100 years. This is based on the number 
of species projected to lose >50% of their climatic range. This level of range loss would lead to ecosystems with 
substantially reduced structure and functioning. This would also have significant impacts on the services the 
ecosystems provide to humans. 

Africa 

Biodiversity loss as a result of climate change is projected to be widespread across Africa. There 
is high confidence that impacts will worsen with high levels of warming. With warming of greater 
than 2°C the risk of loss of biodiversity, increases and becomes more widespread, especially in 
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Central, West and East Africa (Trisos et al., 2020). Endemic species were projected to be 
particularly impacted (Manes et al., 2021).  

Asia 

There is high confidence that climate change will lead to sizeable changes in the distribution of 
plant and animal species within Asia. Asia is projected to incur a general northward shift and 
upward shift of species as a result of continued climate change in those species able to disperse 
and where there are no barriers. Previous work (and Tyndall projections in the Searchable 
Inventory) showed that the best refugia in China is likely to be found in the northeast of the 
country (Price et al. In review) . Important refugia are also projected within the Western Ghats 
and in the Himalayas. Changes to the species composition or abundance of plant communities are 
have been projected across the region (Chen et al., 2018; Matsui et al., 2018).  

Australasia 

There is high confidence that climate change will have profound effects on the biodiversity of 
Australasia, including some irreversible impacts, such as species becoming extinct. Mountainous 
regions, such as the south-east Australian Alps Bioregion, are particularly vulnerable. However, 
some native and invasive species may see increases in range as a result of climate change 
(Rizvanovic et al., 2019; Giejsztowt et al., 2020).  

Central and South America 

There is medium confidence that the biodiversity of Central and South America, particularly within 
the region’s biodiversity hotspots, is likely to be particularly negatively impacted by climate 
change. Manes et al. (2021) reviewed the literature and found prominent negative impacts for 
endemic species in Central and South America’s biodiversity hotspots. Andean species are likely 
to be particularly vulnerable due to the high levels of endemicity and their limited ability to adapt 
by dispersing into new areas as the climate warms (Cuesta et al., 2020). Results from previous 
work and in the Tyndall projections in the Searchable Inventory showed that much of the Amazon 
is not projected to contain refugia for biodiversity even with warming as low as 1.5°C.  

Europe 

Climate change is projected to decrease suitable climate space for many species in Europe and 
lead to northwards and upslope range shifts. There is very high confidence that risks to terrestrial 
ecosystems in Europe will increase with warming, with southern Europe generally at greater risk 
than northern Europe. However, species that are adapted to the colder regions of northeast Europe 
will also be particularly vulnerable as they have limited ability to adapt by colonising northwards. 
Dyderski et al. (2018) modelled changes to the distribution of major tree species in European 
regions with warming of around 1.7°C and found that northern distributions of pioneer and 
coniferous species were most vulnerable.  

North America 

There is high confidence that climate change will increase risks to the biodiversity of North 
America, with greater risks projected with greater levels of warming. In North America, montane 
ecosystems, including the Appalachian Mountains biodiversity hotspot, are projected to be 
particularly vulnerable. Allen (2017) projected over 93% distributional loss for all lichen species 
investigated in the Appalachian Mountains under a high warming scenario.   

Small islands 
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Island biodiversity is projected to be particularly vulnerable to climate change due to geographic 
isolation, high endemicity, and typically narrow ranges and small population sizes of many 
species (Kumar et al., 2020; Manes et al., 2021). There is high confidence that increased climate 
change will significantly affect the biodiversity and ecosystems of small islands. Manes et al. 
(2021) reviewed previous studies and found that 100% of endemic species from islands examined 
faced extinction with warming. The biodiversity of small islands will also be affected by sea 
level rise (Bellard et al. 2014) and this is not considered in most typical climate 
change/terrestrial species distribution models. Sea level rise is projected to submerge some 
small islands, increase coastal erosion and lead to saline water intrusion, affecting habitats close 
to the coast.   

Outside of hotspots, there have been few systemic analyses of how climate change may impact 
the terrestrial biodiversity of islands (here including large islands, such as Papua-New Guinea that 
have fallen through gaps in IPCC coverage).  For IPCC AR6, an analysis was undertaken using data 
from Warren et al. 2018a and 2018b and these results are shown, island by island in an 
accompanying table in that chapter. Equivalent data are in the Searchable Inventory. 

Polar 

High Arctic biodiversity is particularly vulnerable to climate change owing to high exposure to 
climate related hazard, high sensitivity and limited adaptive capacity. As warming continues, 
range shifts will become more pronounced. Wauchope et al. (2017) modelled the impact of 
warming on Arctic shorebirds and found that 66% of species are projected to lose the majority of 
currently suitable breeding area with RCP4.5 and 83% with RCP8.5 in 2070. Foden et al. (2013) 
found that the proportion of bird species threatened was highest in the Arctic and Southern Ocean. 
Unlike in other areas, species adapted to polar regions would not be able to shift their ranges to 
track a warming climate.  Higher temperatures are already causing degradation of permafrost in 
the Arctic tundra. Further climate change is projected to expand distributions of woody plants in 
many areas of Arctic and alpine environments, reducing the area of tundra (Mod and Luoto, 2016). 
There is high confidence that the encroachment of woody shrubs will continue with higher levels 
of warming.    

Ecosystem Services and Natural Capital 

There is high confidence that degradation of ecosystems leads to loss of ecosystem services and 
ecosystem resiliency.  This is from any impact, including climate change (e.g., observed changes 
in biomes attributed to climate change already impacting some ecosystems services).  There is 
medium confidence that observed changes in species, with <1°C GSAT warming, have already 
impacted ecosystem services.  However, there is high confidence that continued changes to 
species and ecosystems will reduce the ability of ecosystems to provide necessary human services. 
This is the logic underpinning the Natural Capital Climate Risk Register (Price et al in review) and 
extensively discussed by the UK Natural Capital Coalition and formalized in the UN SEEA 
Environmental Accounting guidelines (2021).  Ecosystem protection affords some protection from 
further loss to ecosystem services from many impacts, but not from direct climate change impacts.  
However, ecosystem restoration can increase ecosystem services and work to rebuild the natural 
capital bank (high confidence).  This benefit declines with increasing GSAT, especially at warming 
levels of 3°C and higher. 

Summary 

Species rarely go locally extinct owing to changes in the mean.  This is also true in the three 
species that are thought to have gone extinct owing to climate change.  Local extinction is largely 
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thought to be tied to changes in one or more extreme events, operating either directly, or 
indirectly.  The mean climate should be seen as a proxy for a future where what is currently 
extreme, becomes the new mean.  Models projecting how species’ ranges (or populations) change 
with projected future climate change are almost all based on changes in mean climates.  This, 
then, is one of the key research gaps needing to be addressed. While there has been some progress 
along these lines in plants, it is much more difficult to model how animals may respond to extreme 
events at a global level. Adequately assessing how extreme events may shape a species range 
requires regular survey data to enable associating species’ occurrences at place x with the climate 
at place x over a period of years.  This level of information is only available for some taxa in a few 
areas and is not adequate for modelling large numbers of species over the globe.    

Almost all model projections are likely to be conservative, owing to processes that are not included 
in the models that, overall, tend to underestimate projected impacts.  A key factor omitted from 
many models is the effect of extreme events (such as floods, seasonal droughts, or heatwaves, 
which can then in turn lead to fire for example), that are generally projected to increase in 
frequency and intensity as climate changes.  This is important because species do not experience 
the mean climate – they experience a series of changing extreme events around the mean, and as 
those extremes become more extreme it is the experience of these that are likely to cause local 
extinction.  This is particularly important because climate change increases climate variability 
disproportionately compared to the mean (that is, if for example, the mean summer climate in a 
place becomes 2°C warmer locally, the heatwaves are likely to be more than 2°C warmer than 
previously experienced, and they are likely to happen more often).  Whether species can recover 
or not from extreme events depends on how quickly the climate returns to ‘normal’ or how often 
the event in question occurs.  In the few cases where extreme events, or adequate time series, 
have been included in a bioclimatic modelling study, the projected impacts were modelled to 
occur much earlier than models based on changes in the means.  While certain traits may make 
some individual species more resilient to climate change (and research is just beginning to really 
tease out what these traits are), the lack of inclusion of extreme events suggests that many species 
may be more sensitive than once thought.  Another key factor missing in many models is the 
tendency for changes, often increases, in the ranges of pests and diseases as the climate warms.  
These pests and diseases then impact biodiversity and this is not included in the bioclimatic 
models.  Even mechanistic models, based on physiology, that run at daily or yearly time steps 
often do not include disturbances such as pests and fire.   

What this means, in terms of natural resource and conservation planning, is that the “best” 
approach needs to combine a no-regrets conservation strategy with the precautionary principle.  
No-regrets management means that an action is taken that should benefit biodiversity no matter 
what happens (only possible up to a point, 2°C in many areas). The precautionary principle would 
guide planners and practitioners to consider the information the climate change and bioclimatic 
models are providing and to use them to guide their activities, whilst also not blindly trusting the 
projections.  This allows the decision maker to take the information from one or more sources 
(modelling and other sources) and to then use their expert judgement to make the best decision.  
A key message is that owing to the uncertainty in model projections, it can be helpful to retain 
flexibility in the decision-making process, so that the decision can be re-visited (adaptive 
management) as more data or monitoring information comes to light.  This allows decisions to be 
revised as (a) scientific information improves, perhaps allowing more confident regional 
projections of precipitation to be made and/or (b) monitoring of the effects that climate change 
is having in a local area confirms, or opposes, the effects projected by the models.  This concept 
of adaptive, iterative management is well understood in the literature pertaining to adaptation of 
human systems to climate change.  In these situations, it is important to avoid lock-in to a decision 
that would not be robust for some of the projected climate change outcomes.  So, combining 
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these two activities would suggest that, all things being equal, a given conservation action that 
would normally be considered as successful, performed in an area projected to be a refugia, would 
be a better decision than performing the same activity in an area projected to be an area of 
concern. The biodiversity may be the same in both locations; the models are just helping guide 
long-term actions when resources are limited. 

 

See Sections above for detailed global summaries. 
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2.7 Health (heat stress and disease) 

Introduction 

High temperatures and heatwaves are associated with significant impacts on human health. 
Exposure to higher temperatures can cause heat exhaustion and heat stroke and increase the 
probability of heat related mortality (Gasparrini et al., 2015). Other consequences can include 
impacts on mental health, wellbeing and hospital admissions (e.g., Åström et al., 2013). Impacts 
to human health can also be amplified where humidity is higher (Armstrong et al., 2019). Older 
people who have a higher prevalence of chronic disease, reduced physiological condition, and 
greater potential of social isolation are particularly vulnerable to heat stress (Chen et al., 2020), 
as well as babies and young children, and those with underlying health conditions (Heaviside et 
al., 2017; WHO, 2018). High temperatures and heatwaves can also affect labour productivity and 
labour supply (Smith et al., 2016; Kjellstrom et al., 2009; Gosling et al., 2018; Dasgupta et al., 
2021). Any changes in productivity will feed through to national income causing a macroeconomic 
effect (Day et al., 2018). 

The IPCC (2021) highlights that with continued global warming all regions are projected to 
experience further increases in hot climatic impact-drivers, with high confidence that extreme 
thresholds relevant to health will be exceeded more frequently by 2050 with 2°C of global 
warming. The ageing global population is also projected to drive an increase in vulnerability to 
heat (Chen et al., 2020), while the projected increase in urban populations could increase 
exposure, given the role of the urban heat Island (UHI) effect, particularly on night-time extremes, 
and future urban development on amplifying extreme temperatures (Tong et al., 2021; Zhao et 
al., 2018; Heaviside et al., 2017; IPCC (AR6, 2021)). 

Overall, climate change is expected to lead to seasonal changes and latitudinal or altitudinal shifts 
of many vector-borne diseases, including malaria, dengue, Lyme disease, and West Nile fever, 
with expansions and reductions in different regions. Many projections of climate change impacts 
on health and diseases make use of species distribution modelling, to understand changes in the 
climate suitability and geographic range of species that spread vector-borne diseases, such as 
mosquitoes and ticks. In addition to projecting the climate suitability, studies also consider 
exposure through changes to the population exposed to diseases.  

Africa 

The IPCC (2021) report that future warming, even at lower warming levels, will cause a substantial 
increase in heatwave magnitude and frequency over most of Africa and significantly increase the 
likelihood of temperature extremes exceeding the record-hot year of 2015 in Africa, which had 
large impacts on health and mortality (Nangombe et al., 2018). 

Andrews et al. (2018) looked at changes in population exposed to excessive heat stress. Changes 
to workability and survivability reflect the exceedance of predefined Wet Bulb Globe Temperature 
thresholds (WBGT, which assesses the effects of temperature, humidity, and other environmental 
factors on humans) alongside population projections to calculate change in exposure from 1986-
2005 to 2100 for different warming levels. For the present-day extreme heat exposure (in shade) 
was seen in Chad and Algeria. At 1.5°C this zone expands to more countries of Africa (Mali and 
Niger). At 2°C, countries in North and central North Africa are affected, and at 3°C tropical and 
subtropical Africa (including Ghana) are also affected (based on four CMIP5 global climate models 
from ISIMIP2b, assuming RCP 6.0 which represents a mid-range climate future). 

Ahmadalipour et al., (2018; 2019) used the WBGT to quantify mortality associated with excessive 
heat stress for people aged over 65 years across the Middle East and North Africa. Central African 
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countries such as Benin, Togo, Central African Republic, Burkina Faso and Guinea, were found to 
exhibit the highest heat-related mortality. Mortality was found to be at least 50% lower at 2°C 
compared to a no mitigation scenario. Sylla et al. (2018) use the NOAA’s Heat Index, which 
combines temperature and humidity, and a Human Discomfort Index which provides metrics on 
the percentage of population exposed, to assess heat stress and discomfort in West Africa. The 
study reports an increase of up to 36 days during which the entire population feels heat discomfort 
at 2°C, reduced to 15 days at 1.5°C, in countries including Senegal, Mali, Burkina Faso, Niger, and 
Chad. Sun et al. (2019) analysed global heat stress alongside population projections (SSP2). 
Limiting global warming to 1.5 °C instead of 2°C would allow countries in Africa to avoid impacts 
from heat exposure, for example, ~90% of heat related exposure was avoided in Egypt at 1.5 °C 
vs. 2°C. 

Data from Climate Analytics shows declines in labour productivity compared to a 1986-2006 
baseline, increasing in severity in line with warming levels of 1.5, 2.0, 2.5, and 3°C in Africa. 
Under RCP8.5 Central African Republic, Ivory Coast, South Sudan and Sierra Leone in Mid and West 
Africa face reductions in labour productivity of 16.8% or more. Similar regional patterns are 
reported in Roson and Sartori et al (2016), with heat projected to reduce agricultural labour 
productivity by 17.7% at 2°C and 37% at 4°C in Benin, and by 17.7% at 2°C and 36.9% in Ghana.  

de Lima et al. (2021) combine metrics of agricultural labour productivity change and climate 
induced crop yield changes to assess economic implications for the region through the GTAP 
economic model at warming levels from 1°C to 5°C. They find a decline in unskilled agricultural 
earnings of over 20% in sub-Saharan Africa regions at 3°C. 

Changes to temperature and precipitation will alter the distribution, intensity of transmission, and 
seasonality of malaria across Africa. Zermoglio et al. (2019) modelled the changes to malaria 
exposure across Africa and found an increase in endemic malaria exposure (defined as areas 
exposed for 10-12 months of the year) in many regions. Results showed an additional 16-18 million 
people will shift from areas of no exposure to endemic malaria exposure with warming of around 
2°C, many in East Africa. In addition, an additional 3-26 million people are projected to be exposed 
to seasonal malaria (i.e. occurring in 7-9 months of the year) in Southern Africa. Ryan et al. (2020) 
also projected an increase in malaria in East and southern Africa and the Sahel with around 1.5°C, 
which becomes more pronounced with higher warming levels.  

With higher warming levels, projections suggest reduced endemic exposure in some areas of West 
Africa, as temperatures exceed thermal thresholds for mosquitoes (Zermoglio et al., 2019). 
However, these areas will still experience malaria exposure in 1-6 months of the year. In Nigeria, 
the range of Anopheles mosquitoes is projected to increase by 15% with approximately 2°C, 27% 
with 2.5°C warming and 32% with 4°C warming (Akpan et al., 2019). The Searchable Inventory 
also highlights that in parts of Africa a drying climate reduces the exposure to malaria in many 
areas (Warren et al., In Press). 

The distribution of the mosquitoes (Aedes spp.) which transmit the Dengue, Chikungunya, yellow 
fever and Zika viruses is also highly sensitive to temperature and precipitation. Gaythorpe et al 
(2020) modelled yellow fever transmission and projected an increase in the force of infection 
across Africa, particularly in East and Central regions, with warming of 1.8°C and above.  

In addition to vector-borne diseases, an increase in diarrhoeal disease is projected for central and 
east Africa with 2.1°C. The transmission of Schistosoma mansoni – a waterborne parasite – is also 
projected to increase by up to 20% over most of eastern Africa with warming of up to 2.5°C above 
pre-industrial levels (McCreesh et al., 2015).  
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Asia 

Vicedo-Cabrera (2018) project that the countries that would face greatest excess mortality from 
future global warming of 1.5, 2, 3, and 4 °C above pre-industrial (using three GCMs under RCP8.5) 
are in South-East Asia, including Vietnam, Thailand and the Philippines. Sun et al., (2019) reported 
that for a 1981-2000 baseline, globally India and China were at greatest risk from exposure to heat 
stress, and accounting for population change (SSP2). Under 1.5 °C and 2.0°C warming they 
remained the countries at greatest risk from exposure to heat stress, and in Asia they were joined 
by newly affected regions in Indonesia. Limiting global warming to 1.5 °C instead of 2°C would 
allow countries such as India to avoid many of these impacts, with ~50-80% of heat related 
exposure avoided across countries in Asia at 1.5°C compared to 2°C. Andrews et al. (2018) found 
that at 1.5°C more areas of South Asia, including larger parts of India, Bangladesh, Thailand, and 
Cambodia, are exposed to extreme heat. However, the areas exposed expand much more at 3°C, 
across Western and South Asia and over much larger areas of India and Pakistan. 

Data from Climate Analytics highlights declines in labour productivity compared to a 1986-2006 
baseline (constant population), increasing in severity in line with warming levels of 1.5, 2.0, 2.5, 
and 3°C in Asia. Under RCP8.5 large reductions in labour productivity of 14.8% or more are 
reported for Bahrain, Singapore, Qatar and UAE. Similar regional trends are reported in Roson and 
Sartori et al (2016), with heat impacts projected to reduce agricultural labour productivity by 22% 
at 2°C and 45.3% at 4°C in Singapore, and by 21.7% at 2°C and 44.6% in Brunei. 

de Lima et al. (2021) find that changes in agricultural labour productivity and climate induced 
crop yield result in a decline in unskilled agricultural earnings exceeding 20% in the Southeast Asia 
region at 3°C, the worst affected region globally. 

There is a high likelihood that climate change will alter the geographical range of malaria vectors 
and change the risk of malaria infections.  Projections of the geographic distribution of Anopheles 
mosquitoes show an increase in China and Taiwan, but a reduction in parts of India and Southeast 
Asia (Khormi and Kumar, 2016). Malaria incidence in northern China is projected to increase by 
69%–182% by 2050 (Song et al., 2016). The WHO (2014) projected additional annual deaths 
attributable to climate change in 2030 and 2050 compared to 1961-1990 levels and showed a 
significant malaria increase in South Asia.  

Changes to the distribution of the mosquitoes (Aedes spp.) are expected to increase dengue risk. 
In China, under RCP8.5 conditions, the high-risk area for dengue transmission would expand to 
include an additional 34 counties (accounting for 20 million people) in 2020s, 114 counties (60 
million people) in 2030s – warming of around 1.7C above pre-industrial levels, 208 counties (160 
million people) in 2050s – warming of around 2.5C above pre-industrial levels (Fan and Liu, 2019). 
By contrast, For RCP2.6, the high-risk area would include 146 counties (172 million people) in 
2020s (warming of around 1.5C).  This is supported by other literature which showed higher 
numbers of dengue fever cases are projected to occur under RCP 8.5 than RCP2.6 in China (Song 
et al., 2017).  

In Nepal, dengue fever is expected to expand under all RCPs (Acharya et al., 2018). About 80% of 
the population would live in climatically suitable areas in the 2050s under RCP26. This would 
increase to over 90% with RCP8.5 in the 2070s.  

Changes to waterborne diseases (diarrhoea, leptospirosis and typhoid fever) across Asia with 
climate change are likely to be linked to extreme weather events such as heavy rain and tropical 
cyclones.  
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Australasia 

King et al (2017) find that extreme heat events are projected to become significantly and 
substantially more common in Australia under 2°C warming versus 1.5°C warming. Likewise, the 
IPCC (2021) highlights that dangerous humid heat thresholds, with the potential to affect health, 
are projected to be exceeded more frequently over the 21st century in Australia under all RCPs, 
with Northern Australia particularly vulnerable. Andrews et al (2018) projects that even at 1.5°C 
warming above pre-industrial levels, parts of Australia are projected to be exposed to extreme 
heat stress, accounting for population exposure, impacting workability and survivability. However, 
in Western Australian exposure to extreme heat stress is shown to decrease in spatial extent at 
higher warming levels due to climate variability in models. Likewise, Sun et al. (2019) analysed 
global heat stress, also accounting for population exposure (SSP2). Newly affected regions exposed 
to dangerous or extremely dangerous days for vulnerable groups were shown to appear in Australia 
at 1.5 °C and increase at 2°C, with Northern Australia particularly vulnerable. 

Data from Climate Analytics shows slight declines in labour productivity compared to a 1986-2006 
baseline (constant population), in the region. Under RCP8.5 labour productivity in Australia is 
projected to decline by 3.2%, 4.3% and 7.7% at 1.5°C, 2°C and 3°C global warming respectively. 
Impacts are minimal in New Zealand, with projected declines in labour productivity of 0.07%, 0.1% 
and 0.3% at 1.5°C, 2°C and 3°C global warming respectively. de Lima et al. (2021) combine metrics 
of agricultural labour productivity change and climate induced crop yield changes to assess 
economic implications for the region at warming levels from 1°C to 5°C. They find a decline in 
unskilled agricultural earnings of ~2.5% across Australia and New Zealand at 3°C. 

Central and South America 

Sun et al. (2019) analysed global heat stress accounting for population exposure (SSP2). They found 
large parts of northern South America would be exposed to dangerous or extremely dangerous 
days over 40.6°C for vulnerable groups, given increases in temperature and humidity, at 1.5 °C 
and with increasing frequency at 2°C. Likewise, Andrews et al (2018) projects that with 2°C 
warming above pre-industrial levels that exposure to extreme heat stress, impacting on 
workability and survivability, will extend to areas of Central South America, including Brazil, 
Colombia, Guatemala, Ecuador, Peru and Venezuela. At 3°C warming much larger areas of South 
America are projected to be affected, particularly Peru and Brazil. 

Data from Climate Analytics shows declines in labour productivity compared to a 1986-2006 
baseline (constant population), across all countries in the region. Under RCP8.5 labour productivity 
is projected to decline by over 17% in Venezuela and Brazil, and by over 18% in Guyana and 
Suriname at 3°C. Similar regional trends are reported in Roson and Sartori et al (2016), with heat 
impacts projected to reduce agricultural labour productivity by 18.3% at 2°C and 37.5% at 4°C in 
parts of Central America. de Lima et al. (2021) find that changes in agricultural labour productivity 
and climate induced crop yield result in a decline in unskilled agricultural earnings of ~4% across 
Central America and ~7% across South America at 3°C. 

Climate change is projected to expand the geographic range of mosquitoes across Central and 
South America, leading to an overall increase in disease with warmer temperatures. Laporta et al. 
(2015) modelled changes to the distributions of malaria vector species in South America and found 
that geographic distribution of the malarial parasite P. falciparum increased under all scenarios 
analysed. With warming of around 3°C by 2070 the distributions of malaria vectors are projected 
to increase to 35-46% of the continent. Cabrera et al. (2020) modelled climate suitability for the 
mosquito Aedes aegypti in Colombia with different levels of warming. With 2°C warming, range 
expansion is projected, with Andean regions particularly seeing an increase in suitability for the 
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mosquito. However, with the highest warming levels, many areas are no longer suitable for 
mosquitos and the range contracts within Colombia.  

Colon-Gonzales et al. (2018) projected the number of dengue cases per year in Latin America and 
the Caribbean as 10.7 million with 1.5°C warming, 11.0 million with 2.0°C warming and 11.8 
million with 3.7°C warming in the 2050s. For Brazil, this study projected 503.0 million fewer cases 
in the 2050s with 1.5°C compared to 3.7°C warming. For Colombia, 97.4 million fewer cases were 
projected in the 2050s with 1.5°C compared to 3.7°C warming. This study underpins the Tyndall 
data in the Searchable Inventory. 

Europe 

The IPCC (2021) have projected that for Europe critical thresholds relevant for humans would be 
exceeded for global warming of 2°C and higher. King and Karoly (2017) report that events of a 
similar magnitude to the 2003 European Summer, which caused tens of thousands of deaths 
increase significantly even under lower global warming targets but would be at least 25% less 
frequent at 1.5°C versus 2 °C global warming level. Vicedo-Cabrera (2018) project that countries 
in Southern Europe would be exposed to excess mortality from future global warming of 1.5°C and 
above, becoming more severe as warming exceeds 3 and 4 °C above pre-industrial (using three 
GCMs under RCP8.5), including Spain and Italy. 

However, projections can be viewed as less significant compared to other global regions when 
considering more extreme heat stress metrics. Sun et al. (2019) analysed global heat stress 
accounting for population exposure (SSP2), focusing on more extreme conditions over 40.6°C. 
Using this index exposure for Europe was found to be minimal, with only limited occurrences in 
small areas of South and South Eastern Europe at 1.5 °C and 2°C. Similarly, while Andrews et al 
(2018) projects that at 1.5°C and 2°C warming above pre-industrial levels parts of Southern Europe 
will be exposed to moderate and high (in shade) occupational heat exposure, it is not projected 
to pass these global thresholds of extreme heat stress. 

Data from Climate Analytics shows declines in labour productivity compared to a 1986-2006 
baseline (constant population), across all countries in the region. Under RCP8.5 countries in 
Southern Europe face the largest impacts, with labour productivity projected to decline by 3.3% 
and 3.4% in Greece and Portugal, and by 4.9% in Spain at 3°C. Gosling et al., (2018) find that 
limiting warming to 2°C above pre-industrial levels could avoid substantial impacts on labour 
productivity in countries such as Greece, Italy, Macedonia, Portugal, Spain and Turkey. 

Climatic suitability for malaria transmission in Europe is increasing but still remains lower 
compared to other regions due to economic development of European countries and good access 
to healthcare. Some regions currently at risk of malaria will see a reduction in risk in the future, 
while others will see an increase (Liu-Helmersson et al.2019). Overall, Europe has been projected 
to see an increased invasion of Aedes aegypti mosquitoes under 4.9°C global warming, increasing 
the exposure to malaria (Liu-Helmersson et al., 2019). 

Lyme disease is the most prevalent tick-borne disease in Europe and projections are for an increase 
with climate change. Evidence indicates that the Lyme disease and Tick-Borne Encephalitis vector 
Ixodes ricinus is likely to spread further north and into higher elevations that were previously 
climatically unsuitable (Porretta et al., 2013). Boeckmann and Joyner (2014) found potential 
habitat expansion of these ticks of 3.8% across Europe with 2°C warming. In addition, an increase 
in the number of tick-borne encephalitis infections has been projected within central Europe 
because of the extended length of tick season (Nah et al., 2020). 

Increased warming in Europe could also lead to an expansion in the area suitable for West Nile 
virus transmission, particularly along the current edges of its transmission areas, such as Eastern 
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Croatia, Northeastern and Northwestern Turkey (Semenza et al., 2016). Further expansion is 
projected with greater warming. Similarly, models generally project an increase in climatic 
suitability for chikungunya transmission across large parts of Europe, including for France, Spain, 
Germany and Italy (Tjaden et al., 2017). However, the study also showed that some areas along 
the Italian Adriatic coast are projected to experience a decline in suitability.  

North America 

Under future projections of warming Hsiang et al (2017) report an increase in mortality in southern 
counties in the USA, offsetting reductions in cold related mortality. By the mid-century, Limaye 
et al (2018) also projected significant heat related mortality due to cardiovascular stress across 
Eastern USA (under the IPCC A2 emission scenario), particularly for urbanised counties and elderly 
populations, estimating 11,562 additional annual deaths in those aged 65+. 

Andrews et al (2018) projects that at 1.5°C warming above pre-industrial levels parts of the East 
and Southeast USA will be exposed to moderate and high (in shade) occupational heat exposure, 
and above 2°C will be exposed to extreme heat stress (WBGT of 34°C). Sun et al. (2019) analysed 
global heat stress, accounting for population exposure (SSP2). They found similar spatial trends as 
Andrews et al (2018), with parts of Southeast USA exposed to dangerous or extremely dangerous 
days over 40.6°C for vulnerable groups, given increases in temperature and humidity, at 1.5 °C. 
The frequency increases at 2°C, particularly when considered in combination with the area of land 
affected and the relative size of the affected population. Integrating this exposure data highlights 
that the United States is expected to be under threat from severe heat stress by 2100. 

Data from Climate Analytics shows declines in labour productivity compared to a 1986-2006 
baseline (constant population), across North America. Under RCP8.5 at 3°C the largest impacts 
regionally on labour productivity are projected for the USA (-5%), whilst Canada is less affected (-
0.6%). At the sectoral level, Hsiang et al (2017) report that total hours of labour supply in the USA 
decline by 0.53% per each degree of global warming for workers in high-intensity work sectors 
such as construction, manufacturing, and agriculture. 

As in Europe, climate change is projected to increase the spread of the most prevalent Lyme 
disease vector (Ixodes scapularis in North America) and lead to an increase in cases of Lyme 
disease. In the United States, 2°C warming could increase the number of Lyme disease cases by 
over 20% (Dumic and Severnini, 2018), due to warmer winter and spring temperatures leading to 
a longer tick season (Monaghan et al., 2015). Similarly, climate change is projected to expand the 
geographic range of Chikungunya in North America (Tjaden et al., 2017). 

Small islands 

The effect of extreme heat is expected to exacerbate health impacts in small Islands, especially 
for more vulnerable populations with many small island states currently suffering from increased 
morbidity and mortality due to weather extremes (IPCC, 2014). 

Data from Climate Analytics shows declines in labour productivity compared to a 1986-2006 
baseline (constant population), across all countries in the Caribbean. Under RCP8.5 at 3°C the 
largest impacts on labour productivity are projected for Curacao (-15%), Trinidad and Tobago (-
14.5%), Cuba (-13.1%) and Barbados (-12.7%). Similar regional trends are reported in Roson and 
Sartori et al (2016), who project declines in agricultural labour productivity of 18.6% at 2°C and 
38.7% at 4°C in Trinidad and Tobago. 

There are few studies of the impacts of climate change on disease at the national scale for small 
islands, but tropical and sub-tropical islands face risks from vector-borne diseases, and these are 
expected to increase with future climate change. The Caribbean region has a high probability of 
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mosquito distribution, increasing the risk of contracting Zika (Cabrera et al., 2020). Colon-
Gonzales et al. (2018) projected 31.3 million fewer dengue cases in Haiti in the 2050s with 1.5°C 
compared to 3.7°C warming. Teurlai et al. (2015) found that increases in mean temperature could 
double the dengue burden in New Caledonia with approximately 3°C warming.  

The changing climate is likely to alter the risk of water-borne diseases in small island states. These 
risks are linked to other impacts such as sea level rise and extreme events such as cyclones.  

Summary 

Despite the use of different methods, and their underlying uncertainties, as well as uncertainties 
due to different climate models, the general trends of increasing heat and heatwaves and the 
effects of heat exposure on health, labour supply and productivity are clear. All regions are 
projected to face increased heat related mortality, particularly equatorial regions (i.e., countries 
in Central and South America, South and South East Asia and parts of sub-Saharan Africa), as well 
as Southern Europe, parts of the USA and northern Australia (Vicedo-Cabrera et al., 2018; 
KJellstrom et al., 2018). Heat-related mortality increases with higher warming levels and could 
be substantially reduced if warming was limited to 1.5°C or 2°C. However, at current 
temperatures some countries, including Pakistan and Chad, already face extreme heat stress 
conditions that affect workability and have implications in terms of reduced labour supply or 
productivity. 

While there is substantial literature on heat-health relationships in many regions, many studies 
focus on the creation of ERFs and the assessment of historic events, while less specifically consider 
implications at different global warming levels. Gaps are particularly noticeable for Africa where 
there is a lack of literature on past and projected mortality and morbidity related effects 
compared to other continents (Ahmadalipour et al., 2019) and Small Islands. Some global studies 
developing statistical relationships between climate variables and epidemiologic data on 
morbidity or mortality exclude Africa due to a lack of available observed data on mortality counts 
(Gasparrini et al., 2017; Armstrong et al., 2019); and country specific studies are also more limited 
than seen for other regions such as Europe, USA, China, or Australia (Mora et al., 2017 and Chen 
et al., 2020). Nangombe et al (2018) highlight limited analyses of impacts at lower 1.5 °C and 2 °C 
warming levels for Africa. 

There is also less consensus on which heat-stress indicators are best suited to specific heat-related 
impact assessments (Goldie et al., 2018; Schwingshackl et al; 2021), and coverage of the role of 
adaptation. Where it is included, adaptation is normally captured in a simplistic manner with more 
research needed to better quantify adaptation (Sanderson et al., 2017). Many studies also assume 
constant population, but future heat-related mortality is shown to be underestimated when 
population growth and demographic change is not included (Sanderson et al., 2017; Chen et al., 
2020; Rohat et al., 2019). This is particularly important given population growth is projected to 
be highest in the region’s most vulnerable to heat exposure, including parts of Africa and Asia 
(Andrews et al 2018). 

While many studies also focus on the implications of heat-exposure on reductions in labour 
productivity, the related economic consequences are less frequently modelled. There is also 
limited integrated analysis of concurrent or compounding impacts, for example, implications of 
both reduced agricultural labour productivity and supply and changes on crop yields on economies 
(de Lima et al. 2021). 

Vector-borne diseases are generally projected to increase globally because of higher temperatures 
and changing rainfall patterns. These increases in diseases and effects on human health will 
disproportionately affect the poorest people. In addition, tick-borne diseases, including Lyme 
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disease, are likely to increase across the northern hemisphere with climate change. Waterborne 
diseases are also projected to increase. There is an increased risk of transmission of Schistosoma 
mansoni in eastern Africa.  

Extreme events will have important impacts on the vector-borne and water-borne diseases. More 
research is needed into the potential impacts of extreme weather events on water-borne diseases. 
Globally, there is limited evidence on projected changes to water-borne diseases and how these 
will impact human health. In addition, more research is needed on the transmission of food-borne 
diseases under climate change scenarios.  

In general, models projecting the impact of climate change on health related to diseases cannot 
take factors such as age and socioeconomic status into account. Due to these and other factors 
that influence the patterns of diseases, there is still significant uncertainty in the model 
projections (Zermoglio et al., 2019; Giesen et al., 2020). 
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2.8 Fire 

Introduction 

Fire is a natural phenomenon in the Earth System that has shaped the landscape of many of Earth’s 
biomes for millions of years (Archibald et al., 2013; Bond & Keeley, 2005; Bowman et al., 2009; 
He et al., 2019; Pausas et al., 2017; Pausas & Keeley, 2009). Fires burn around 3-5 million km2 and 
emit around 8 billion tonnes of CO2 to the atmosphere on average per year (Chuvieco et al., 2019; 
Giglio et al., 2018; van der Werf et al., 2017). These fire emissions, and the subsequent 
sequestration fluxes of around 7 billion tonnes of CO2 per year resulting from post-fire vegetation 
recovery, are major fluxes in the carbon cycle (Lasslop et al., 2019; van der Werf et al., 2017; 
Yue et al., 2016; Yin et al., 2020). Globally, fires reduce the quantity of carbon stored in 
vegetation by around 10% and are thus a major control on atmospheric CO2 concentrations and 
climate (Lasslop et al., 2020a). 

The majority of fires do not present immediate risks to society and often contribute to ecosystem 
health, however the Centre for Research on the Epidemiology of Disasters (2021) estimates that 
wildfire events that were declared as disasters have directly killed 2,500, injured 8,000 and 
displaced 175,000 people from their homes globally since 1990. The economic costs of some fires 
can also be large. Notably, the total economic cost of the California wildfires in 2020 alone were 
estimated to be US$149 billion or 1.5% of the state’s gross domestic product (GDP), including 
US$28 billion in capital losses, $32 billion in health costs and $89 billion through suppressed 
economic activity extending beyond California (Wang et al., 2021). Economists estimated that the 
Australian wildfires of 2019/2020 caused around US$75 billion losses or 6% of the country’s GDP 
(Read & Denniss, 2020). 

The cost of suppressing fires is also substantial, even in non-extreme years in some regions. For 
example, on average around US$500 million is spent annually on suppressing fires in Canada and 
around US$1-2 billion is spent in the US (Hope et al., 2016; Jolly et al., 2015; Stocks & Martell, 
2016; Tymstra et al., 2020; National Interagency Fire Center, 2020). Fire impacts on society extend 
beyond their direct destructive force, with exposure to smoke contributing to over 300,000 
premature deaths per year (Johnston et al., 2012) particularly in the tropics (Balmes, 2020; Reid 
et al., 2016). It is estimated that US$1.5 billion was spent treating adverse respiratory health 
issues due to the smoke emitted by 2019/2020 wildfires in Australia (Johnston et al., 2021). 

The impact of fires on wildlife and ecosystems can also be profound. As a stark example, the 
Australian 2019/2020 wildfires impacted over 30% of the available habitat of 70 vertebrate 
species, including 21 endangered species (Ward et al., 2020). Fire is also a key disturbance 
mechanism that can prompt change in land cover from forest to non-forest in regions where 
climate becomes out of phase with the existing vegetation, with various implications for carbon 
storage, biodiversity and other ecosystem services (Burrell et al., 2020, 2021; He et al., 2019; 
Hirota et al., 2011; Staver et al., 2011). This may trigger climate-carbon cycle feedbacks that 
reinforce or accelerate the initial climate perturbations (Harrison et al., 2018; Lasslop et al., 
2019, 2020; Pellegrini et al., 2018; Walker et al., 2019; Yin et al., 2020; Zou et al., 2020). 

The coexistence and interaction of climatic, bioclimatic and human factors is a critical challenge 
to studying, understanding and communicating the impacts of climate change on fire activity 
(Abram et al., 2021; Bistinas et al., 2014; Doerr & Santín, 2016; Forkel et al., 2019b; Kelley et al., 
2019). It can be difficult to disentangle the impacts of individual drivers on fire activity because 
fire is the result of the simultaneous occurrence of three factors: an ample stock of fuel; fire 
weather conditions that are sufficiently dry to desiccate the fuel; and a human or natural ignition 
source (Abram et al., 2021; Bistinas et al., 2014; Forkel et al., 2019b; Kelley et al., 2019; Pausas 
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& Ribeiro, 2013; Teckentrup et al., 2019). This nexus of drivers and constraints on fire leads to 
debate about the causes of major wildfire events, as well as the contributions of climate change, 
vegetation responses to climate change, and human activities to trends in wildfire activity. 

In the regional sections below, we used the Canadian forest fire weather index (FWI; Van Wagner, 
1987), which is among the most commonly applied systems for rating fire danger (Field et al., 
2015; Flannigan et al., 2013, 2009; Jolly et al. 2015. We calculated the annual (calendar year) fire 
weather season length (FWSL) following Jolly et al. (2015) as the number of days per year when 
the FWI exceeded the midrange value of all daily observations during the period 1979-2019. FWSL 
is a measure of the annual frequency of fire weather, while FWI95d is a measure of the annual 
frequency of fire weather extremes with respect to the period of available observations (see 
Appendix A.9 for further details). 

Africa 

FWSL is simulated to have already emerged in Algeria, Botswana, Madagascar, Malawi, Mauritania, 
Morocco, Mozambique, Senegal, South Africa, Tunisia, Zambia, and Zimbabwe. In addition, FWI95d 
is simulated to have already emerged in Algeria, Botswana, Eswatini, Madagascar, Morocco, 
Mozambique, Namibia, South Africa, United Republic of Tanzania, Zambia and Zimbabwe. The 
countries listed here have already experienced an unprecedented shift in fire weather relative to 
the natural variability simulated for the pre-industrial period. 

At 1.5°C of warming, FWSL is projected to emerge in Eswatini, Lesotho, Mali, and Namibia. Also 
at 1.5°C of warming, FWI95d is projected to emerge in Angola, Burkina Faso, Chad, Kenya, 
Lesotho, Malawi, Mauritania, Nigeria, and Tunisia. At 2.0°C of warming, FWSL is projected to 
emerge in Angola, Democratic Republic of the Congo and Guinea. Also at 2.0°C of warming, FWI95d 
is projected to emerge in Democratic Republic of Congo, Gabon, Mali, Niger, and Sudan. At 3.0°C 
of warming, FWSL is projected to emerge in Burkina Faso, Gabon, Niger, United Republic of 
Tanzania. Also at 3.0°C of warming, FWI95d is projected to emerge in Cameroon, Congo, 
Equatorial Guinea, Guinea, Somalia. No further emergence occurs across the African nations at 
4.0°C. The countries listed here are projected to experience unprecedented fire weather under 
future warming increments relative to the natural variability simulated for the pre-industrial 
period. 

The absolute and relative magnitude of the simulated increases in FWSL and FWI95d experienced 
by these countries can be accessed via the Searchable Inventory. The absolute increases are also 
plotted in Figures A9.2 and A9.3. 

We are not aware of regional studies focussing on the simulated changes in fire weather in Africa. 
The lack of prior focus on change in FWSL or FWI95d may relate to the known poor coherence 
between BA and fire weather across much of this fire-prone continent. Around 85% of BA in Africa 
occurs in savannah environments, where fire activity shows a stronger dependence on weather 
conditions during antecedent growing season than on fire weather (van der Werf et al., 2008; 
Archibald et al., 2009; Chen et al., 2017; Zubkova et al., 2019; Alvarado et al., 2020). A study by 
Pricope & Binford (2012) of MODIS active fire and burned area datasets in the Kavango-Zambezi 
Transfrontier Conservation Area (covering parts of Angola, Botswana, Namibia, Zambia and 
Zimbabwe), revealed increasing trends in fire occurrence and mean fire size, despite variations in 
land-use or fire management policy, which have a noticeable effect. In addition, human 
fragmentation of the naturally fire-prone landscape is an increasing restriction to fire spread 
(Andela et al., 2017; Gregoire et al., 2013). 

In regions of Africa that are not fuel-limited, including tropical rainforests and tropical moist 
forests, changes in BA are expected to show a more direct relationship with changes in fire weather 
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than in the case of the fuel-limited savannahs. Consequently, the emergence of fire weather in 
equatorial and nations of west and central Africa might be expected to result in more direct 
consequences for wildfire activity than elsewhere on the continent. Nonetheless, we note that 
any responses of fire activity to increased fire weather in the region will be mediated by patterns 
of human ignitions, land clearing and forest degradation (Gregoire et al., 2013). Zhao et al. (2021) 
recently showed that the distribution of burned area in moist African forests strongly reflects 
forest edges, which are degraded by disturbance associated with adjacent land uses and exposed 
to accidental or intentional ignitions. While a recent study by Chuvieco et al. (2021) used 
statistical methods to determine human factors led to an increase in the interannual variability of 
burned area in regions of tropical Africa with at least medium burned area occurrence.Asia  

Asia 

FWSL is simulated to have already emerged in Nepal, Turkey and the Russian Federation. In 
addition, FWI95d is simulated to have already emerged in China, Iran, Iraq, Nepal, the Russian 
Federation, Syria and Turkey. The countries listed here have already experienced an 
unprecedented shift in fire weather relative to the natural variability simulated for the pre-
industrial period. 

At 1.5°C of warming, FWSL is projected to emerge in Afghanistan, China, Iran, Iraq, and Syria, 
Also at 1.5°C of warming, FWI95d is projected to emerge in Afghanistan, India, Japan, and Vietnam. 
At 2.0°C of warming, FWSL is projected to emerge in Japan, Kyrgyzstan, Laos, North Korea, 
Tajikistan, Thailand, Turkmenistan, and Vietnam. Also at 2.0°C of warming, FWI95d is projected to 
emerge in Kyrgyzstan, Laos, North Korea, Tajikistan, Thailand, and Yemen. At 3.0°C of warming, 
FWSL is projected to emerge in Cambodia, India, Indonesia, Kazakhstan, Malaysia, Mongolia, 
Pakistan, and Uzbekistan. Also at 3.0°C of warming, FWI95d is projected to emerge in Bangladesh, 
Cambodia, Indonesia, Kazakhstan, Malaysia, Mongolia, Pakistan, Turkmenistan, and Uzbekistan. 
No further emergence occurs across the Asian nations at 4.0°C. The countries listed here will 
experience unprecedented fire weather under future warming increments relative to the natural 
variability simulated for the pre-industrial period. 

The absolute and relative magnitude of the simulated increases in FWSL and FWI95d experienced 
by these countries can be accessed via the Searchable Inventory. The absolute increases are also 
plotted in A9.4 and A9.5. 

A trend for deforestation and peatland drainage in countries such as Indonesia, Malaysia and Papua 
New Guinea, has led to large-scale fires in equatorial Asia, particularly during drought years (van 
der Werf et al., 2008). In northeast China, Zhao et al. (2020) observed an increase in number of 
ground-reported summer fires in 2000-2017 compared to 1966-1999, that they attribute to an 
increase in summer lightning resulting from climate change. For central Asia, using the modified 
Nesterov index and the HadGEM2-ES global climate model, Zong et al (2020) project an increase 
in fire weather of between 63-146% and an increase in burned area of 3-13%, depending on the 
future emissions scenario, by the period 2017-2099, compared to baseline (1971-2000). Zou et al. 
(2020) used the Community Earth System Model REgion-Specific ecosystem feedback Fire (CESM 
RESFire) model to investigate climate – fire – ecosystem interactions. They project future increases 
in hot, dry weather conditions and the fire combustion factor metric, based on a 10-day average 
of fire weather parameters (temperature, precipitation, soil moisture), in southeast Asia under 
modest warming of RCP4.5. Justino et al. (2021) calculated the Potential Fire Danger Index (PFIv2, 
based on precipitation, temperature, humidity and vegetation type) for the whole Arctic region, 
finding hotspots in mid-latitude areas of Eurasia and Siberia that were not detected by FWI, which 
assumes constant pine forest vegetation. Statistically significant positive trends in burned area 
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were reported by Tomshin et al. (2021) for parts of eastern Siberia, coinciding with positive and 
negative trends in air temperature and precipitation, over the period 2001-2020. 

As in the case of other regions, changes in fire weather should not be understood to translate 
directly to changes in fire activity since the latter is largely dependent on other bioclimatic and, 
particularly in Eurasia, human factors including deforestation and agriculture (Miles et al., 2006; 
Huang et al., 2012). A recent study by Chuvieco et al. (2021) used statistical methods to determine 
human factors led to an increase in the interannual variability of burned area in regions of Central 
Asia with at least medium burned area occurrence. 

Australasia 

At 1.5°C of warming, FWI95d is projected to emerge in Australia. At 2.0°C of warming, FWSL is 
projected to emerge in Australia. Also at 2.0°C of warming, FWI95d is projected to emerge in New 
Zealand. At 3.0°C of warming, FWSL is projected to emerge in New Zealand. No further emergence 
occurs across the Australasian nations at 4.0°C. The countries listed here will experience 
unprecedented fire weather under future warming increments relative to the natural variability 
simulated for the pre-industrial period. 

The absolute and relative magnitude of the simulated increases in FWSL and FWI95d experienced 
by these countries can be accessed via the Searchable Inventory. The absolute increases are also 
plotted in A9.6 and A9.7. 

Numerous studies have modelled future change in fire weather in the fire-prone country of 
Australia. Models run by Clarke et al. (2011) projected increases in the annual number of days 
with extreme fire weather in southeast Australia of 30-200% by 2100, relative to the modern period 
under a high emissions scenario (SRES A2). Clarke et al. (2016) noted that projections of future 
fire weather can be highly model-dependent in Australia, specifically due to diverging simulations 
of future precipitation across models. Sharples et al. (2016) projected the future occurrence of 
pyroconvective conditions, which are strongly associated with the most extreme bushfires, based 
on simulations from an ensemble of regional climate models, in southeast Australian forest. On 
average, the models indicated a 30% increase in the occurrence of extreme C-Haines index values 
of 30% by 2070 relative to the modern period under SRES A2. Dowdy et al. (2019) modelled the 
future frequency of extreme FFDI and C-Haines index values using global and regional climate 
models under RCP8.5, which indicated that increases in extreme FFDI across Australia could be 
modulated by a reduction in the frequency of pyroconvective extremes in the northeast and a 
contrasting increase in most other regions. Di Virgilio et al. (2019) modelled the future occurrence 
of days when both the FFDI and C-Haines indices are very high to severe using regional climate 
model simulations under SRES A2, identifying significant increases in spring and lesser increases in 
summer by 2060-2079. Herold et al. (2021) recently showed that 1-in-20-year FFDI values observed 
in recent decades will return at least twice as frequently by 2060–2079 across much of southeast 
Australia, with strong agreement across an ensemble of 12 regional climate models under SRES 
A2. In broad agreement with these previous studies, our analysis suggests that FWSL and FWI95d 
will increase in southeast Australian forests to 34% and 47%, respectively, above the pre-industrial 
period at a global MAT increment of 2.0°C, and further to ~50% and ~60-70%, respectively, above 
the pre-industrial period at 3.0-4.0°C warming. 

Here, as in prior regional studies, we found that fire weather is yet to emerge beyond pre-
industrial variability in Australia where large pre-industrial variability obscures the signal of 
anthropogenic climate change despite visible trends in FWSL and FWI95d (Dowdy, 2018; Head et 
al., 2014; Sharples et al., 2016; van Oldenborgh et al., 2021; Williamson et al., 2016; Yoon et al., 
2015). The distinction between anthropogenic and natural signals is particularly challenging to 
unravel in the case of southeast Australia due to the strong pre-industrial variability imposed by 
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several large-scale climate oscillations (ENSO, the IOD, and SAM) (Abram et al., 2021; Clarke et 
al., 2013; Dowdy, 2018; Harris & Lucas, 2019; Lewis et al., 2020; van Oldenborgh et al., 2021). 

Event attribution studies have also been conducted in Australia. Lewis et al. (2020) suggested that 
extreme temperatures at the time of the 2018 bushfires in northern Queensland were 4.5 times 
more likely due to anthropogenic climate change and the rainfall deficit was 1.5 times more likely, 
enhancing the probability of an event on the scale of the 2018 bushfires. Climate models run by 
van Oldenborgh et al. (2021) suggested that the FWI values seen during the 2019/2020 bushfires 
in southeast Australia were at least 30% more likely as a result of anthropogenic climate change. 

Central and South America 

FWSL is simulated to have already emerged in Argentina, Bolivia, Brazil, Chile and Paraguay. In 
addition, FWI95d is simulated to have already emerged in Argentina, Bolivia, Brazil, Chile. The 
countries listed here have already experienced an unprecedented shift in fire weather relative to 
the natural variability simulated for the pre-industrial period. 

At 1.5°C of warming, FWSL is projected to emerge in Colombia, Peru, and Venezuela. Also at 
1.5°C of warming, FWI95d is projected to emerge in Colombia, Paraguay, Peru, and Venezuela. At 
2.0°C of warming, FWSL is projected to emerge in Guyana. Also at 2.0°C of warming, FWI95d is 
projected to emerge in Ecuador and Guyana. At 3.0°C of warming, FWSL is projected to emerge 
in Ecuador, El Salvador, and Suriname. Also at 3.0°C of warming, FWI95d is projected to emerge in 
El Salvador and Suriname. No further emergence occurs across the Central and South American 
nations at 4.0°C. The countries listed here will experience unprecedented fire weather under 
future warming increments relative to the natural variability simulated for the pre-industrial 
period. 

The absolute and relative magnitude of the simulated increases in FWSL and FWI95d experienced 
by these countries can be accessed via the Searchable Inventory. The absolute increases are also 
plotted in Figures A9.8 and A9.9. 

Various studies have investigated the impact of climate change on future fire weather in South 
America. Betts et al. (2015) used one ESM (HadGEM2‐ES) to project the forest fire danger index 
(FFDI) under multiple RCP scenarios, finding increases in FFDI across Brazil, Argentina and Chile 
under all scenarios and greater increases at higher levels of global warming. Fonseca et al. (2019) 
investigated the projected impacts of climate change and land-use change in the Brazilian Amazon 
using the CMIP5 ensemble under RCP4.5 and RCP8.5 and either a sustainable or fragmented land-
use scenario. Land area with a fire relative probability (FRP) >0.3 (a relevant threshold from the 
literature) is projected to increase in both mid- (2041-2070) and late-century (2071-2100), with 
land-use change scenarios accounting for a greater increase than climate scenarios, due to the 
use of fire for deforestation and pasture management. In October, the month of greatest change, 
the optimistic scenario (RCP4.5 and sustainable land-use) results in more than a 20% increase in 
land area with FRP >0.3, while for the pessimistic scenario (RCP8.5 and fragmented land-use) the 
increase is over 110%. Silva et al. (2016) focussed on Brazilian woody savannas and shrubland, 
using a regional climate model (RCA4) forced by the EC-Earth ESM to project systematic increases 
in 21st century fire regime sensitivity under moderate (RCP4.5) warming. The Meteorological Fire 
Danger Index (MFDI), developed for Brazilian biomes, was projected to increase in number of days 
in the ‘critical’ cateogry by 28% (2021-2150) and 32% (2071-2100), due mostly to a 2oC increase in 
maximum daily temperature. Recent analyses throughout South America by Oliveira-Junior et al. 
(2021) reveal fire foci and MFDI has traditionally (1980-2015) been greatest in mid-eastern Brazil, 
and western Bolivia, central Paraguay and northern Argentina. Future projections indicate and 
19% and 24% increase above baseline of land area with high MFDI, in southern and eastern Brazil, 
for RCP2.6 and RCP8.5 respectively. Additional increases are also projected for northern Colombia 
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and Venezuela (RCP2.6) and northern Colombia and Venezuela, southern Peru and Bolivia and 
more parts of Argentina (RCP8.5). Fire severity likely varies due to changes in large scale 
atmospheric circulation mode, such as ENSO and the SAM, causing interannual and centennial-
scale variability, respectively (Holz et al., 2017; Oliveira-Junior et al., 2021). 

As in the case of other regions, changes in fire weather should not be understood to translate 
directly to changes in fire activity since the latter is largely dependent on other bioclimatic and 
human factors (Betts et al., 2015; Fonseca et al., 2019). Patterns of deforestation are the 
dominant driver of fire patterns in Amazonia (Aragão et al., 2018; Silva et al. 2021), while patterns 
of antecedent vegetation productivity exert a major control on fuel availability and fire 
occurrence in the Cerrado region of Brazil (Alvarado et al., 2020). 

Europe 

FWSL is simulated to have already emerged in Bulgaria, Georgia, Greece, Iceland, Romania, 
Serbia, and Spain. In addition, FWI95d is simulated to have already emerged in Bulgaria, Georgia, 
Greece, Portugal, Romania, Serbia, and Spain. The countries listed here have already experienced 
an unprecedented shift in fire weather relative to the natural variability simulated for the pre-
industrial period. 

At 1.5°C of warming, FWSL is projected to emerge in Bosnia and Herzegovina, Croatia, Finland, 
France, Italy, Moldova, North Macedonia, Portugal, Slovenia, Sweden, Switzerland, Ukraine. Also 
at 1.5°C of warming, FWI95d is projected to emerge in Bosnia and Herzegovina, Croatia, Finland, 
France, Iceland, Italy, Moldova, the Netherlands, North Macedonia, Norway, Slovakia, Slovenia, 
Sweden, Switzerland, Ukraine. At 2.0°C of warming, FWSL is projected to emerge in Austria, 
Germany, Hungary, the Netherlands, Norway, Slovakia, and the United Kingdom. Also at 2.0°C of 
warming, FWI95d is projected to emerge in Austria, Germany, Hungary, and the United Kingdom. 
At 3.0°C of warming, FWSL is projected to emerge in Belarus, Latvia, and Poland. Also at 3.0°C 
of warming, FWI95d is projected to emerge in Belarus, Latvia, and Poland. No further emergence 
occurs across the European nations at 4.0°C. The countries listed here will experience 
unprecedented fire weather under future warming increments relative to the natural variability 
simulated for the pre-industrial period. 

The absolute and relative magnitude of the simulated increases in FWSL and FWI95d experienced 
by these countries can be accessed via the Searchable Inventory. The absolute increases are also 
plotted in Figures A9.10 and A9.11. 

Numerous modelling studies have focusses on projecting future change in fire weather frequency 
in the fire-prone Mediterranean region of Europe. Moriondo et al. (2006) used a single climate 
model to show increases in mean FWI, FWSL and extreme fire weather frequency (week-long 
episodes of FWI > 45) lead to an increase in fire probability even in a relatively low emission 
scenario (SRES B2). Several studies have also projected increase in temperature, precipitation and 
drought and heatwaves and evaluated their effects on the likelihood of fire occurrence and BA in 
the Mediterranean (Parente et al., 2018; Turco et al., 2014). Fargeon et al. (2020) used three 
regional climate models under RCP4.5 and RCP8.5 to project that, by the end of the century, 
mean summer FWI will increase by + 24-67% and the frequency of 90th percentile FWI will increase 
by + 19-50% in France with greater rates of change in southern regions. Using an 8-model ensemble 
of regional climate models under RCP4.5 and RCP8.5, Ruffault et al. (2020) projected that the 
frequency of fire weather conditions linked to the largest fire types (“heatwave” and “hot 
drought” fires) in France, Portugal, Greece and Tunisia will increase by 14 and 30% by the end of 
the century under the RCP4.5 and RCP8.5, respectively. Calheiros et al. (2021) used projections 
from 11 regional climate models under RCP4.5 and RCP8.5 to reveal significant increase in future 
fire weather on the Iberian Peninsula that will be temporally pronounced in late spring and early 
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autumn, and spatially pronounced in southern and eastern parts of the region. Our analyses 
indicate that FWSL has already increased by 20% and FWI95d by 51% since the pre-industrial period, 
with the majority of models in agreement on the sign and significance of the historical change. 
The analysis also suggests that FWSL will rise by 47-65% above the pre-industrial average at 1.5-
2.0°C warming, and by 97-135% at 3.0-4.0°C warming. FWI95d is projected to rise far more steeply, 
by 115-162% at 1.5-2.0°C warming and 295-439% at 3.0-4.0°C warming. 

Several event attribution studies have also been conducted in parts of Europe. Krikken et al. (2019) 
found that the FWI values present during the 2018 wildfires in Sweden were around 10% more 
likely as a result of anthropogenic climate change and that the likelihood of the fire weather 
conditions seen at that time will double under 2.0oC of warming above pre-industrial levels. 
Barbero et al. (2020) used a 17-model ensemble of CMIP5 models to show that fire weather 
conditions that triggered fires in the 2003 fire season in France would have a <0.2% annual 
probability of occurrence in the absence of anthropogenic climate change, compared to a 
probability of ~10% (return interval ~10 years) under today's climate. Based on dual runs of the 
climate models, Barbero et al. (2020) concluded that anthropogenic climate change was 
responsible for nearly half of the observed increases in fire weather across the Mediterranean 
region of France. The detectable impact of climate change on fire weather is consistent with the 
broader concept of Mediterranean amplification of climate change marked by strong emergent 
increases in the frequency of hot and dry summers (Fargeon et al., 2020; Turco et al., 2018b). 

North America 

FWSL is simulated to have already emerged in Canada, Mexico and the United States. In addition, 
FWI95d is simulated to have already emerged in Canada, Mexico and the United States. The 
countries listed here have already experienced an unprecedented shift in fire weather relative to 
the natural variability simulated for the pre-industrial period. Both FWSL and FWI95d have already 
emerged across all three countries in North America. 

The absolute and relative magnitude of the simulated increases in FWSL and FWI95d experienced 
by these countries can be accessed via the Searchable Inventory. The absolute increases are also 
plotted in Figures A9.12 and A9.13. 

Substantial increases in future fire weather have previously been modelled in North American 
boreal regions, where mean annual temperatures are increasing at a faster rate than elsewhere 
in the world (de Groot et al., 2013; Flannigan et al., 2005, 2009, 2013; Kirchmeier‐Young et al., 
2017, 2019; Wotton et al., 2017; Coogan et al., 2019). De Groot et al. (2013) used several models 
and CO2 concentration scenarios to simulate the impacts of climate change on daily severity rating 
(DSR), a component of the FWI representing the degree to which a fire could be suppressed, in 
two large boreal study areas in Canada and Russia. All models and climate change scenarios 
indicated that future fire weather conditions will become more severe in both regions by up to a 
factor of 4-5 during the peak of the fire season in the late 21st Century relative to the late 20th 
Century, with the largest increases occurring in western Canada. The annual number of spread 
days, defined according to operational thresholds that are deemed by practitioners to be 
supportive of fire spread, will increase by 35–400% by mid-to-late century across Canada, relative 
to late 20th century conditions (Wang et al., 2015, 2017). Wotton et al. (2017) analysed 
projections from three climate models, which showed progressive increases in both fuel dryness 
and the potential intensity of fires that occur in Canadian boreal forests during the 21st Century. 
The number of days with greatest potential of intense, and often unmanageable, crown fires was 
simulated to increase due to changes in moisture availability in aboveground biomass. The 
projections of future fire weather and its interannual variability vary across ecosystems 
(Kitzberger et al., 2017; Young et al., 2017). Alaskan Arctic tundra and boreal forest edge 
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environments are projected to experience the largest increases in fire weather, where the 30-
year fire probability is projected to increase four-fold by 2100 under RCP6.0, based on change in 
climatic conditions (Young et al., 2017). 

Numerous modelling assessments of change in fire weather have also been completed for the 
western US. Barbero et al. (2015) used an ensemble of climate models to project change in the 
frequency of fire weather conditions prone to producing large fire events (90th percentile BA) 
under the RCP8.5 scenario. The models projected an increase in the likelihood of large fires across 
most historically fire-prone regions of the western US, with the largest increases in the northwest 
US. Goss et al., (2020) showed ubiquitous, albeit heterogenous, increases in extreme fire weather 
days (FWI95d) in Autumn (September-November, when the largest wind-driven fires tend to occur) 
through 2100 in the western US under RCP4.5 and RCP8.5. The models indicated that the 
magnitude of the trend in Autumn FWI95d is not likely to be spatially uniform, yet increases are 
essentially ubiquitous across all vegetated areas of California. In some regions, relative increases 
in extreme FWI frequency are projected to exceed 50% by the late-21st century under RCP4.5 and 
approach 100% under RCP8.5 by the late-21st century relative to 1950–1979. Abatzoglou et al. 
(2021) used an 18-model ensemble to project the future likelihood of fire weather conditions 
linked to spatially synchronous large fire outbreaks across much of the western US under both 
RCP4.5 and RCP8.5. The models projected that such prolonged spatially synchronous extremes, 
which have occurred on average in one-in-three years during 1991-2020, will occur in the majority 
of years during 2050-2100 regardless of the RCP scenario. 

A number of event attribution studies have focussed on recent wildfires in North America. The 
2015 Alaskan wildfires occurred amidst fire weather conditions that were 34-60% more likely due 
to anthropogenic effects on temperature and moisture availability, although lightning strikes were 
the dominant ignition source and the effect of anthropogenic climate change on lightning activity 
was not established (Partain et al., 2016). Kirchmeier-Young et al. (2017) demonstrated that 
anthropogenic climate change increased the likelihood of the 2016 Fort McMurray fires in Canada 
by a factor of 1.5-6 due to increases in FWI. Kirchmeier‐Young et al. (2019) later found that 
anthropogenic climate change increased the probability of extreme fire weather by 2-4 times 
during record BA in British Columbia during 2017, while 95% of the temperature anomaly at the 
time of the event was attributed to anthropogenic climate change. Kirchmeier-Young et al., (2019) 
further used empirical relationships between weather metrics and fire activity in the region to 
estimate that 86-91% of the BA in British Columbia during 2017 was attributable to anthropogenic 
climate change. 

In addition, a variety of trend attribution studies have focussed on quantifying the contribution of 
climate change to trends in fire weather. Abatzoglou and Williams (2016) showed that 
anthropogenic climate change accounted for ∼55% of observed increases in fuel dryness from 1979 
to 2015 across western US forests. By accounting for strong relationships between BA and fire 
weather in western US forests, the authors estimated that anthropogenic climate change has 
doubled the forest fire area. 

Summary 

Here, we have presented the state-of-the-art evidence for climate-driven increases in fire 
weather, which result in the increased flammability of vegetation and contribute to an elevated 
probability of fires. This change in probability is particularly relevant in regions with adequate 
fuels stocks and ignition sources. We have provided national-level data on simulated change in 
fire weather season length (FWSL) and extreme fire weather frequency (FWI95d) at policy-relevant 
temperature increments. These analyses are based on the calculations presented in a recent peer-
reviewed assessment of CMIP5 simulations (Abatzoglou et al., 2019). While our analyses represent 
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the state-of-the-art understanding of changes in fire weather at the global scale, we note that 
CMIP6 model simulations of the requisite daily climate variables have recently become available 
(Eyring et al., 2016). Hence, there is a clear opportunity to update projections of future fire 
weather based on projections of core climate variables from the latest and most sophisticated set 
of climate models involved in CMIP6. 

While projections of future fire weather provide valuable insights into future probabilities of fire 
occurrence via changing vegetation flammability, they nonetheless fail to capture the mediating 
effects of humans and bioclimatic interactions on future trends in fire activity. This emphasises a 
need for reliable models of how trends in climate and fire weather translate into trends in BA. 
Recent benchmarking exercises performed under the remit of FireMIP have indicated that most of 
the latest generation of fire models are able to reproduce observed spatial and seasonal patterns 
of BA during the past ~2 decades with greater skill than older models (Hantson et al., 2020) 
including those involved in CMIP5 (Kloster and Lasslop, 2017). However, the FireMIP models still 
show a tendency to overestimate BA in savannah-grasslands and underestimate BA in forest 
regions, and they also struggle to simulate fire season length and interannual variations in BA 
(Hantson et al., 2020). In addition, there is poor agreement on the historical trends in BA across 
the FireMIP models, with some indicating large reductions in BA and others indicating increases 
since 1900. As the FireMIP models are driven by ‘offline’ prescribed historical changes in climate, 
CO2 concentration and population and land use, it also remains unclear how these fire models will 
perform when coupled to ESMs during CMIP6 (which include complicated ‘online’ vegetation 
responses to changes in climate, CO2 and fire disturbance). An evaluation of the BA simulations 
from CMIP6 data is eagerly awaited (Lasslop et al., 2020b). 

Given the poor agreement on historical BA trends amongst the FireMIP models and the 
inadequacies of these models in the reproduction of interannual variability, it is perhaps 
inconceivable that BA projections from the CMIP6 models will provide the degree of clarity 
required to dramatically increase confidence in their simulated future trajectories of BA under 
future climate change. Consequently, a need for major step-changes in fire modelling capacity 
has been highlighted in the literature. Numerous improvements to the model representation of 
human impacts on fire ignitions and suppression have been suggested. Generally revolving around 
improved representation of the highly variable relationship between humans and fire on regional 
and even local scales (Ford et al., 2021; Le Page et al., 2017; Pfieffer et al., 2013; Teixeira et al., 
2020). In addition, the representation of sub-grid landscape factors affecting vegetation and fuel 
continuity and thus fire spread (e.g. terrain, human infrastructure, agricultural mosaics) are 
viewed as particularly pressing (Wang et al., 2014; Cochrane et al., 2012; Narayanaraj & Wimberly, 
2011; Tymstra et al., 2010). These developments in fire modelling are likely to be resolved over 
the coming decade and should result in major improvements in model capacity to reproduce 
historical trends in fire. They will bring new capacity to look beyond the impacts of climate change 
on fire-prone weather and towards a more complete picture of climate change impacts on fire. 
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2.9 Direct, indirect and induced economic impacts 

Introduction 

Where appropriate information on types of direct and indirect economic impacts are reflected on 
within the sector sections above. This section provides a summary of some of the examples of 
indirect, induced and intangible economic impacts, which can cut across multiple sectors and 
regions. 

Climate change impacts can be described as market or non-market, as well as tangible and 
intangible, which may or may not be captured by market effects (Figure 9). Tangible and market 
impacts are fully visible to decision makers as climate impacts translate into higher costs and new 
investments (e.g., flood protection wall). On the other hand, increased difficulties in sourcing 
primary resources (e.g., freshwater) will be tangible but market costs are not directly available 
and decision makers struggle to appreciate the economic extent of such effects.  

Intangible effects are less perceivable but not less important. Health costs due to increased 
mortality or morbidity are intangible but financial costs are accountable for. As noted in section 
2.1 severe droughts are associated with health problems from both overheating, and direct and 
indirect water access issues in both humans and livestock, while water stress and drought have 
been linked to several human diseases. Similarly, brand value/loyalty and new diseases are 
intangible but their effects, as we are experiencing, can be quantified and monetized with 
standard economic tools. 

In contrast, intangible and non-market effects are very hard to quantify but could potentially form 
a substantial component of total economic impacts of climate change. Such effects could include 
increased anxiety which reduces wellbeing levels, compromised cultural and belief values, 
reduced trust and social disruption including migration. For example, sections 2.1 highlights that 
water stress (shortages) and drought has been linked to an increase in violence in some areas, 
while section 2.7 highlights that the consequences of heat stress can include impacts on mental 
health and wellbeing. 

 

                Tangible  
 
Market 

Higher cost of production,  
higher quantity of products 

Health impact 
new diseases,  
brand value 

 

 Reduced quantity of resources or 
number of species 
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Non-market 

                                                                                                                    Intangible 

Figure 9: Differentiation of impacts of climate change 
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Another crucial categorization is between direct and indirect effects. Direct effects can be 
attributed primarily to climate change in a cause-effect relationship. In the case of drought direct 
impacts to business of a reduction in water supply and quality can directly affect productivity. 
This is particularly the case for sectors that use water as a critical or important part of their 
production process, such as agriculture or electricity supply. Reduce productivity will result in 
indirect losses due to changes in the flow of goods and services through sectoral interlinkages and 
supply chains. As such, droughts can affect economic sectors where water is not a critical or 
important part of their production process (Jenkins et al., 2021). Likewise, in agricultural 
economics, a relationship between climate (and weather) and crop yield has been established 
leading to the direct effect of climate change on tangible market goods (e.g., the price of wheat 
and maize). Indirect effects can be both market and non-market. Whilst many studies provide 
important insights into understanding future changes in the growth and quality of major crops - 
the productive component of food security - how such agricultural impacts would indirectly affect 
the wider economy and socioeconomic structure, such as poverty levels, of affected countries has, 
to date, received much less attention (Hertel et al. 2010; 56 Bandara and Cai 2014).  

Indirect and induced economic impacts and interlinkages 

Importantly, economic estimates of climate change effects still need a shared vision on approaches 
and key challenges (e.g., intra/inter generation equity, time horizon, risk management and 
governance of climate change policies). Furthermore, the modelling and evidence on indirect 
market effects and particularly induced effects (i.e., effects generated by the spending of 
employees within the supply chain) is still very scarce, particularly where they cut across multiple 
disciplines and sectors. 

For example, drought and water security have direct impacts on economic sectors and society 
(Arnell 1999). Mortality, morbidity and displacement costs are the most prominent direct social 
costs but direct and indirect effects on society can also manifest through economic and 
environment effects. Water scarcity can damage natural habitats and biodiversity and reduce 
multiple regulating services that provide benefits to society (e.g., water purification or soil water 
filtration) For example, water is crucial for many recreation activities from boating, fishing, 
biking, backpacking and wild swimming. 

The food supply chain is directly impacted by drought and water security and businesses will face 
disruption and increased production costs. Indirectly these costs can have unequal effect on users. 
For example, if the farming sectors face water shortages they might implement new water 
management strategies which lead to higher production costs. Consumers’ final food prices will 
reflect increased production costs, and in some countries, the effects will be more severe than 
others with possible displacement effects. The study by Wang et al., (2021) highlighted the 
potential impact on producers of price changes to primary factors such as land and labour. Such 
combined factors of impacts on labour combined with changing consumer price effects will be 
important when considering the impacts on welfare. The study suggests that the impact of rising 
temperatures on crop yields could reduce overall welfare levels in some of the modelled countries, 
including India and Ethiopia, even under more stringent climate change goals. 

Wang et al., ( 2021) also highlights how trade can mitigate impacts of decreasing agricultural 
production at a country level although it may act as less of a buffer for food importing countries 
if there is a large increase in global food prices. These types of market effects can be hidden in 
more aggregated multi-region or global analyses (Islam et al. 2016). 

As a further example, as highlighted within section 2.3 on coastal flooding, much of the focus of 
economic studies has been on direct losses and/or avoided losses via adaptation and mitigation. 
However, there has been less focus on indirect macroeconomic implications, for example how 



 

Page 77 of 193 

 

climate change impacts and implementation of adaptation could affect government revenues and 
expenditures (Parrado et al. 2020). For example, Bosello et al. (2012) model the indirect 
implications of (direct) sea level rise on GDP, investment, international trade, and welfare for 
countries in the EU, highlighting the potential for the propagation of effects to landlocked 
countries as well. Likewise, Schinko et al (2020) account for economy-wide effects of SLR due to 
cross sectoral linkages and feedback through international trade channels. 

Indirect and intangible flooding costs are also less researched (van Ginkel et al 2021) (see section 
2.2). Van Ginkel et al (2021) report that flooding is contributing to road and rail network 
disruptions with significant costs for delayed time for people and cargo, although these costs are 
rarely monitored. In modelling flooding transport costs for European countries, however, it can 
also be argued that they overlooked intangible costs described in Babcicky et al (2021), such as 
psychological effects that impact social wellbeing. Fernandez et al. (2019) is just one of the few 
examples where tangible and intangible effects of flooding are estimated with wellbeing indicators 
and econometrics techniques. They collected the life satisfaction index for a period of five years 
along with flooding experiences, losses, social and economic conditions. For the Philippines they 
concluded that intangible costs could represent roughly 30% of economic and financial costs. 

Limited studies (e.g., Maddison and Bigano, 2003; Albouy et al., 2016; Meier and Rehdaz, 2016) 
have also attempted to estimate the impact of climate change on the quality of life, or the so 
called “amenity value of climate”. This notion, in its most general definition, encompasses all the 
aspects of life affected by climate, including work and free-time activities (e.g., Graff et al, 2018), 
housing, comfort, consumption and health. 

Summary 

The above sectoral sections have highlighted many research gaps when related to the estimation 
of economic impacts related to climate change. For example, it is noted for fluvial flooding that 
the direct and indirect flood damages are important, but especially the latter still presents as a 
research gap. The study carried out by (Yin et al. 2021) attempts to quantify economic impacts of 
future fluvial flooding under climate change and socio-economic development. They discussed the 
importance of including socio-economic development when estimating direct and indirect flood 
losses, as well as the role of recovery dynamics, essential to provide a more comprehensive picture 
of potential losses that will be important for decision makers. 

The economic estimates of climate change effects still need a shared vision on approaches and 
key challenges (e.g. intra/inter generation equity, time horizon, risk management and governance 
of climate change policies, availability of data on which to base assumptions) and the evidence on 
non-market and intangible effects is still very scarce. Auffhammer (2018) notes how little has been 
done on effects of climate change on non-market goods other than mortality. Consequently, key 
initiatives to help work together on the measurement of the impacts of climate change at the 
level of detail required for effective decision-making, sector-by-sector and community-by-
community, are becoming more evident such as the Climate Impact Lab (https://impactlab.org/), 
Rhodium group (https://rhg.com/what-we-do/) and the national climate coalition ( 
https://www.theclimatecoalition.org/our-reports). 

.  
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Appendix A – Method and Models 

A1: Introduction to Methodology 

A1.1 Terms and definitions of vulnerability, adaptation, exposure and risk 

Risk results from the exposure of vulnerable systems, be they human or natural, to changes in 
climate-related hazards see Table A1.    Vulnerable systems have a propensity or predisposition to 
be adversely affected as a result of their sensitivity and/or low adaptive capacity. Although the 
potential for adaptation to reduce risk is not explicitly quantified in this review, some metrics 
encapsulate the degree to which low a lack adaptive capacity contributes to vulnerability. 

 

Table A1.1: IPCC Definitions 

Term 
IPCC AR5 (Oppenheimer, 
Campos, Warren et al. 2014) 

IPCC AR6 (in press) 

Hazard The potential occurrence of a 

natural or human-induced 

physical event or trend or 

physical impact 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.  

As AR5 

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. 

As AR5 

 

Exposure The presence of people, 

livelihoods, species or 

ecosystems, environmental 

functions, services, and 

As AR5 
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Term 
IPCC AR5 (Oppenheimer, 
Campos, Warren et al. 2014) 

IPCC AR6 (in press) 

resources, infrastructure, or 

economic, social, or cultural 

assets in places and settings that 

could be adversely affected. 

Risk The potential for consequences 

where something of value is at 

stake and where the outcome is 

uncertain, recognizing the 

diversity of values. Risk is often 

represented as probability or 

likelihood of occurrence of 

hazardous events or trends 

multiplied by the impacts if these 

events or trends occur. In this 

report, the term risk is often used 

to refer to the potential, when 

the outcome is uncertain, for 

adverse consequences on lives, 

livelihoods, health, ecosystems 

and species, economic, social and 

cultural assets, services (including 

environmental services) and 

infrastructure. 

The potential for adverse consequences for human 

or ecological systems, recognising the diversity of 

values and objectives associated with such systems. 

In the context of climate change, risks can arise 

from potential impacts of climate change as well as 

human responses to climate change. Relevant 

adverse consequences include those on lives, 

livelihoods, health and wellbeing, economic, social 

and cultural assets and investments, infrastructure, 

services (including ecosystem services), ecosystems 

and species. 

In the context of climate change impacts, risks 

result from dynamic interactions between climate-

related hazards with the exposure and vulnerability 

of the affected human or ecological system to the 

hazards. Hazards, exposure and vulnerability may 

each be subject to uncertainty in terms of 

magnitude and likelihood of occurrence, and each 

may change over time and space due to socio-

economic changes and human decision-making. 

Adaptation The process of adjustment to 

actual or expected climate and its 

effects. In human systems, 

adaptation seeks to moderate or 

avoid harm or exploit beneficial 

opportunities. In some natural 

systems, human intervention may 

In human systems, the process of adjustment to 

actual or expected climate and its effects, in order 

to moderate harm or exploit beneficial 

opportunities. In natural systems, the process of 

adjustment to actual climate and its effects; human 

intervention may facilitate adjustment to expected 

climate and its effects. 
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Term 
IPCC AR5 (Oppenheimer, 
Campos, Warren et al. 2014) 

IPCC AR6 (in press) 

facilitate adjustment to expected 

climate and its effects. 

Sensitivity  The degree to which a system or species is affected, 

either adversely or beneficially, by climate 

variability or change. The effect may be direct 

(e.g., a change in crop yield in response to a change 

in the mean, range, or variability of temperature) 

or indirect (e.g., damages caused by an increase in 

the frequency of coastal flooding due to sea level 

rise). 

 

A1.2 Types of metrics used in this literature review and the Searchable Inventory 

As mentioned in the introduction, many of the metrics provided in the Searchable Inventory and 
discussed in the literature review refer to exposure to climate related hazard, since this is a 
critical component in risk assessment.  Also provided are metrics of climate related hazard itself. 
These metrics are all collectively referred to as risk-related indicators or risk-related metrics, as 
they are all elements of risk (where an element refers to the pieces that together combine to 
form risk as a whole) 

Within the Searchable Inventory, the user has the choice of requesting a given metric in the 
following formats (1) the absolute value of the metric given a particular global warming level or 
(2) the absolute change of the metric between a past reference period and the particular 
global warming level or (3) the percentage change.  The reference period in (2) or (3) is typically 
1961-1990 but may also in some cases be 1986-2015 or other periods.  

In the searchable inventory, for some metrics, projected values are independent of the time in 
which the global warming climate change occurs. For metrics that encapsulate a socioeconomic 
component, such as population exposure, this necessitates assuming a certain population level. 
These are taken from a widely available population scenario, Shared Socioeconomic Pathway 2 
“Middle of the Road” (SSP2) (see section A1.3 below) which then pins the estimate to a time point. 

In addition, the inventory calculates the percentage avoided change in the metric that results 
from limiting global warming climate change to a lower, as opposed to higher, level of average 
warming, such as 2°C rather than 3°C.     

The various formats identified above are not all available for all metrics in the searchable 
inventory.  These different formats are also prevalent in the wider literature.    Most literature 
focuses on the projection of changes in risk-related metrics due to the combination of climate and 
socioeconomic changes.     

An important and perhaps obvious point is that there are a variety of metrics which may be chosen 
to indicate each particular risk element.   For example, for the climate hazard “drought” a wide 
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variety of metrics exist and there is an extensive literature describing the relative merits of the 
various options.    Yet, within the searchable inventory, its scope only allows for a single metric 
to be presented for drought, which has been carefully selected, on the basis of this literature.   
Selection of a different metric to indicate the level of climate-related hazard or exposure in a 
particular sector might result in a different picture about the global distribution of the metric, 
irrespective of whether absolute or change in metric or its percentage is presented.    Within the 
literature review, some indication of the potential effect of selecting a different metric to 
measure particular risk components is given, but a full and detailed regional and country 
breakdown of the possible implications is beyond the scope of this work.      

A1.3 General methodological assumptions, spatial scale, and treatment of uncertainties in 

the regional pattern of climate projection 

This section provides information about the assumptions and origin of the metric data in the 
Searchable Inventory. This is provided so that readers can understand the uncertainties and 
robustness of the Tyndall data, to help them in the possible application and use of the data. It 
should be noted that the authors cannot anticipate fully how the data might be used, but in 
general it is considered helpful to inform readers as much as possible about the underlying 
assumptions. 

To estimate metrics such as changes in climate-related hazards or in exposure to these, it is 
necessary to consider spatially disaggregated regional climate change scenarios and socioeconomic 
scenarios, in particular population. This section first describes the origin of these scenarios.  The 
Tyndall data explores well the robustness to uncertainties in regional climate projection, using 
alternative climate model output to drive extremely detailed, process based models of risk 
elements.  However, the limited scope of the project meant that only one future population 
scenario could be explored. This means that values of exposure might be larger, or smaller, if 
different population scenarios were used.  

The following sections provide further detail, and a general discussion of potential application of 
the data, including robustness and confidence.  

  

Socioeconomic scenario 

Within the Searchable Inventory, the Tyndall projections are based on regional climate scenarios 
corresponding to the required levels of globally averaged warming above preindustrial levels. 
These are combined with one of the Shared Socio-economic Pathways (SSPs, Riahi et al. 2017). 
The key scenario is SSP2 which describes a ‘middle-of-the-road’ development for all key drivers, 
including population, macro-economic and technology assumptions. In particular, the global 
population rises from 7.2 billion in 2015 to 9.2 billion by 2100 and global GDP from 81.1 trillion 
US$2005 in 2015 to 537 trillion by 2100.  Gridded population data for SSP2 was taken from Jones 
and O’Neill (2016) archived at: https://www.cgd.ucar.edu/iam/modeling/spatial-population-
scenarios.html.  We used the 0.125 x 0.125 degree set and aggregated it to the 0.5 x 0.5 degree 
raster used for the climate projections. 

 

Detailed method for regional climate change projection  

Projections were derived by combining monthly observations with projected changes in climate at 
levels of warming of 1.5, 2.0, 2.5, 3.0, 3.5, and 4.0 degrees above pre-industrial levels (1851-

https://www.cgd.ucar.edu/iam/modeling/spatial-population-scenarios.html
https://www.cgd.ucar.edu/iam/modeling/spatial-population-scenarios.html
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1990) by using data from general circulation models.  The target global mean temperature changes 
were obtained by pattern-scaling the GCM projections using ClimGEN (Osborn et al. 2016).   

Specifically, to derive future regional climate change scenarios at 0.5° latitude by 0.5° longitude 
resolution, capturing uncertainty in regional climate projection, scaled climate change patterns 
were diagnosed from 22 alternative regional climate change patterns (corresponding to 22 
alternative Coupled Model Intercomparison Project (CMIP5) General Circulation Model (GCM) 
patterns). This was necessary because GCMs have not been run for the precise climate change 
scenarios used in this study.  

To obtain the monthly time-series required by our models, the pattern-scaled changes (anomalies) 
in mean climate between 1961-1990 and a future 30-year period (2086-2115), was combined with 
the observed mean climate over a 30-year reference period (1961-1990) so that the observational 
record provides realistic climate variability (Osborn et al. 2016). Observed climate was taken from 
the CRU TS3.00 dataset on a 0.5° latitude by 0.5° longitude grid (Harris et al. 2014).   

For future precipitation, the observed monthly anomalies were first transformed so that their 
probability distribution is consistent with the changes in monthly precipitation variability 
projected by each GCM (see Osborn et al. 2016 for details). Monthly ET was calculated using the 
Penman–Monteith formula from ClimGen data for minimum, maximum and mean temperature, 
vapour pressure, cloud cover, and the CRU CL 2.0 wind speed climatology. 

This pattern-scaling method for projecting changes in climate assumes that an approximately 
linear relationship between local changes in climate variables and global-mean surface 
temperature is valid over the range of climate changes being considered here. The method has 
been shown to emulate more detailed GCM projections well with errors that are small relative to 
the climate change signal and relative to the range of projections emerging from alternative GCMs 
(Osborn et al 2018, Tebaldi and Arblaster 2014).  A full review and comparison with other methods 
may be found in James et al. (2017). 

In a minority of metrics, daily time series were required as inputs.    In this case, daily anomalies 
from the WATCH dataset (Weedon et al 2021) were superposed over monthly ClimGEN time series. 
WATCH is a bias-corrected reanalysis dataset designed for driving impact models and it was 
selected because it is compatible with the ISI-MIP fast track project (Warszawski et al. 2014). 

 

Potential use of data, robustness and uncertainty issues 

Where measures of hazard only are provided, the user should combine them with measures of the 
spatial distribution of vulnerable human systems or ecosystems in order to take the next step 
towards an assessment of risk.  Where measures of exposure are already provided, the user should 
combine them with measures of the vulnerability of the exposed system(s) in order to take the 
next step towards the assessment of risk.  Finally, as previously mentioned the user should 
understand that no additional adaptation is included in the data, and hence any information about 
the potential to adapt would need to be collected by the user.  

In both cases users should understand that the percentage changes in metrics are more robust to 
uncertainties of many kinds than are the absolute values.  The inventory contains information 
about how the metrics differ when different patterns of regional climate change corresponding to 
different climate change models are used.  This is needed because for example with a 2°C 
warming, different climate models will project a different pattern of regional temperature and 
precipitation change, even though the level of global warming is the same.  It is important to 
understand that a 2°C average warming does not mean that the amount of warming in each grid 
cell is 2°C, only that when averaged over the whole world, including the ocean, the average is 
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2°C. As mentioned previously, measures of population exposure are based on one middle of the 
road global population projection only and so if populations increase more or less the exposures 
would follow suit. 

Importantly, the searchable inventory provides metrics that are either totalled, or averaged, over 
a country.  This means that these indicators mask potentially large regional variation about the 
hazard or exposure within a country.  This is particularly the case for large countries such as China 
or Russia for example, which span a large number of climatic zones some of which will become 
drier and others wetter as climate changes. On the other hand, projections for very small 
countries, or islands, containing only a single grid cell, are less robust because they are strongly 
depending on climate model output for a single grid cell. However, this means that overall, it is  
often not possible to provide confidence levels for each metric, or indeed each country, since 
these vary widely between countries and within them.  

Where possible, the Tyndall projections in the Tyndall Searchable Inventory are given as ensemble 
means and ranges across the range of regional climate projections utilised, either 10th to 90th 
percentile, or sometimes 5th to 95th percentile. The inventory does not contain any quantitative 
estimates of the uncertainties in output arising from other factors including 1) the difference 
between using the Tyndall models of impacts and exposure instead of other models; 2) the 
implications of using alternative metrics.  Most of the Tyndall models are state of the art and 
compare favourably with other approaches.  However, a comparison is provided with two other 
datasets, see below.    

Despite these limitations, Appendices A2 to A10 below and the information tab of the Searchable 
Inventory, summarise the Tyndall Centre’s expert judgement as to the robustness of the 
projections across metrics and regions. 

 

Comparison with the alternative datasets contained in the Searchable Inventory  

Data from the Climate Analytics Impact Explorer, some of which are also shown in the Searchable 
Inventory uses 4 CMIP5 GCMs. Projections from the IPCC WGI Atlas, directly from the CMIP6 
General Circulation Model (GCM) model projections are also included, but these in general project 
only changes in hazard.     

The spatial scale of the Tyndall projections is typically the global grid at 0.5° x 0.5° resolution, 
matching that of the climate change scenarios.  

Projections from the IPCC WGI Atlas also cover the global extent but at a slightly coarser 1° x 1° 
resolution. For inclusion in the Searchable Inventory, the WGI data was disaggregated to the finer 
resolution using GIS so that the spatial grid matches that of the Tyndall projections and were then 
aggregated for each country. 

The inventory also contains country aggregate metrics produced by Climate Analytics (CA) 
(http://climate-impact-explorer.climateanalytics.org/) for a wide range of scenarios (economic 
damage from fluvial floods and tropical cyclones; fraction of population exposed to crop failures, 
heatwaves and wildfires; land fraction exposed to fluvial floods, crop failures, heatwaves and 
wildfires; and change in crop yields).A more limited set of projections is available from Climate 
Analytics at 0.5° x 0.5° resolution, which was considered less useful and not used here. 

The projections from CA encompass uncertainty related to the global climate sensitivity to 
emissions (and how they will play out over time) and the response of local impacts to warming. 
To do so, CA generated projections for eight policy relevant emission scenarios. Relevant time 
slices for each warming increment, starting from 1°C and increasing in increments of 0.1°C were 
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generated for a range of scenario-GCM combinations (using 4 CMIP5 GCMs) to identify in which 
year certain GMT levels are reached. For each specific 0.1°C warming increment identified, 
projected values were averaged over a 21-year period centred on the identified year. Average 
values are pooled and median values for each level of warming are computed. The uncertainty 
range presented is the combination of the uncertainty in the GMT response to a given emission 
scenario and response of the indicator of interest to a given GMT trajectory. It is important to 
note that confidence in these results decreases at higher warming levels as these levels are 
reached in a smaller number of experiments. Results are aggregated to the national level using 
weighted averages of either population, GDP or area. Unlike the Tyndall data, socio-economic 
data is assumed to remain constant (population, land-use, management practices, GDP etc.) at 
2005 levels. As such the projections reflect the effect of climate change only on the sectoral 
impacts and damages presented (see http://climate-impact-
explorer.climateanalytics.org/methodology/ for further details). To incorporate the data in the 
Searchable Inventory, country level data from CA for each metric and emission scenario were 
extracted that corresponded to warming levels of 1.5, 2, 2.5, 3, 3.5 and 4°C, and then averaged 
across the eight emission scenarios. 

The projections from IPCC WGI Interactive Atlas encompass uncertainty similar to the projections 
from Climate Analytics. Projections are generated using up to 35 CMIP-6 models for a total of 4 
policy relevant RCP emission scenarios and up to 4 GMT levels. A specific GMT level is reached 
when the global near-surface air temperature change averaged over successive 20-year periods 
first reaches this temperature difference relative to the projections created for the period 1851-
1900. In cases where the level is not reached within the simulated time period the GWL is 
discarded, which leads to lower confidence for higher warming levels as only a few of the RCP 
scenarios will reach these higher temperatures. Subsequently, mean ensemble values for each 
level of warming are computed across the range of CMIP-6 models. The interactive atlas does not 
consider socio-economic data and only presents information for climate variables. The projections 
thus purely reflect the changes in climatic conditions. For further information on the atlas see 
IPCC WGI Interactive Atlas. 

More generally, the wider literature may use an even wider range of approaches and spatial scales 
for climate simulations and may employ other approaches to diagnose the pattern of regional 
climate change, such as dynamical downscaling. A full exploration of the extent to which use of 
different climate projections might affect the projections within the searchable inventory is 
beyond the scope of the project.  

A1.4 Sector specific assumptions and methods 

This appendix contains detailed methodological assumptions underpinning the data presented in 
the searchable inventory.  Some of the key assumptions are tabulated below for readers who 
require only a brief summary.  

Table A1.2: Sector-specific key methodological assumptions in the Searchable Inventory (Tyndall Data) 

Sector Assumption 1 Assumption 2 Assumption 3 

Drought Modelling using this method is 

sensitive to the choice of input 

data, including the method 

This method may be over-

sensitive to increasing 

 

http://climate-impact-explorer.climateanalytics.org/methodology/
http://climate-impact-explorer.climateanalytics.org/methodology/
https://interactive-atlas.ipcc.ch/
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Sector Assumption 1 Assumption 2 Assumption 3 

chosen to calculate potential 

evapotranspiration (PET). 

evapotranspiration in areas 

of high aridity. 

Water 

security 

Water stress is a metric of 

exposure and how the exposure 

translates into impact depends 

on local water management 

and agricultural practices 

which are impossible to 

capture within the chosen 

modelling framework. 

The projections also do not 

account for any measures of 

adaptation which might be 

put in place over time. 

 

Fluvial 

flooding 

We assumed that future 

climate variability at the daily 

timescales is the same as in the 

present-day observations 

(changes in the mean climate 

and in the monthly timescale 

variability of precipitation are 

represented).  

We did not consider 

uncertainties due to the 

hydrological and 

hydrodynamic models.  

Our projection provides 

the potential risk of 

flooding, irrespective of 

non-climatic factors 

such as land-use 

changes, river 

improvements or flood 

mitigation 

infrastructure. 

Coastal 

flooding 

Modelling takes account of 

coastal defences in 1995, then 

impacts assessed with or 

without future adaptation 

accounting for socio-economics 

and sea-level rise. In reality, 

more adaptation options are 

available and occur for a wide 

range of reasons. 

That adaptation happens 

simultaneous or shortly after 

sea-level rise. In reality this 

is timed with defence 

upgrades taking account of 

nearshore coastal processes. 

Scenarios indicate 
population growth is 
uniform throughout the 
country, but coastal 
population can increase 
more than the national 
average, or potentially 
people may migrate 
away from the coast. 

 

Agriculture Modelling is based on a single 

crop model which does not 

take into account CO2 

fertilisation effects on crop 

yield. Models that do not 

Current crop area and crop 

type are assumed to remain 

constant over time.  

Modelling does not 

directly consider the 

effects of extreme 

weather events (such as 
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Sector Assumption 1 Assumption 2 Assumption 3 

include an estimate of CO2 

fertilisation tend to lead to 

more negative effects than 

those that consider this 

process.  

flood, drought and heat 

stress) on crop growth. 

Biodiversity Modelling includes the effects 

of changes in climate 

suitability for species based on 

mean changes in climate. 

Whilst ability of species to 

track a changing climate 

cannot be included in these 

metrics, the effects would be 

relatively small      

Effects of extreme weather 

events are not included 

Cascading effects of 

species species 

interactions are not 

included 

Human 

health – 

Dengue and 

Malaria 

cases 

Modelling does not consider the 

mass rollout of a vaccine which 

would significantly reduce risk 

of infection. 

Modelling is based on 

comprehensive 

epidemiological datasets, 

comprising more detail than 

previous studies. However, 

other determinants of 

disease such as 

socioeconomic development, 

urbanisation, international 

flow of people and goods, 

and deployment of 

interventions are not 

accounted for. For example, 

projected malaria cases 

must be analysed in the 

context of a current global 

contraction due to economic 

development and disease 

control efforts. 

Results are dependent 

on the quality and 

quantity of the 

epidemiological data 

recorded, which may 

vary within and across 

countries. 
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Sector Assumption 1 Assumption 2 Assumption 3 

Fire The fire weather index (FWI) 

does not account for fuel loads 

or ignition sources; it is a 

measure of the of climatic 

controls on vegetation dryness 

and thus flammability of the 

landscape. 

 

FWI is a strong predictor of 

variability fire activity and 

fire extent in forests and 

shrublands, where fuel loads 

are substantial. Fire weather 

index is a weaker predictor 

of fire activity/extent in 

regions where humans 

control the fire regime via 

ignitions/suppression of 

fires. 

Human responses to 

changing probability of 

fires, such as enhanced 

suppression efforts or 

land management to 

reduce exposure, are 

also not represented by 

the FWI metric. 
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A.2: Drought and Water Security – State of the art modelling 

Drought is one of the key climate-related hazards and when human and natural systems are 
exposed to it, adverse impacts often occur.  The potential for climate change to induce increases 
in the prevalence of drought, be it through an increased frequency of drought, a tendency towards 
longer droughts, or an increase in drought severity, is therefore of considerable interest.  

There are many different metrics used for modelling drought. The choice of metric depends both 
on the purpose of the study and underlying data availability. Some drought metrics such as the 
Standardized Precipitation Index (SPI) are based solely on precipitation, some incorporate a 
measure of evaporative demand (e.g., Standardized Precipitation-Evapotranspiration Index, SPEI) 
and some take into account soil moisture (e.g., Palmer Drought Severity Index, PDSI). All of these 
metrics convert accumulated moisture deficit (or surplus) into a standardised value based on a 
calibration period. The severity of an event (whether in the historical or future timeseries) is 
benchmarked against droughts that have been experienced during the calibration period. 

In (Price et al., submitted) and in the Searchable Inventory, SPEI (Vicente-Serrano et al., 2010) 
was used to quantify long-term drought conditions. This approach offers benefits over purely 
precipitation-based indices because it considers potential evapotranspiration (PET). This is 
important in climate change related analyses where evaporative losses from the land surface, and 
thus the area of drying land surface, are expected to increase with rising global temperatures. In 
addition, SPEI is more straightforward to calculate than PDSI, does not rely on poorly known 
aspects such as soil characteristics and snow accumulation, and has an explicit timescale over 
which moisture deficits are accumulated (Vicente-Serrano et al., 2010). However, Cook et al. 
(2014) found that SPEI has greater sensitivity to future increases in PET than does PDSI in arid 
regions. This is because soil moisture is an important factor, which is represented in PDSI and not 
by the SPEI method used here. 

Price et al (submitted) looked at six countries (Brazil, China, Egypt, Ethiopia, Ghana and India) 
using CMIP5 data and the results are in Price et al. (submitted).  The analyses, however, were 
originally calculated at the same resolution, globally, and have been summarized for the 
Searchable Inventory using the data and methodology below.  Drought has been examined, at 
differing levels and coverages for many countries. There is usually a lag between climate model 
data being available and it then being used in impact models and analyses. Thus, IPCC Working 
Group 1 results are more likely to be from the latest models (CMIP6) than the papers analysed for 
Working Group 2 (where most results were based on CMIP5, some even CMIP3). Most recently, 
analyses of drought were performed separately for agricultural, meteorological and hydrological 
drought using CMIP6 model output by the IPCC for the Working Group 1 Interactive Atlas (Gutierrez 
et al. in press; https://interactive-atlas.ipcc.ch/).  

Models 

In Price et al (submitted) and the Searchable Inventory, we selected a 12-month timescale (SPEI-
12).  SPEI-12 represents drought severity by the number of standard deviations by which the water 
balance is in deficit as compared with the calibration period (e.g. Vicente-Serrano, 2010; Lloyd-
Hughes and Saunders, 2002).  Categories of drought severity have previously been described by 
McKee et al (1993) using the simpler but less effective SPI. For example, they defined an SPI < -2 
(i.e., more than two standard deviations below normal) as an ‘extreme dry’ drought’ situation. 
The previous BEIS study used the ‘severe dry’ drought’ definition, namely when SPI < -1.5 but 
applied to SPEI (i.e., when the precipitation minus PET accumulated over 12 consecutive months 
is more than 1.5 standard deviations lower than normal for that month). Drought can occur over 
different time scales, ranging from a single month to years. Our previous study and data in the  

https://interactive-atlas.ipcc.ch/).%C2%A0
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Searchable Inventory used SPEI over a 12-month timescale (SPEI-12). That is, a drought beginning 
with a magnitude x (in this study, -1.5; approximating 1.5 standard deviations, but potentially 
including even worst droughts (i.e., <-1.5)) based on the moisture deficit (P-PET) averaged over 
12 months. This level of drought has been found to have impacts on both agriculture and 
groundwater supplies versus using drought lengths of shorter periods. Using SPEI-12 helps avoid 
potentially misleading seasonally dependent results, particularly in areas with clear wet and dry 
seasons. SPEI-12 is calculated as a moving average, so an SPEI-12 drought in a given month means 
that the average conditions in the current plus previous 11 months average to indicate drought 
conditions of this magnitude. While not every month may have been in drought (indeed, some 
could have excess moisture), the overall average equates to drought. Thus, when consecutive 
months of SPEI-12 drought are assessed, the overall length of drought is longer than the number 
of months indicated, as they are the consecutive months from the time the SPEI-12 drought has 
begun.  Thus, 12 consecutive months of an SPEI-12 severe drought equates to a dry spell that 
might span 1-2 years when taking into account the time over which the drought developed. 

Data Sets Used in the Previous BEIS study and the Searchable Inventory 

For analysis of drought, future time series of meteorological variables (precipitation, mean, 
minimum and maximum temperature, cloud cover and vapour pressure) are needed. We generated 
30-year monthly time series of these variables by combining observed variability from the 30-year 
reference period (1961-1990) with the pattern-scaled changes in mean climate between reference 
and future global warming levels. The observed climate came from CRU TS 3.00 (Harris et al., 
2014). Using observed variability rather than model-simulated variability avoids problems where 
model variability is unrealistic but by default prescribes the same variability for the future climate 
as for the observed climate. The latter limitation is overcome for precipitation (the variable for 
which changes in variability are the most important to consider in drought) by modifying the 
default approach to also perturb the observed monthly precipitation variability according to the 
changes in precipitation variability simulated by the respective GCM. Thus, GCM projected changes 
in future precipitation variance and distribution skewness are included in the monthly series. 
Osborn et al. (2016; their figure 3) showed that this approach can emulate GCM projections of the 
frequency of dry months much better than the default approach in regions where a GCM projects 
a significant change in precipitation variability. 

Potential Evapotranspiration (PET) was calculated using a version of the Penman-Monteith 
formulation. The climate data and derived drought metrics were all calculated at a spatial 
resolution of 0.5° latitude and longitude, hence the grid cells used in our spatial analysis are 
approximately 50x50 km in size in most countries. To calculate the SPEI drought metric, we used 
monthly P and PET from the data set described above.  

Several metrics were derived from the estimated SPEI to provide a more detailed picture of 
drought conditions based on different SPEI thresholds. First, we determined the probabilities of 
droughts of a specific category occurring in each grid cell in each month of the 30-year time slice, 
by dividing the total number of months under drought conditions by the overall number of months 
(349, because 11 months are lost when forming a 12-month running mean). The results presented 
in the Searchable Inventory are for SPEI-12 <= -1.5 which is the classification of severe (or worse) 
droughts. The SPEI-12 threshold of -1.5, or severe drought, is commonly used in drought impact 
studies. The metric, as it was calculated, included all values less than -1.5 (e.g., extreme 
drought), but used -1.5 as the starting point. It is also an appropriate threshold for the 30-year 
calibration period that we use: a value below -1.5 standard deviations will occur 6.7% of the time, 
i.e. typically, the 24 months with the most negative SPEI-12 values during the calibration period 
define what is at least a severe drought. A more extreme threshold (e.g. -2, -2.5, etc.) would be 
less well defined because such strongly negative values occur less frequently during the calibration 
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period. Second, we looked at the total number of months in a drought category per year, the 
maximum number of consecutive months in a category per year and at the maximum number of 
consecutive number of months in a category per 30-year period. As noted above, there are a total 
of 349 monthly SPEI-12 values in each period. By calculating these additional measures, we were 
able to not only quantify changes in frequency but changes in duration of drought events as well. 
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A.3: Fluvial Flooding – State of the art modelling 

Amongst different types of natural disasters, not only flooding is the most frequent type but also 
the most socially and economically devastating natural disasters (CRED 2015; Sauer et al. 2021). 
During the 50-year time period 1970-2019, 44% of all natural disaster events have been flood-
related (WMO 2020), followed by storm accounting for 35% which is often connected with floods. 
At the global scale many regions have seen increased frequencies and intensities of heavy 
precipitation events (Ranasinghe et al 2021). The observed trend in increasing precipitation, the 
main driver of floods, have called for an increasing need for strategic global assessments of flood 
risks in both the present and future conditions (Ward et al. 2013). The modelling tools commonly 
used to assess changes in fluvial flooding hazards and risks follow a generic framework illustrated 
in Figure A3.1.  
 

 

 

Figure A3.1 A common flood impacts modelling framework 

 
• Climate Forcings 

 
1. A number of General Circulation Models (GCMs) run in transient experiments through the 

21st century, and forced by changing emissions or concentrations of greenhouse gases 
(GHGs) and anthropogenic aerosols (James et al. 2017).  

2. Downscaling and bias-corrections are often necessary intermediate steps to bridge the 
spatial gaps and adjust the systematic errors in the GCM’s output before they can be used 
to drive hydrological models which usually run at finer spatial scales compared with GCMs.  

3. The identification of climate change signals is needed to determine what forcing inputs 
will be used to run through the hydrological models. Many studies of the effects of climate 
change on flood hazard and exposure use climate scenarios based on projections of future 
emissions and evaluate impacts and climate risks for specific time periods (see e.g. (Ying 
et al. 2014; Dankers et al. 2014; Arnell and Gosling 2016; Vetter et al. 2017) and IPCC AR5 
reports). This approach makes it difficult to identify the response to a specified degree of 
global temperature increase (James et al. 2017). There is now an increasing interest in 
assessing the impacts of climate change at various warming levels instead of future time 
periods (Arnell et al. 2021).  
 

• Impact Modelling 
1. Hydrological models provide the central node linking the climate forcing with the other 

impact models. In addition to streamflow, some of them can also simulate soil moisture 
and groundwater flow.  
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2. They can be coupled with glacier models accounting for glacier runoff inputs into a river 
catchment. This is particularly important for mountainous regions.  

3. In the case of fluvial flooding hazards, exposures and risks, hydrodynamic models can be 
used to further simulate flood inundation extent, depth and even velocity which can 
facilitate risk calculation by using economic models to derive flood footprint including 
indirect damages (Yin et al. 2021).  

Projection flood hazard at different levels of global warming has inherent uncertainties originating 
from different possible combinations of concentrations of GHGs and anthropogenic aerosols, past 
observations of climate and of flood hazard, uncertainties in regional climate projection, including 
those arising from the selection downscaling and bias-correction method, and uncertainties arising 
from the use of different hydrological models. The uncertainties render it impossible to provide a 
deterministic projection into the future, resulting in projections always based on an ensemble of 
modelling outputs. Fluvial flooding hazard projections are usually reported in mean or median 
values with confidence intervals. The mean value is sensitive to outliers, but the median is more 
robust when the ensemble size is not large. Because the computational time can be very intensive 
and using climate forcings from all the climate models is not always possible or desirable, the 
median values are often used in case of a smaller ensemble size.  

Data sets 

Precipitation is a crucial component of the water cycle and their intensities and magnitude are 
directly linked with the severity of fluvial floods (Sauer et al. 2021). The observed precipitation 
data are either used in the calibration of hydrological modelling or modelling of the baseline 
period. There has been a rapid development in the global precipitation data sets by various 
organisations. They include gauge-based, satellite-related, and reanalysis data sets. There is a 
large degree of variability in the different datasets and it is not a straightforward task to 
determine which dataset is most suitable. The different datasets also make it difficult to compare 
results from climate impact studies. Sun et al. (2018) provide a comprehensive review of the data 
sources and estimation methods of 30 global precipitation data sets and discussed the reliability 
of different datasets in various regions. NCAR 2020 also provides a summary of 27 global 
precipitation data sets (NCAR 2020).  

Comparison of findings 

In this Section, we compare four relevant global studies.  

Sauer et al. 2021: They derived river discharge, flooded area and depths at about 25km 
resolution by using 12 global gridded GHMs participating in ISIMIP2a and coupled with the CaMa-
Flood model. They studied absolute trends in annual maximum daily discharge and damages in 
the time period 1971–2010 (see Figure 2). They found the trends in damages are dominated by 
increasing exposure and modulated by changes in vulnerability. They applied the naturalized 
experiment referred to as “NOSOC” in the ISIMIP2a protocol, which means no human impacts, 
such as dams and water abstractions, on river flow were considered. 
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Figure A3.2: Discharge trends and definition of regions. a Absolute trends in annual maximum daily discharge in the 
time period 1971–2010. b Map of the nine geographical world regions: North America (NAM), Eastern Asia (EAS), 
Europe (EUR), Latin America (LAM), Central Asia & Russia (CAS), South & Sub-Saharan Africa (SSA), South & South-East 
Asia (SEA), North Africa & Middle East (NAF), Oceania (OCE) chosen according to geographical proximity and similarity 
of socio-economic structure. These regions are then further divided into subregions assembled of river basins with 
positive (R+, dark colors) and negative discharge trends (R–, light colors). (Sauer et al. 2021) 

 

Dottori et al. 2018: They estimated human losses, direct economic damage and subsequent 
indirect impacts (welfare losses) under 1.5 °C, 2 °C and 3 °C warming and socio-economic 
scenarios SSP3 and SSP5, assuming no adaptation in the future. The reference period is 1976-
2005 and future period is the 30-year time windows centred on the year that global average 
temperature is 1.5, 2 and 3 °C above preindustrial temperature. They used the ISIMIP fast-track 
multi-model hydrological ensemble (50 runoff simulations based on 10 Global Hydrological Models 
and 5 GCMs) and then used the CaMa-Flood model to produce river discharges at 0.25° resolution. 
They found on a global scale the relative change in exposed population increase in most parts of 
the world with Asia seeing the largest increase, and the regional distribution of flooding impacts 
is uneven, with the greatest losses observed also in Asia at all analysed warming levels (see 
Figure 3). They also found the impacts are considerably higher under 3 C warming, but the 
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variability between ensemble members also increases, leading to greater uncertainty in flooding 
impacts at higher warming levels.  
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Figure A3.3: Impacts on the population under the SSP5 scenario. a, Spatial distribution of the relative increase in 
the number of people exposed to floods under 3 °C global warming compared to the reference period. Darker blue 
indicates higher relative increase. Hatching indicates that the confidence level of the average change is less than 
90%. b,c, Number of people exposed (b) and killed (c) aggregated at the macro-region scale (Supplementary Fig. 1) in 
the reference period and under different levels of warming. Filled bars reflect the ensemble average, with the error 
bars indicating the ensemble minimum and maximum. Histograms within the shaded background refer to the 
left x axis scale. FSU, former Soviet Union region. (Dottori et al. 2018) 

 

Alfieri et al. 2017: In this study, 7 GCM outputs were downscalled using the EC-EARTH3-HR v3.1 
to a spatial resolution of 0.35°. They were used to drive a global hydrological model, LISFLOOD-
RR, at 0.5° resolution. The flood hazard maps at 30 arc-second (∼1 km at the equator) were 
derived from the global streamflow climatology for six selected return periods (T = 10, 20, 50, 
100, 200 and 500 years). The Global Human Settlement Layer Global Population Grids [Pesaresi et 
al., 2013; Freire et al., 2015] for the year 2015 was used as the population data. Figure 5 shows 
the changes of flood impacts per country at 1.5°C, 2°C, and 4°C. The countries with no hatching 
are very likely to experience significant changes of flood risk. Changes in flood risk appear 
unevenly distributed, with the largest increases in Asia, U.S., and Europe. On the other hand, 
projected changes are statistically not significant in most countries in Africa and Oceania for all 
considered warming levels. Relative changes in population affected (damage) at 4°C warming are 
projected to exceed 1000% in 15 (16) countries in Central Europe, South Asia, South America, and 
Japan (confidence = 90%), as compared to that in 1976–2005. Negative changes in flood risk are 
found in some countries in Europe and Africa, in agreement with the regional assessment on Europe 
by (Alfieri et al. 2015b).  

 

https://www.nature.com/articles/s41558-018-0257-z#MOESM1
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Figure A3.4: Average change in population affected (a,c, e) and expected damage (b, d, f) per country at SWLs. 
Hatching indicates countries where the confidence level of the average change is less than 90%. (Alfieri et al. 2017) 

 

Hirabayashi et al. 2013: They used the runoff outputs from 11 CMIP5 GCMs and coupled directly 
with the CaMa-Flood model. The future time period 2071-2100 (21C) and the baseline period is 
1971-2000 (20C). The multi-model median return period (years) in 21C for discharge 
corresponding to the 20C 100-year flood (Q100) is shown in Figure 5. The return period decreases 
(increasing flood frequencies and risks) across large areas of South Asia, Southeast Asia, Northeast 
Eurasia, eastern and low-latitude Africa, and South America. In contrast, flood frequency 
decreases in many regions of northern and eastern Europe, Anatolia, Central Asia, central 
North America and southern South America. Globally, flood frequency increases in 42% (23% of 
the land grid cells showed relatively high consistency >9/11 GCMs) and decreases in 18% of the 
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land grid cells (6% showed relatively high consistency >9/11 GCMs). The annual global flood 
exposure increases by about 4±3 (RCP2.6), 7±5 (RCP4.5), 7±6 (RCP6.0) and 14±10 (RCP8.5) 
times from 20C to 21C. This increase in global flood exposure is due mainly to increased exposure 
in many low-latitude regions, particularly Asia and Africa, where flood frequency is projected to 
increase in 21C. When a similar calculation was performed with a future medium population 
growth scenario, the global flood exposure became larger (7-25 times to 20C) than that of the 
estimation with fixed population. This was particularly true in Asia and Africa, where the 
population is projected to increase. 

 

 

 

Figure A3.5: Projected change in flood frequency. a, Multi-model median return period (years) in 21C for discharge 
corresponding to the 20C 100-year flood. b, Model consistency. Grid cells with mean annual discharge of a 
retrospective simulation13 for 1979–2010 of <0.01 mm d−1 are screened out. The case for the RCP8.5 scenario is shown. 
(Hirabayashi et al. 2013) 

https://www.nature.com/articles/nclimate1911#ref-CR13
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A.4: Coastal Flooding – Additional Tables 

One study that did not use the DIVA modelling framework was Haasnoot et al. (2021). They 
considered the absence of coastal flood protection from flooding (where current protection 
standards are exceeded). This provides a guide as to who is at risk if there is no additional 
protection today. This differs from the Tyndall projections in the Searchable Inventory which 
shows those people at risk with (i.e. an impact) and without protection measures (i.e. exposure). 
Whilst direction comparison is not possible due to the different definitions to those at risk and 
regions considered, the trends and relative magnitudes of those at risk may be analysed. This 
indicates that East Asia and the Pacific, and South Asia have the largest numbers of people at risk, 
which is analogous to data in the Searchable Inventory. 

 

Table A4.1: People at risk from flooding in millions (where current protection levels are exceeded based on sea-level 
rise scenarios from Oppenheimer et al. (2019). Extracted from Haasnoot et al. (2021a). 

Regions Year 
RCP4.5 (SSP2) RCP8.5 (SSP5) 

50th 
percentile 

(17th - 83rd 
percentile) 

50th 
percentile 

(17th - 83rd 
percentile) 

East Asia and Pacific 
(includes Australasia) 

2020 32.4 (32.4 - 33.8) 32.4 (32.4 - 33.8) 
2050 42.4 (39.1 - 45.5) 45.3 (41.7 - 48.9) 
2100 39.3 (34.3 - 56.0) 47.8 (38.8 - 62.0) 

South Asia 
2020 31.1 (31.1 - 31.5) 31.1 (31.1 - 31.5) 
2050 40.7 (39.3 - 42.2) 40.0 (38.4 - 41.7) 
2100 40.4 (37.7 - 44.4) 38.2 (33.6 - 42.7) 

Middle East and North 
Africa 

2020 1.0 (1.0 - 1.3) 1.0 (1.0 - 1.3) 
2050 3.3 (2.8 - 3.6) 3.4 (3.0 - 3.7) 
2100 4.9 (2.4 - 5.6) 5.0 (4.3 - 6.8) 

Sub-Saharan Africa 
2020 1.8 (1.8 - 1.9) 1.8 (1.8 - 1.9) 
2050 3.7 (3.3 - 4.2) 3.5 (3.1-4.0) 
2100 6.9 (5.7 - 8.4) 6.1 (4.8 - 7.8) 

Europe and Central Asia 
2020 0.7 (0.7 - 0.7) 0.7 (0.7 - 0.7) 
2050 2.3 (1.0 - 4.0) 3.8 (1.6 - 6.0) 
2100 8.0 (5.9 - 10.6) 19.0 (13.6 - 21.3) 

Latin America 
2020 0.8 (0.8 - 0.8) 0.8 (0.8 - 0.8) 
2050 1.2 (1.1 - 1.3) 1.2 (1.0 - 1.3) 
2100 1.7 (1.4 - 2.1) 1.8 (1.5 - 2.3) 

North America 
2020 0.3 (0.3 - 0.3) 0.3 (0.3 - 0.3) 
2050 0.6 (0.5 - 0.7) 0.8 (0.7 - 1.0) 
2100 1.3 (1.0 - 1.7) 3.3 (2.5 - 4.3) 
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Table A4.2: People at risk from flooding in Africa assuming additional adaptation occurs as socio-economic and 
climatic conditions change in 2050 and 2100. Average annual number of people flooded (Millions/year). Uncertainty 
represents high to low (Arnell et al 2019). 

Shared 
socioeconomic 

pathway 
 

Year 

Climate change scenario 

RCP2.6 RCP4.5 RCP8.5 

 2010 0.12 0.12 0.12 

SSP1 
2050 0.33 (0.31 - 0.34) 0.33 (0.31 - 0.34) 0.34 (0.33 - 0.36) 
2100 0.37 (0.34 - 0.41) 0.39 (0.37 - 0.45) 0.47 (0.41 - 0.52) 

SSP2 
2050 0.38 (0.37 - 0.41) 0.38 (0.37 - 0.41) 0.40 (0.38 - 0.44) 
2100 0.54 (0.48 - 0.61) 0.59 (0.54 - 0.66) 0.68 (0.61 - 0.80) 

SSP3 
2050 0.48 (0.44 - 0.51) 0.48 (0.44 - 0.51) 0.51 (0.47 - 0.54) 
2100 0.91 (0.82 - 1.04) 0.99 (0.89 - 1.13) 1.18 (1.04 - 1.37) 

SSP4 
2050 0.46 (0.44 - 0.50) 0.47 (0.44 - 0.50) 0.50 (0.46 - 0.53) 
2100 0.88 (0.79 - 1) 0.95 (0.86 - 1.10) 1.14 (1.00 - 1.32) 

SSP5 
2050 0.31 (0.29 - 0.33) 0.31 (0.29 - 0.33) 0.33 (0.30 - 0.34) 
2100 0.34 (0.30 - 0.38) 0.36 (0.34 - 0.40) 0.42 (0.38 - 0.49) 

 

 

Table A4.3: People at risk from flooding in Asia assuming additional adaptation occurs as socio-economic and climatic 
conditions change in 2050 and 2100. Average annual number of people flooded (Millions/year). Uncertainty represents 
high to low (Arnell et al 2019). 

Shared 
socioeconomic 

pathway 
 

Year 

Climate change scenario 

RCP2.6 RCP4.5 RCP8.5 

 2010 1.38 1.38 1.95 

SSP1 
2050 1.76 (1.67 - 1.86) 1.77 (1.68 - 1.86) 2.26 (2.16 - 2.37) 
2100 1.34 (1.26 - 1.48) 1.44 (1.32 - 1.59) 1.89 (1.72 - 2.15) 

SSP2 
2050 2.03 (1.93 - 2.16) 2.05 (1.94 - 2.17) 2.59 (2.46 - 2.73) 
2100 1.94 (1.80 - 2.15) 2.07 (1.92 - 2.30) 2.67 (2.44 - 3.04) 

SSP3 
2050 2.42 (2.32 - 2.55) 2.43 (2.33 - 2.56) 3.04 (2.90 - 3.21) 
2100 3.50 (3.26 - 3.86) 3.74 (3.47 - 4.16) 4.75 (4.34 -5.45) 

SSP4 
2050 1.99 (1.90 - 2.10) 2.00 (1.90 - 2.10) 2.49 (2.38 - 2.62) 
2100 1.87 (1.76 - 2.07) 1.99 (1.86 - 2.24) 2.50 (2.27 - 2.86) 

SSP5 
2050 1.67 (1.58 - 1.76) 1.67 (1.59 -1.77) 2.13 (2.04 - 2.25) 
2100 1.24 (1.15 - 1.38) 1.34 (1.23 - 1.47) 1.74 (1.60 - 1.97) 
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Table A4.4: People at risk from flooding in Australasia assuming additional adaptation occurs as socio-economic and 
climatic conditions change in 2050 and 2100. Average annual number of people flooded (Millions/year). Uncertainty 
represents high to low (Arnell et al 2019). 

Shared 
socioeconomic 

pathway 
 

Year 

Climate change scenario 

RCP2.6 RCP4.5 RCP8.5 

 2010 0.01 0.01 0.01 

SSP1 
2050 0.04 (0.03 - 0.04) 0.04 (0.03 - 0.04) 0.04 (0.04 - 0.04) 

2100 0.05 (0.05 - 0.07) 0.06 (0.05 - 0.08) 0.08 (0.07 - 0.10) 

SSP2 
2050 0.04 (0.03 - 0.04) 0.04 (0.03 - 0.04) 0.04 (0.04 - 0.04) 

2100 0.06 (0.05 - 0.07) 0.07 (0.06 - 0.08) 0.09 (0.07 - 0.11) 

SSP3 
2050 0.03 (0.03 - 0.03) 0.03 (0.03 - 0.03) 0.03 (0.03 - 0.04) 

2100 0.04 (0.04 - 0.05) 0.05 (0.04 - 0.06) 0.06 (0.05 - 0.07) 

SSP4 
2050 0.04 (0.03 - 0.04) 0.04 (0.03 - 0.04) 0.04 (0.03 - 0.04) 

2100 0.05 (0.04 - 0.06) 0.06 (0.05 - 0.07) 0.09 (0.07 - 0.04) 

SSP5 
2050 0.04 (0.04 - 0.05) 0.04 (0.04 - 0.05) 0.04 (0.05 - 0.05) 

2100 0.08 (0.07 - 0.10) 0.09 (0.08 - 0.12) 0.12 (0.10 - 0.16) 
 

 

Table A4.5: People at risk from flooding in Central and South America assuming additional adaptation occurs as socio-
economic and climatic conditions change in 2050 and 2100. Average annual number of people flooded (Millions/year). 
Uncertainty represents high to low (Arnell et al 2019). 

Shared 
socioeconomic 

pathway 
Year 

Climate change scenario 

RCP2.6 RCP4.5 RCP8.5 

 2010 0.12 0.12 0.12 

SSP1 
2050 0.34 (0.31 - 0.37) 0.34 (0.31 - 0.37) 0.40 (0.38 - 0.45) 

2100 0.39 (0.34 - 0.44) 0.41 (0.38 - 0.48) 0.44 (0.40 - 0.54) 

SSP2 
2050 0.36 (0.34 - 0.38) 0.36 (0.34 - 0.38) 0.45 (0.42 - 0.51) 

2100 0.48 (0.42 - 0.53) 0.51 (0.46 - 0.57) 0.62 (0.56 - 0.75) 

SSP3 
2050 0.37 (0.35 - 0.42) 0.38 (0.36 - 0. 42) 0.54 (0.48 - 0.58) 

2100 0.58 (0.52 - 0.63) 0.61 (0.58 - 0.68) 1.02 (0.92 - 1.23) 

SSP4 
2050 0.33 (0.31 - 0.36) 0.33 (0.31 - 0.36) 0.42 (0.38 - 0.46) 

2100 0.36 (0.30 - 0.38) 0.38 (0.35 - 0.43) 0.46 (0.42 - 0.56) 

SSP5 
2050 0.34 (0.33 - 0.37) 0.34 (0.33 - 0.38) 0.38 (0.35 - 0.44) 

2100 0.47 (0.42 - 0.53) 0.51 (0.47 - 0.58) 0.42 (0.38 - 0.50) 
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Table A4.6: People at risk from flooding in Europe assuming additional adaptation occurs as socio-economic and 
climatic conditions change in 2050 and 2100. Average annual number of people flooded (Millions/year). Uncertainty 
represents high to low (Arnell et al 2019). 

Shared 
socioeconomic 

pathway 
Year 

Climate change scenario 

RCP2.6 RCP4.5 RCP8.5 

 2010 0.08 0.08 0.08 

SSP1 
2050 0.21 (0.19 - 0.24) 0.21 (0.19 - 0.24) 0.21 (0.09 - 0.23) 

2100 0.27 (0.22 - 0.31) 0.30 (0.26 - 0.34) 0.35 (0.33 - 0.41) 

SSP2 
2050 0.21 (0.19 - 0.23) 0.21 (0.19 - 0.23) 0.23 (0.21 - 0.26) 

2100 0.30 (0.25 - 0.35) 0.33 (0.29 - 0.37) 0.39 (0.35 - 0.46) 

SSP3 
2050 0.19 (0.17 - 0.21) 0.19 (0.17 - 0.21) 0.21 (0.19 - 0.23) 

2100 0.26 (0.22 - 0.31) 0.29 (0.25 - 0.32) 0.33 (0.31 - 0.39) 

SSP4 
2050 0.19 (0.18 - 0.21) 0.19 (0.18 - 0.21) 0.21 (0.19 - 0.23) 

2100 0.22 (0.18 - 0.26) 0.24 (0.21 - 0.27) 0.28 (0.26 - 0.32) 

SSP5 
2050 0.23 (0.21 - 0.26) 0.23 (0.21 - 0.26) 0.23 (0.23 - 0.28) 

2100 0.37 (0.31 - 0.44) 0.41 (0.35 - 0.47) 0.48 (0.45 - 0.56) 
 

 

Table A4.7: People at risk from flooding in North America assuming additional adaptation occurs as socio-economic 
and climatic conditions change in 2050 and 2100. Average annual number of people flooded (Millions/year). 
Uncertainty represents high to low (Arnell et al 2019). 

Shared 
socioeconomic 

pathway 
 

Year 

Climate change scenario 

RCP2.6 RCP4.5 RCP8.5 

 2010 0.04 0.04 0.06 

SSP1 
2050 0.13 (0.12 - 0.15) 0.13 (0.12 - 0.15) 0.16 (0.15 - 0.17) 

2100 0.16 (0.14 - 0.18) 0.18 (0.15 - 0.20) 0.31 (0.27 - 0.34) 

SSP2 
2050 0.13 (0.11 - 0.14) 0.13 (0.11 - 0.15) 0.15 (0.15 - 0.17) 

2100 0.19 (0.17 - 0.22) 0.21 (0.18 - 0.23) 0.30 (0.27 - 0.34) 

SSP3 
2050 0.12 (0.11 - 0.13) 0.12 (0.11 - 0.13) 0.12 (0.12 - 0.14) 

2100 0.19 (0.17 - 0.23) 0.21 (0.18 - 0.23) 0.16 (0.15 - 0.18) 

SSP4 
2050 0.19 (0.17 - 0.23) 0.21 (0.18 - 0.23) 0.16 (0.15 - 0.18) 

2100 0.14 (0.12 - 0.16) 0.15 (0.14 - 0.17) 0.24 (0.21 - 0.27) 

SSP5 
2050 0.14 (0.12 - 0.16) 0.14 (0.12 - 0.16) 0.18 (0.18 - 0.20) 

2100 0.22 (0.18 - 0.25) 0.23 (0.20 - 0.25) 0.48 (0.43 - 0.53) 
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A.5: Food security and Agriculture - State of the Art Modelling 

Food security is a complex issue and made up of several factors, including food availability, food 
access, food utilisation and food stability (van Meijl et al. 2020). Many modelling studies into the 
impacts of climate change on food security have focused on changes to food supplies, such as 
changes to crop yield and the number of people at risk of hunger. The potential impacts of climate 
change on crop yields have been widely studied using a variety of methodologies, including through 
the use of statistical models and process-based crop models. Projections of crop yield changes 
increasingly draw on a combination of modelling approaches and make use of model 
intercomparisons (such as AgMIP) and ensemble modelling. Recent studies have also focused on 
the quality of crops – such as the nutrient density – and the impact on the population, such as 
reporting changes to the population at risk of hunger or the impact on food prices. Janssens et al. 
(2020) project that the impacts of climate change will lead to an additional 20 to 73 million people 
at risk of hunger globally with 3°C warming, many in South Asia and Sub-Saharan Africa. State-of-
the-art modelling also often considers additional dimensions of food security, such as political and 
socio-economic factors.  

In the Tyndall data in the Searchable Inventory, impacts of climate change on crop yields are 
modelled using the statistical crop yield model, ClimaCrop, underpinned by 23 GCMs. ClimaCrop 
is based on Schlenker and Lobell, (2010) and assumes that the natural logarithm of crop yield is a 
function of growing season temperature, precipitation and time (Warren et al., 2017). National 
annual yields were obtained from the FAO (2016) for the years 1961–2012 and matched with CRU 
TS 3.22 climate data (Harris et al. 2014) for the same period. To quantify the impacts of climate 
change on crop yields, we limited the crop growing area to locations currently suitable for crop 
growth, given in Monfreda et al. (2008), keeping both the area and the crops grown constant over 
time. This model does not take into account carbon dioxide (CO2) fertilisation effects. Elevated 
CO2 in the atmosphere can have a positive effect on photosynthesis and water retention, which 
can lead to an increase in crop yields. However, this increase is often associated with lower 
nutritional content of the crops grown. The inclusion (or not) of CO2 fertilisation is an extremely 
important factor in modelling the projected impacts of climate change on crop yields. Several 
studies, such as those conducted through the ISIMIP and AgMIP project (e.g. Ostberg et al., 2018), 
have shown that when it is included, the sign of yield change is reversed in many regions, including 
Europe and Asia.    

The Searchable Inventory includes metrics on the impact of climate change on four major crops, 
namely percent yield loss of maize, rice, soy and wheat. Climate Analytics (2021) also includes 
information on changes to these major crop yields. In addition, they also include total soil moisture 
content as a metric of agriculture (see Section on Drought and Water Security for further discussion 
on this metric) and food security and include metrics of the potential impact of extreme events 
on agriculture. These are the fraction of the population annually exposed to crop failures and the 
land fraction exposed to crop failures.  
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A.6: Fisheries – Additional tables 
 

Table A6.1: Projected change in marine fisheries catch potential (%) at levels of warming, relative to pre-industrial 
level based on outputs from a DBEM. Showing the mean, minimum and maximum of the LMEs within each region (no 
min, max for Small Islands as only one LME falls into this region). Extracted from Cheung et al. (2016). 

Region  

Mean  
(min, max)  

1.5°C  2.0°C  3.5°C  

Africa  
-8  

(-12, -1)  
-12  

(-18, -2)  
-44  

(-67, -14)  

Asia  
-5  

(-30, 31)  
-7  

(-40, 42)  
-32  

(-105, 83)  

Australasia  
-11  

(-24, 0)  
-13  

(-29, 1)  
-28  

(-76, 6)  

Central & South America  
-13  

(-33, -3)  
-15  

(-42, -4)  
-32  

(-98, -4)  

Europe  
-8  

(-19, 4)  
-12  

(-22, 7)  
-19  

(-41, 37)  

North America  
-5  

(-20, 1)  
-8  

(-23, 0)  
-22  

(-47, 10)  

Small Islands  -7  -10  -24  

Polar  
20  

(-15, 89)  
45  

(-14, 165)  
127  

(-37, 655) 
 

 

 

 

 

 

 

 

 

https://www.zotero.org/google-docs/?KJv17o
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Table A6.2: FAO projected changes in marine fisheries catch potential (%) by 2050 and 2100 relative to 2000 under 
RCP2.6 and RCP8.5 based on outputs from a DBEM and a DSFM. Showing the average change per region for country 
EEZs. Extracted from Cheung et al. (2019). 

Region  Year  
DBEM  DSFM  

RCP2.6  RCP8.5  RCP2.6  RCP8.5  

Africa  
2050  -17.35  -25.54  -18.35  -19.42  

2100  -16.74  -52.01  -13.67  -33.61  

Asia  
2050  -7.57  -17.64  -6.18  -10.93  

2100  -8.69  -44.93  -3.81  -20.43  

Australasia  
2050  -4.60  -6.41  -2.29  -8.37  

2100  -3.86  -15.34  0.40  -22.41  

Central & South America  
2050  -5.10  -8.26  -8.23  -12.87  

2100  -2.73  -44.36  -5.52  -19.18  

Europe  
2050  -20.14  -23.67  -35.71  -26.66  

2100  -20.52  -40.61  -40.85  -38.29  

North America  
2050  -2.73  -5.66  -8.34  -5.82  

2100  -4.75  -9.33  -5.05  -12.08  

Small Islands  
2050  2.87  -7.34  -11.84  -17.02  

2100  5.19  -23.78  -10.00  -28.88  

Polar  
2050  35.18  49.23  -0.87  -3.97  

2100  45.77  95.93  -2.88  -12.36 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

https://www.zotero.org/google-docs/?e9giDX
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A7: Biodiversity and Ecosystem Services – State-of-the-art-modelling 

The results presented in the papers and in the Searchable Inventory all draw from the models 
prepared for the Wallace Initiative. The decision to use this particular database was based on the 
span of taxa examined and the coherent use of climate model data (21 CMIP5).  While there have 
been other extensive studies (Foden, 2013; Hannah, 2020) they have either not used climate model 
data (Foden et al (2013) used expert judgement to assess climate exposure risk relative to species’ 
traits) or only a few taxa (Hannah et al. 2020, plants). Warren et al. (2013, 2018) used a consistent 
set of climate data and modelling methodology across the greatest range of species’ taxa.  
Furthermore, the Wallace Initiative project was designed to sample the broadest range of species 
to estimate large-scale population changes under a consistent set of climate data A meta-analysis 
of different climate change impact studies on species (through 2013) found that the differing 
techniques yielded similar results (Urban 2015).   

The methodology used in this project follows that used in Warren et al. 2018 (a,b), Price et al. 
(submitted b), and Saunders et al (in press). Extensive discussion on the methods, caveats and 
limitations can be found in Warren et al. 2013, especially the Supplementary Material. Briefly, the 
global scale Wallace Initiative (WI) database was created using an established species distribution 
modelling tool, MaxENT (Phillips et al. 2006), to estimate potential changes to the ranges of more 
than 135,000 species associated with levels of global warming between 1.5 and 6°C (relative to 
pre-industrial levels), using 21 alternative CMIP5 regional climate change projections for each 
level of warming to incorporate uncertainty in regional climate projection. As in Warren et al 
(2018 a,b) calculations were carried out at a 20x20 km scale. The MaxENT analysis works by 
developing a statistical relationship between current species distributions and current climate, 
and assuming this relationship holds into the future. To develop these models, species distribution 
data for many species is required and this was sourced via the Global Biodiversity Information 
Facility (GBIF; GBIF 2015, Yesson et al. 2007).  Species richness remaining in 2100 is calculated 
based on climates resulting from constraining warming to the lower levels of 1.5° and 2°, 
compared to higher warming levels of 3° and 4°C in each grid cell.  This is then used to quantify 
the geographical extent of areas we term climate refugia, defined as areas retaining at least 75% 
of the species currently modelled present under the changed climate (Warren et al. 2018b). This 
proportion of species must be retained in at least one-half of the regional climate model 
projections in order to qualify as a refugium, in order to account for uncertainty in regional climate 
projections. Well-functioning ecosystems depend on the retention of the species that they 
contain, whereas species loss contributes to loss of ecosystem functioning (Gaston & Fuller 2008). 
Degradation of ecosystem functioning can then impact ecosystem services and Natural Capital 
(Price et al., submitted a) and consequently the economic and social systems.  Hence, these 
climate refugia indicate locations where the current ecological community is projected to best be 
able to be preserved under future climate change. We also look separately at species richness loss 
(the percentage of species projected to lose 50% of their range) as an indicator of ecosystems that 
are thought to have lost much of their functioning.  

The analyses presented in the Searchable Inventory do not explore the potential for species to 
move to new geographical locations (adaptation by movement) under climate change. Many 
mammals, birds, and some insect taxa have a considerable ability to disperse. However, plants, 
reptiles, amphibians, and most invertebrates much less so (Warren et al 2018a). The degree to 
which this dispersal results in the successful shifting of individual species’ ranges will be affected 
by their dependency on plants and insects which may have been unable to track their shifting 
climate envelope and therefore this is excluded from the Searchable Inventory.  Furthermore, the 
recently developed downscaled species data (Price et al. submitted a) used in the Searchable 
Inventory are unable to take into account dispersal. Dispersal is frequently modelled as an 
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important adaptation for the persistence of individual species and overall global extinction risk.  
However, at the level of the community, potential changes in competition for limited resources, 
and/or changes to predator-prey, pollinator and seed dispersal interactions, may counter 
individual species level benefits.  

However, many of the traits that are typically associated with adaptative capacity (e.g., where 
they live in a canopy; Foden et al. 2013) are actually captured in the Wallace Initiative (and other 
species distribution) models.  Species distribution models start with species occurrence data.  
Species occurrence data was collected where the species ‘occurs’ based on its traits – so, the 
traits considered to provide adaptive capacity in other models in fact do not as they are already 
‘in the models’. This has implications beyond the biodiversity models.  In many models of coffee 
and chocolate there is an assumption that growing them under shade will convey an adaptation 
buffer of a few degrees C.  However, as the models already include data from the species occurring 
under shade, it is ‘in the model’. Observations of yield changes show declines in shaded areas are 
on the same order as unshaded.  

As well as quantifying the theoretical areal extent of refugia for plants and vertebrates in a pristine 
environment (i.e., climate only), we also quantify the areal extent of refugia in areas whose land 
cover has been defined as natural in 2015 using data from the European Space Agency Climate 
Change Initiative Land Cover Database (ESA CCI; 300m resolution). In this study, natural was 
defined as cells with >50% natural vegetation. While some agricultural landscapes, and even urban 
areas may be important for some species, they generally contain lower levels of biodiversity than 
‘natural’ areas.   

The aggregated data underpinning Warren et al. 2018 a,b etc. (refugia, species richness remaining 
and species loss) were subsequently interpolated, on a cell-by-cell base, between warming levels, 
to generate layers of potential climatic range loss in 0.5°C warming steps from 1°C to 6°C, with 
1°C, 1.5°C, 2°C, 2.5°C, 3°C, 3.5°C and 4°C presented here. In order to develop a single metric 
for ‘biodiversity’ (as opposed to separate metrics for plants, fungi and animals) it was necessary 
to work solely with the interpolated data for species richness remaining. This metric was 
computationally intense and so could only be provided for the 50th percentile.   

The climate data used in the Wallace Initiative begin with global temperature time-series 
corresponding to the Representative Concentration Pathways of 2.6, 4.5, 6 and 8.5 that are then 
used to scale 21 alternative patterns of regional climate change derived from the CMIP5 model 
inter-comparison project. Projected climates were produced matching four different levels of 
warming in the 2080s (i.e., average of the thirty-year period 2071-2100), using the RCP global 
temperature time series, as follows: RCP8.5 in the 2020s as a proxy for a 1.5°C world; RCP 2.6 in 
the 2080s for a 2°C world; RCP 6.0 in the 2080s for the higher end of the INDC range (here 3.2°C) 
and RCP 8.5 in the 2080s for 4.5°C warming. The regional climate change patterns were obtained 
from the IPCC Data Distribution Centre (www.ipcc-data.org) and were scaled according to the 
amount of warming provided by the time series and combined with observational climate data 
(CRU TS 3.0 and WorldClim database for 20 km (10 arc minutes, version 1.4) in order to create 21 
alternative projected climate futures (one corresponding to each General Circulation Model) to 
produce 21 patterns of future regional climate at a fine spatial resolution of 10 arc minutes (Osborn 
et al. 2016) for each SWL.  

Elevational downscaling considers the physical parameter of adiabatic lapse rate.  The modelled 
data, be they 50km or 20km (or even 1 km), are an average of all of the temperatures (and 
underlying elevations) within a given ‘cell’ or ‘pixel’.  In other words, if there is a weather station 
measuring data at 1000m then local areas higher than this will be cooler and areas lower than this 
will be warmer.  This relationship is modified by local vapour pressure (how much water the 
atmosphere can hold) but would remain approximately the same with warming.  This would 

http://www.ipcc-data.org/
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especially be expected to hold in reference to the average and the surrounding points (as changes 
in vapour pressure would likely apply over the area if an entire ‘cell’.  To elevationally downscale 
the summary biodiversity data (species richness remaining, refugia) a curve was fit through each 
taxon to determine how much change there was per increment of temperature (warming or 
cooling).  These curves were then applied to the difference between the 20km annual average 
temperature and the equivalent 1km annual average temperature WorldClim 1.4 1km (30 arc 
seconds) data.  As some areas were warmer the impacts would increase, and the impacts would 
decrease in cooler (higher areas).  The best way of thinking about this is the difference is a 
difference in the ability of a species to persist at a scale of 1km owing to differences in 
temperature.  The smaller (finer) the spatial scale, the more information is required to accurately 
calculate something like micro-refugia (Suggitt et al. 2017).  The finer the resolution of the 
elevation data, the more accurate the data on species occurrences needs to be. Furthermore, 
depending on the taxa, a species’ home range may be large (i.e., hundreds – thousands of meters) 
so would then potentially span many different cells during a day.  For these reasons, limiting the 
buffering surface to ~1km x 1km and annual temperature is the most scientifically robust 
approach.      

Species Distribution Modelling in the Wallace Initiative 

The Wallace Initiative is based on the concept of species climatic-niches and can therefore be 
applied systematically across the globe. Firstly, the observed climate data is post-processed to 
provide eight bioclimatic variables (Warren et al 2013). Next, MaxENT is used to identify a 
statistical relationship between the present-day bioclimatic variables (in 1961-1990) and the 
distribution of a single species. Secondly, the projected climates are applied to these statistical 
models to derive potential future climate space for each species in each future scenario. Complete 
information is available in Warren et al (2018a) and Warren et al (2013). However, some key 
measures taken to increase rigour and statistical robustness of the findings are: (i) species are 
assigned to one of fourteen biogeographic realms for the clipping process (to minimize commission 
errors in applying MaxENT); (ii) species with fewer than 10 data points (occupied grid cells in our 
analysis) are excluded in order to limit the analysis to those with sufficient data to allow robust 
statistical analyses; (iii) resampling tests were carried out to identify whether general trends were 
robust to the inclusion or exclusion of individual species; (iv) rigorous statistical tests were carried 
out to justify the use of the chosen bioclimatic variables.  These steps are all necessary as the 
questions being asked of these data are not necessarily how any ONE species may be projected to 
change in relationship with the climate (which we have done) but rather, by treating the species 
and models as a sample of the overall population whole. Thus, the results are used to infer how 
biodiversity as a whole may respond to warming, and the best areas to conserve in a warming 
world. 
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A8: Health (heat stress and disease) – State-of-the-art-modelling 

Methods to assess heat related impacts on human health often utilise information on ambient 
conditions, such as temperature and humidity (i.e., the hazard), or a combination of these such 
as the wet-bulb globe temperature (WBGT), which assesses the effects of temperature, humidity, 
and other environmental factors on humans (Andrews et al., 2018). Many heat stress indicators 
(HSIs) have been developed. No one HSI is considered preferential, as different HSIs can be more 
applicable to certain regions or impacts such as mortality or productivity changes. Schwingshackl 
et al., (2021) compared outputs using eight prominent HSIs finding that while the increasing trend 
in all HSIs was consistent, there was large variance between indicators.  

Other approaches use statistical methods to estimate associations between climate variables and 
epidemiologic data on morbidity or mortality to create exposure-response functions (ERFs) to 
define regional heat thresholds above which baseline daily mortality or morbidity will increase 
(Chen et al., 2020; Gasparrini et al., 2015; 2017; Hajat et al., 2014). Changes to labour 
productivity can also be estimated through ERFs reflecting relationships between workplace health 
and safety guidelines or economic survey data and WBGT (Kjellstrom et al., 2009; Gosling et al., 
2018; Dasgupta et al., 2021). Data from Climate Analytics (2021) on labour productivity related to 
heat stress is included in the searchable inventory. The metric indicates the percentage decrease 
in indoor and outdoor labour productivity due to hot and humid conditions.  

As with HSIs uncertainty in results can be significant due to the use of different ERFs, for example, 
linked to the availability and quality of underlying epidemiologic data and whether future 
population and/or demographic scenarios are considered. The Climate Analytics method is based 
on Gosling et al., (2018) who use five different ERFs to account for some of this uncertainty. 
However, the ERFs themselves are derived from field studies focusing on the impact of heat stress 
on labour specific to a work environment or location with uncertainty around the application of 
such ERFs globally noted. Population is also assumed to remain constant and so future changes in 
exposure are not accounted for. 

The Searchable Inventory includes two metrics of the impact of climate change on changes in 
human exposure to vector-borne disease and human health: the number of malaria and dengue 
cases. Cases are quantified as changes in exposure, using the SSP2 population scenario, relative 
to an observed baseline climate of 1961-1990 where there is a 66% probability of holding global-
mean temperature increase below 1.5°C and 2.0°C, assuming no adaptation. (Warren et al., In 
Press). Cases were estimated based on clinical and laboratory confirmed reports and fitting a 
climate-driven empirical model of dengue and malaria incidence, that accounts for long-term and 
seasonal trends and the spatial and temporal variations in observed dengue data (Colón-González 
et al. (2018)). Results presented in the Searchable Inventory were found to be in agreement with 
earlier studies (Warren et al., In Press). However, model uncertainties can reflect the use of 
different climate scenarios as well as the exclusion of adaptation, e.g., the mass roll-out of 
vaccines; other determinants of disease, such as socio-economic development and international 
movement of people; and the underlying quality and quantity of epidemiological data that can 
differ within and across countries (Colón-González et al. (2018)). 
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A.9: Fire - State-of-the-art-modelling 

Here we describe the methods applied to quantify future changes in FWSL and FWI95d presented in 
this report and in the Searchable Inventory. 

We used the Canadian forest fire weather index (FWI; Van Wagner, 1987), which is among the 
most commonly applied systems for rating fire danger (Field et al., 2015; Flannigan et al., 2013, 
2009; Jolly et al. 2015), to evaluate trends in fire weather during the period 1979-2019. FWI is 
unitless and a function of four meteorological input variables (temperature, relative humidity, 
wind speed and 24-hourly accumulated precipitation). These variables are used to produce three 
fuel moisture codes that integrate the effect of meteorological conditions on fuel moisture across 
different time horizons (fine fuel moisture code, duff moisture code and drought code). Two 
indices of fire behaviour (initial spread index and build-up index) are calculated as a function of 
the fuel moisture codes, and the FWI is calculated as a function of the initial spread index and 
build-up index. FWI provides an overall metric of the potential for fire to ignite and spread across 
the landscape. See Jolly et al. (2015) for a more complete description of the Canadian FWI and its 
calculation, and for a comparison with other fire weather or danger rating systems. 

We calculated the annual (calendar year) fire weather season length (FWSL) following Jolly et al. 
(2015) as the number of days per year when the FWI exceeded the midrange value of all daily 
observations during the period 1979-2019. In addition, we calculated the annual number of days 
on which fire weather exceeds the 95th percentile value of all daily observations during the period 
1979-2019 (FWI95d). FWSL is a measure of the annual frequency of fire weather, while FWI95d is a 
measure of the annual frequency of fire weather extremes with respect to the period of available 
observations. FWSL and FWI95d were calculated separately for each ESM using model-specific FWI 
midrange values and 95th percentile thresholds (1990-2019). The models were forced with 
historical forcing during 1850-2005 and with forcing from representative concentration pathway 
(RCP) 8.5 during 2006-2100. RCP8.5 represents a scenario of rapid ongoing increase in CO2 
concentrations (Meinshausen et al., 2011; Riahi et al., 2011; van Vuuren et al., 2011) and we use 
it here for sensitivity analysis to temperature thresholds, not as a most-likely future scenario. 

We evaluated the change in mean FWSL and FWI95d between the pre-industrial baseline period 
(1860-1910) and the modern period (1990-2019) for each model and for the multi-model mean. 
We also calculated changes in FWSL and FWI95d between the 1860-1910 baseline (hereafter pre-
industrial) and four global MAT increments of 1.5°C, 2.0°C, 3.0°C and 4.0°C for each model and 
for the multi-model mean. The time period for the 1.5°C, 2.0°C, 3.0°C and 4.0°C increments was 
specifically defined as the 30-year period centred around the year in which each temperature 
threshold is breached in each model. For the gridded analyses shown in Figure A9.1, the 
approaches applied above were applied at a gridded resolution of 2.5°. For the national summaries 
shown in Figures A9.2-A9.13, mean values were taken from the constituent 2.5° grid cells within 
each country. 

We also applied a signal-to-noise criterion, as described by Abatzoglou et al. (2019), to test for 
the emergence of FWSL and FWI95d beyond the pre-industrial variability of the baseline period in 
the (i) modern period and (ii) the periods of each MAT increment (1.5°C, 2.0°C, 3.0°C and 4.0°C). 
We treated changes in FWSL and FWI95d as emergent in cases where the majority of models agree 
on the sign and significance of change, according to the signal-to-noise criterion. 

Climatic Controls on Fire 

The ability to assess how weather conditions influence the probability of fire has been in recent 
decades, with attention mostly focusing on how changes in multiple weather and climate variables 
combined to affect fire probability. Indices of ‘fire weather’ or ‘fire danger’ have been devised 
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and applied to observations from meteorological stations and reanalysis datasets, with each index 
seeking to ‘rate’ the combined effects of multiple weather variables on the flammability of the 
landscape (Jolly et al., 2015). Fire weather conceptually refers to the contemporaneous influence 
of temperature, precipitation, humidity and wind on vegetation dryness (Bedia et al., 2015; Field 
et al., 2015; Flannigan et al., 2009, 2016; Jolly et al., 2015). Fire weather or fire danger rating 
systems predominantly rely on inputs of meteorological variables and occasionally soil moisture to 
represent the contemporaneous and interacting influences of weather on vegetation flammability 
(Abatzoglou et al., 2018; Abatzoglou & Kolden, 2013; Bedia et al., 2015; de Groot et al., 2013; 
Field et al., 2015; Flannigan et al., 2005). 

Numerous indices of fire weather have been formulated and prominent examples include the 
Canadian Fire Weather Index (FWI) (Van Wagner, 1987), Australian McArthur Forest Fire Danger 
Index (FFDI; Noble et al., 1980), US National Fire-Danger Rating System (FDRS; Bradshaw et al., 
1984), Swedish Angstrom Index (Chandler et al., 1983) and Nesterov Index (used in parts of Europe 
and Russia; Nesterov, 1949). These indices have origins in operational fire management and were 
typically developed by national agencies to assess daily fire probability and inform resource 
requirements. The Canadian FWI and its sub-components, such as its drought code or fuel moisture 
codes, have been employed particularly widely to study the influence of weather conditions on 
vegetation flammability and fire probability in many regions of the world (Abatzoglou et al., 2018; 
Bedia et al., 2015; Field et al., 2015; Flannigan et al., 2005, 2009, 2016). 

Since fire weather indices chiefly account for the contemporaneous meteorological controls on 
fire probability, they give greatest insight into the likelihood of fire in regions where fire is limited 
by fuel dryness (Abatzoglou et al., 2018; Bedia et al., 2015), as opposed to those regions where 
fire is limited by fuel availability (Archibald et al., 2009; Boer et al., 2016; Kelley et al., 2019). 
Numerous studies have evaluated the co-variability of BA and FWI at global and regional scales. 
At the global scale, Bedia et al. (2015) showed that the relationship between BA and FWI varies 
regionally, and is strongest in biomass-rich environments where fuel moisture, rather than fuel 
availability, is the dominant limitation to fire. Specifically, BA is most sensitive to FWI in 
ecosystems with low-to-moderate mean annual FWI. On the other hand, BA is relatively insensitive 
to variability in fire weather in xeric grasslands and shrublands because these are fuel-productivity 
limited systems (Bedia et al., 2015). Abatzoglou et al. (2018) similarly identified the strongest 
relationships between BA and FWI in boreal forests and North American temperate forests with 
ample fuels.  

Observed and Projected Trends in Fire Weather 

Increases in fire weather represent an increase in the likelihood of fire if fuels and ignition sources 
are available, with drier, hotter, windier, and less humid conditions priming vegetation to burn. 
Shifts towards a warmer and more drought-prone climate can act as a key driver of increase in the 
likelihood of fire, at least up to the point where the system becomes productivity-limited. The 
Intergovernmental Panel on Climate Change (IPCC) has identified several climate trends that could 
promote the increasing frequency or extremity of fire weather (Settele et al., 2014, Jia et al., 
2019; Fischer et al., 2021): global increases in mean annual surface air temperature (MAT); global 
increases in the frequency and intensity of heatwaves, and; regional increases in the frequency 
and intensity of droughts. Consequently, the potential for climate change to influence fire activity 
by increasing the frequency and severity of fire weather has been investigated using observations 
and climate models (Abatzoglou et al., 2019; Bedia et al., 2015; Burton et al., 2018; Flannigan et 
al., 2005; Jain et al., 2017; Jolly et al., 2015). 
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Box 1: Derivative statistics based on the fire weather index that are indicative of changing fire probability. 
 
Fire weather season length (FWSL): the annual number of days on which the fire weather index 

value exceeds the midpoint range value of all days in a reference period (herein, 1979-2019). FWSL 
quantifies the frequency with which fire weather conditions exceed a local threshold below which fires are 
not likely to occur. 

Frequency of 95th percentile fire weather index (FWI95d): the annual number of days on which the 
fire weather index value exceeds the 95th percentile value of all days in a reference period (herein, 1979-
2019). FWI95d quantifies the frequency with which fire weather conditions exceed a local threshold above 
which the majority of major fires occur. 

Temperature of emergence: the temperature at which a signal forced by anthropogenic climate 
change exceeds the natural climate variability simulated in the absence of anthropogenic forcing. The 
attribution is performed using a control simulation from a climate model, which indicates the noise 
representing natural climate variability, and a second simulation including anthropogenic forcing, which 
indicates the temperature change signal that occurs relative to the control run. A signal-to-noise criterion 
(typically a threshold value set at 1 standard deviation above the 30-year mean in the control simulation) is 
then used to distinguish if the anthropogenic climate change signal has emerged beyond the noise of natural 
climate variability. 

 

Observed trends in fire weather. Fire weather seasons have extended and extreme fire weather 
conditions have become more common at the global scale in recent decades, enhancing the 
flammability of vegetation and pre-conditioning many landscapes to burn more frequently. Jolly 
et al. (2015) showed that fire weather season length (FWSL; see box 1) increased across 25% of 
the Earth’s vegetated surface during 1979-2013, leading to a 19% increase in global mean FWSL. 
The trends were shown to hold across different meteorological datasets and metrics of fire 
weather, with the trends in FWSL in the range of 5-7% decade-1 (Jolly et al., 2015). At these 
continental scales, increases in FWSL have been proportionally greatest in Europe, central and 
boreal Asia, southern hemisphere South America and temperate North America. In addition, 
increases in the frequency of extreme fire weather (95th percentile fire weather index values, 
FWI95d; see box 1) have been most pronounced in southern hemisphere South America, central Asia 
and across Africa. Trends in extreme fire weather have notably outpaced trends in FWSL in South 
America and Africa, whereas trends in FWSL have been more pronounced in Europe and boreal 
Asia than trends in FWI95d. Jain et al. (2021) have recently diagnosed the primary meteorological 
drivers of increasing FWI95d for continents and ecoregions, finding that either humidity or 
temperature trends were dominant in most regions while changes in wind speed or daily 
precipitation have been the dominant driver in very few regions. 

Many studies have also been reported on observational trends in fire weather on national or 
regional scales, in part to evaluate and validate the projections from climate models. Although 
the comparison of the modelled trends in fire weather with observational trends falls outside the 
scope of this report, we direct the reader to the following studies which report on observed trends 
in FWSL or extreme fire weather and compare observed and modelled trends. Conterminous United 
States: Abatzoglou & Kolden (2013), Abatzoglou & Williams (2016), Williams et al. (2019), Holden 
et al. (2018) and Goss et al. (2020). Canada and Alaska: Amiro et al. (2004), Girardin et al. (2004, 
2009), Jain et al. (2017), Johnston et al. (2020), Wang et al. (2015), Kirchmeier‐Young et al. (2017, 
2019), Wang et al. (2015), Duffy et al. (2005) and Barrett et al. (2016). Russia and wider Eurasia: 
Girardin et al. (2009), Groisman et al. (2007) and Justino et al. (2021). Europe: Bedia et al. (2012), 
Pinto et al. (2020), Venäläinen et al. (2014), Fréjaville & Curt (2015), Krikken et al. (2019) and 
Giannaros et al. (2021). Australia: Clarke et al. (2013), Williamson et al., (2016), Sharples et al. 
(2016), Dowdy & Pepler (2018), Dowdy et al. (2019), Di Virgilio et al. (2019), Harris & Lucas (2019), 
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Abram et al. (2021), Canadell et al. (2021), Richardson et al. (2021), and van Oldenborgh et al. 
(2021). Studies outside of these regions have been sparse. 

Simulated trends in fire weather. For historical and future centuries, state-of the-art climate 
models which contribute to the coupled model intercomparison project (CMIP) also provide the 
output variables required to assess climate change impacts on fire weather (Abatzoglou et al., 
2019; Eyring et al., 2016; Meehl et al., 2009; Taylor et al., 2012). These climate models are driven 
by historical observations of atmospheric composition including CO2 concentration. For the future 
period, the climate models are driven by a variety of Special Report on Emissions Scenarios (SRES) 
or representative concentration pathways (RCPs), which prescribe the effect of plausible emission 
scenarios on atmospheric composition (Meinshausen et al., 2011), or by shared socioeconomic 
pathways (SSPs) which represent plausible emissions trajectories that influence atmospheric 
composition within the models (Riahi et al., 2017). 

A series of global modelling efforts have been undertaken to understand how simulated changes 
in climate variables will combine to affect fire weather under continued anthropogenic climate 
forcing. Flannigan et al. (2013) used three climate models and three emission scenarios to evaluate 
how cumulative severity rating (CSR), a component of the FWI, will change in the mid-century 
(2041–2050) and late century (2091–2100) relative to the 1971–2000 baseline. They observed 
significant increases in CSR that are initially most pronounced in high northern latitudes but 
encompass most of the Earth by the end of the century. Bowman et al. (2017) calculated the 
future frequency of extreme (93rd percentile) fire weather based on 23 CMIP5 climate models 
running representative concentration pathway (RCP) 8.5, finding increases on the order of 20-50% 
by the mid-21st century in many regions that are historically prone to disastrous fires (e.g. the 
western US and southeast Australia) and larger increases in the Mediterranean and the subtropical 
Southern Hemisphere. 

Abatzoglou et al. (2019) used a 17-model ensemble of CMIP5 climate models to assess past and 
future trends in FWSL and FWI95d, while also applying the temperature of emergence framework 
(see box 1) to distinguish the temperature at which fire weather differs significantly from the 
natural climate variability of the pre-industrial period. Son et al. (2021) recently highlighted that 
fire weather increases markedly between the 1.5°C and 2.0°C increments of global MAT in many 
regions, most notably in the Mediterranean, Amazonia and African savannahs. Their results 
highlight the potential benefits to mitigating fire probability of meeting the 1.5°C ambitious target 
of the Paris Agreement rather than the 2.0°C commitment. 

In section 5, we present a national analysis of trends in FWSL and FWI95d and their emergence 
beyond pre-industrial variability, based on outputs from Abatzoglou et al. (2019). We also compare 
the simulated regional change in FWSL and FWI95d with changes in fire weather metrics seen in 
region-specific studies. 

Complicating Factors 

While fire weather exerts an important control on the flammability of landscapes, we remind the 
reader that it is one of a nexus of controls on fire and that changes in fire weather do not alone 
determine the outcomes for fire activity. Here, we briefly discuss the complicating bioclimatic 
and human factors that modulate the response of fire activity to changes in fire weather. 

Interactions between Climate, Vegetation and Fire 

A key concept that has emerged in recent decades is that the world’s ecoregions can be arranged 
along a climatic gradient of productivity-dryness that determines the key limitations on fire 
(Archibald et al., 2009; Parisien & Moritz, 2009; Pausas & Keeley, 2009; Pausas & Ribeiro, 2013; 
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Kelley et al., 2019). This is because, in the presence of ample ignition sources, fires depend on 
both weather conditions conducive to fuel dryness and sufficient vegetation stocks available to 
burn. For example, fire occurs most frequently in regions with intermediate moisture availability, 
where dry conditions are sufficiently frequent to intermittently dry the available vegetation but 
not consistently dry enough to limit fuel production. Hence, fire frequency is determined by a 
delicate balance between vegetation productivity (fuel production) and the frequency of dry 
conditions (fuel moisture; the latter influenced by fire weather). 

Operating on decadal to centennial timescales, climate change is shifting the global climate zones 
of temperature and precipitation and affecting both fire weather frequency and the productivity 
and biogeography of vegetation (Keenan et al., 2014; Piao et al., 2020; Sitch et al., 2015). Hence, 
the impact of climate change on fire activity is complicated because increases in fire weather can 
be either compounded or countered by changes in vegetation productivity.  

Human Impacts on Patterns of Fire 

Contemporary human fire ignition patterns must be understood, at least in part, as the product of 
regional history. The practices of fire use by Indigenous civilizations continue to influence human 
uses of fire in the modern period, although they have been variably modified or superseded by 
colonial attitudes towards fire management. There is substantial evidence that Indigenous and 
traditional burning of landscapes was widespread on every continent except Antarctica, and 
particularly in subtropical, Mediterranean, and temperate semi-arid biomes, prior to the onset of 
colonialism (Trauernicht et al., 2015). Indigenous peoples used landscape and cultural fire 
intentionally for a wide range of purposes. Highly localized, small-scale fire use facilitated 
communication and increased abundance of culturally important plants and the production of 
food, fiber, and medicines, while broader landscape application of fire supported hunting, crop 
cultivation, land clearing, maintenance of travel routes, and reduced probability of wildfires 
around communities (Kimmerer & Lake, 2001). Meta-analyses of Indigenous fire use make clear 
that many groups globally viewed and understood complex ecosystems holistically, and used fire 
in myriad ways to achieve sustainability and resilience (Trauernicht et al. 2015). 

Over the past 500 years, European colonialism in North and South America, Australia, and southern 
Africa brought vast changes to traditional land practices, including a dramatic reduction in, or 
outright banning of, Indigenous fire practices across colonial states, widespread grazing, and the 
spread of intensive agriculture that fragmented natural landscapes (Klein Goldewijk et al., 2011; 
Marlon et al., 2008). The loss of regular application of fire in many ecosystems that evolved with 
it has had wide-ranging consequences for contemporary societies, and these consequences have 
been compounded by land use practices and anthropogenic climate change. Concurrent to the 
reduction of Indigenous and traditional fire use, the forces of globalization introduced fire to 
facilitate deforestation and agriculture in regions where landscape fire was rare prior to 
colonization, such as in Amazonia and other tropical rainforests (Bowman et al., 2011). 

Arguably, the role of humans is the greatest source of complexity in our understanding and model 
representation of modern fire patterns (Ford et al., 2021). Human relationships with fire are as 
long as human history itself, and they are also regionally complex due to the diverse regional 
histories of controlling and using fire to cook, heat, hunt and manage land (Bowman et al. 2011). 
Humans ignite landscape fires intentionally for the purpose of land use change (chiefly 
deforestation) and land management, as well as through arson and unwanted ignitions such as 
escape of controlled fires and accidents. Elsewhere, humans reduce fire activity through active 
fire suppression or preemptive fuel management, and also indirectly by excluding fires from 
managed areas, urbanisation, and by modifying the density and connectivity of landscape fuels 
through land use (Andela et al., 2017; Arora & Melton, 2018; Bowman et al., 2017; Lasslop & 



 

Page 114 of 193 

 

Kloster, 2017). These complexities are poorly represented in global fire models (Ford et al., 2021) 
and it is increasingly appreciated that more must be done to improve the specificity of human-
fire relationships in models used for prediction of future fire activity (Bowman et al., 2009; Doerr 
& Santín, 2016; Ford et al., 2021; Glikson, 2013; Kelley et al., 2019; Lasslop & Kloster, 2017; 
Pechony & Shindell, 2009; Forkel et al., 2017). 

Status of Global Fire Modelling 

The growing availability of Earth observation data and understanding of the multiple controls on 
fire have enabled the development of empirical fire models and improvements to the process-
based representation of fire in dynamic global vegetation models (DGVMs) and Earth System 
models (ESMs). These models have already been used for global-scale simulation of historical 
trends in fire activity (Arora & Melton, 2018; Kloster & Lasslop, 2017; Knorr et al., 2016; 
Teckentrup et al., 2019), and in few cases for future periods (Kloster and Lasslop, 2017; Knorr et 
al., 2016).  

Empirical models trained on observational data have been used in a standalone fashion to predict 
fire activity under predicted changes in climate (Archibald et al., 2009; Balshi et al., 2009; 
Krawchuk et al., 2009; Moritz et al., 2012; Pechony & Shindell, 2010; Turco et al., 2014; Turco et 
al., 2018b). Empirical fire models often outperform process-based fire models in reproducing 
observed patterns and dynamics of fire activity because they have been trained against 
observational data, although their reliability is unclear when extrapolating outside the range of 
the training data. However, empirical models omit transient vegetation responses to changes in 
CO2 and climate, such that they have limited potential to represent important interactions and 
feedbacks to climate change in their simulations of future fire activity (Hantson et al., 2016; 
Harrison et al., 2018; Lasslop et al., 2019; Rabin et al., 2017; Williams & Abatzoglou, 2016). 

In process-based fire models, both the ignition and spread of fires is modelled mechanistically as 
well as the emission of carbon through fuel combustion (Hantson et al., 2016). Lenihan et al. 
(1998) introduced a model (MCFIRE) that simulates the ignition of fire as a function of drought 
conditions tied to fine fuel moisture and also the spread of fire from the point of ignition (Lenihan 
& Bachelet, 2015; Rogers et al., 2011). Venevsky et al. (2002) also introduced a model (RegFIRM) 
that simulates fire count as a function of the Nesterov fire weather index and fire spread as a 
function of wind and fuel bed conditions, which has since been adapted to better represent 
ignition sources (Arora & Boer, 2005; Arora & Melton, 2018; Melton & Arora, 2016) and suppression 
(Li et al., 2013). Thonicke et al. (2010) built on RegFIRM in their development of the SPITFIRE 
model, which has been further developed to include lightning and human ignitions in a variety of 
ways (Kelley et al., 2014; Le Page et al., 2014, 2015; Pfeiffer et al., 2013; Prentice et al., 2011). 
In additional model developments, emphasis has been placed on better representing fire processes 
associated with land use change (Kloster et al., 2010; Li et al., 2013). Diverse process-based 
models are now in existence with many sharing or inheriting elements from earlier models 
(Hantson et al., 2016). Overall, the process-based models provide a range of representations of 
the physical processes of fire ignition, spread and other fire dynamics with parameter values that 
lie within the current (wide) boundaries of process understanding. 

Both empirical and process-based models have been employed within a range of DGVMs (Hantson 
et al., 2016, 2020; Lasslop et al., 2019; Teckentrup et al., 2019), which are the terrestrial 
component of the ESMs used for future climate simulation. However, ESMs that include fire 
processes have been found to reproduce satellite observations of BA poorly. Indeed, Kloster and 
Lasslop (2017) concluded that “fire occurrence is poorly represented in ESMs that participated in 
CMIP5 and that there is no consensus on how fire occurrence changed over the past and might 
change in the future”. Given the poor performance of the CMIP5 models, the IPCC relied chiefly 
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on statistical predictions in its recent assessment reports and highlighted the considerable 
uncertainty in future trends in fire activity (Settele et al., 2014; Jia et al., 2019). 

The results of the CMIP5 fire modelling effort exposed a critical need to improve the 
representation of fire in DGVMs and triggered major efforts, embodied by the Fire Model 
Intercomparison Project (FireMIP), to improve the process representation and parameterisation of 
fire models and advance their capability to represent observed patterns of fire in the Earth system 
(Hantson et al., 2016; Rabin et al., 2017). FireMIP has driven progress in modelling by cross-
comparing the methods that are currently employed within models (Hantson et al., 2016), 
designing an experimental framework to evaluate and compare model representation of key 
processes (Rabin et al., 2017), and most recently employing that framework, comparing model 
estimates of BA, identifying key parameters that are the root causes of spread across the model 
ensemble (Lasslop et al., 2019; Li et al., 2019; Teckentrup et al., 2019) and benchmarking model 
performance against observations (Forkel et al., 2019a; Hantson et al., 2020). The FireMIP has 
already helped to encourage developments in fire-enabled DGVMs (Burton et al., 2019; Lasslop et 
al., 2020a), as well as new research into future changes under various emission scenarios (Burton 
et al., 2021a).  

Scope of this Report 

As discussed above, the simulations of burned area from fire models coupled to CMIP5 ESMs are 
not deemed reliable. Under CMIP6 (Lasslop et al., 2020b), some of the latest fire models developed 
as part of FireMIP have been coupled to ESMs and used for future projection of fire activity. 
However, evaluation of the simulations of fire activity from the CMIP6 simulations is not yet 
complete (Lasslop et al., 2020b). The current limitations to fire modelling capability preclude a 
reliable analysis of future change in burned area under future climate change (see section 6 
“Research Gaps”). 

The most recent peer reviewed evidence of climate change impacts on fire probability available 
stems from the CMIP5 climate model simulations as post-processed by Abatzoglou et al. (2019). In 
this report and in the Searchable Inventory, we use the FWI simulations presented by Abatzoglou 
et al. (2019) to evaluate historical and future trends in FWSL and FWI95d during 1861-2100 on a 
national basis. 

While these simulations provide important insights into the impact of climate change on fire 
probability, we caution against their use as direct metrics of fire probability without ample 
consideration of other factors that influence fire occurrence. We emphasise this point via three 
examples as follows. 

First, fire weather is known to be a secondary control on burned area in regions with significant 
fuel limitations. A prime example of this is in the African savannahs, where patterns of fire are 
principally influenced by fuel availability as determined by vegetation growth in the prior growing 
season (Alvarado et al., 2020; Archibald et al., 2009). In savannahs, weather conditions lead to 
the desiccation and turnover of herbaceous vegetation in virtually every dry season, such that the 
quantity of vegetation produced during the prior wet seasons exerts a greater control on fire than 
contemporaneous fire weather conditions in the dry season (Alvarado et al., 2020; Archibald et 
al., 2009; Chen et al., 2017; van der Werf et al., 2008; Zubkova et al., 2019). Zubkova et al. (2019) 
have shown that reductions in precipitation during the growing season have led to a reduction in 
fuel availability in African savannahs, partly explaining the reduction in BA in these area in recent 
decades. Andela et al. (2017) also highlighted that the observed decline in BA in African savannahs 
relate in part to the expansion of high-capital agriculture, which fragments the naturally fire-
prone landscape and constrains fire spread. Indeed, various studies employing statistical or 
machine learning models have shown that both hydrological and human factors contribute to 
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spatial and temporal variability in BA in most parts of African savannah biome, and that there are 
few sub-regions where either of these factors are the exclusive driver of variability in fire activity 
(Andela & van der Werf, 2014; Alvarado et al., 2020; Archibald et al., 2010; van der Werf et al., 
2008; Forkel et al., 2017). In any case, contemporaneous fire weather conditions are not viewed 
as the dominant control on fire activity in African savannahs under the current bioclimatic 
conditions that these regions experience. 

Second, ignition sources must be available if fire is to occur during periods of fire weather. A 
prime example of this is in tropical rainforests, where patterns of fire are principally controlled 
by human activities, including deforestation and forest degradation (Aragão et al., 2018; Silva et 
al. 2021; Nikovonas et al., 2020; Zhao et al., 2021). Human activities are ultimately constrained 
to periods of fire weather because, at most times of the year, tropical forests are too moist to 
burn extensively. Hence, deforestation fires are generally ignited at the climatological driest point 
of the year (maximum fire weather) in order to maximize the removal of biomass (Aragão et al., 
2018; Nepstad et al., 2014; Field et al., 2016; Le Page et al., 2010). Nonetheless, without human 
ignitions sources, fires are very unlikely to occur in tropical forests during years with typical 
climate as natural ignitions by lightning are not known to be a common phenomenon (Field et al., 
2009). In Amazonia, BA trends have changed in sign several times since the 1990s in response to 
changes in policy and its implementation (Nepstad et al., 2014; Tyukavina et al., 2017; Aragão et 
al., 2018; Silva et al. 2021; Libonati et al., 2021). These patterns do not mirror trends in fire 
weather, which emphasises that the dominant control of fire in Amazonia are ignitions and not 
the availability of suitably dry conditions. Note that while most fires in tropical forests are 
associated with deforestation, wildfires can occur during protracted droughts (and associated fire 
weather) when forests become atypically vulnerable to fire, especially at degraded forest edges 
(Aragão et al., 2018; Nikovonas et al., 2020; Zhao et al., 2021). Extreme fire seasons have occurred 
during major drought years in tropical forests, highlighting that variability in fire weather can lead 
to variability around predominantly deforestation-driven trends (Aragão et al., 2018; Lewis et al., 
2011; Morton et al., 2013; Nepstad et al., 2008). 

Third, humans have developed effective methods of preventing or lessening the impact of 
unwanted wildfires during periods of fire weather. The prime example of this is the use of 
controlled or prescribed burning to remove excess fuel loads during safe weather conditions, with 
the view to prevent fire spread and minimise fire intensity during later periods of extreme fire 
weather (Burrows & McCaw, 2013; Clarke et al., 2019; Doerr & Santín, 2016; Fernandes et al., 
2013; Fernandes & Botelho, 2003; Price et al., 2015). This method is practiced widely in the US, 
Canada, Australia and some parts of the Mediterranean. Controlled burning is considered effective 
in reducing the exposure of assets/infrastructure to damage and, to various degrees, to reduce 
fire frequency and intensity (Bradstock et al., 2012; Hiers et al., 2020; Moritz et al., 2014; Price 
et al., 2015). Note that the effectiveness of controlled burning could be diminished by lengthening 
FWSL in some regions (Price et al., 2015; Tolhurst & McCarthy, 2016). For example, extended 
wildfire seasons in the western US and southeast Australia have resulted in a perceived reduction 
in the number of days suitable for controlled burning amongst operational services (Prichard et 
al., 2017; Ximenes et al., 2017). Applications of regional climate models in Australia have also 
pointed towards a more constrained burn window in southeast Australia in future climates (Di 
Virgilio et al., 2020; Clarke et al., 2019). Other work has suggested that suppression capacity could 
be exceeded more regularly in future due to climate change in parts of Canada (Wotton et al., 
2017). 

These examples highlight that fire weather alone is not an overall indicator of fire risk, however 
it is an indicator of the changing probability imposed by a changing climate on the flammability 
of the landscape in regions with productive vegetation and ample ignition sources. It is critical to 
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keep in mind the limitations of fire weather as a predictor of burned area in locations that do not 
fit these criteria. 

  

Figure A9.1: Global patterns and trends in fire weather based on multi-model statistics from 17 CMIP5 models (10 
models for +4.0°C), gridded at 2.5° resolution. Multi-model mean estimates of (top row) mean and (other rows) 
change in (left panels) fire weather season length (FWSL) and (right panels) days exceeding the 95th percentile fire 
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weather index (FWI95d). Changes in FWSL and FWI95d are expressed relative to the baseline period (1861–1910) and 
shown for the modern period (1990-2019) and for each of four global MAT increments as indicated. 

Regional results 
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Figure A9.2: Simulated changes in fire weather season length (FWSL; days year-1) for countries in Africa. Simulations 
are based on Climate Model Intercomparison Project (CMIP5) models running RCP8.5. Each panel represents one 
country as indicated. Grey lines plot simulated FWSL from individual models. The black line marks the multi-model 
median value of FWSL. Coloured vertical lines plot the central year of the modern period (1990-2019), or the central 
year of each period in which increases of 1.5-4.0°C in global mean annual temperature (MAT) are reached relative to 
the 1860-1910 baseline (as the period at which these temperate increments are reached varies across the models, the 
year shown represents the multi-model average timing). Inset numbers with matching colour indicate the change in 
FWSL (days year-1) relative to the pre-industrial period for each temperature increment. Asterisks mark the 
temperature increment (if any) at which FWSL emerges above its pre-industrial variability according to a strict signal-
to-noise criterion, signifying a distinct change in FWSL outside the range of natural variability. 
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Figure A9.2 (cont.) 
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Figure A9.2 (cont.) 
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Figure A9.2 (cont.) 
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Figure A9.3: Simulated changes in the frequency of 95th percentile fire weather (FWI95d; days year-1) for countries in 
Africa. Simulations are based on Climate Model Intercomparison Project (CMIP5) models running RCP8.5. Each panel 
represents one country as indicated. Grey lines plot simulated FWI95d from individual models. The black line marks 
the multi-model median value of FWI95d. Coloured vertical lines plot the central year of the modern period (1990-
2019), or the central year of each period in which increases of 1.5-4.0°C in global mean annual temperature (MAT) are 
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reached relative to the 1860-1910 baseline (as the period at which these temperate increments are reached varies 
across the models, the year shown represents the multi-model average timing). Inset numbers with matching colour 
indicate the change in FWI95d (days year-1) relative to the pre-industrial period for each temperature increment. 
Asterisks mark the temperature increment (if any) at which FWI95d emerges above its pre-industrial variability 
according to a strict signal-to-noise criterion, signifying a distinct change in FWI95d outside the range of natural 
variability. 
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Figure A9.3 (cont.) 

 
Figure A9.3 (cont.) 
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Figure A9.3 (cont.) 
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Figure A9.4: Simulated changes in the frequency of fire weather season length (FWSL; days year-1) for countries in 
Asia. See the caption of Figure 17 for a description of the elements plotted. 
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Figure A9.4 (cont.) 



 

Page 129 of 193 

 

 

Figure A9.4 (cont.) 
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Figure A9.5: Simulated changes in the frequency of 95th percentile fire weather (FWI95d; days year-1) for countries in 
Asia. See the caption of Figure 3 for a description of the elements plotted. 
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Figure A9.5 (cont.) 
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Figure A9.5 (cont.)  
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Figure A9.6: Simulated changes in the frequency of fire weather season length (FWSL; days year-1) for countries in 
Australasia. See the caption of Figure 2 for a description of the elements plotted. 

 

 

Figure A9.7: Simulated changes in the frequency of 95th percentile fire weather (FWI95d; days year-1) for countries in 
Australasia. See the caption of Figure 3 for a description of the elements plotted. 
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Figure A9.8: Simulated changes in the frequency of fire weather season length (FWSL; days year-1) for countries in 
Central and South America. See the caption of Figure 2 for a description of the elements plotted. 
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Figure A9.9: Simulated changes in the frequency of 95th percentile fire weather (FWI95d; days year-1) for countries in 
Central and South America. See the caption of Figure 3 for a description of the elements plotted. 
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Figure A9.10: Simulated changes in the frequency of fire weather season length (FWSL; days year-1) for countries in 
Europe. See the caption of Figure 2 for a description of the elements plotted. 
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Figure A9.10 (cont.) 

 



 

Page 138 of 193 

 

 

Figure A9.10 (cont.) 
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Figure A9.11: Simulated changes in the frequency of 95th percentile fire weather (FWI95d; days year-1) for countries 
in Europe. See the caption of Figure 3 for a description of the elements plotted. 
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Figure A9.11 (cont.) 
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Figure A9.11  (cont.) 
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Figure A9.12: Simulated changes in the frequency of fire weather season length (FWSL; days year-1) for countries in 
North America. See the caption of Figure 2 for a description of the elements plotted. 

 

 

Figure A9.13: Simulated changes in the frequency of 95th percentile fire weather (FWI95d; days year-1) for countries 
in North America. See the caption of Figure 3 for a description of the elements plotted. 
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A.10: Direct, indirect and induced economic impacts - State-of-the-art-modelling 

In an ideal world, decision-makers (e.g., economic agents) would have perfect information, 
bounded rationality, fully functional markets and their choices would lead to efficient allocation 
of resources.  However, climate change is the most famous global market failure or worst 
externality in human history (Yang 2020). In economic terms, it represents a flow of bad services 
(GHG emissions) that are co-produced with other market activities (e.g., cars production or food 
consumption) and produce global damages. Furthermore, the economic agents responsible for 
emissions can often be hard to identify and regulate. Therefore, traditional policy instruments 
such as regulation, taxes and subsides cannot function properly to tackle climate change. 

Emissions in one single country can damage the entire globe, with varying intensity, and the 
permanence of gases in the atmosphere transfer the economic impacts from one generation to 
others – intra and intergeneration equity.  Effects may be market or non-market (both direct and 
indirect) and tangible or intangible. 

The economic approach to climate change is therefore to measure some of these effects (most of 
which are expected events) through macro (national or international) or micro (economic agent’s 
effects) approaches. While the micro approaches respond to specific local research questions and 
needs (Veronesi et al 2014, Remoundou et al 2015) their results are of limited global interest and 
they are frequently overlooked. The dominant models use macro approaches that consider 
national or international economies either for specific sectors or the full economy. These 
approaches are sometimes classified as top-down and bottom up (Piontek et al 2021) and include 
econometric approaches, agent-based models, and integrated assessment models (IAMs). 

      Top down 
 

 

 
Multi 
discipline 
approaches 

Integrated Assessment Model (IAM) – 
DICE, PAGE, FUND  

Computational General Equilibrium 
model, 
Agent based IAM 

 

 Cross section (Ricardian approaches) 
and panel econometric models  

Input Output model 
Observational data/enumeration 
system 

 
Traditional 
approaches 

                                                                                                                              Bottom up 

Figure A10.1: Differentiation of macroeconomic models 

 

IAMs are adopted by different disciplines and can predict climate change effects but each of these 
IAM focuses on one or more aspects1. One of the most renowned IAM in economics is DICE (Dynamic 
Integrated Climate-Economy model) developed in 1992 and revised and extended since then by 
Nordhaus and other scholars (e.g., see Nordhaus, 2017). Economic models, as all other disciplines’ 
models, are a simplified version of reality and are built around a set of key assumptions: 

 
1 Others IAMs are predominately physical models (e.g., MAGICC), and some models have a global focus (e.g., IMAGE 
2.4 or MiniCAM) while others are regional (e.g. AIM) http://www.perseus-net.eu/site/content.php?artid=2207 

http://www.perseus-net.eu/site/content.php?artid=2207
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• Marginality of carbon effects  
• Efficient economy – all crucial markets are fully operating including financial market 
• Representative economic agents who maximize intertemporal utility 
• Belief and preferences are standardised  
• Stationarity of probability distribution of expected outcomes 
• Perfect substitution of form of capitals – natural assets can be replaced by man-made assets 
• Constant elasticity of demand and supply 

 

As an example, the DICE model follows a normative approach and given a fixed target (e.g., cutting 
CO2 by X%) identifies the most feasible and least cost solution. Results are normally express as 
the percent of GDP loss due to climate change. The implicit cost of carbon (marginal social cost 
of carbon) is an output of this model and can be used to assess the costs and benefits of alternative 
climate change policies. Although there is not agreement on the price of carbon used, with the 
range spanning from a few dollars to more than five hundred dollars. 

 

 

Figure A10.2: Highly simplified schematic of the economic components of the DICE model. Source: DICE Model 
Background (psu.edu) 

The controversial assumptions of the DICE model are: 

• tipping points are excluded 
• preference homogeneity across time and space 
• endogeneity of climate effects on economic decisions are ignored 
• risk and time discounting factors are conflated 

https://personal.ems.psu.edu/%7Edmb53/Earth_System_Models/DICE_Background.html
https://personal.ems.psu.edu/%7Edmb53/Earth_System_Models/DICE_Background.html
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Econometric top-down approaches focus on output/productivity effects and predict short-term 
effects of climate change. Data availability and quality is critical within these approaches and for 
this reason the majority of these applications are in the agriculture sectors and in developed 
countries. Few applications consider growth rates of all countries as a function of annual 
temperature fluctuation (Burke et al 2016). 

The bottom-up approaches are devised using Computation General Equilibrium (CGE) and agent-
based models where the biophysical changes in climate and other natural resources can be 
captured at the level of firms and households to better capture the heterogeneity of economic 
agent’s responses. Responses can then be aggregated to capture the tangible market effects of 
climate change, but these models are not well suited to handling uncertainty. Furthermore, when 
applied at the global level the spatial and temporal heterogeneity is not captured similarly to 
IAMs. Whereas in IAMs intangible market effects are currently accounted for. 

The Input Output and Observational/numerical models are also limited in measuring observable 
tangible and market (direct and indirect) effects, with numerous examples for agriculture, labour 
productivity, drought and fluvial flooding. These models are based on traditional robust 
application and applicable in developed and developing countries. 
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Appendix B – Regional Summary Tables 

AFRICA Key statement (including Confidence level / agreement in studies where stated) 

Biodiversity and 

Ecosystem Services 

High confidence that biodiversity loss will worsen with higher levels of warming.  

Coastal Flooding 
Nations particularly at risk in Africa are those along lagoons and delta regions, cities 

with rapidly growing populations, plus western and eastern sub-Saharan nations. 

Drought and Water 

Security 

High confidence North Africa will see increases in aridity, hydrological and 

agricultural/ecological drought; the Western subregion of Southern Africa will 

undergo increased aridity and agricultural/ecological drought; the Eastern subregion 

of Southern Africa will become more arid. 

Fire 

Annual frequency of fire weather and annual frequency of fire weather extremes is 

projected to emerge and accrue with global warming across many countries in 

Africa. 

Fisheries 

High confidence that climate change is a significant threat to African marine and 

freshwater fisheries.  Reduced fish catch potentials are projected to accrue with 

warming. Very high confidence that > 90% of warm-water coral reefs will be lost at 

2.1C. 

Fluvial Flooding 

Whilst projections show evidence of increasing extreme river discharge and flood 

events for some river basins there is low confidence on the direction of future 

change of river flooding in Africa due to lack of data. 

Food Security and 

Agriculture 

High confidence that Africa is projected to be the region hardest hit by its impacts 

on food security 

Health: Disease 
The distribution, intensity of transmission, and seasonality of malaria across Africa 

is projected to alter. 

Health: Heat Stress 
A reduction in workability and survivability is projected across the region. Central 

African countries found to exhibit the highest heat-related mortality. 

 

ASIA Key statement (including Confidence level / agreement in studies where stated) 

Biodiversity and 

Ecosystem Services 

High confidence that climate change will lead to sizeable changes in the distribution 

of plant and animal species within Asia. 
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Coastal Flooding 

High confidence that climate change will have adverse impacts to those who 

livelihoods depend on coasts and their ecosystems. Twelve of the top 20 countries 

exposed to sea-level rise and flooding are in Asia, dominated by low-lying areas 

including delta regions. 

Drought and Water 

Security 

Droughts projected to increase in likelihood across West, Central and South Asia. 

Most countries expected to experience increases in the land area under hydrological 

drought by the end of the century under a high warming scenario. 

Fire 

The annual frequency of fire weather and annual frequency of fire weather 

extremes is projected to emerge and accrue with global warming across many 

countries in Asia. 

Fisheries 

There is high agreement in the literature for high vulnerability of Asian fisheries to 

climate change. Negative impacts are projected to be large in the Indonesian Sea 

and the Gulf of Thailand. 

Fluvial Flooding 

Some of the largest increases in flooding are projected for Asia. Medium confidence 

in projections of regional changes. Flood frequency projected to increase across 

large areas of South and Southeast Asia and Northeast Eurasia. 

Food Security and 

Agriculture 

Medium confidence that climate change will have overall negative implications for 

food security across Asia. Many studies have projected reductions in crop production 

in South and Southeast Asia. 

Health: Disease 
In Asia there is a high likelihood that climate change will alter the geographical 

range of malaria vectors and change the risk of malaria infections. 

Health: Heat Stress 

Parts of South-East Asia, including Vietnam, Thailand and the Philippines are some 

of the countries projected to face greatest excess mortality from future global 

warming. More areas of South Asia will be exposed to extreme heat at 1.5°C. 

 

AUSTRALASIA Key statement (including Confidence level / agreement in studies where stated) 

Biodiversity and 

Ecosystem Services 

There is high confidence that climate change will have profound effects on the 

biodiversity of Australasia, including irreversible impacts, such as species becoming 

extinct. 

Coastal Flooding 

Local drivers for coastal flooding include subsidence and sea-level rise. Adaptation 

is undertaken, including consideration of vulnerable populations such as Aboriginal, 

Torres Strait Islanders and Tangata Whenua Māori. 
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Drought and Water 

Security 

There is high confidence that droughts will increase in Australasia due to climate 

change, particularly in southern and eastern Australia and New Zealand. 

Fire 

Australia and New Zealand are projected to experience unprecedented fire weather 

under future warming increments relative to the natural variability simulated for 

the pre-industrial period. 

Fisheries 

Climate change is already impacting fisheries in Australia through shifting the range 

of species poleward. For Australasia as a whole, fish catch potentials are projected 

to decline as temperatures rise. Effects of extreme weather events driving rapid 

mortality of corals is already evident. 

Fluvial Flooding 

Projected decrease in floods in southern Australia with warming (high model 

agreement) and increasing magnitude/volume of floods in northern Australia (high 

uncertainties). Medium confidence that river flooding will increase in New Zealand. 

Food Security and 

Agriculture 

Projections suggest reductions in wheat yield in Australia with warming of 1.5°C and 

above, particularly across the northeast wheat belt, but there are regional/model 

disparities in the direction of trend. 

Health: Heat Stress 

Dangerous humid heat thresholds, with the potential to affect health, are projected 

to be exceeded more frequently over the 21st century in Australia, with Northern 

Australia particularly vulnerable. 

 

CENTRAL AND SOUTH 
AMERICA 

Key statement (including Confidence level / agreement in studies where stated) 

Biodiversity and 

Ecosystem Services 

High confidence that biodiversity loss will worsen with higher levels of warming. 

Medium confidence that the biodiversity of Central and South America, within the 

region’s biodiversity hotspots is likely to be particularly negatively impacted. 

Coastal Flooding 

Mangroves in Latin America and the Caribbean are threatened, as are tourist 

beaches and fishing zones.  Limited information on vulnerability related to sea-level 

rise e.g., people exposed, means there is low to medium confidence in risk. 

Drought and Water 

Security 

High confidence that drought frequency and severity will expand in south-western 

South America. With 2°C warming, the South American Monsoon subregion is 

projected to have increases in agricultural/ecological drought (high confidence). 
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Fire 

At 1.5°C fire weather season length is projected to emerge in Colombia, Peru, and 

Venezuela. Patterns of deforestation are the dominant driver of fire patterns in 

Amazonia. 

Fisheries 

Fish catch potential projected to decline as temperatures rise. Very high confidence 

that the worst impacts will be in the Eastern Tropical Pacific, including the 

Humboldt Current System. 

Fluvial Flooding 

Extreme precipitation events and total rainfall projected to increase over most of 

South-eastern South America and western Amazonia. Models project an increase in 

frequency and duration of river flooding in the Uruguay and Paraná basins with >3 

°C warming. 

Food Security and 

Agriculture 

High confidence that agricultural production will decrease as a result of climate 

change. Reduced yield projected for beans, coffee, maize, plantain, and rice. 

Health: Disease 

With warming of ~3°C the distributions of malaria vectors are projected to increase to 

35-46% of the continent. The number of dengue cases in Latin America and the 

Caribbean are projected to increases as warming increases. 

Health: Heat Stress 
South America would be exposed to dangerous or extremely dangerous days over 

40.6°C for vulnerable groups at 1.5 °C increasing in frequency at 2°C. 

 

EUROPE Key statement (including Confidence level / agreement in studies where stated) 

Biodiversity and 

Ecosystem Services 

Very high confidence that risks to terrestrial ecosystems in Europe will increase with 

warming, with southern Europe generally at greater risk than northern Europe. 

Coastal Flooding 
High confidence that an increase in sea-level rise will result in an increased risk to 

people and infrastructure with current adaptation measures. 

Drought and Water 

Security 

High confidence that drought frequency and severity will expand in some regions 

with climate change. High confidence at ~2°C warming that the Mediterranean will 

see increases in aridity, hydrological and agricultural/ecological drought. 

Fire 

Many countries in Europe will experience unprecedented fire weather under future 

warming relative to the natural variability simulated for the pre-industrial period. 

Good model agreement for Mediterranean which shows an increase in fire 

probability. 

Fisheries 
High confidence that climate change has already negatively impacted marine 

fisheries in Europe. 
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Fluvial Flooding 

Some of the largest changes in fluvial floods globally are seen in Europe. By 2100, 

mean annual precipitation and average discharge projected to decrease in southern 

Europe. Flood frequency decreases in many regions of northern and eastern Europe. 

Food Security and 

Agriculture 

Medium confidence that some crop yields (e.g., wheat) may increase in Europe with 

warming of up to 2°C. However, gains would be offset by negative effects seen in 

other crop yields across Europe (high confidence).  

Health: Disease 

Climatic suitability for malaria transmission in Europe is increasing. Some regions 

currently at risk of malaria will see a reduction in risk in the future, while others 

will see an increase. Other diseases are projected to increase (e.g., Lyme disease). 

Health: Heat Stress 

In Europe critical thresholds relevant for humans would be exceeded for global 

warming of 2°C and higher. Good agreement that countries in Southern Europe 

would be exposed to excess mortality from future global warming of 1.5°C and 

above. 

 

NORTH AMERICA Key statement (including Confidence level / agreement in studies where stated) 

Biodiversity and 

Ecosystem Services 

There is high confidence that climate change will increase risks to the biodiversity 

of North America, with greater risks projected with greater levels of warming. 

Coastal Flooding 

The region is threatened by hurricanes, and locally subsidence can enhance the rate 

of relative sea-level rise. Protection against extreme events is comprehensive, yet this 

is still insufficient for the major hazards. 

Drought and Water 

Security 

There is high confidence that drought frequency and severity will expand in some 

regions with climate change. This includes western North America 

Fire 

Canada, Mexico and the United States have already experienced an unprecedented 

shift in fire weather relative to the natural variability simulated for the pre-

industrial period. Substantial increases in future fire weather have been modelled in 

North American boreal regions, western US, the northwest US and Canada. 

Fisheries 

Fish catch potential is projected to decline as temperatures rise. There is high 

confidence that climate change will intensify losses in North American fisheries, 

with declines in yield and poleward range shifts found by several regional studies. 

Fluvial Flooding 

Globally, regions projected to face the largest increases in fluvial flooding include 

the USA. Medium confidence that climate change will increase river floods over the 

United States and Canada. 
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Food Security and 

Agriculture 

There is high confidence that warming temperatures and projected reductions in 

freshwater availability are very likely to alter crop production in North America with 

climate change. 

Health: Disease 
Climate change is projected to increase the spread of the most prevalent Lyme 

disease vector in North America and lead to an increase in cases of Lyme disease. 

Health: Heat Stress 
Under future projections of warming studies suggest an increase in mortality in 

southern and eastern counties in the USA, particularly for elderly populations. 

 

SMALL ISLANDS Key statement (including Confidence level / agreement in studies where stated) 

Biodiversity and 

Ecosystem Services 

There is high confidence that increased climate change will significantly affect the 

biodiversity and ecosystems of small islands. Endemic species are particularly at risk 

of extinction. 

Coastal Flooding 

High confidence that tropical cyclones are already impacting small islands and will 

continue to do so. There is very high confidence that atolls are particularly 

susceptible to rising sea-levels, including effects of ground salinisation that can 

impact ground water. 

Drought and Water 

Security 

Medium confidence with ~2°C warming of increases in aridity and agricultural/ 

ecological drought in the Caribbean and increases in aridity in the Pacific islands. 

Fisheries 

Small island countries are often more dependent on fisheries for national income 

and food security than other countries. Direction of trends depends on the region 

and species. High confidence that tropical corals in the Pacific and Indian Oceans 

will experience 70-90% loss of coral reefs at 1.5°C of warming and 99% loss at >2°C. 

Fluvial Flooding 
Limited evidence on observed changes in river flooding in small islands and low 

confidence on the direction of future change of river flooding in the small islands. 

Food Security and 

Agriculture 

High Confidence that small islands are extremely vulnerable to sea level rise, 

freshwater stress and extreme weather such as cyclones, which impact food 

security. 

Health: Disease 

Tropical and sub-tropical islands face health risks from vector-borne diseases, and 

these are expected to increase with future climate change. The Caribbean region has 

a high probability of mosquito distribution increasing the risk of contracting Zika. 

Health: Heat Stress 
The effect of extreme heat is expected to exacerbate health impacts in small 

Islands, especially for more vulnerable populations 
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POLAR REGIONS Key statement (including Confidence level / agreement in studies where stated) 

Biodiversity and 

Ecosystem Services 

High Arctic biodiversity is particularly vulnerable to climate change. There is high 

confidence that the encroachment of woody shrubs, reducing the area of tundra, 

will continue with higher levels of warming 

Coastal Flooding 
Although a long coast, limited information is known for risk related to potential land 

lost, people impacted and economic effects, and their vulnerability. 

Fisheries 

Global-scale models often project increases in catch potential, while regional, high-

resolution models often project declines in catch due to warming and loss of sea 

ice. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Page 153 of 193 

 

References 

Introduction 

Brown, S., Jenkins, K., Goodwin, P. et al. Global costs of protecting against sea-level rise at 1.5 to 
4.0 °C. Climatic Change 167, 4 (2021). https://doi.org/10.1007/s10584-021-03130-z 

Gutiérrez, J.M., R.G. Jones, G.T. Narisma, L.M. Alves, M. Amjad, I.V. Gorodetskaya, M. Grose, N.A.B. Klutse, 
S. Krakovska, J. Li, D. Martínez-Castro, L.O. Mearns, S.H. Mernild, T. Ngo-Duc, B. van den Hurk, and J.-H. 
Yoon, 2021: Atlas. 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 [Masson-Delmotte, V., P. 
Zhai, A. Pirani, S.L. Connors, C. Péan, S. Berger, N. Caud, Y. Chen, L.Goldfarb, M.I. Gomis, M. Huang, K. 
Leitzell, E. Lonnoy, J.B.R. Matthews, T.K.Maycock, T. Waterfield, O. Yelekçi, R. Yu, and B. Zhou (eds.)]. 
Cambridge University Press. In Press. Interactive Atlas available from Available from http://interactive-
atlas.ipcc.ch/ 

He, Y., Manful, D., Warren, R. et al. Quantification of impacts between 1.5 and 4 °C of global warming on 
flooding risks in six countries. Climatic Change 170, 15 (2022). https://doi.org/10.1007/s10584-021-03289-
5 

James, R., Washington R., Schleussner C-F., Rogelj J., and Conway D. (2017) Characterizing half-a-degree 
difference: a review of methods for identifying regional climate responses to global warming targets.  WIREs 
Clim Change, 8:e457. doi: 10.1002/wcc.457 

Jones B, O’Neill BC (2016) Spatially explicit global population scenarios consistent with the Shared 
Socioeconomic Pathways. Environ Res Lett 11:084003. 

Oppenheimer, M., M. Campos, R.Warren, J. Birkmann, G. Luber, B. O’Neill, and K. Takahashi, 2014: 
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 Change [Field, C.B., V.R. Barros, D.J. Dokken, K.J. Mach, M.D. 
Mastrandrea, T.E. Bilir, M. Chatterjee, K.L. Ebi, Y.O. Estrada, R.C. Genova, B. Girma, E.S. Kissel, A.N. Levy, 
S. MacCracken, P.R. Mastrandrea, and L.L.White (eds.)]. Cambridge University Press, Cambridge, United 
Kingdom and New York, NY, USA, pp. 1039-1099. 

Osborn TJ, Wallace CJ, Lowe JA, Bernie D (2018) Performance of Pattern-Scaled Climate Projections under 
High-End Warming. Part I: Surface Air Temperature over Land. J Clim 31:5667–5680. 
https://doi.org/10.1175/JCLI-D-17-0780.1 

Riahi, K., van Vuuren, D.P., Kriegler, E., et al. (2017). The Shared Socioeconomic Pathways and their 
energy, land use, and greenhouse gas emissions implications: An overview. Glob. Environ. Change 42, 153–
168. https://doi.org/10.1016/j.gloenvcha.2016.05.009 

Tebaldi C, Arblaster JM (2014) Pattern scaling: Its strengths and limitations, and an update on the latest 
model simulations. Climatic Change 122:459–471. https://doi.org/10.1007/s10584-013-1032-9 

Topical Collection ‘Accrual of Climate Change Risk in Six Vulnerable Countries’. Climatic Change, ISSN: 
0165-0009 (Print) 1573-1480 (Online). 
https://link.springer.com/journal/10584/topicalCollection/AC_a5302f645b14c7c5aba94c6dfb6d2d06 

Wang, D., Jenkins, K., Forstenhäusler, N. et al. Economic impacts of climate-induced crop yield changes: 
evidence from agri-food industries in six countries. Climatic Change 166, 30 (2021). 
https://doi.org/10.1007/s10584-021-03062-8 

Warren, R., Hope, C., Gernaat, D., Van Vuuren, D., & Jenkins, K., (2021). Global and regional aggregate 
damages associated with global warming of 1.5 to 4 °C above pre-industrial levels. Climatic Change, 168 (3-
4) https://doi.org/10.1007/s10584-021-03198-7 

https://doi.org/10.1007/s10584-021-03130-z
http://interactive-atlas.ipcc.ch/
http://interactive-atlas.ipcc.ch/
https://doi.org/10.1007/s10584-021-03289-5
https://doi.org/10.1007/s10584-021-03289-5
https://doi.org/10.1007/s10584-021-03062-8
https://doi.org/10.1007/s10584-021-03198-7


 

Page 154 of 193 

 

Warren, R, Andrews, O, Brown, S, Colon Gonzalez, FDJ, Forstenhäusler, N, Gernaat, DEHJ, Goodwin, P, 
Harris, I, He, Y, Hope, C, Manful, D, Osborn, T, Price, J, van Vuuren, DP & Wright, RM (2022) 'Quantifying 
risks avoided by limiting global warming to 1.5 or 2°C above pre-industrial levels', Climatic 
Change. https://doi.org/10.1007/s10584-021-03277-9 

Warszawski L, Frieler K, Huber V et al (2014) The Inter-Sectoral Impact Model Intercomparison Project (ISI–
MIP): Project framework. Proc Natl Acad Sci 111:3228–3232. https://doi.org/10.1073/pnas.1312330110 

Weedon GP, Balsamo G, Bellouin N et al (2014) The WFDEI meteorological forcing data set: WATCH 701 
Forcing Data methodology applied to ERA‐Interim reanalysis data. Water Resour Res 50:7505–7514. 702 
https://doi.org/10.1002/2014WR015638 

Yin, Z., Hu, Y., Jenkins, K. et al. Assessing the economic impacts of future fluvial flooding in six countries 
under climate change and socio-economic development. Climatic Change 166, 38 (2021). 
https://doi.org/10.1007/s10584-021-03059-3 

 

Fluvial Flooding 

Aich V, Liersch S, Vetter T, et al (2014) Comparing impacts of climate change on streamflow in four large 
African river basins. Hydrology and Earth System Sciences 18:1305–1321. https://doi.org/10.5194/hess-18-
1305-2014 

Aich V, Liersch S, Vetter T, et al (2016) Flood projections within the Niger River Basin under future land use 
and climate change. Science of The Total Environment 562:666–677. 
https://doi.org/10.1016/j.scitotenv.2016.04.021 

Akhtar, S. (2015). Sea Level Change, Causes and Impacts: A Case Study of Pakistan. In: Rahman, AU., Khan, 
A., Shaw, R. (eds) Disaster Risk Reduction Approaches in Pakistan. Disaster Risk Reduction. Springer, Tokyo. 
https://doi.org/10.1007/978-4-431-55369-4_10 

Alfieri L, Bisselink B, Dottori F, et al (2017) Global projections of river flood risk in a warmer world: River 
Flood Risk in a Warmer World. Earth’s Future 5:171–182. https://doi.org/10.1002/2016EF000485 

Alfieri L, Burek P, Feyen L, Forzieri G (2015a) Global warming increases the frequency of river floods in 
Europe. Hydrology and Earth System Sciences 19:2247–2260. https://doi.org/10.5194/hess-19-2247-2015 

Alfieri L, Feyen L, Dottori F, Bianchi A (2015b) Ensemble flood risk assessment in Europe under high end 
climate scenarios. Global Environmental Change 35:199–212. 
https://doi.org/10.1016/j.gloenvcha.2015.09.004 

Arnell NW, Freeman A, Kay AL, et al (2021) Indicators of climate risk in the UK at different levels of warming. 
Environ Res Commun 3:095005. https://doi.org/10.1088/2515-7620/ac24c0 

Arnell NW, Gosling SN (2016) The impacts of climate change on river flood risk at the global scale. Climatic 
Change 134:387–401. https://doi.org/10.1007/s10584-014-1084-5 

Babur M, Babel MS, Shrestha S, et al (2016) Assessment of Climate Change Impact on Reservoir Inflows Using 
Multi Climate-Models under RCPs—The Case of Mangla Dam in Pakistan. Water 8:389. 
https://doi.org/10.3390/w8090389 

Ballinger J, Jackson B, Pechlivanidis I, Ries W (2011) Potential flooding and inundation on the Hutt River. 
Victoria University of Wellington, Wellington, New Zealand, 

Bassiouni M, Oki DS (2013) Trends and shifts in streamflow in Hawai‘i, 1913–2008. Hydrological Processes 
27:1484–1500. https://doi.org/10.1002/hyp.9298 

Blöschl G, Hall J, Viglione A, et al (2019) Changing climate both increases and decreases European river 
floods. Nature 573:108–111. https://doi.org/10.1038/s41586-019-1495-6 

Carey-Smith T, Dean S, Vial J, Thompson C (2010) Changes in precipitation extremes for New Zealand: 
climate model predictions. Weather and Climate 30:23–48. https://doi.org/10.2307/26169712 

https://doi.org/10.1007/s10584-021-03277-9
https://doi.org/10.1073/pnas.1312330110
https://doi.org/10.1007/s10584-021-03059-3
https://doi.org/10.1016/j.scitotenv.2016.04.021


 

Page 155 of 193 

 

Chiew FHS et al (2017) Future runoff projections for Australia and science challenges in producing next 
generation projections 

CRED (2015) The human cost of natural disasters 2015: a global perspective - World. In: ReliefWeb. 
https://reliefweb.int/report/world/human-cost-natural-disasters-2015-global-perspective. Accessed 17 
Dec 2021 

CSIRO (2012) Climate variability and change in south-eastern Australia: a synthesis of findings from Phase 2 
of the South Eastern Australian Climate Initiative (SEACI). The Commonwealth Scientific and Industrial 
Research Organisation (CSIRO), Australia 

Dahal N, Shrestha UB, Tuitui A, Ojha HR (2019) Temporal Changes in Precipitation and Temperature and 
their Implications on the Streamflow of Rosi River, Central Nepal. Climate 7:3. 
https://doi.org/10.3390/cli7010003 

Dankers R, Arnell NW, Clark DB, et al (2014) First look at changes in flood hazard in the Inter-Sectoral Impact 
Model Intercomparison Project ensemble. PNAS 111:3257–3261. https://doi.org/10.1073/pnas.1302078110 

Dottori F, Alfieri L, Rossi L, et al (2021) Global River Flood Risk Under Climate Change. In: Global Drought 
and Flood. American Geophysical Union (AGU), pp 251–270 

Dottori F, Szewczyk W, Ciscar J-C, et al (2018) Increased human and economic losses from river flooding 
with anthropogenic warming. Nature Clim Change 8:781–786. https://doi.org/10.1038/s41558-018-0257-z 

Gray W, Ibbitt R, Turner R, et al A methodology to assess the impacts of climate change on flood risk in New 
Zealand. 40 

Gu X, Zhang Q, Li J, et al (2020) The changing nature and projection of floods across Australia. Journal of 
Hydrology 584:124703. https://doi.org/10.1016/j.jhydrol.2020.124703 

He Y, Manful D, Warren R, et al (2022) Quantification of impacts between 1.5°C and 4°C of global warming 
on flooding risks in six countries. Climatic Change. https://doi.org/10.1007/s10584-021-03289-5 

Hirabayashi Y, Kanae S, Emori S, et al (2008) Global projections of changing risks of floods and droughts in 
a changing climate. Hydrological Sciences Journal 53:754–772. https://doi.org/10.1623/hysj.53.4.754 

Hirabayashi Y, Mahendran R, Koirala S, et al (2013) Global flood risk under climate change. Nature Clim 
Change 3:816–821. https://doi.org/10.1038/nclimate1911 

Hirabayashi Y, Tanoue M, Sasaki O, et al (2021) Global exposure to flooding from the new CMIP6 climate 
model projections. Sci Rep 11:3740. https://doi.org/10.1038/s41598-021-83279-w 

James R, Washington R, Schleussner C-F, et al (2017) Characterizing half-a-degree difference: a review of 
methods for identifying regional climate responses to global warming targets: Characterizing half-a-degree 
difference. WIREs Clim Change 8:e457. https://doi.org/10.1002/wcc.457 

Jin L, Whitehead PG, Appeaning Addo K, et al (2018) Modeling future flows of the Volta River system: 
Impacts of climate change and socio-economic changes. Sci Total Environ 637–638:1069–1080. 
https://doi.org/10.1016/j.scitotenv.2018.04.350 

Jones B, O’Neill BC (2016) Spatially explicit global population scenarios consistent with the Shared 
Socioeconomic Pathways. Environ Res Lett 11:084003. https://doi.org/10.1088/1748-9326/11/8/084003 

Jongman B, Ward PJ, Aerts JCJH (2012) Global exposure to river and coastal flooding: Long term trends and 
changes. Global Environmental Change 22:823–835. https://doi.org/10.1016/j.gloenvcha.2012.07.004 

Kefi M, Mishra BK, Masago Y, Fukushi K (2020) Analysis of flood damage and influencing factors in urban 
catchments: case studies in Manila, Philippines, and Jakarta, Indonesia. Nat Hazards 104:2461–2487. 
https://doi.org/10.1007/s11069-020-04281-5 

Kundzewicz ZW, Kanae S, Seneviratne SI, et al (2014) Flood risk and climate change: global and regional 
perspectives. Hydrological Sciences Journal 59:1–28. https://doi.org/10.1080/02626667.2013.857411 



 

Page 156 of 193 

 

Leta OT, El-Kadi AI, Dulai H (2018) Impact of Climate Change on Daily Streamflow and Its Extreme Values in 
Pacific Island Watersheds. Sustainability 10:2057. https://doi.org/10.3390/su10062057 

Li C, Chai Y, Yang L, Li H (2016) Spatio-temporal distribution of flood disasters and analysis of influencing 
factors in Africa. Nat Hazards 82:721–731. https://doi.org/10.1007/s11069-016-2181-8 

Lindersson S, Brandimarte L, Mård J, Di Baldassarre G (2021) Global riverine flood risk – how do 
hydrogeomorphic floodplain maps compare to flood hazard maps? Natural Hazards and Earth System Sciences 
21:2921–2948. https://doi.org/10.5194/nhess-21-2921-2021 

Mallakpour I, Villarini G (2015) The changing nature of flooding across the central United States. Nature 
Clim Change 5:250–254. https://doi.org/10.1038/nclimate2516 

Marengo JA, Jones R, Alves LM, Valverde MC (2009) Future change of temperature and precipitation 
extremes in South America as derived from the PRECIS regional climate modeling system. International 
Journal of Climatology 29:2241–2255. https://doi.org/10.1002/joc.1863 

Marfai, M.A., King, L. Potential vulnerability implications of coastal inundation due to sea level rise for the 
coastal zone of Semarang city, Indonesia. Environ Geol 54, 1235–1245 (2008). 
https://doi.org/10.1007/s00254-007-0906-4 

McAneney J, van den Honert R, Yeo S (2017) Stationarity of major flood frequencies and heights on the Ba 
River, Fiji, over a 122-year record. International Journal of Climatology 37:171–178. 
https://doi.org/10.1002/joc.4989 

McInnes, K.L., Macadam, I., Hubbert, G. and O'Grady, J. (2013), An assessment of current and future 
vulnerability to coastal inundation due to sea-level extremes in Victoria, southeast Australia. Int. J. 
Climatol., 33: 33-47. https://doi.org/10.1002/joc.3405 

McMillan H, Jackson J, Poyck S (2010) Flood Risk Under Climate Change: A framework for assessing the 
impacts of climate change on river flow and floods, using dynamically-downscaled climate scenarios. A case 
study for the Uawa (East Cape) and Waihou (Northland) catchments. National Institute of Water and 
Atmospheric Research (NIWA), Christchurch, New Zealand 

Milly PCD, Wetherald RT, Dunne KA, Delworth TL (2002) Increasing risk of great floods in a changing climate. 
Nature 415:514–517. https://doi.org/10.1038/415514a 

Mohammed K, Islam AKMS, Islam GMT, et al (2018) Future Floods in Bangladesh under 1.5°C, 2°C, and 4°C 
Global Warming Scenarios. Journal of Hydrologic Engineering 23:04018050. 
https://doi.org/10.1061/(ASCE)HE.1943-5584.0001705 

NCAR (2020) The Climate Data Guide: Precipitation Data Sets: Overview & Comparison table. National Center 
for Atmospheric Research Staff (Eds) 

Neri A, Villarini G, Slater LJ, Napolitano F (2019) On the statistical attribution of the frequency of flood 
events across the U.S. Midwest. Advances in Water Resources 127:225–236. 
https://doi.org/10.1016/j.advwatres.2019.03.019 

Nowreen S, Murshed SB, Islam AKMS, et al (2015) Changes of rainfall extremes around the haor basin areas 
of Bangladesh using multi-member ensemble RCM. Theor Appl Climatol 119:363–377. 
https://doi.org/10.1007/s00704-014-1101-7 

P Hope, Timbal B, Hendon H, et al (2017) A synthesis of findings from the Victorian Climate Initiative (VicCI). 
Bureau of Meteorology, Australia 

Peduzzi P, Dao H, Herold C, Mouton F (2009) Assessing global exposure and vulnerability towards natural 
hazards: the Disaster Risk Index. Nat Hazards Earth Syst Sci 9:1149–1159. https://doi.org/10.5194/nhess-9-
1149-2009 

Peterson TC, Heim RR, Hirsch R, et al (2013) Monitoring and Understanding Changes in Heat Waves, Cold 
Waves, Floods, and Droughts in the United States: State of Knowledge. Bulletin of the American 
Meteorological Society 94:821–834. https://doi.org/10.1175/BAMS-D-12-00066.1 

https://doi.org/10.1002/joc.1863
https://doi.org/10.1002/joc.4989
https://doi.org/10.1002/joc.3405


 

Page 157 of 193 

 

Post DA, Timbal B, Chiew FHS, et al (2014) Decrease in southeastern Australian water availability linked to 
ongoing Hadley cell expansion. Earth’s Future 2:231–238. https://doi.org/10.1002/2013EF000194 

Ranasinghe et al (2021) AR6 WG1: Weather and Climate Extreme Events in a Changing Climate. 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. Cambridge University Press 

Reyer CPO, Otto IM, Adams S, et al (2017) Climate change impacts in Central Asia and their implications for 
development. Reg Environ Change 17:1639–1650. https://doi.org/10.1007/s10113-015-0893-z 

Roudier P, Ducharne A, Feyen L (2014) Climate change impacts on runoff in West Africa: a review. Hydrology 
and Earth System Sciences 18:2789–2801. https://doi.org/10.5194/hess-18-2789-2014 

Sauer IJ, Reese R, Otto C, et al (2021) Climate signals in river flood damages emerge under sound regional 
disaggregation. Nat Commun 12:2128. https://doi.org/10.1038/s41467-021-22153-9 

Scussolini P, Aerts JCJH, Jongman B, et al (2016) FLOPROS: an evolving global database of flood protection 
standards. Natural Hazards and Earth System Sciences 16:1049–1061. https://doi.org/10.5194/nhess-16-
1049-2016 

Shkolnik I, Pavlova T, Efimov S, Zhuravlev S (2018) Future changes in peak river flows across northern Eurasia 
as inferred from an ensemble of regional climate projections under the IPCC RCP8.5 scenario. Clim Dyn 
50:215–230. https://doi.org/10.1007/s00382-017-3600-6 

Skansi M de los M, Brunet M, Sigró J, et al (2013) Warming and wetting signals emerging from analysis of 
changes in climate extreme indices over South America. Global and Planetary Change 100:295–307. 
https://doi.org/10.1016/j.gloplacha.2012.11.004 

Sun Q, Miao C, Duan Q, et al (2018) A Review of Global Precipitation Data Sets: Data Sources, Estimation, 
and Intercomparisons. Reviews of Geophysics 56:79–107. https://doi.org/10.1002/2017RG000574 

Tabari H, Hosseinzadehtalaei P, Thiery W, Willems P (2021) Amplified Drought and Flood Risk Under Future 
Socioeconomic and Climatic Change. Earth’s Future 9:e2021EF002295. 
https://doi.org/10.1029/2021EF002295 

Tramblay Y, Villarini G, El Khalki EM, et al (2021) Evaluation of the Drivers Responsible for Flooding in Africa. 
Water Resources Research 57:e2021WR029595. https://doi.org/10.1029/2021WR029595 

Vetter T, Reinhardt J, Flörke M, et al (2017) Evaluation of sources of uncertainty in projected hydrological 
changes under climate change in 12 large-scale river basins. Climatic Change 141:419–433. 
https://doi.org/10.1007/s10584-016-1794-y 

Villarini G, Slater LJ (2018) Examination of Changes in Annual Maximum Gauge Height in the Continental 
United States Using Quantile Regression. Journal of Hydrologic Engineering 23:06017010. 
https://doi.org/10.1061/(ASCE)HE.1943-5584.0001620 

Villarini G, Zhang W (2020) Projected changes in flooding: a continental U.S. perspective. Annals of the New 
York Academy of Sciences 1472:95–103. https://doi.org/10.1111/nyas.14359 

Ward PJ, Jongman B, Weiland FS, et al (2013) Assessing flood risk at the global scale: model setup, results, 
and sensitivity. Environ Res Lett 8:044019. https://doi.org/10.1088/1748-9326/8/4/044019 

Warren R, Andrews O, Brown S, et al (2021) Quantifying risks avoided by limiting global warming to 1.5 or 
2°C above pre-industrial levels. Climatic Change. https://doi.org/10.1007/s10584-021-03277-9 

Wasko C, Nathan R (2019) Influence of changes in rainfall and soil moisture on trends in flooding. Journal of 
Hydrology 575:432–441. https://doi.org/10.1016/j.jhydrol.2019.05.054 

Winsemius HC, Aerts JCJH, van Beek LPH, et al (2016) Global drivers of future river flood risk. Nature Clim 
Change 6:381–385. https://doi.org/10.1038/nclimate2893 

WMO (2020) State of Climate Services: Risk information and early warning systems. 



 

Page 158 of 193 

 

Yin Z, Hu Y, Jenkins K, et al (2021) Assessing the economic impacts of future fluvial flooding in six countries 
under climate change and socio-economic development. Climatic Change 166:38. 
https://doi.org/10.1007/s10584-021-03059-3 

Ying X, Bing Z, Bo-Tao Z, et al (2014) Projected Flood Risks in China Based on CMIP5. Advances in Climate 
Change Research 5:57–65. https://doi.org/10.3724/SP.J.1248.2014.057 

 

Coastal Flooding 

Abadie, LM., Jackson, LP., de Murieta, ES., Jevrejeva, S., Galarraga, I (2020) Comparing urban coastal flood 
risk in 136 cities under two alternative sea-level projections: RCP 8.5 and an expert opinion-based high-end 
scenario. Ocean & Coastal Management, 193. https://doi.org/10.1016/j.ocecoaman.2020.105249. 

Addo, Kwasi Appeaning, Robert James Nicholls, Samuel Nii Ardey Codjoe, and Mumuni Abu. 2018. “A 
Biophysical and Socioeconomic Review of the Volta Delta, Ghana.” Journal of Coastal Research 345 
(December): 1216–26. https://doi.org/10.2112/JCOASTRES-D-17-00129.1. 

Al-Mannai, A.A(2021) Assessment of inundation risk from sea level rise and critical area for barrier 
construction: a GIS-based framework and application on the eastern coastal areas of Qatar. Doctoral thesis, 
University of East Anglia. 

Appeaning Addo, Kwasi. 2015. “Monitoring Sea Level Rise-Induced Hazards along the Coast of Accra in 
Ghana.” Natural Hazards 78 (2): 1293–1307. https://doi.org/10.1007/s11069-015-1771-1. 

Arias, P.A., N. Bellouin, E. Coppola et al. (2021): 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 [Masson-Delmotte, V., P. Zhai, A. Pirani, S.L. Connors, C. 
Péan, S. Berger, N. Caud, Y. Chen, L. Goldfarb, M.I. Gomis, M. Huang, K. Leitzell, E. Lonnoy, J.B.R. 
Matthews, T.K. Maycock, T. Waterfield, O. Yelekçi, R. Yu, and B. Zhou (eds.)]. Cambridge University 
Press. In Press. 

Arnell, N W, J A Lowe, D Bernie, R J Nicholls, S Brown, A J Challinor, and T J Osborn. 2019. “The Global 
and Regional Impacts of Climate Change under Representative Concentration Pathway Forcings and Shared 
Socioeconomic Pathway Socioeconomic Scenarios.” Environmental Research Letters 14 (8): 84046. 
https://doi.org/10.1088/1748-9326/ab35a6. 
Brown, Sally, Katie Jenkins, Philip Goodwin, Daniel Lincke, Athanasios T Vafeidis, Richard S J Tol, 
Rhosanna Jenkins, et al. 2021. “Global Costs of Protecting against Sea-Level Rise at 1.5 to 4.0 °C.” 
Climatic Change 167 (1–2): 4. https://doi.org/10.1007/s10584-021-03130-z. 

Brown, S, Wadey, MP, Nicholls, RJ, et al. Land raising as a solution to sea-level rise: An analysis of coastal 
flooding on an artificial island in the Maldives. J Flood Risk Management. 2020; 13 (Suppl. 
1):e12567. https://doi.org/10.1111/jfr3.12567 

Brown, S., Nicholls, R.J., Goodwin, P., Haigh, I.D., Lincke, D., Vafeidis, A.T. and Hinkel, J., 2018. 
Quantifying Land and People Exposed to Sea-Level Rise with No Mitigation and 1.5°C and 2.0°C Rise in 
Global Temperatures to Year 2300. Earth's Future, 6 (3), 583-600. 

Cao, A., Esteban, M., Valenzuela, VPB et al. (2021) Future of Asian Deltaic Megacities under sea level rise 
and land subsidence: current adaptation pathways for Tokyo, Jakarta, Manila, and Ho Chi Minh City. 
Current Opinion in Environmental Sustainability,50:87-97. https://doi.org/10.1016/j.cosust.2021.02.010. 

Davis KF et al. (2018) A universal model for predicting human migration under climate change: examining 
future sea level rise in Bangladesh. Environ. Res. Lett. 13 064030. https://doi.org/10.1088/1748-
9326/aac4d4 

https://doi.org/10.2112/JCOASTRES-D-17-00129.1
https://doi.org/10.1007/s11069-015-1771-1
https://doi.org/10.1088/1748-9326/ab35a6
https://doi.org/10.1007/s10584-021-03130-z
https://doi.org/10.1111/jfr3.12567
https://doi.org/10.1016/j.cosust.2021.02.010
https://doi.org/10.1088/1748-9326/aac4d4
https://doi.org/10.1088/1748-9326/aac4d4


 

Page 159 of 193 

 

Desantis, L.R.G., Bhotika, S., Williams, K. and Putz, F.E. (2007), Sea-level rise and drought interactions 
accelerate forest decline on the Gulf Coast of Florida, USA. Global Change Biology, 13: 2349-
2360. https://doi.org/10.1111/j.1365-2486.2007.01440.x 

Etongo, D., Amelie, V., Pouponneau, A. and Leal Filho. W. (2021) Identifying and Overcoming Barriers to 
Climate Change Adaptation in the Seychelles In: W. Leal Filho et al. (eds.), African Handbook of Climate 
Change Adaptation, https://doi.org/10.1007/978-3-030-42091-8_136-1 

Evadzi, Prosper I K, Zorita  Eduardo, and Birgit Hünicke. 2017. “Quantifying and Predicting the 
Contribution of Sea-Level Rise to Shoreline Change in Ghana: Information for Coastal Adaptation 
Strategies.” Journal of Coastal Research 336 (December): 1283–91. https://doi.org/10.2112/JCOASTRES-D-
16-00119.1. 

Fang, J, Lincke, D, Brown, S, Nicholls, RJ, Wolff, C, Merkens, J-L, Hinkel, J, Vafeidis, AT, Shi, P, Liu, M. 
(2020) Coastal flood risks in China through the 21st century – An application of DIVA, Science of The Total 
Environment, 704. https://doi.org/10.1016/j.scitotenv.2019.135311. 

Fang, J., Wahl, T., Zhang, Q. et al. Extreme sea levels along coastal China: uncertainties and 
implications. Stoch Environ Res Risk Assess 35, 405–418 (2021). https://doi.org/10.1007/s00477-020-
01964-0 

Feng, Huan, Delei, Qiulin, Hui, Kexiu (2018) Changes of Extreme Sea Level in 1.5 and 2.0°C Warmer 
Climate Along the Coast of China. Frontiers in Earth Science 6. 
https://www.frontiersin.org/article/10.3389/feart.2018.00216 

Fitchett, J. M., Grant, B., & Hoogendoorn, G. (2016). Climate change threats to two low-lying South 
African coastal towns: Risks and perceptions. South African Journal of Science, 112(5/6), 9. 
https://doi.org/10.17159/sajs.2016/20150262 

Foden, W. B. et al., 2013: Identifying the World's Most Climate Change Vulnerable Species: A Systematic 
Trait-Based Assessment of all Birds, Amphibians and Corals. PLoS ONE, 8(6), e65427, 
doi:10.1371/journal.pone.0065427. 

Frihy, O.E., El-Sayed, M.K. Vulnerability risk assessment and adaptation to climate change induced sea 
level rise along the Mediterranean coast of Egypt. Mitig Adapt Strateg Glob Change 18, 1215–1237 (2013). 
https://doi.org/10.1007/s11027-012-9418-y 

Goodwin, P., Brown, S., Haigh, I.D., Nicholls, R.J. and Matter, J.M., 2018. Adjusting Mitigation Pathways 
to Stabilize Climate at 1.5°C and 2.0°C Rise in Global Temperatures to Year 2300. Earth's Future, 6 (3), 
601-615. 

Gu, D, P Gerland, F Pelletier, and B Cohen. (2015) Risks of Exposure and Vulnerability to Natural Disasters 
at the City Level: A Global Overview. Technical Paper, No. 2015/2” New York, USA: UN Population 
Division. https://population.un.org/wup/Publications/Files/WUP2014-TechnicalPaper-NaturalDisaster.pdf. 
Haasnoot, Marjolijn, Gundula Winter, Sally Brown, Richard J Dawson, Philip J Ward, and Dirk Eilander. 
(2021a) Long-Term Sea-Level Rise Necessitates a Commitment to Adaptation: A First Order Assessment.” 
Climate Risk Management 34 (December): 100355. https://doi.org/10.1016/j.crm.2021.100355. 

Haasnoot, Marjolijn, Judy Lawrence, and Alexandre K Magnan. (2021b) Pathways to Coastal Retreat.” 
Science 372 (6548): 1287–90. https://doi.org/10.1126/science.abi6594. 
Hallegatte, Stephane, Colin Green, Robert J Nicholls, and Jan Corfee-Morlot. 2013. “Future Flood Losses 
in Major Coastal Cities.” Nature Climate Change 3 (9): 802–6. https://doi.org/10.1038/nclimate1979. 
Hannah, L. et al., 2020: 30% land conservation and climate action reduces tropical extinction risk by more 
than 50%. Ecography, 43(7), 943-953, doi:https://doi.org/10.1111/ecog.05166. 

Hague, B. S., McGregor, S., Murphy, B. F., Reef, R., & Jones, D. A. (2020). Sea level rise driving increasingly 
predictable coastal inundation in Sydney, Australia. Earth's Future, 8, 
e2020EF001607. https://doi.org/10.1029/2020EF001607 

https://doi.org/10.1111/j.1365-2486.2007.01440.x
https://doi.org/10.2112/JCOASTRES-D-16-00119.1
https://doi.org/10.2112/JCOASTRES-D-16-00119.1
https://doi.org/10.1016/j.scitotenv.2019.135311
https://population.un.org/wup/Publications/Files/WUP2014-TechnicalPaper-NaturalDisaster.pdf
https://doi.org/10.1016/j.crm.2021.100355
https://doi.org/10.1038/nclimate1979
https://doi.org/10.1029/2020EF001607


 

Page 160 of 193 

 

Heidarzadeh, Mohammad, Richard Teeuw, Simon Day, and Carmen Solana. 2018. “Storm Wave Runups and 
Sea Level Variations for the September 2017 Hurricane Maria along the Coast of Dominica, Eastern 
Caribbean Sea: Evidence from Field Surveys and Sea-Level Data Analysis.” Coastal Engineering Journal 60 
(3): 371–84. https://doi.org/10.1080/21664250.2018.1546269. 
Hinkel J (2005) DIVA: an iterative method for building modular integrated models. Adv Geosci 4:45–50 

Hinkel J, Lincke D, Vafeidis AT et al (2014) Coastal flood damage and adaptation costs under 21st century 
sealevel rise. Proc Natl Acad Sci 111:3292–3297 

Hinkel, Jochen, Sally Brown, Lars Exner, Robert J Nicholls, Athanasios T Vafeidis, and Abiy S Kebede. 2012. 
“Sea-Level Rise Impacts on Africa and the Effects of Mitigation and Adaptation: An Application of DIVA.” 
Regional Environmental Change 12 (1): 207–24. https://doi.org/10.1007/s10113-011-0249-2. 

Jevrejeva, S, A Matthews, and J Williams. 2019. “Development of a Coastal Data Hub for Stakeholder Access 
in the Caribbean Region.” http://nora.nerc.ac.uk/id/eprint/523770/. 

Jevrejeva, S., Jackson, L.P., Grinsted, A., Lincke, D., Marzeion, B., 2018. Flood damage costs under the sea 
level rise with warming of 1.5 °C and 2 °C. Environmental Research Letters 13, 074014. 
https://doi.org/10.1088/1748-9326/aacc76 

Jevrejeva, Svetlana, Luke P Jackson, Riccardo E M Riva, Aslak Grinsted, and John C Moore. 2016. “Coastal 
Sea Level Rise with Warming above 2 °C.” Proceedings of the National Academy of Sciences 113 (47): 13342–
47. https://doi.org/10.1073/pnas.1605312113. 

Karlsson JM & Arnberg W (2011) Quality analysis of SRTM and HYDRO1K: a case study of flood inundation in 
Mozambique, International Journal of Remote Sensing, 32:1, 267-285, DOI: 10.1080/01431160903464112 

Khouakhi, A.   Snoussi, M. Niazi, S. Raji, O (2013) Vulnerability assessment of Al Hoceima bay (Moroccan 
Mediterranean coast): a coastal management tool to reduce potential impacts of sea-level rise and storm 
surges," Journal of Coastal Research 65(sp1), 968-973. https://doi.org/10.2112/SI65-164.1 

King, DJ, Rewi M. Newnham, W. Roland Gehrels & Kate J. Clark (2021) Late Holocene sea-level changes and 
vertical land movements in New Zealand, New Zealand Journal of Geology and Geophysics, 64:1, 21-
36, DOI: 10.1080/00288306.2020.1761839 

Kleptsova, Olga S, Henk A Dijkstra, René M van Westen, Carine G van der Boog, Caroline A Katsman, Rebecca 
K James, Tjeerd J Bouma, et al. 2021. “Impacts of Tropical Cyclones on the Caribbean Under Future Climate 
Conditions.” Journal of Geophysical Research: Oceans 126 (9). https://doi.org/10.1029/2020JC016869. 

Kretzinger, F (2012). Vulnerability of wastewater infrastructure of coastal cities to sea level rise : a South 
African case study. Water SA 38, 755–764. https://doi.org/10.10520/EJC126940 

Kulp, S.A., Strauss, B.H. (2019) New elevation data triple estimates of global vulnerability to sea-level rise 
and coastal flooding. Nat Commun 10, 4844. https://doi.org/10.1038/s41467-019-12808-z 

Malherbe, Johan, F A Engelbrecht, and W A Landman. 2013. “Projected Changes in Tropical Cyclone 
Climatology and Landfall in the Southwest Indian Ocean Region under Enhanced Anthropogenic Forcing.” 
Climate Dynamics 40 (11–12): 2867–86. https://doi.org/10.1007/s00382-012-1635-2. 
Mucova, S A R, Ulisses M Azeiteiro, Walter Leal Filho, C L Lopes, J M Dias, and M J Pereira. 2021. 
“Approaching Sea-Level Rise (SLR) Change: Strengthening Local Responses to Sea-Level Rise and Coping 
with Climate Change in Northern Mozambique.” Journal of Marine Science and Engineering 9 (2): 205. 
https://doi.org/https://doi.org/10.3390/jmse9020205. 

Muis, Sanne, Ning Lin, Martin Verlaan, Hessel C Winsemius, Philip J Ward, and Jeroen C J H Aerts. 2019. 
“Spatiotemporal Patterns of Extreme Sea Levels along the Western North-Atlantic Coasts.” Scientific 
Reports 9 (1): 3391. https://doi.org/10.1038/s41598-019-40157-w. 

S. Neelamani, Dana Al-Houti, Alanoud Al-Ragum, K. Al-Salem & Abeer Hassan Al-Saleh (2021) Assessment 
of coastal inundation cost due to future sea level rise: A case study for Kuwait, Marine Georesources & 
Geotechnology, DOI: 10.1080/1064119X.2021.1909195 

http://nora.nerc.ac.uk/id/eprint/523770/
https://doi.org/10.1088/1748-9326/aacc76
https://doi.org/10.1073/pnas.1605312113
https://doi.org/10.1080/01431160903464112
https://doi.org/10.2112/SI65-164.1
https://doi.org/10.1080/00288306.2020.1761839
https://doi.org/10.1029/2020JC016869
https://doi.org/10.10520/EJC126940
https://doi.org/10.1038/s41598-019-40157-w
https://doi.org/10.1080/1064119X.2021.1909195


 

Page 161 of 193 

 

Neumann B, Vafeidis AT, Zimmermann J, Nicholls RJ (2015) Future Coastal Population Growth and 
Exposure to Sea-Level Rise and Coastal Flooding - A Global Assessment. PLoS ONE 10(3): e0118571. 
https://doi.org/10.1371/journal.pone.0118571.  

Nicholls, Robert J, Daniel Lincke, Jochen Hinkel, Sally Brown, Athanasios T Vafeidis, Benoit Meyssignac, 
Susan E Hanson, Jan-Ludolf Merkens, and Jiayi Fang. 2021. “A Global Analysis of Subsidence, Relative Sea-
Level Change and Coastal Flood Exposure.” Nature Climate Change 11 (4): 338–42. 
https://doi.org/10.1038/s41558-021-00993-z. 

Ojwang, L., Rosendo, S., Celliers, L., Obura, D., Muiti, A., Kamula, J. and Mwangi, M. (2017), Assessment 
of Coastal Governance for Climate Change Adaptation in Kenya. Earth's Future, 5: 1119-
1132. https://doi.org/10.1002/2017EF000595 

Park S-J and Lee D-K (2020) Prediction of coastal flooding risk under climate change impacts in South 
Korea using machine learning algorithms. Environ. Res. Lett. 15 094052 

Parodi, Matteo U, Alessio Giardino, Ap van Dongeren, Stuart G Pearson, Jeremy D Bricker, and Ad J H M 
Reniers. 2020. “Uncertainties in Coastal Flood Risk Assessments in Small Island Developing States.” Natural 
Hazards and Earth System Sciences 20 (9): 2397–2414. https://doi.org/10.5194/nhess-20-2397-2020. 

Parrado, R, Bosello, F, Delpiazzo E et al. (2020) Fiscal effects and the potential implications on economic 
growth of sea level rise impacts and coastal zone protection. Available at: Revised Manuscript rev3_all.pdf 
(bournemouth.ac.uk) 

Rangel-Buitrago, Nelson Guillermo, Giorgio Anfuso, and Allan Thomas Williams. 2015. “Coastal Erosion 
along the Caribbean Coast of Colombia: Magnitudes, Causes and Management.” Ocean & Coastal 
Management 114 (December): 129–44. https://doi.org/10.1016/j.ocecoaman.2015.06.024. 
Restrepo-Ángel, Juan D, Héctor Mora-Páez, Freddy Díaz, Marin Govorcin, Shimon Wdowinski, Leidy 
Giraldo-Londoño, Marko Tosic, Irene Fernández, Juan F Paniagua-Arroyave, and José F Duque-Trujillo. 
2021. “Coastal Subsidence Increases Vulnerability to Sea Level Rise over Twenty First Century in 
Cartagena, Caribbean Colombia.” Scientific Reports 11 (1): 18873. https://doi.org/10.1038/s41598-021-
98428-4. 
Rojas, Octavio, María Mardones, Carolina Martínez, Luis Flores, Katia Sáez, and Alberto Araneda. 2018. 
“Flooding in Central Chile: Implications of Tides and Sea Level Increase in the 21st Century.” Sustainability 
10 (12): 4335. https://doi.org/10.3390/su10124335. 

Sagoe-Addy, Kate, and Kwasi Appeaning Addo. 2013. “Effect of Predicted Sea Level Rise on Tourism Facilities 
along Ghana’s Accra Coast.” Journal of Coastal Conservation 17 (1): 155–66. 
https://doi.org/10.1007/s11852-012-0227-y. 

Sheriff, SS., and Koske. J. (2021) “Low Environmental Education: The Cause to High Socioeconomic Impacts 
of Climate Change Induced Flooding in Mombasa, Kenya.” Environment Pollution and Climate Change 5 (3): 
1000208. 

Snoussi, M., Ouchani, T., Niazi, S. (2008) Vulnerability assessment of the impact of sea-level rise and 
flooding on the Moroccan coast: The case of the Mediterranean eastern zone, Estuarine, Coastal and Shelf 
Science 77 (2): 206-213. https://doi.org/10.1016/j.ecss.2007.09.024. 

Takagi, Hiroshi, Daisuke Fujii, Miguel Esteban, and Xiong Yi. 2017. "Effectiveness and Limitation of Coastal 
Dykes in Jakarta: The Need for Prioritizing Actions against Land Subsidence" Sustainability 9, no. 4: 619. 
https://doi.org/10.3390/su9040619 

Vafeidis AT, Nicholls RJ, McFadden L, Tol RSJ, Hinkel J, Spencer T, Grashoff PS, Boot G, Klein RJT (2008) A 
new global coastal database for impact and vulnerability analysis to sea-level rise. J Coast Res 24:917–924 

Vousdoukas, M.I., Clarke, J., Ranasinghe, R. et al. African heritage sites threatened as sea-level rise 
accelerates. Nat. Clim. Chang. 12, 256–262 (2022). https://doi.org/10.1038/s41558-022-01280-1 

Warren, R, Andrews, O, Brown, S, Colon Gonzalez, FDJ, Forstenhäusler, N, Gernaat, DEHJ, Goodwin, P, 
Harris, I, He, Y, Hope, C, Manful, D, Osborn, T, Price, J, van Vuuren, DP & Wright, RM (2022) 'Quantifying 

https://doi.org/10.1371/journal.pone.0118571
https://doi.org/10.1038/s41558-021-00993-z
https://doi.org/10.1002/2017EF000595
https://doi.org/10.5194/nhess-20-2397-2020
https://eprints.bournemouth.ac.uk/33317/1/Revised%20Manuscript%20rev3_all.pdf
https://eprints.bournemouth.ac.uk/33317/1/Revised%20Manuscript%20rev3_all.pdf
https://doi.org/10.1016/j.ecss.2007.09.024


 

Page 162 of 193 

 

risks avoided by limiting global warming to 1.5 or 2°C above pre-industrial levels', Climatic 
Change. https://doi.org/10.1007/s10584-021-03277-9 

Watson, P.J., 2020. Updated mean sea-level analysis: Australia. Journal of Coastal Research, 36(5), 915–
931. Coconut Creek (Florida), ISSN 0749-0208. 

Wöppelmann, Guy, Gonéri Le Cozannet, Marcello de Michele, Daniel Raucoules, Anny Cazenave, Manuel 
Garcin, Susan Hanson, Marta Marcos, and Alvaro Santamaría-Gómez. (2013) “Is Land Subsidence Increasing 
the Exposure to Sea Level Rise in Alexandria, Egypt?: SUBSIDENCE AND SEA LEVELS IN ALEXANDRIA.” 
Geophysical Research Letters 40 (12): 2953–57. https://doi.org/10.1002/grl.50568. 

 
Food Security and Agriculture 

http://climate-impact-explorer.climateanalytics.org/ (accessed 12.17.21). 

Hasegawa, T., Sakurai, G., Fujimori, S., Takahashi, K., Hijioka, Y. and Masui, T., 2021. Extreme climate 
events increase risk of global food insecurity and adaptation needs. Nature Food, 2(8), pp.587-595. 

Jägermeyr, Jonas, Christoph Müller, Alex C. Ruane, Joshua Elliott, Juraj Balkovic, Oscar Castillo, Babacar 
Faye, et al. 2021. “Climate Impacts on Global Agriculture Emerge Earlier in New Generation of Climate and 
Crop Models.” Nature Food 2 (11): 873–85. https://doi.org/10.1038/s43016-021-00400-y. 

Kummu, M., Heino, M., Taka, M., Varis, O. and Viviroli, D., 2021. Climate change risks pushing one-third of 
global food production outside the safe climatic space. One Earth, 4(5), pp.720-729. 

Lant, Christopher, Timothy J. Stoebner, Justin T. Schoof, and Benjamin Crabb. 2016. “The Effect of Climate 
Change on Rural Land Cover Patterns in the Central United States.” Climatic Change 138 (3–4): 585–602. 
https://doi.org/10.1007/s10584-016-1738-6. 

Liu, Bing, Pierre Martre, Frank Ewert, John R. Porter, Andy J. Challinor, Christoph Müller, Alex C. Ruane, et 
al. 2019. “Global Wheat Production with 1.5 and 2.0°C above Pre‐industrial Warming.” Global Change 
Biology 25 (4): 1428–44. https://doi.org/10.1111/gcb.14542. 

Ostberg, Sebastian, Jacob Schewe, Katelin Childers, and Katja Frieler. 2018. “Changes in Crop Yields and 
Their Variability at Different Levels of Global Warming.” Earth System Dynamics 9 (2): 479–96. 
https://doi.org/10.5194/esd-9-479-2018. 

Ren, Xiaolin, Matthias Weitzel, Brian C. O’Neill, Peter Lawrence, Prasanth Meiyappan, Samuel Levis, Edward 
J. Balistreri, and Michael Dalton. 2018. “Avoided Economic Impacts of Climate Change on Agriculture: 
Integrating a Land Surface Model (CLM) with a Global Economic Model (IPETS).” Climatic Change 146 (3–4): 
517–31. https://doi.org/10.1007/s10584-016-1791-1. 

Rhiney, Kevon, Anton Eitzinger, Aidan D. Farrell, and Steven D. Prager. 2018. “Assessing the Implications of 
a 1.5 °C Temperature Limit for the Jamaican Agriculture Sector.” Regional Environmental Change 18 (8): 
2313–27. https://doi.org/10.1007/s10113-018-1409-4. 

Rosenzweig, Cynthia, Joshua Elliott, Delphine Deryng, Alex C. Ruane, Christoph Müller, Almut Arneth, 
Kenneth J. Boote, et al. 2014. “Assessing Agricultural Risks of Climate Change in the 21st Century in a Global 
Gridded Crop Model Intercomparison.” Proceedings of the National Academy of Sciences 111 (9): 3268–73. 
https://doi.org/10.1073/pnas.1222463110. 

Meijl, Hans van, Andrzej Tabeau, Elke Stehfest, Jonathan Doelman, and Paul Lucas. 2020. “How Food Secure 
Are the Green, Rocky and Middle Roads: Food Security Effects in Different World Development Paths.” 
Environmental Research Communications 2 (3): 031002. https://doi.org/10.1088/2515-7620/ab7aba. 

https://doi.org/10.1007/s10584-021-03277-9
https://doi.org/10.1002/grl.50568


 

Page 163 of 193 

 

Wang, Bin, De Li Liu, Jason P. Evans, Fei Ji, Cathy Waters, Ian Macadam, Puyu Feng, and Kathleen Beyer. 
2019. “Modelling and Evaluating the Impacts of Climate Change on Three Major Crops in South-Eastern 
Australia Using Regional Climate Model Simulations.” Theoretical and Applied Climatology 138 (1–2): 509–
26. https://doi.org/10.1007/s00704-019-02843-7. 

Fezzi, C., Bateman, I., Askew, T., Munday, P., Pascual, U., Sen, A., & Harwood, A. (2014). Valuing 
provisioning ecosystem services in agriculture: the impact of climate change on food production in the 
United Kingdom. Environmental and Resource Economics, 57(2), 197-214 

 

Fisheries 

Asch, R. G., Cheung, W. W. L., and Reygondeau, G.: Future marine ecosystem drivers, biodiversity, and 
fisheries maximum catch potential in Pacific Island countries and territories under climate change, Mar. 
Policy, 88, 285–294, https://doi.org/10.1016/j.marpol.2017.08.015, 2018. 

Atkinson, A., Hill, S. L., Pakhomov, E. A., Siegel, V., Reiss, C. S., Loeb, V. J., Steinberg, D. K., Schmidt, K., 
Tarling, G. A., Gerrish, L., and Sailley, S. F.: Krill (Euphausia superba) distribution contracts southward 
during rapid regional warming, Nat. Clim. Change, 9, 142–147, https://doi.org/10.1038/s41558-018-0370-z, 
2019. 

Babcock, R. C., Bustamante, R. H., Fulton, E. A., Fulton, D. J., Haywood, M. D. E., Hobday, A. J., Kenyon, 
R., Matear, R. J., Plagányi, E. E., Richardson, A. J., and Vanderklift, M. A.: Severe Continental-Scale Impacts 
of Climate Change Are Happening Now: Extreme Climate Events Impact Marine Habitat Forming Communities 
Along 45% of Australia’s Coast, Front. Mar. Sci., 6, 411, https://doi.org/10.3389/fmars.2019.00411, 2019. 

Barange, M., Merino, G., Blanchard, J. L., Scholtens, J., Harle, J., Allison, E. H., Allen, J. I., Holt, J., and 
Jennings, S.: Impacts of climate change on marine ecosystem production in societies dependent on fisheries, 
Nat. Clim. Change, 4, 211–216, https://doi.org/10.1038/nclimate2119, 2014. 

Barange, M., Bahri, T., Beveridge, M. C. M., Cochrane, K. L., Funge Smith, S., Poulain, F., and Food and 
Agriculture Organization of the United Nations: Impacts of climate change on fisheries and aquaculture: 
synthesis of current knowledge, adaptation and mitigation options, 2018. 

Bell, J. D., Kronen, M., Vunisea, A., Nash, W. J., Keeble, G., Demmke, A., Pontifex, S., and Andréfouët, S.: 
Planning the use of fish for food security in the Pacific, Mar. Policy, 33, 64–76, 
https://doi.org/10.1016/j.marpol.2008.04.002, 2009. 

Bell, J. D., Senina, I., Adams, T., Aumont, O., Calmettes, B., Clark, S., Dessert, M., Gehlen, M., Gorgues, 
T., Hampton, J., Hanich, Q., Harden-Davies, H., Hare, S. R., Holmes, G., Lehodey, P., Lengaigne, M., 
Mansfield, W., Menkes, C., Nicol, S., Ota, Y., Pasisi, C., Pilling, G., Reid, C., Ronneberg, E., Gupta, A. S., 
Seto, K. L., Smith, N., Taei, S., Tsamenyi, M., and Williams, P.: Pathways to sustaining tuna-dependent 
Pacific Island economies during climate change, Nat. Sustain., 4, 900–910, https://doi.org/10.1038/s41893-
021-00745-z, 2021. 

Bertrand, A., Vögler, R., and Defeo, O.: Climate change impacts, vulnerabilities and adaptations: Southwest 
Atlantic and Southeast Pacific marine fisheries1, Impacts Clim. Change Fish. Aquac., 325, 2019. 

Bertrand, A., Lengaigne, M., Takahashi, K., Avadi, A., Poulain, F., and Harrod, C.: El Niño Southern 
Oscillation (ENSO) effects on fisheries and aquaculture, Food & Agriculture Org., 2020. 

Brochier, T., Echevin, V., Tam, J., Chaigneau, A., Goubanova, K., and Bertrand, A.: Climate change 
scenarios experiments predict a future reduction in small pelagic fish recruitment in the Humboldt Current 
system, Glob. Change Biol., 19, 1841–1853, https://doi.org/10.1111/gcb.12184, 2013. 

https://doi.org/10.1007/s00704-019-02843-7


 

Page 164 of 193 

 

Bryndum-Buchholz, A., Boyce, D., Tittensor, D., Christensen, V., Bianchi, D., and Lotze, H.: Climate-change 
impacts and fisheries management challenges in the North Atlantic Ocean, Mar. Ecol. Prog. Ser., 648, 1–17, 
https://doi.org/10.3354/meps13438, 2020. 

Cheung, W. W., Bruggeman, J., and Butenschön, M.: Projected changes in global and national potential 
marine fisheries catch under climate change scenarios in the twenty-first century, Impacts Clim. Change 
Fish. Aquac., 63, 2019. 

Cheung, W. W. L. and Frölicher, T. L.: Marine heatwaves exacerbate climate change impacts for fisheries 
in the northeast Pacific, Sci. Rep., 10, 6678, https://doi.org/10.1038/s41598-020-63650-z, 2020. 

Cheung, W. W. L., Reygondeau, G., and Frölicher, T. L.: Large benefits to marine fisheries of meeting the 
1.5°C global warming target, Science, 354, 1591–1594, https://doi.org/10.1126/science.aag2331, 2016. 

Cummings, V. J., Lundquist, C. J., Dunn, M. R., Francis, M., Horn, P. L., Law, C., Pinkerton, M. H., Sutton, 
P., Tracey, D. M., Hansen, L. J., Mielbrecht, E., and Fisheries New Zealand (Government agency): 
Assessment of potential effects of climate-related changes in coastal and offshore waters on New Zealand’s 
seafood sector, 2021. 

FAO: The State of World Fisheries and Aquaculture 2020. Sustainability in action, FAO, Rome, 
https://doi.org/10.4060/ca9229en, 2020. 

Fernandes, J. A., Kay, S., Hossain, M. A. R., Ahmed, M., Cheung, W. W. L., Lazar, A. N., and Barange, M.: 
Projecting marine fish production and catch potential in Bangladesh in the 21st century under long-term 
environmental change and management scenarios, ICES J. Mar. Sci., 73, 1357–1369, 
https://doi.org/10.1093/icesjms/fsv217, 2016. 

Fernandes, J. A., Papathanasopoulou, E., Hattam, C., Queirós, A. M., Cheung, W. W. W. L., Yool, A., Artioli, 
Y., Pope, E. C., Flynn, K. J., Merino, G., Calosi, P., Beaumont, N., Austen, M. C., Widdicombe, S., and 
Barange, M.: Estimating the ecological, economic and social impacts of ocean acidification and warming on 
UK fisheries, Fish Fish., 18, 389–411, https://doi.org/10.1111/faf.12183, 2017. 

Froese, R., Winker, H., Coro, G., Demirel, N., Tsikliras, A. C., Dimarchopoulou, D., Scarcella, G., Quaas, 
M., and Matz-Lück, N.: Status and rebuilding of European fisheries, Mar. Policy, 93, 159–170, 
https://doi.org/10.1016/j.marpol.2018.04.018, 2018. 

Frölicher, T. L., Fischer, E. M., and Gruber, N.: Marine heatwaves under global warming, Nature, 560, 360–
364, https://doi.org/10.1038/s41586-018-0383-9, 2018. 

Fulton, E. A., Bulman, C. M., Pethybridge, H., and Goldsworthy, S. D.: Modelling the Great Australian Bight 
Ecosystem, Deep Sea Res. Part II Top. Stud. Oceanogr., 157–158, 211–235, 
https://doi.org/10.1016/j.dsr2.2018.11.002, 2018. 

Gervais, C. R., Champion, C., and Pecl, G. T.: Species on the move around the Australian coastline: A 
continental‐scale review of climate‐driven species redistribution in marine systems, Glob. Change Biol., 27, 
3200–3217, https://doi.org/10.1111/gcb.15634, 2021. 

Hanich, Q., Wabnitz, C. C. C., Ota, Y., Amos, M., Donato-Hunt, C., and Hunt, A.: Small-scale fisheries under 
climate change in the Pacific Islands region, Mar. Policy, 88, 279–284, 
https://doi.org/10.1016/j.marpol.2017.11.011, 2018. 

Hare, J. A., Morrison, W. E., Nelson, M. W., Stachura, M. M., Teeters, E. J., Griffis, R. B., Alexander, M. A., 
Scott, J. D., Alade, L., Bell, R. J., Chute, A. S., Curti, K. L., Curtis, T. H., Kircheis, D., Kocik, J. F., Lucey, 
S. M., McCandless, C. T., Milke, L. M., Richardson, D. E., Robillard, E., Walsh, H. J., McManus, M. C., 
Marancik, K. E., and Griswold, C. A.: A Vulnerability Assessment of Fish and Invertebrates to Climate Change 
on the Northeast U.S. Continental Shelf, PLOS ONE, 11, e0146756, 
https://doi.org/10.1371/journal.pone.0146756, 2016. 



 

Page 165 of 193 

 

Harrod, C., Ramírez, A., Valbo-Jørgensen, J., and Funge-Smith, S.: Current anthropogenic stress and 
projected effect of climate change on global inland fisheries, Impacts Clim. Change Fish. Aquac., 393, 2019. 

Hoegh-Guldberg, O., Jacob, D., Taylor, M., Bindi, M., Brown, S., Camilloni, I., Diedhiou, A., Djalante, R., 
Ebi, K., and Engelbrecht, F.: Chapter 3: Impacts of 1.5 oC global warming on natural and human systems, 
Glob. Warm. 15 °C IPCC Spec. Rep. Impacts Glob. Warm. 15 °C Pre-Ind. Levels Relat. Glob. Greenh. Gas 
Emiss. Pathw. Context Strength. Glob. Response Threat Clim., Intergover, 2018. 

Holsman, K. K., Haynie, A. C., Hollowed, A. B., Reum, J. C. P., Aydin, K., Hermann, A. J., Cheng, W., Faig, 
A., Ianelli, J. N., Kearney, K. A., and Punt, A. E.: Ecosystem-based fisheries management forestalls climate-
driven collapse, Nat. Commun., 11, 4579, https://doi.org/10.1038/s41467-020-18300-3, 2020. 

Law, C. S., Rickard, G. J., Mikaloff-Fletcher, S. E., Pinkerton, M. H., Gorman, R., Behrens, E., Chiswell, S. 
M., Bostock, H. C., Anderson, O., and Currie, K.: The New Zealand EEZ and South West Pacific, 2016. 

Monnereau, I., Mahon, R., McConney, P., Nurse, L., Turner, R., and Vallès, H.: The impact of methodological 
choices on the outcome of national-level climate change vulnerability assessments: An example from the 
global fisheries sector, Fish Fish., 18, 717–731, https://doi.org/10.1111/faf.12199, 2017. 

Moore, C., Morley, J. W., Morrison, B., Kolian, M., Horsch, E., Frölicher, T., Pinsky, M. L., and Griffis, R.: 
ESTIMATING THE ECONOMIC IMPACTS OF CLIMATE CHANGE ON 16 MAJOR US FISHERIES, Clim. Change Econ., 
12, 2150002, https://doi.org/10.1142/S2010007821500020, 2021. 

Morley, J. W., Selden, R. L., Latour, R. J., Frölicher, T. L., Seagraves, R. J., and Pinsky, M. L.: Projecting 
shifts in thermal habitat for 686 species on the North American continental shelf, PLOS ONE, 13, e0196127, 
https://doi.org/10.1371/journal.pone.0196127, 2018. 

Muringai, Rodney. T., Mafongoya, Paramu. L., and Lottering, R.: Climate Change and Variability Impacts on 
Sub-Saharan African Fisheries: A Review, Rev. Fish. Sci. Aquac., 29, 706–720, 
https://doi.org/10.1080/23308249.2020.1867057, 2021. 

Nyboer, E. A., Liang, C., and Chapman, L. J.: Assessing the vulnerability of Africa’s freshwater fishes to 
climate change: A continent-wide trait-based analysis, Biol. Conserv., 236, 505–520, 
https://doi.org/10.1016/j.biocon.2019.05.003, 2019. 

Ortega-Cisneros, K., Cochrane, K. L., Fulton, E. A., Gorton, R., and Popova, E.: Evaluating the effects of 
climate change in the southern Benguela upwelling system using the Atlantis modelling framework, Fish. 
Oceanogr., 27, 489–503, https://doi.org/10.1111/fog.12268, 2018. 

Peck, M. A., Catalán, I.A., Damalas, D., Elliott, M., Ferreira, J.G., Hamon, K.G., Kamermans, P., Kay, S., 
Kreiß, C.M., Pinnegar, J.K., Sailley, S.F., and Taylor, N.G.H.: Climate change and European Fisheries and 
Aquaculture: “CERES” Project Synthesis Report, Universität Hamburg, 
https://doi.org/10.25592/UHHFDM.804, 2020. 

Pethybridge, H. R., Fulton, E. A., Hobday, A. J., Blanchard, J., Bulman, C. M., Butler, I. R., Cheung, W. W. 
L., Dutra, L. X. C., Gorton, R., Hutton, T., Matear, R., Lozano-Montes, H., Plagányi, E. E., Villanueva, C., 
and Zhang, X.: Contrasting Futures for Australia’s Fisheries Stocks Under IPCC RCP8.5 Emissions – A Multi-
Ecosystem Model Approach, Front. Mar. Sci., 7, 577964, https://doi.org/10.3389/fmars.2020.577964, 2020. 

Reum, J. C. P., Blanchard, J. L., Holsman, K. K., Aydin, K., Hollowed, A. B., Hermann, A. J., Cheng, W., 
Faig, A., Haynie, A. C., and Punt, A. E.: Ensemble Projections of Future Climate Change Impacts on the 
Eastern Bering Sea Food Web Using a Multispecies Size Spectrum Model, Front. Mar. Sci., 7, 124, 
https://doi.org/10.3389/fmars.2020.00124, 2020. 

Rheuban, J. E., Kavanaugh, M. T., and Doney, S. C.: Implications of Future Northwest Atlantic Bottom 
Temperatures on the American Lobster ( Homarus americanus ) Fishery, J. Geophys. Res. Oceans, 122, 9387–
9398, https://doi.org/10.1002/2017JC012949, 2017. 



 

Page 166 of 193 

 

Sainsbury, N. C., Genner, M. J., Saville, G. R., Pinnegar, J. K., O’Neill, C. K., Simpson, S. D., and Turner, 
R. A.: Changing storminess and global capture fisheries, Nat. Clim. Change, 8, 655–659, 
https://doi.org/10.1038/s41558-018-0206-x, 2018. 

Smale, D. A., Wernberg, T., Oliver, E. C. J., Thomsen, M., Harvey, B. P., Straub, S. C., Burrows, M. T., 
Alexander, L. V., Benthuysen, J. A., Donat, M. G., Feng, M., Hobday, A. J., Holbrook, N. J., Perkins-
Kirkpatrick, S. E., Scannell, H. A., Sen Gupta, A., Payne, B. L., and Moore, P. J.: Marine heatwaves threaten 
global biodiversity and the provision of ecosystem services, Nat. Clim. Change, 9, 306–312, 
https://doi.org/10.1038/s41558-019-0412-1, 2019. 

Steiner, N. S., Cheung, W. W. L., Cisneros-Montemayor, A. M., Drost, H., Hayashida, H., Hoover, C., Lam, 
J., Sou, T., Sumaila, U. R., Suprenand, P., Tai, T. C., and VanderZwaag, D. L.: Impacts of the Changing 
Ocean-Sea Ice System on the Key Forage Fish Arctic Cod (Boreogadus Saida) and Subsistence Fisheries in the 
Western Canadian Arctic—Evaluating Linked Climate, Ecosystem and Economic (CEE) Models, Front. Mar. 
Sci., 6, 179, https://doi.org/10.3389/fmars.2019.00179, 2019. 

Szuwalski, C., Cheng, W., Foy, R., Hermann, A. J., Hollowed, A., Holsman, K., Lee, J., Stockhausen, W., 
and Zheng, J.: Climate change and the future productivity and distribution of crab in the Bering Sea, ICES 
J. Mar. Sci., 78, 502–515, https://doi.org/10.1093/icesjms/fsaa140, 2021. 

Townhill, B. L., Couce, E., Bell, J., Reeves, S., and Yates, O.: Climate Change Impacts on Atlantic Oceanic 
Island Tuna Fisheries, Front. Mar. Sci., 8, 634280, https://doi.org/10.3389/fmars.2021.634280, 2021. 

Vergés, A., Doropoulos, C., Malcolm, H. A., Skye, M., Garcia-Pizá, M., Marzinelli, E. M., Campbell, A. H., 
Ballesteros, E., Hoey, A. S., Vila-Concejo, A., Bozec, Y.-M., and Steinberg, P. D.: Long-term empirical 
evidence of ocean warming leading to tropicalization of fish communities, increased herbivory, and loss of 
kelp, Proc. Natl. Acad. Sci., 113, 13791–13796, https://doi.org/10.1073/pnas.1610725113, 2016. 

Weatherdon, L. V., Ota, Y., Jones, M. C., Close, D. A., and Cheung, W. W. L.: Projected Scenarios for 
Coastal First Nations’ Fisheries Catch Potential under Climate Change: Management Challenges and 
Opportunities, PLOS ONE, 11, e0145285, https://doi.org/10.1371/journal.pone.0145285, 2016. 

 

Biodiversity 

Cohen, J. M., M. J. Lajeunesse and J. R. Rohr, 2018: A global synthesis of animal phenological responses 
to climate change. Nature Climate Change, 8(3), 224, doi:10.1038/s41558-018-0067-3. 

Feeley, K. et al., 2020: Climate-driven changes in the composition of New World plant communities. 
Nature Climate Change, 1-6. 

Foden, W. B. et al., 2013: Identifying the World's Most Climate Change Vulnerable Species: A Systematic 
Trait-Based Assessment of all Birds, Amphibians and Corals. PLoS ONE, 8(6), e65427, 
doi:10.1371/journal.pone.0065427. 

Gaston KJ, Fuller RA. Commonness, population depletion and conservation biology. Trends Ecol Evol. 2008 
Jan;23(1):14-9. doi: 10.1016/j.tree.2007.11.001. Epub 2007 Nov 26. PMID: 18037531. 

GBIF.org (May 2015, with subsequent additions). GBIF Occurrence Download. 
https://doi.org/10.15468/dl.kecdhx 

Hannah, L. et al., 2020: 30% land conservation and climate action reduces tropical extinction risk by more 
than 50%. Ecography, 43(7), 943-953, doi:https://doi.org/10.1111/ecog.05166. 

Manes, S. et al. including J. Price. 2021. Endemic species at high risk from climate change in areas of 
global biodiversity importance. Biological Conservation 257 109070. 

Parmesan, C., 2006: Ecological and Evolutionary Responses to Recent Climate Change. Annual Review of 
Ecology, Evolution, and Systematics, 37(1), 637-669, doi:10.1146/annurev.ecolsys.37.091305.110100. 

https://doi.org/10.15468/dl.kecdhx


 

Page 167 of 193 

 

Parmesan, C. and M. E. Hanley, 2015: Plants and climate change: complexities and surprises. Annals of 
Botany, 116(6), 849-864, doi:10.1093/aob/mcv169. 

Phillips SJ, Anderson RP, Schapire RE. Maximum entropy modeling of species geographic distributions. 
Ecological modelling. 2006;190: 231–259. 

Price, J., et al. (submitted a) Increasing risks to natural capital associated with global warming of 1.5 to 
4°C of global warming in six countries. In revision for Climatic Change. 

Price, J., R. Warren and N. Forstenhaeusler. (submitted b) Biodiversity losses associated with global 
warming of 1.5 to 4°C above pre-industrial levels in six countries. In revision for Climatic Change. 

Root, T.L., J.T. Price, K.R. Hall, S.H. Schneider, C. Rosenzweig and J.A. Pounds. 2003. Fingerprints of 
global warming on animals and plants. Nature 421: 57-60. 

Saunders, S.P. et al. including J. Price. In press. Integrating climate change refugia in 30 by 30 
conservation planning in North America. Frontiers in Ecology and the Environment. 

Scheffers, B. R. et al., 2016: The broad footprint of climate change from genes to biomes to people. 
Science, 354(6313), aaf7671, doi:10.1126/science.aaf7671. 

Suggitt, A.J., et al. including J. Price. 2017. Conducting robust ecological analyses with climate data. 
Oikos. DOI: 10.1111/oik.04203. 

Urban, M., 2015: Accelerating extinction risk from climate change. Science, 348(6234), 
571-573, doi:10.1126/science.aaa4984. 
Warren, R., J. Price, E. Graham, N. Forstenhaeusler, and J. VanDerWal. 2018a. The projected effect on 
insects, vertebrates, and plants of limiting global warming to 1.5° C rather than 2° C. Science 360 (6390): 
791-795. 

Warren, R., J. Price, J. VanDerWal., S. Cornelius, and H. Sohl. 2018b. The implications of the United 
Nations Paris Agreement on Climate Change for Priority Places for Conservation. Climatic Change 147 (3-
4): 395-409. 

Warren, R., J. VanDerWal, J. Price, J. Welbergen, I. Atkinson, J. Ramirez-Villegas, T.J. Osborn, A. Jarvis, 
L.P. Shoo, S.E. Williams and J. Lowe. 2013. Quantifying the benefit of early mitigation in avoiding 
biodiversity loss. Nature Climate Change 3: 678-682. 

Wiens, J., 2016: Climate-Related Local Extinctions Are Already Widespread among Plant and Animal 
Species. PLoS Biology, 14(12), doi:10.1371/journal.pbio.2001104. 

Yesson C, Brewer PW, Sutton T, Caithness N, Pahwa JS, Burgess M, et al. 2007. How Global Is the Global 
Biodiversity Information Facility? PLoS ONE 2(11): e1124. https://doi.org/10.1371/journal.pone.0001124 

 

Health (Heat) 

Ahmadalipour, A., Moradkhani, H., 2018. Escalating heat-stress mortality risk due to global warming in the 
Middle East and North Africa (MENA). Environ. Int. 117, 215–225. 
https://doi.org/10.1016/j.envint.2018.05.014 

Ahmadalipour, A., Moradkhani, H., Kumar, M., 2019. Mortality risk from heat stress expected to hit poorest 
nations the hardest. Clim. Change 152, 569–579. https://doi.org/10.1007/s10584-018-2348-2 

Andrews, O., Le Quéré, C., Kjellstrom, T., Lemke, B., Haines, A., 2018. Implications for workability and 
survivability in populations exposed to extreme heat under climate change: a modelling study. Lancet 
Planet. Health 2, e540–e547. https://doi.org/10.1016/S2542-5196(18)30240-7 

Armstrong, B., Sera, F., Vicedo, -Cabrera Ana Maria, Abrutzky, R., Åstr,  öm D.O., Bell, M.L., Chen, B.-Y., 
de, S.Z.S.C.M., Correa, P.M., Dang, T.N., Diaz, M.H., Dung, D.V., Forsberg, B., Goodman, P., Guo, Y.-L.L., 
Guo, Y., Hashizume, M., Honda, Y., Indermitte, E., Íñiguez, C., Kan, H., Kim, H., Kysel,  ý J., Lavigne, E., 



 

Page 168 of 193 

 

Michelozzi, P., Orru, H., Ortega, N.V., Pascal, M., Ragettli, M.S., Saldiva, P.H.N., Schwartz, J., Scortichini, 
M., Seposo, X., Tobias, A., Tong, S., Urban, A., De,  la C.V.C., Zanobetti, A., Zeka, A., Gasparrini, A., 2019. 
The Role of Humidity in Associations of High Temperature with Mortality: A Multicountry, Multicity Study. 
Environ. Health Perspect. 127, 097007. https://doi.org/10.1289/EHP5430 

Aström, C., Orru, H., Rocklöv, J., Strandberg, G., Ebi, K.L., Forsberg, B., 2013. Heat-related respiratory 
hospital admissions in Europe in a changing climate: a health impact assessment. BMJ Open 3, e001842. 
https://doi.org/10.1136/bmjopen-2012-001842 

Chen, K., Vicedo-Cabrera, A.M., Dubrow, R., 2020. Projections of Ambient Temperature- and Air Pollution-
Related Mortality Burden Under Combined Climate Change and Population Aging Scenarios: a Review. Curr. 
Environ. Health Rep. 7, 243–255. https://doi.org/10.1007/s40572-020-00281-6 

Cheng, J., Xu, Z., Bambrick, H., Su, H., Tong, S., Hu, W., 2018. Heatwave and elderly mortality: An 
evaluation of death burden and health costs considering short-term mortality displacement. Environ. Int. 
115, 334–342. https://doi.org/10.1016/j.envint.2018.03.041 

Climate Analytics, n.d. Climate Analytics — Climate Impact Explorer [WWW Document]. URL http://climate-
impact-explorer.climateanalytics.org/ (accessed 12.17.21). 

Colón-González, F.J., Harris, I., Osborn, TJ., Steiner São Bernardo, S., Peres, C.A., Hunter, P.R., 
Warren, R., van Vuurene, D., Lake, I.R. 2018. Limiting global-mean temperature increase to 1.5–2 °C could 
reduce the incidence and spatial spread of dengue fever in Latin America. Proceedings of the National 
Academy of Sciences Jun 2018, 115 (24) 6243-6248; DOI: 10.1073/pnas.1718945115 

Dasgupta, S., Maanen, N. van, Gosling, S.N., Piontek, F., Otto, C., Schleussner, C.-F., 2021. Effects of 
climate change on combined labour productivity and supply: an empirical, multi-model study. Lancet Planet. 
Health 5, e455–e465. https://doi.org/10.1016/S2542-5196(21)00170-4 

Day, E., Fankhauser, S., Kingsmill, N., Costa, H., Mavrogianni, A., 2019. Upholding labour productivity under 
climate change: an assessment of adaptation options. Clim. Policy 19, 367–385. 
https://doi.org/10.1080/14693062.2018.1517640 

de Lima, C.Z. de, Buzan, J.R., Moore, F.C., Baldos, U.L.C., Huber, M., Hertel, T.W., 2021. Heat stress on 
agricultural workers exacerbates crop impacts of climate change. Environ. Res. Lett. 16, 044020. 
https://doi.org/10.1088/1748-9326/abeb9f 

Folkerts, M.A., Bröde, P., Botzen, W.J.W., Martinius, M.L., Gerrett, N., Harmsen, C.N., Daanen, H.A.M., 
2020. Long Term Adaptation to Heat Stress: Shifts in the Minimum Mortality Temperature in the Netherlands. 
Front. Physiol. 11, 225. https://doi.org/10.3389/fphys.2020.00225 

Gasparrini, A., Guo, Y., Hashizume, M., Lavigne, E., Zanobetti, A., Schwartz, J., Tobias, A., Tong, S., 
Rocklöv, J., Forsberg, B., Leone, M., De Sario, M., Bell, M.L., Guo, Y.-L.L., Wu, C., Kan, H., Yi, S.-M., de 
Sousa Zanotti Stagliorio Coelho, M., Saldiva, P.H.N., Honda, Y., Kim, H., Armstrong, B., 2015. Mortality risk 
attributable to high and low ambient temperature: a multicountry observational study. Lancet Lond. Engl. 
386, 369–375. https://doi.org/10.1016/S0140-6736(14)62114-0 

Gasparrini, A., Guo, Y., Sera, F., Vicedo-Cabrera, A.M., Huber, V., Tong, S., de Sousa Zanotti Stagliorio 
Coelho, M., Nascimento Saldiva, P.H., Lavigne, E., Matus Correa, P., Valdes Ortega, N., Kan, H., Osorio, S., 
Kyselý, J., Urban, A., Jaakkola, J.J.K., Ryti, N.R.I., Pascal, M., Goodman, P.G., Zeka, A., Michelozzi, P., 
Scortichini, M., Hashizume, M., Honda, Y., Hurtado-Diaz, M., Cesar Cruz, J., Seposo, X., Kim, H., Tobias, 
A., Iñiguez, C., Forsberg, B., Åström, D.O., Ragettli, M.S., Guo, Y.L., Wu, C.-F., Zanobetti, A., Schwartz, 
J., Bell, M.L., Dang, T.N., Van, D.D., Heaviside, C., Vardoulakis, S., Hajat, S., Haines, A., Armstrong, B., 
2017. Projections of temperature-related excess mortality under climate change scenarios. Lancet Planet. 
Health 1, e360–e367. https://doi.org/10.1016/S2542-5196(17)30156-0 

Gosling, S.N., Zaherpour, J., Ibarreta, D., 2018. PESETA III: climate change impacts on labour productivity. 
Publications Office of the European Union, LU. 

https://doi.org/10.1016/j.envint.2018.03.041


 

Page 169 of 193 

 

Hajat, S., Vardoulakis, S., Heaviside, C., Eggen, B., 2014a. Climate change effects on human health: 
projections of temperature-related mortality for the UK during the 2020s, 2050s and 2080s. J Epidemiol 
Community Health 68, 641–648. https://doi.org/10.1136/jech-2013-202449 

Hajat, S., Vardoulakis, S., Heaviside, C., Eggen, B., 2014b. Climate change effects on human health: 
projections of temperature-related mortality for the UK during the 2020s, 2050s and 2080s. J. Epidemiol. 
Community Health 68, 641–648. https://doi.org/10.1136/jech-2013-202449 

Heaviside, C., Macintyre, H., Vardoulakis, S., 2017. The Urban Heat Island: Implications for Health in a 
Changing Environment. Curr. Environ. Health Rep. 4, 296–305. https://doi.org/10.1007/s40572-017-0150-3 

Hsiang, S., Kopp, R., Jina, A., Rising, J., Delgado, M., Mohan, S., Rasmussen, D.J., Muir-Wood, R., Wilson, 
P., Oppenheimer, M., Larsen, K., Houser, T., 2017. Estimating economic damage from climate change in 
the United States. Science 356, 1362–1369. https://doi.org/10.1126/science.aal4369 

IPCC, 2014: 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 [Field, C.B., V.R. Barros, D.J. Dokken, K.J. Mach, M.D. Mastrandrea, T.E. Bilir, M. 
Chatterjee, K.L. Ebi, Y.O. Estrada, R.C. Genova, B. Girma, E.S. Kissel, A.N. Levy, S. MacCracken, P.R. 
Mastrandrea, and L.L.White (eds.)]. Cambridge University Press, Cambridge, United Kingdom and New York, 
NY, USA, 1132 pp. 

IPCC, 2021: Climate Change 2021: The Physical Science Basis. Contribution of Working Group I to the Sixth 
Assessment Report of the Intergovernmental Panel on Climate Change [Masson-Delmotte, V., P. Zhai, A. 
Pirani, S.L. Connors, C. Péan, S. Berger, N. Caud, Y. Chen, L. Goldfarb, M.I. Gomis, M. Huang, K. Leitzell, 
E. Lonnoy, J.B.R. Matthews, T.K. Maycock, T. Waterfield, O. Yelekçi, R. Yu, and B. Zhou (eds.)]. Cambridge 
University Press. In Press. 

IPCC, 2021: 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 
[Masson[1]Delmotte, V., P. Zhai, A. Pirani, S.L. Connors, C. Péan, S. Berger, N. Caud, Y. Chen, L. Goldfarb, 
M.I. Gomis, M. Huang, K. Leitzell, E. Lonnoy, J.B.R. Matthews, T.K. Maycock, T. Waterfield, O. Yelekçi, R. 
Yu, and B. Zhou (eds.)]. Cambridge University Press. In Press. 

King, A.D., Karoly, D.J., 2017. Climate extremes in Europe at 1.5 and 2 degrees of global warming. Environ. 
Res. Lett. 12, 114031. https://doi.org/10.1088/1748-9326/aa8e2c 

King, A.D., Karoly, D.J., Henley, B.J., 2017. Australian climate extremes at 1.5 °C and 2 °C of global 
warming. Nat. Clim. Change 7, 412–416. https://doi.org/10.1038/nclimate3296 

Kjellstrom, T., Kovats, R.S., Lloyd, S.J., Holt, T., Tol, R.S.J., 2009. The direct impact of climate change on 
regional labor productivity. Arch. Environ. Occup. Health 64, 217–227. 
https://doi.org/10.1080/19338240903352776 

Limaye, V.S., Vargo, J., Harkey, M., Holloway, T., Patz, J.A., 2018. Climate Change and Heat-Related Excess 
Mortality in the Eastern USA. EcoHealth 15, 485–496. https://doi.org/10.1007/s10393-018-1363-0 

Ministry of Health, 2018. Heat Health Plans: Guidelines. 

Nangombe, S., Zhou, T., Zhang, W., Wu, B., Hu, S., Zou, L., Li, D., 2018. Record-breaking climate extremes 
in Africa under stabilized 1.5 °C and 2 °C global warming scenarios. Nat. Clim. Change 8, 375–380. 
https://doi.org/10.1038/s41558-018-0145-6 

Petkova, E.P., Dimitrova, L.K., Sera, F., Gasparrini, A., 2021. Mortality attributable to heat and cold among 
the elderly in Sofia, Bulgaria. Int. J. Biometeorol. 65, 865–872. https://doi.org/10.1007/s00484-020-02064-
y 

Roson, R., Sartori, M., 2016. Estimation of Climate Change Damage  Functions for 140 Regions in the GTAP 
9  Database. J. Glob. Econ. Anal. 1, 78–115. 



 

Page 170 of 193 

 

Schwingshackl, C., Sillmann, J., Vicedo-Cabrera, A.M., Sandstad, M., Aunan, K., 2021. Heat Stress Indicators 
in CMIP6: Estimating Future Trends and Exceedances of Impact-Relevant Thresholds. Earths Future 9, 
e2020EF001885. https://doi.org/10.1029/2020EF001885 

Sherwood, S.C., Huber, M., 2010. An adaptability limit to climate change due to heat stress. Proc. Natl. 
Acad. Sci. 107, 9552–9555. https://doi.org/10.1073/pnas.0913352107 

Smith, K.R., Woodward, A., Lemke, B., Otto, M., Chang, C.J., Mance, A.A., Balmes, J., Kjellstrom, T., 2016. 
The last Summer Olympics? Climate change, health, and work outdoors. The Lancet 388, 642–644. 
https://doi.org/10.1016/S0140-6736(16)31335-6 

Sun, Q., Miao, C., Hanel, M., Borthwick, A.G.L., Duan, Q., Ji, D., Li, H., 2019. Global heat stress on health, 
wildfires, and agricultural crops under different levels of climate warming. Environ. Int. 128, 125–136. 
https://doi.org/10.1016/j.envint.2019.04.025 

Sylla, M.B., Faye, A., Giorgi, F., Diedhiou, A., Kunstmann, H., 2018. Projected Heat Stress Under 1.5 °C and 
2 °C Global Warming Scenarios Creates Unprecedented Discomfort for Humans in West Africa. Earths Future 
6, 1029–1044. https://doi.org/10.1029/2018EF000873 

Tong, S., Prior, J., McGregor, G., Shi, X., Kinney, P., 2021. Urban heat: an increasing threat to global health. 
BMJ 375, n2467. https://doi.org/10.1136/bmj.n2467 

Vicedo-Cabrera, A.M., Guo, Y., Sera, F., Huber, V., Schleussner, C.-F., Mitchell, D., Tong, S., Coelho, M. de 
S.Z.S., Saldiva, P.H.N., Lavigne, E., Correa, P.M., Ortega, N.V., Kan, H., Osorio, S., Kyselý, J., Urban, A., 
Jaakkola, J.J.K., Ryti, N.R.I., Pascal, M., Goodman, P.G., Zeka, A., Michelozzi, P., Scortichini, M., 
Hashizume, M., Honda, Y., Hurtado-Diaz, M., Cruz, J., Seposo, X., Kim, H., Tobias, A., Íñiguez, C., Forsberg, 
B., Åström, D.O., Ragettli, M.S., Röösli, M., Guo, Y.L., Wu, C., Zanobetti, A., Schwartz, J., Bell, M.L., Dang, 
T.N., Do Van, D., Heaviside, C., Vardoulakis, S., Hajat, S., Haines, A., Armstrong, B., Ebi, K.L., Gasparrini, 
A., 2018. Temperature-related mortality impacts under and beyond Paris Agreement climate change 
scenarios. Clim. Change 150, 391–402. https://doi.org/10.1007/s10584-018-2274-3 

Vicedo-Cabrera, A.M., Scovronick, N., Sera, F., Royé, D., Schneider, R., Tobias, A., Astrom, C., Guo, Y., 
Honda, Y., Hondula, D.M., Abrutzky, R., Tong, S., Coelho, M. de S.Z.S., Saldiva, P.H.N., Lavigne, E., Correa, 
P.M., Ortega, N.V., Kan, H., Osorio, S., Kyselý, J., Urban, A., Orru, H., Indermitte, E., Jaakkola, J.J.K., 
Ryti, N., Pascal, M., Schneider, A., Katsouyanni, K., Samoli, E., Mayvaneh, F., Entezari, A., Goodman, P., 
Zeka, A., Michelozzi, P., de’Donato, F., Hashizume, M., Alahmad, B., Diaz, M.H., Valencia, C.D.L.C., 
Overcenco, A., Houthuijs, D., Ameling, C., Rao, S., Di Ruscio, F., Carrasco-Escobar, G., Seposo, X., Silva, 
S., Madureira, J., Holobaca, I.H., Fratianni, S., Acquaotta, F., Kim, H., Lee, W., Iniguez, C., Forsberg, B., 
Ragettli, M.S., Guo, Y.L.L., Chen, B.Y., Li, S., Armstrong, B., Aleman, A., Zanobetti, A., Schwartz, J., Dang, 
T.N., Dung, D.V., Gillett, N., Haines, A., Mengel, M., Huber, V., Gasparrini, A., 2021. The burden of heat-
related mortality attributable to recent human-induced climate change. Nat. Clim. Change 11, 492–500. 
https://doi.org/10.1038/s41558-021-01058-x 

Warren, R., Andrews, O., Brown, S., Colon Gonzalez, F. D. J., Forstenhäusler, N., Gernaat, D. E. H. J., 
Goodwin, P., Harris, I., He, Y., Hope, C., Manful, D., Osborn, T., Price, J., van Vuuren, D. P., & Wright, R. 
M. (In press). Quantifying risks avoided by limiting global warming to 1.5 or 2°C above pre-industrial levels. 
Climatic Change. https://doi.org/10.1007/s10584-021-03277-9. 

WHO, 2018. Heat and Health [WWW Document]. URL https://www.who.int/news-room/fact-
sheets/detail/climate-change-heat-and-health (accessed 12.17.21). 

Zander, K.K., Botzen, W.J.W., Oppermann, E., Kjellstrom, T., Garnett, S.T., 2015. Heat stress causes 
substantial labour productivity loss in Australia. Nat. Clim. Change 5, 647–651. 
https://doi.org/10.1038/nclimate2623 

Zhao, L., Oppenheimer, M., Zhu, Q., Baldwin, J.W., Ebi, K.L., Bou-Zeid, E., Guan, K., Liu, X., 2018. 
Interactions between urban heat islands and heat waves. Environ. Res. Lett. 13, 034003. 
https://doi.org/10.1088/1748-9326/aa9f73 

https://doi.org/10.1038/s41558-021-01058-x


 

Page 171 of 193 

 

Zhao, Y., Sultan, B., Vautard, R., Braconnot, P., Wang, H.J., Ducharne, A., 2016. Potential escalation of 
heat-related working costs with climate and socioeconomic changes in China. Proc. Natl. Acad. Sci. 113, 
4640–4645. https://doi.org/10.1073/pnas.1521828113 

 

Health (Disease) 

Boeckmann, Melanie, and T. Andrew Joyner. 2014. “Old Health Risks in New Places? An Ecological Niche 
Model for I. Ricinus Tick Distribution in Europe under a Changing Climate.” Health & Place 30 (November): 
70–77. https://doi.org/10.1016/j.healthplace.2014.08.004. 

Dumic, Igor, and Edson Severnini. 2018. “‘Ticking Bomb’: The Impact of Climate Change on the Incidence 
of Lyme Disease.” Canadian Journal of Infectious Diseases and Medical Microbiology 2018 (October): 1–10. 
https://doi.org/10.1155/2018/5719081. 

Levi, Taal, Felicia Keesing, Kelly Oggenfuss, and Richard S. Ostfeld. 2015. “Accelerated Phenology of 
Blacklegged Ticks under Climate Warming.” Philosophical Transactions of the Royal Society B: Biological 
Sciences 370 (1665): 20130556. https://doi.org/10.1098/rstb.2013.0556. 

Liu-Helmersson, Jing, Mikkel Quam, Annelies Wilder-Smith, Hans Stenlund, Kristie Ebi, Eduardo Massad, and 
Joacim Rocklöv. 2016. “Climate Change and Aedes Vectors: 21st Century Projections for Dengue 
Transmission in Europe.” EBioMedicine 7 (May): 267–77. https://doi.org/10.1016/j.ebiom.2016.03.046. 

Monaghan, Andrew J., Sean M. Moore, Kevin M. Sampson, Charles B. Beard, and Rebecca J. Eisen. 2015. 
“Climate Change Influences on the Annual Onset of Lyme Disease in the United States.” Ticks and Tick-
Borne Diseases 6 (5): 615–22. https://doi.org/10.1016/j.ttbdis.2015.05.005. 

Nah, Kyeongah, Ákos Bede-Fazekas, Attila János Trájer, and Jianhong Wu. 2020. “The Potential Impact of 
Climate Change on the Transmission Risk of Tick-Borne Encephalitis in Hungary.” BMC Infectious Diseases 20 
(1): 34. https://doi.org/10.1186/s12879-019-4734-4. 

Porretta, Daniele, Valentina Mastrantonio, Sara Amendolia, Stefano Gaiarsa, Sara Epis, Claudio Genchi, 
Claudio Bandi, Domenico Otranto, and Sandra Urbanelli. 2013. “Effects of Global Changes on the Climatic 
Niche of the Tick Ixodes Ricinus Inferred by Species Distribution Modelling.” Parasites & Vectors 6 (1): 271. 
https://doi.org/10.1186/1756-3305-6-271. 

Portilla Cabrera, Cristiam Victoriano, and John Josephraj Selvaraj. 2020. “Geographic Shifts in the 
Bioclimatic Suitability for Aedes Aegypti under Climate Change Scenarios in Colombia.” Heliyon 6 (1): 
e03101. https://doi.org/10.1016/j.heliyon.2019.e03101. 

Semakula, Henry Musoke, Guobao Song, Simon Peter Achuu, Miaogen Shen, Jingwen Chen, Paul Isolo 
Mukwaya, Martin Oulu, Patrick Mwanzia Mwendwa, Jannette Abalo, and Shushen Zhang. 2017. “Prediction 
of Future Malaria Hotspots under Climate Change in Sub-Saharan Africa.” Climatic Change 143 (3–4): 415–
28. https://doi.org/10.1007/s10584-017-1996-y. 

Semenza, Jan C., Annelise Tran, Laura Espinosa, Bertrand Sudre, Dragoslav Domanovic, and Shlomit Paz. 
2016. “Climate Change Projections of West Nile Virus Infections in Europe: Implications for Blood Safety 
Practices.” Environmental Health 15 (S1): S28. https://doi.org/10.1186/s12940-016-0105-4. 

Smith, BA, and A Fazil. 2019. “How Will Climate Change Impact Microbial Foodborne Disease in Canada?” 
Canada Communicable Disease Report 45 (4): 108–13. https://doi.org/10.14745/ccdr.v45i04a05. 

Song, Yongze, Yong Ge, Jinfeng Wang, Zhoupeng Ren, Yilan Liao, and Junhuan Peng. 2016. “Spatial 
Distribution Estimation of Malaria in Northern China and Its Scenarios in 2020, 2030, 2040 and 2050.” Malaria 
Journal 15 (1): 345. https://doi.org/10.1186/s12936-016-1395-2. 

Tjaden, Nils B., Jonathan E. Suk, Dominik Fischer, Stephanie M. Thomas, Carl Beierkuhnlein, and Jan C. 
Semenza. 2017. “Modelling the Effects of Global Climate Change on Chikungunya Transmission in the 21st 
Century.” Scientific Reports 7 (1): 3813. https://doi.org/10.1038/s41598-017-03566-3. 

 



 

Page 172 of 193 

 

Fire 

Abatzoglou, J. T. and Kolden, C. A.: Relationships between climate and macroscale area burned in the 
western United States, Int. J. Wildland Fire, 22, 1003, https://doi.org/10.1071/WF13019, 2013. 

Abatzoglou, J. T. and Williams, A. P.: Impact of anthropogenic climate change on wildfire across western 
US forests, Proc Natl Acad Sci USA, 113, 11770–11775, https://doi.org/10.1073/pnas.1607171113, 2016. 

Abatzoglou, J. T., Williams, A. P., Boschetti, L., Zubkova, M., and Kolden, C. A.: Global patterns of 
interannual climate–fire relationships, Glob Change Biol, 24, 5164–5175, 
https://doi.org/10.1111/gcb.14405, 2018. 

Abatzoglou, J. T., Williams, A. P., and Barbero, R.: Global Emergence of Anthropogenic Climate Change in 
Fire Weather Indices, Geophys. Res. Lett., 46, 326–336, https://doi.org/10.1029/2018GL080959, 2019. 

Abatzoglou, J. T., Juang, C. S., Williams, A. P., Kolden, C. A., and Westerling, A. L.: Increasing Synchronous 
Fire Danger in Forests of the Western United States, Geophys Res Lett, 48, 
https://doi.org/10.1029/2020GL091377, 2021. 

Abraham, J. O., G. P. Hempson and A. C. Staver, 2019: Drought-response strategies of savanna herbivores. 
Ecol Evol, 9(12), 7047-7056, doi:10.1002/ece3.5270. 

Abram, N. J., Henley, B. J., Sen Gupta, A., Lippmann, T. J. R., Clarke, H., Dowdy, A. J., Sharples, J. J., 
Nolan, R. H., Zhang, T., Wooster, M. J., Wurtzel, J. B., Meissner, K. J., Pitman, A. J., Ukkola, A. M., Murphy, 
B. P., Tapper, N. J., and Boer, M. M.: Connections of climate change and variability to large and extreme 
forest fires in southeast Australia, Commun Earth Environ, 2, 8, https://doi.org/10.1038/s43247-020-00065-
8, 2021. 

Alvarado, S. T., Andela, N., Silva, T. S. F., and Archibald, S.: Thresholds of fire response to moisture and 
fuel load differ between tropical savannas and grasslands across continents, Global Ecol Biogeogr, 29, 331–
344, https://doi.org/10.1111/geb.13034, 2020. 

Amiro, B. D., Logan, K. A., Wotton, B. M., Flannigan, M. D., Todd, J. B., Stocks, B. J., and Martell, D. L.: 
Fire weather index system components for large fires in the Canadian boreal forest, Int. J. Wildland Fire, 
13, 391, https://doi.org/10.1071/WF03066, 2004. 

Andela, N. and van der Werf, G. R.: Recent trends in African fires driven by cropland expansion and El Niño 
to La Niña transition, Nature Clim Change, 4, 791–795, https://doi.org/10.1038/nclimate2313, 2014. 

Andela, N., Morton, D. C., Giglio, L., Chen, Y., van der Werf, G. R., Kasibhatla, P. S., DeFries, R. S., Collatz, 
G. J., Hantson, S., Kloster, S., Bachelet, D., Forrest, M., Lasslop, G., Li, F., Mangeon, S., Melton, J. R., 
Yue, C., and Randerson, J. T.: A human-driven decline in global burned area, Science, 356, 1356–1362, 
https://doi.org/10.1126/science.aal4108, 2017. 

Andela, N., Morton, D. C., Giglio, L., Paugam, R., Chen, Y., and Hantson, S.: The Global Fire Atlas of 
individual fire size, duration, speed and direction, 24, 2019. 

Andersen, L. K. and M. D. P. Davis, 2017: A wake-up call to dermatologists - climate change affects the skin. 
Int J Dermatol, 56(10), e198-e199, doi:10.1111/ijd.13617. 

Aragão, L. E. O. C., Anderson, L. O., Fonseca, M. G., Rosan, T. M., Vedovato, L. B., Wagner, F. H., Silva, C. 
V. J., Silva Junior, C. H. L., Arai, E., Aguiar, A. P., Barlow, J., Berenguer, E., Deeter, M. N., Domingues, L. 
G., Gatti, L., Gloor, M., Malhi, Y., Marengo, J. A., Miller, J. B., Phillips, O. L., and Saatchi, S.: 21st Century 
drought-related fires counteract the decline of Amazon deforestation carbon emissions, Nat Commun, 9, 
536, https://doi.org/10.1038/s41467-017-02771-y, 2018. 

Archibald, S., Roy, D. P., van WILGEN, B. W., and Scholes, R. J.: What limits fire? An examination of drivers 
of burnt area in Southern Africa, 15, 613–630, https://doi.org/10.1111/j.1365-2486.2008.01754.x, 2009. 

Archibald, S., Nickless, A., Govender, N., Scholes, R. J., and Lehsten, V.: Climate and the inter-annual 
variability of fire in southern Africa: a meta-analysis using long-term field data and satellite-derived burnt 



 

Page 173 of 193 

 

area data: Fire-climate interactions, 19, 794–809, https://doi.org/10.1111/j.1466-8238.2010.00568.x, 
2010. 

Archibald, S., Lehmann, C. E. R., Gomez-Dans, J. L., and Bradstock, R. A.: Defining pyromes and global 
syndromes of fire regimes, Proceedings of the National Academy of Sciences, 110, 6442–6447, 
https://doi.org/10.1073/pnas.1211466110, 2013. 

Arias Rojo, H., J. Bredehoeft, R. Lacewell, J. Price, J. Stromberg and G. Thomas. 1998. Sustaining and 
enhancing riparian migratory bird habitat on the Upper San Pedro River. Expert report prepared for the 
Secretariat of the Commission for Environmental Cooperation, Montreal, Quebec. 

Arnold, S. et al., 2018: The significance of climate in the pollinator dynamics of a tropical agroforestry 
system. Agriculture, Ecosystems & Environment, 254, 1-9, doi:10.1016/j.agee.2017.11.013. 

Arora, V. K. and Boer, G. J.: Fire as an interactive component of dynamic vegetation models: FIRE IN 
DYNAMIC VEGETATION MODELS, J. Geophys. Res., 110, n/a-n/a, https://doi.org/10.1029/2005JG000042, 
2005. 

Arora, V. K. and Melton, J. R.: Reduction in global area burned and wildfire emissions since 1930s enhances 
carbon uptake by land, Nat Commun, 9, 1326, https://doi.org/10.1038/s41467-018-03838-0, 2018. 

Balmes, J. R.: Where There’s Smoke, Kids Will Cough and Wheeze, Annals ATS, 17, 276–277, 
https://doi.org/10.1513/AnnalsATS.201910-728ED, 2020. 

Balshi, M. S., McGUIRE, A. D., Duffy, P., Flannigan, M., Walsh, J., and Melillo, J.: Assessing the response of 
area burned to changing climate in western boreal North America using a Multivariate Adaptive Regression 
Splines (MARS) approach, 15, 578–600, https://doi.org/10.1111/j.1365-2486.2008.01679.x, 2009. 

Barbero, R., Abatzoglou, J. T., Larkin, N. K., Kolden, C. A., and Stocks, B.: Climate change presents 
increased potential for very large fires in the contiguous United States, Int. J. Wildland Fire, 24, 892, 
https://doi.org/10.1071/WF15083, 2015. 

Barbero, R., Abatzoglou, J. T., Pimont, F., Ruffault, J., and Curt, T.: Attributing Increases in Fire Weather 
to Anthropogenic Climate Change Over France, Front. Earth Sci., 8, 
https://doi.org/10.3389/feart.2020.00104, 2020. 

Barrett, K., Loboda, T., McGuire, A. D., Genet, H., Hoy, E., and Kasischke, E.: Static and dynamic controls 
on fire activity at moderate spatial and temporal scales in the Alaskan boreal forest, Ecosphere, 7, 
https://doi.org/10.1002/ecs2.1572, 2016. 

Bedia, J., Herrera, S., Gutiérrez, J. M., Zavala, G., Urbieta, I. R., and Moreno, J. M.: Sensitivity of fire 
weather index to different reanalysis products in the Iberian Peninsula, Nat. Hazards Earth Syst. Sci., 12, 
699–708, https://doi.org/10.5194/nhess-12-699-2012, 2012. 

Bedia, J., Herrera, S., Gutiérrez, J. M., Benali, A., Brands, S., Mota, B., and Moreno, J. M.: Global patterns 
in the sensitivity of burned area to fire-weather: Implications for climate change, Agricultural and Forest 
Meteorology, 214–215, 369–379, https://doi.org/10.1016/j.agrformet.2015.09.002, 2015. 

Berner, L. T., Massey, R., Jantz, P., Forbes, B. C., Macias-Fauria, M., Myers-Smith, I., Kumpula, T., Gauthier, 
G., Andreu-Hayles, L., Gaglioti, B. V., Burns, P., Zetterberg, P., D’Arrigo, R., and Goetz, S. J.: Summer 
warming explains widespread but not uniform greening in the Arctic tundra biome, Nat Commun, 11, 4621, 
https://doi.org/10.1038/s41467-020-18479-5, 2020. 

Bett, B. et al., 2017: Effects of climate change on the occurrence and distribution of livestock diseases. 
Preventive Veterinary Medicine, 137(Pt B), 119-129, doi:10.1016/j.prevetmed.2016.11.019. 

Betts, R. A., Golding, N., Gonzalez, P., Gornall, J., Kahana, R., Kay, G., Mitchell, L., and Wiltshire, A.: 
Climate and land use change impacts on global terrestrial ecosystems and river flows in the HadGEM2-ES 
Earth system model using the representative concentration pathways, 12, 1317–1338, 
https://doi.org/10.5194/bg-12-1317-2015, 2015. 



 

Page 174 of 193 

 

Bistinas, I., Harrison, S. P., Prentice, I. C., and Pereira, J. M. C.: Causal relationships versus emergent 
patterns in the global controls of fire frequency, Biogeosciences, 11, 5087–5101, 
https://doi.org/10.5194/bg-11-5087-2014, 2014. 

Boer, M. M., Bowman, D. M. J. S., Murphy, B. P., Cary, G. J., Cochrane, M. A., Fensham, R. J., Krawchuk, 
M. A., Price, O. F., Dios, V. R. D., Williams, R. J., and Bradstock, R. A.: Future changes in climatic water 
balance determine potential for transformational shifts in Australian fire regimes, Environ. Res. Lett., 11, 
065002, https://doi.org/10.1088/1748-9326/11/6/065002, 2016. 

Bond, W. and Keeley, J.: Fire as a global ‘herbivore’: the ecology and evolution of flammable ecosystems, 
Trends in Ecology & Evolution, 20, 387–394, https://doi.org/10.1016/j.tree.2005.04.025, 2005. 

Boschetti, L., Eva, H. D., Brivio, P. A., and Grégoire, J. M.: Lessons to be learned from the comparison of 
three satellite-derived biomass burning products, 31, https://doi.org/10.1029/2004GL021229, 2004. 

Bowman, D. M. J. S., Balch, J. K., Artaxo, P., Bond, W. J., Carlson, J. M., Cochrane, M. A., D’Antonio, C. 
M., DeFries, R. S., Doyle, J. C., Harrison, S. P., Johnston, F. H., Keeley, J. E., Krawchuk, M. A., Kull, C. A., 
Marston, J. B., Moritz, M. A., Prentice, I. C., Roos, C. I., Scott, A. C., Swetnam, T. W., van der Werf, G. R., 
and Pyne, S. J.: Fire in the Earth System, Science, 324, 481–484, https://doi.org/10.1126/science.1163886, 
2009. 

Bowman, D. M. J. S., Balch, J., Artaxo, P., Bond, W. J., Cochrane, M. A., D’Antonio, C. M., DeFries, R., 
Johnston, F. H., Keeley, J. E., Krawchuk, M. A., Kull, C. A., Mack, M., Moritz, M. A., Pyne, S., Roos, C. I., 
Scott, A. C., Sodhi, N. S., and Swetnam, T. W.: The human dimension of fire regimes on Earth: The human 
dimension of fire regimes on Earth, 38, 2223–2236, https://doi.org/10.1111/j.1365-2699.2011.02595.x, 
2011. 

Bowman, D. M. J. S., Williamson, G. J., Abatzoglou, J. T., Kolden, C. A., Cochrane, M. A., and Smith, A. M. 
S.: Human exposure and sensitivity to globally extreme wildfire events, Nat Ecol Evol, 1, 0058, 
https://doi.org/10.1038/s41559-016-0058, 2017. 

Bowman, D. M. J. S., Kolden, C. A., Abatzoglou, J. T., Johnston, F. H., van der Werf, G. R., and Flannigan, 
M.: Vegetation fires in the Anthropocene, Nat Rev Earth Environ, 1, 500–515, 
https://doi.org/10.1038/s43017-020-0085-3, 2020. 

Bradshaw, L. S., Deeming, J., Burgan, R., and Cohen, J.: The 1978 National Fire-Danger Rating System: 
Technical Documentation, U.S. Department of Agriculture, Forest Service, Intermountain Forest and Range 
Experiment Station, 52 pp., 1984. 

Bradstock, R. A.: A biogeographic model of fire regimes in Australia: current and future implications: A 
biogeographic model of fire in Australia, 19, 145–158, https://doi.org/10.1111/j.1466-8238.2009.00512.x, 
2010. 

Bradstock, R. A., Boer, M. M., Cary, G. J., Price, O. F., Williams, R. J., Barrett, D., Cook, G., Gill, A. M., 
Hutley, L. B. W., Keith, H., Maier, S. W., Meyer, M., Roxburgh, S. H., Russell-Smith, J., Bradstock, R. A., 
Boer, M. M., Cary, G. J., Price, O. F., Williams, R. J., Barrett, D., Cook, G., Gill, A. M., Hutley, L. B. W., 
Keith, H., Maier, S. W., Meyer, M., Roxburgh, S. H., and Russell-Smith, J.: Modelling the potential for 
prescribed burning to mitigate carbon emissions from wildfires in fire-prone forests of Australia, Int. J. 
Wildland Fire, 21, 629–639, https://doi.org/10.1071/WF11023, 2012. 

Burrell, A., Kukavskaya, E., Baxter, R., Sun, Q., and Barrett, K.: Post-fire Recruitment Failure as a Driver 
of Forest to Non-forest Ecosystem Shifts in Boreal Regions, in: Ecosystem Collapse and Climate Change, 
edited by: Canadell, J. G. and Jackson, R. B., Springer International Publishing, Cham, 69–100, 
https://doi.org/10.1007/978-3-030-71330-0_4, 2021. 

Burrell, A. L., Evans, J. P., and De Kauwe, M. G.: Anthropogenic climate change has driven over 5 million 
km2 of drylands towards desertification, Nat Commun, 11, 3853, https://doi.org/10.1038/s41467-020-
17710-7, 2020. 

Burrows, N. and McCaw, L.: Prescribed burning in southwestern Australian forests, 11, e25–e34, 
https://doi.org/10.1890/120356, 2013. 



 

Page 175 of 193 

 

Burton, C., Betts, R. A., Jones, C. D., and Williams, K.: Will Fire Danger Be Reduced by Using Solar Radiation 
Management to Limit Global Warming to 1.5 °C Compared to 2.0 °C?, Geophys. Res. Lett., 45, 3644–3652, 
https://doi.org/10.1002/2018GL077848, 2018. 

Burton, C., Betts, R., Cardoso, M., Feldpausch, T. R., Harper, A., Jones, C. D., Kelley, D. I., Robertson, E., 
and Wiltshire, A.: Representation of fire, land-use change and vegetation dynamics in the Joint UK Land 
Environment Simulator vn4.9 (JULES), Geosci. Model Dev., 12, 179–193, https://doi.org/10.5194/gmd-12-
179-2019, 2019. 

Burton, C., Kelley, D. I., Jones, C. D., Betts, R. A., Cardoso, M., and Anderson, L.: South American fires and 
their impacts on ecosystems increase with continued emissions, n/a, e8, https://doi.org/10.1002/cli2.8, 
2021. 

Calheiros, T., Pereira, M. G., and Nunes, J. P.: Assessing impacts of future climate change on extreme fire 
weather and pyro-regions in Iberian Peninsula, Science of The Total Environment, 754, 142233, 
https://doi.org/10.1016/j.scitotenv.2020.142233, 2021. 

Canadell, J. G., Meyer, C. P. (Mick), Cook, G. D., Dowdy, A., Briggs, P. R., Knauer, J., Pepler, A., and 
Haverd, V.: Multi-decadal increase of forest burned area in Australia is linked to climate change, Nat 
Commun, 12, 6921, https://doi.org/10.1038/s41467-021-27225-4, 2021. 

Carleton, T. A., 2017: Crop-damaging temperatures increase suicide rates in India. . Proceedings of the 
National Academy of Sciences of the United States of America, 114(33), 8746-8751, 
doi:https://doi.org/10.1073/pnas.1701354114. 

EM-DAT International Disaster Database: https://public.emdat.be/, last access: 1 August 2021. 

Catley, A., B. Admassu, G. Bekele and D. Abebe, 2014: Livestock mortality in pastoralist herds in Ethiopia 
and implications for drought response. Disasters, 38(3), 500-516, doi:10.1111/disa.12060. 

Chandler, C., Cheney, P., Thomas, P., Trabaud, L., and Williams, D.: Fire in forestry. v.1: Forest fire 
behavior and effects. - v. 2: Forest fire management and organization, 1983. 

Chen, C., Park, T., Wang, X., Piao, S., Xu, B., Chaturvedi, R. K., Fuchs, R., Brovkin, V., Ciais, P., Fensholt, 
R., Tømmervik, H., Bala, G., Zhu, Z., Nemani, R. R., and Myneni, R. B.: China and India lead in greening of 
the world through land-use management, Nat Sustain, 2, 122–129, https://doi.org/10.1038/s41893-019-
0220-7, 2019. 

Chen, Y., Morton, D. C., Andela, N., van der Werf, G. R., Giglio, L., and Randerson, J. T.: A pan-tropical 
cascade of fire driven by El Niño/Southern Oscillation, Nature Clim Change, 7, 906–911, 
https://doi.org/10.1038/s41558-017-0014-8, 2017. 

Chuvieco, E., Lizundia-Loiola, J., Pettinari, M. L., Ramo, R., Padilla, M., Tansey, K., Mouillot, F., Laurent, 
P., Storm, T., Heil, A., and Plummer, S.: Generation and analysis of a new global burned area product based 
on MODIS 250 m reflectance bands and thermal anomalies, Earth Syst. Sci. Data, 10, 2015–2031, 
https://doi.org/10.5194/essd-10-2015-2018, 2018. 

Chuvieco, E., Mouillot, F., van der Werf, G. R., San Miguel, J., Tanase, M., Koutsias, N., García, M., Yebra, 
M., Padilla, M., Gitas, I., Heil, A., Hawbaker, T. J., and Giglio, L.: Historical background and current 
developments for mapping burned area from satellite Earth observation, Remote Sensing of Environment, 
225, 45–64, https://doi.org/10.1016/j.rse.2019.02.013, 2019. 

Chuvieco, E., Aguado, I., Salas, J., García, M., Yebra, M., and Oliva, P.: Satellite Remote Sensing 
Contributions to Wildland Fire Science and Management, Curr Forestry Rep, 6, 81–96, 
https://doi.org/10.1007/s40725-020-00116-5, 2020. 

Chuvieco, E., Pettinari, M. L., Koutsias, N., Forkel, M., Hantson, S., and Turco, M.: Human and climate 
drivers of global biomass burning variability, Science of The Total Environment, 779, 146361, 
https://doi.org/10.1016/j.scitotenv.2021.146361, 2021. 

Clarke, H., Lucas, C., and Smith, P.: Changes in Australian fire weather between 1973 and 2010, Int. J. 
Climatol., 33, 931–944, https://doi.org/10.1002/joc.3480, 2013. 



 

Page 176 of 193 

 

Clarke, H., Pitman, A. J., Kala, J., Carouge, C., Haverd, V., and Evans, J. P.: An investigation of future fuel 
load and fire weather in Australia, Climatic Change, 139, 591–605, https://doi.org/10.1007/s10584-016-
1808-9, 2016. 

Clarke, H., Tran, B., Boer, M. M., Price, O., Kenny, B., and Bradstock, R.: Climate change effects on the 
frequency, seasonality and interannual variability of suitable prescribed burning weather conditions in 
south-eastern Australia, Agricultural and Forest Meteorology, 271, 148–157, 
https://doi.org/10.1016/j.agrformet.2019.03.005, 2019. 

Clarke, H. G., Smith, P. L., Pitman, A. J., Clarke, H. G., Smith, P. L., and Pitman, A. J.: Regional signatures 
of future fire weather over eastern Australia from global climate models, Int. J. Wildland Fire, 20, 550–562, 
https://doi.org/10.1071/WF10070, 2011. 

Cochrane, M. A., Moran, C. J., Wimberly, M. C., Baer, A. D., Finney, M. A., Beckendorf, K. L., Eidenshink, 
J., and Zhu, Z.: Estimation of wildfire size and risk changes due to fuels treatments, Int. J. Wildland Fire, 
21, 357, https://doi.org/10.1071/WF11079, 2012. 

Coogan, S. C. P., Robinne, F.-N., Jain, P., and Flannigan, M. D.: Scientists’ warning on wildfire — a Canadian 
perspective, Can. J. For. Res., 49, 1015–1023, https://doi.org/10.1139/cjfr-2019-0094, 2019. 

Cook, B.I., Smerdon, J.E., Seager, R., Coats, S., 2014. Global warming and 21st century drying. Clim. Dyn. 
43, 2607–2627. https://doi.org/10/f6n8vk 

Di Virgilio, G., Evans, J. P., Blake, S. A. P., Armstrong, M., Dowdy, A. J., Sharples, J., and McRae, R.: 
Climate Change Increases the Potential for Extreme Wildfires, Geophys. Res. Lett., 46, 8517–8526, 
https://doi.org/10.1029/2019GL083699, 2019. 

Di Virgilio, G., Evans, J. P., Clarke, H., Sharples, J., Hirsch, A. L., and Hart, M. A.: Climate Change 
Significantly Alters Future Wildfire Mitigation Opportunities in Southeastern Australia, Geophys. Res. Lett., 
47, https://doi.org/10.1029/2020GL088893, 2020. 

D’Odorico, P., Bhattachan, A., Davis, K. F., Ravi, S., and Runyan, C. W.: Global desertification: Drivers and 
feedbacks, Advances in Water Resources, 51, 326–344, https://doi.org/10.1016/j.advwatres.2012.01.013, 
2013. 

Doerr, S. H. and Santín, C.: Global trends in wildfire and its impacts: perceptions versus realities in a 
changing world, Phil. Trans. R. Soc. B, 371, 20150345, https://doi.org/10.1098/rstb.2015.0345, 2016. 

Dowdy, A. J.: Climatological Variability of Fire Weather in Australia, 57, 221–234, 
https://doi.org/10.1175/JAMC-D-17-0167.1, 2018. 

Dowdy, A. J. and Pepler, A.: Pyroconvection Risk in Australia: Climatological Changes in Atmospheric 
Stability and Surface Fire Weather Conditions, Geophys. Res. Lett., 45, 2005–2013, 
https://doi.org/10.1002/2017GL076654, 2018. 

Dowdy, A. J., Ye, H., Pepler, A., Thatcher, M., Osbrough, S. L., Evans, J. P., Di Virgilio, G., and McCarthy, 
N.: Future changes in extreme weather and pyroconvection risk factors for Australian wildfires, Sci Rep, 9, 
10073, https://doi.org/10.1038/s41598-019-46362-x, 2019. 

Drosou, N., Soetanto, R., Hermawan, F., Chmutina, K., Bosher, L. and Hatmoko, J. U. D. (2019) 'Key factors 
influencing wider adoption of blue–green infrastructure in developing cities', Water, 11(6), pp. 1234. 

Duffy, P. A., Walsh, J. E., Graham, J. M., Mann, D. H., and Rupp, T. S.: IMPACTS OF LARGE-SCALE 
ATMOSPHERIC–OCEAN VARIABILITY ON ALASKAN FIRE SEASON SEVERITY, Ecological Applications, 15, 1317–
1330, https://doi.org/10.1890/04-0739, 2005. 

Dwyer, E., Pinnock, S., Gregoire, J.-M., and Pereira, J. M. C.: Global spatial and temporal distribution of 
vegetation fire as determined from satellite observations, International Journal of Remote Sensing, 21, 
1289–1302, https://doi.org/10.1080/014311600210182, 2000. 

Edwards, B., M. Gray and B. Hunter, 2015: The Impact of Drought on Mental Health in Rural and Regional 
Australia. Social Indicators Research, 121(1), 177-194, doi:10.1007/s11205-014-0638-2. 



 

Page 177 of 193 

 

Epstein, A. et al., 2020a: Drought and intimate partner violence towards women in 19 countries in sub-
Saharan Africa during 2011-2018: A population-based study. PLoS Med, 17(3), e1003064, 
doi:10.1371/journal.pmed.1003064. 

Forest fires in Europe — European Environment Agency: https://www.eea.europa.eu/data-and-
maps/indicators/forest-fire-danger-4/assessment, last access: 1 August 2021. 

Eyring, V., Bony, S., Meehl, G. A., Senior, C. A., Stevens, B., Stouffer, R. J., and Taylor, K. E.: Overview of 
the Coupled Model Intercomparison Project Phase 6 (CMIP6) experimental design and organization, Geosci. 
Model Dev., 9, 1937–1958, https://doi.org/10.5194/gmd-9-1937-2016, 2016. 

Fargeon, H., Pimont, F., Martin-StPaul, N., De Caceres, M., Ruffault, J., Barbero, R., and Dupuy, J.-L.: 
Projections of fire danger under climate change over France: where do the greatest uncertainties lie?, 
Climatic Change, 160, 479–493, https://doi.org/10.1007/s10584-019-02629-w, 2020. 

Fensholt, R., Langanke, T., Rasmussen, K., Reenberg, A., Prince, S. D., Tucker, C., Scholes, R. J., Le, Q. 
B., Bondeau, A., Eastman, R., Epstein, H., Gaughan, A. E., Hellden, U., Mbow, C., Olsson, L., Paruelo, J., 
Schweitzer, C., Seaquist, J., and Wessels, K.: Greenness in semi-arid areas across the globe 1981–2007 — an 
Earth Observing Satellite based analysis of trends and drivers, Remote Sensing of Environment, 121, 144–
158, https://doi.org/10.1016/j.rse.2012.01.017, 2012. 

Fernandes, P. M. and Botelho, H. S.: A review of prescribed burning effectiveness in fire hazard reduction, 
Int. J. Wildland Fire, 12, 117–128, https://doi.org/10.1071/wf02042, 2003. 

Fernandes, P. M., Davies, G. M., Ascoli, D., Fernández, C., Moreira, F., Rigolot, E., Stoof, C. R., Vega, J. 
A., and Molina, D.: Prescribed burning in southern Europe: developing fire management in a dynamic 
landscape, 11, e4–e14, https://doi.org/10.1890/120298, 2013. 

Feyen, L. and R. Dankers. 2009. Impact of global warming on streamflow drought in Europe. J. Geophys. 
Res., 114, D17116, doi:10.1029/2008JD011438. 

Field, R. D., van der Werf, G. R., and Shen, S. S. P.: Human amplification of drought-induced biomass 
burning in Indonesia since 1960, Nature Geosci, 2, 185–188, https://doi.org/10.1038/ngeo443, 2009. 

Field, R. D., Spessa, A. C., Aziz, N. A., Camia, A., Cantin, A., Carr, R., de Groot, W. J., Dowdy, A. J., 
Flannigan, M. D., Manomaiphiboon, K., Pappenberger, F., Tanpipat, V., and Wang, X.: Development of a 
Global Fire Weather Database, Nat. Hazards Earth Syst. Sci., 15, 1407–1423, https://doi.org/10.5194/nhess-
15-1407-2015, 2015. 

Field, R. D., van der Werf, G. R., Fanin, T., Fetzer, E. J., Fuller, R., Jethva, H., Levy, R., Livesey, N. J., 
Luo, M., Torres, O., and Worden, H. M.: Indonesian fire activity and smoke pollution in 2015 show persistent 
nonlinear sensitivity to El Niño-induced drought, Proc Natl Acad Sci USA, 113, 9204–9209, 
https://doi.org/10.1073/pnas.1524888113, 2016. 

Fischer, E. M., Sippel, S., and Knutti, R.: Increasing probability of record-shattering climate extremes, Nat. 
Clim. Chang., 11, 689–695, https://doi.org/10.1038/s41558-021-01092-9, 2021. 

Flannigan, M., Cantin, A. S., de Groot, W. J., Wotton, M., Newbery, A., and Gowman, L. M.: Global wildland 
fire season severity in the 21st century, Forest Ecology and Management, 294, 54–61, 
https://doi.org/10.1016/j.foreco.2012.10.022, 2013. 

Flannigan, M. D., Logan, K. A., Amiro, B. D., Skinner, W. R., and Stocks, B. J.: Future Area Burned in Canada, 
Climatic Change, 72, 1–16, https://doi.org/10.1007/s10584-005-5935-y, 2005. 

Flannigan, M. D., Krawchuk, M. A., de Groot, W. J., Wotton, B. M., and Gowman, L. M.: Implications of 
changing climate for global wildland fire, Int. J. Wildland Fire, 18, 483, https://doi.org/10.1071/WF08187, 
2009. 

Flannigan, M. D., Wotton, B. M., Marshall, G. A., de Groot, W. J., Johnston, J., Jurko, N., and Cantin, A. 
S.: Fuel moisture sensitivity to temperature and precipitation: climate change implications, Climatic 
Change, 134, 59–71, https://doi.org/10.1007/s10584-015-1521-0, 2016. 



 

Page 178 of 193 

 

Fonseca, M. G., Alves, L. M., Aguiar, A. P. D., Arai, E., Anderson, L. O., Rosan, T. M., Shimabukuro, Y. E., 
and Aragão, L. E. O. e C.: Effects of climate and land‐use change scenarios on fire probability during the 
21st century in the Brazilian Amazon, Glob Change Biol, 25, 2931–2946, https://doi.org/10.1111/gcb.14709, 
2019. 

Ford, A. E. S., Harrison, S. P., Kountouris, Y., Millington, J. D. A., Mistry, J., Perkins, O., Rabin, S. S., Rein, 
G., Schreckenberg, K., Smith, C., Smith, T. E. L., and Yadav, K.: Modelling Human-Fire Interactions: 
Combining Alternative Perspectives and Approaches, 9, 418, https://doi.org/10.3389/fenvs.2021.649835, 
2021. 

Forkel, M., Carvalhais, N., Rödenbeck, C., Keeling, R., Heimann, M., Thonicke, K., Zaehle, S., and 
Reichstein, M.: Enhanced seasonal CO2 exchange caused by amplified plant productivity in northern 
ecosystems, 351, 696–699, https://doi.org/10.1126/science.aac4971, 2016. 

Forkel, M., Dorigo, W., Lasslop, G., Teubner, I., Chuvieco, E., and Thonicke, K.: A data-driven approach to 
identify controls on global fire activity from satellite and climate observations (SOFIA V1), Geosci. Model 
Dev., 10, 4443–4476, https://doi.org/10.5194/gmd-10-4443-2017, 2017. 

Forkel, M., Dorigo, W., Lasslop, G., Chuvieco, E., Hantson, S., Heil, A., Teubner, I., Thonicke, K., and 
Harrison, S. P.: Recent global and regional trends in burned area and their compensating environmental 
controls, Environ. Res. Commun., 1, 051005, https://doi.org/10.1088/2515-7620/ab25d2, 2019b. 

Forkel, M., Andela, N., Harrison, S. P., Lasslop, G., van Marle, M., Chuvieco, E., Dorigo, W., Forrest, M., 
Hantson, S., Heil, A., Li, F., Melton, J., Sitch, S., Yue, C., and Arneth, A.: Emergent relationships with 
respect to burned area in global satellite observations and fire-enabled vegetation models, Biogeosciences, 
16, 57–76, https://doi.org/10.5194/bg-16-57-2019, 2019. 

Fréjaville, T. and Curt, T.: Spatiotemporal patterns of changes in fire regime and climate: defining the 
pyroclimates of south-eastern France (Mediterranean Basin), Climatic Change, 129, 239–251, 
https://doi.org/10.1007/s10584-015-1332-3, 2015. 

Giannaros, T. M., Kotroni, V., and Lagouvardos, K.: Climatology and trend analysis (1987–2016) of fire 
weather in the EURO‐MEDITERRANEAN, Int J Climatol, 41, https://doi.org/10.1002/joc.6701, 2021. 

Giglio, L. and Roy, D. P.: On the outstanding need for a long-term, multi-decadal, validated and quality 
assessed record of global burned area: Caution in the use of Advanced Very High Resolution Radiometer 
data, Science of Remote Sensing, 2, 100007, https://doi.org/10.1016/j.srs.2020.100007, 2020. 

Giglio, L., Kendall, J. D., and Mack, R.: A multi-year active fire dataset for the tropics derived from the 
TRMM VIRS, International Journal of Remote Sensing, 24, 4505–4525, 
https://doi.org/10.1080/0143116031000070283, 2003a. 

Giglio, L., Descloitres, J., Justice, C. O., and Kaufman, Y. J.: An Enhanced Contextual Fire Detection 
Algorithm for MODIS, Remote Sensing of Environment, 87, 273–282, https://doi.org/10.1016/S0034-
4257(03)00184-6, 2003b. 

Giglio, L., Loboda, T., Roy, D. P., Quayle, B., and Justice, C. O.: An active-fire based burned area mapping 
algorithm for the MODIS sensor, Remote Sensing of Environment, 113, 408–420, 
https://doi.org/10.1016/j.rse.2008.10.006, 2009. 

Giglio, L., Randerson, J. T., van der Werf, G. R., Kasibhatla, P. S., Collatz, G. J., Morton, D. C., and DeFries, 
R. S.: Assessing variability and long-term trends in burned area by merging multiple satellite fire products, 
7, 1171–1186, https://doi.org/10.5194/bg-7-1171-2010, 2010. 

Giglio, L., Schroeder, W., and Justice, C. O.: The collection 6 MODIS active fire detection algorithm and fire 
products, Remote Sensing of Environment, 178, 31–41, https://doi.org/10.1016/j.rse.2016.02.054, 2016. 

Giglio, L., Boschetti, L., Roy, D. P., Humber, M. L., and Justice, C. O.: The Collection 6 MODIS burned area 
mapping algorithm and product, Remote Sensing of Environment, 217, 72–85, 
https://doi.org/10.1016/j.rse.2018.08.005, 2018. 



 

Page 179 of 193 

 

Girardin, M. P., Ali, A. A., Carcaillet, C., Mudelsee, M., Drobyshev, I., Hã‰Ly, C., and Bergeron, Y.: 
Heterogeneous response of circumboreal wildfire risk to climate change since the early 1900s: 
HETEROGENEOUS RESPONSE OF CIRCUMBOREAL WILDFIRE RISK, 15, 2751–2769, 
https://doi.org/10.1111/j.1365-2486.2009.01869.x, 2009. 

Girardin, M.-P., Tardif, J., Flannigan, M. D., Wotton, B. M., and Bergeron, Y.: Trends and periodicities in 
the Canadian Drought Code and their relationships with atmospheric circulation for the southern Canadian 
boreal forest, 34, 19, 2004. 

Glikson, A.: Fire and human evolution: The deep-time blueprints of the Anthropocene, Anthropocene, 3, 
89–92, https://doi.org/10.1016/j.ancene.2014.02.002, 2013. 

Goss, M., Swain, D. L., Abatzoglou, J. T., Sarhadi, A., Kolden, C. A., Williams, A. P., and Diffenbaugh, N. 
S.: Climate change is increasing the likelihood of extreme autumn wildfire conditions across California, 
Environ. Res. Lett., 15, 094016, https://doi.org/10.1088/1748-9326/ab83a7, 2020. 

Grégoire, J.-M., Eva, H. D., Belward, A. S., Palumbo, I., Simonetti, D., and Brink, A.: Effect of land-cover 
change on Africa’s burnt area, Int. J. Wildland Fire, 22, 107–120, https://doi.org/10.1071/WF11142, 2012. 

Groisman, P. Ya., Sherstyukov, B. G., Razuvaev, V. N., Knight, R. W., Enloe, J. G., Stroumentova, N. S., 
Whitfield, P. H., Førland, E., Hannsen-Bauer, I., Tuomenvirta, H., Aleksandersson, H., Mescherskaya, A. V., 
and Karl, T. R.: Potential forest fire danger over Northern Eurasia: Changes during the 20th century, Global 
and Planetary Change, 56, 371–386, https://doi.org/10.1016/j.gloplacha.2006.07.029, 2007. 

Gutiérrez, J.M., R.G. Jones, G.T. Narisma, L.M. Alves, M. Amjad, I.V. Gorodetskaya, M. Grose, N.A.B. Klutse, 
S. Krakovska, J. Li, D. Martínez-Castro, L.O. Mearns, S.H. Mernild, T. Ngo-Duc, B. van den Hurk, and J.-H. 
Yoon, 2021: Atlas. 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 [Masson-Delmotte, V., P. 
Zhai, A. Pirani, S.L. Connors, C. Péan, S. Berger, N. Caud, Y. Chen, L.Goldfarb, M.I. Gomis, M. Huang, K. 
Leitzell, E. Lonnoy, J.B.R. Matthews, T.K.Maycock, T. Waterfield, O. Yelekçi, R. Yu, and B. Zhou (eds.)]. 
Cambridge University Press. In Press. Interactive Atlas available from Available from http://interactive-
atlas.ipcc.ch/ 

Guttman, N.B., 1998: Comparing the Palmer drought index and the Standardized Precipitation Index. Journal 
of the American Water Resources Association 34, 113-121 

de Groot, W. J., Cantin, A. S., Flannigan, M. D., Soja, A. J., Gowman, L. M., and Newbery, A.: A comparison 
of Canadian and Russian boreal forest fire regimes, Forest Ecology and Management, 294, 23–34, 
https://doi.org/10.1016/j.foreco.2012.07.033, 2013. 

Hall, J. V., Loboda, T. V., Giglio, L., and McCarty, G. W.: A MODIS-based burned area assessment for Russian 
croplands: Mapping requirements and challenges, Remote Sensing of Environment, 184, 506–521, 
https://doi.org/10.1016/j.rse.2016.07.022, 2016. 

Hall, N. and L. Crosby, 2020: Climate Change Impacts on Health in Remote Indigenous Communities in 
Australia. International Journal of Environmental Health Research, 16, doi:10.1080/09603123.2020.1777948 

Hantson, S., Arneth, A., Harrison, S. P., Kelley, D. I., Prentice, I. C., Rabin, S. S., Archibald, S., Mouillot, 
F., Arnold, S. R., Artaxo, P., Bachelet, D., Ciais, P., Forrest, M., Friedlingstein, P., Hickler, T., Kaplan, J. 
O., Kloster, S., Knorr, W., Lasslop, G., Li, F., Mangeon, S., Melton, J. R., Meyn, A., Sitch, S., Spessa, A., 
van der Werf, G. R., Voulgarakis, A., and Yue, C.: The status and challenge of global fire modelling, 
Biogeosciences, 13, 3359–3375, https://doi.org/10.5194/bg-13-3359-2016, 2016. 

Hantson, S., Kelley, D. I., Arneth, A., Harrison, S. P., Archibald, S., Bachelet, D., Forrest, M., Hickler, T., 
Lasslop, G., Li, F., Mangeon, S., Melton, J. R., Nieradzik, L., Rabin, S. S., Prentice, I. C., Sheehan, T., Sitch, 
S., Teckentrup, L., Voulgarakis, A., and Yue, C.: Quantitative assessment of fire and vegetation properties 
in simulations with fire-enabled vegetation models from the Fire Model Intercomparison Project, Geosci. 
Model Dev., 13, 3299–3318, https://doi.org/10.5194/gmd-13-3299-2020, 2020. 

Harris, I., Jones, P.D., Osborn, T.J., Lister, D.H., 2014. Updated high-resolution grids of monthly climatic 
observations - the CRU TS3.10 Dataset. Int. J. Climatol. 34, 623–642. https://doi.org/10/f5tqvx 



 

Page 180 of 193 

 

Harris, S. and Lucas, C.: Understanding the variability of Australian fire weather between 1973 and 2017, 
PLoS ONE, 14, e0222328, https://doi.org/10.1371/journal.pone.0222328, 2019. 

Harrison, S. P., Bartlein, P. J., Brovkin, V., Houweling, S., Kloster, S., and Prentice, I. C.: The biomass 
burning contribution to climate–carbon-cycle feedback, Earth Syst. Dynam., 9, 663–677, 
https://doi.org/10.5194/esd-9-663-2018, 2018. 

Harrison, S. P., Prentice, I. C., Bloomfield, K. J., Dong, N., Forkel, M., Forrest, M., Ningthoujam, R. K., 
Pellegrini, A., Shen, Y., Baudena, M., Cardoso, A. W., Huss, J. C., Joshi, J., Oliveras, I., Pausas, J. G., and 
Simpson, K. J.: Understanding and modelling wildfire regimes: an ecological perspective, Environ. Res. 
Lett., https://doi.org/10.1088/1748-9326/ac39be, 2021. 

Hawbaker, T. J., Vanderhoof, M. K., Beal, Y.-J., Takacs, J. D., Schmidt, G. L., Falgout, J. T., Williams, B., 
Fairaux, N. M., Caldwell, M. K., Picotte, J. J., Howard, S. M., Stitt, S., and Dwyer, J. L.: Mapping burned 
areas using dense time-series of Landsat data, Remote Sensing of Environment, 198, 504–522, 
https://doi.org/10.1016/j.rse.2017.06.027, 2017. 

Head, L., Adams, M., McGregor, H. V., and Toole, S.: Climate change and Australia, 5, 175–197, 
https://doi.org/10.1002/wcc.255, 2014. 

Herold, N., Downes, S. M., Gross, M. H., Ji, F., Nishant, N., Macadam, I., Ridder, N. N., and Beyer, K.: 
Projected changes in the frequency of climate extremes over southeast Australia, Environ. Res. Commun., 
3, 011001, https://doi.org/10.1088/2515-7620/abe6b1, 2021. 

Hiers, J. K., O’Brien, J. J., Varner, J. M., Butler, B. W., Dickinson, M., Furman, J., Gallagher, M., Godwin, 
D., Goodrick, S. L., Hood, S. M., Hudak, A., Kobziar, L. N., Linn, R., Loudermilk, E. L., McCaffrey, S., 
Robertson, K., Rowell, E. M., Skowronski, N., Watts, A. C., and Yedinak, K. M.: Prescribed fire science: the 
case for a refined research agenda, fire ecol, 16, 11, s42408-020-0070–8, https://doi.org/10.1186/s42408-
020-0070-8, 2020. 

Hirota, M., Holmgren, M., Van Nes, E. H., and Scheffer, M.: Global Resilience of Tropical Forest and Savanna 
to Critical Transitions, Science, 334, 232–235, https://doi.org/10.1126/science.1210657, 2011. 

Holden, Z. A., Swanson, A., Luce, C. H., Jolly, W. M., Maneta, M., Oyler, J. W., Warren, D. A., Parsons, R., 
and Affleck, D.: Decreasing fire season precipitation increased recent western US forest wildfire activity, 
Proc Natl Acad Sci USA, 115, E8349–E8357, https://doi.org/10.1073/pnas.1802316115, 2018. 

Holz, A., Paritsis, J., Mundo, I. A., Veblen, T. T., Kitzberger, T., Williamson, G. J., Aráoz, E., Bustos-
Schindler, C., González, M. E., Grau, H. R., and Quezada, J. M.: Southern Annular Mode drives multicentury 
wildfire activity in southern South America, PNAS, 114, 9552–9557, 
https://doi.org/10.1073/pnas.1705168114, 2017. 

Hope, E. S., McKenney, D. W., Pedlar, J. H., Stocks, B. J., and Gauthier, S.: Wildfire Suppression Costs for 
Canada under a Changing Climate, PLOS ONE, 11, e0157425, 
https://doi.org/10.1371/journal.pone.0157425, 2016. 

Huang, X., Li, M., Li, J., and Song, Y.: A high-resolution emission inventory of crop burning in fields in China 
based on MODIS Thermal Anomalies/Fire products, Atmospheric Environment, 50, 9–15, 
https://doi.org/10.1016/j.atmosenv.2012.01.017, 2012. 

Huf, B. and McLean, H.: 2019–20 bushfires: quick guide, 2020. 

Intergovernmental Panel on Climate Change (Ed.): Terrestrial and Inland Water Systems, in: Climate Change 
2014 – Impacts, Adaptation and Vulnerability: Part A: Global and Sectoral Aspects: Working Group II 
Contribution to the IPCC Fifth Assessment Report: Volume 1: Global and Sectoral Aspects, vol. 1, Cambridge 
University Press, Cambridge, 271–360, https://doi.org/10.1017/CBO9781107415379.009, 2014. 

Jain, P., Wang, X., and Flannigan, M. D.: Trend analysis of fire season length and extreme fire weather in 
North America between 1979 and 2015, Int. J. Wildland Fire, 26, 1009, https://doi.org/10.1071/WF17008, 
2017. 



 

Page 181 of 193 

 

Jain, P., Castellanos-Acuna, D., Coogan, S., Abatzoglou, J., and Flannigan, M.: Increased trends in global 
extreme fire weather driven predominantly by atmospheric humidity and temperature, In Review, 
https://doi.org/10.21203/rs.3.rs-595210/v1, 2021. 

James, R., Washington, R., Schleussner, C.-F., Rogelj, J., Conway, D., 2017. Characterizing Half a Degree 
Difference: A Review of Methods for Identifying Regional Climate Responses to Global Warming Targets. 
Wiley Interdiscip. Rev. Clim. Change 8, e457. https://doi.org/10/gdxrjz 

Jia, G., Shevliakova, E., Artaxo, P., Noblet-Ducoudré, N. D., Houghton, R., Anderegg, W., Bastos, A., 
Bernsten, T. K., Cai, P., Calvin, K., Klein, C. D., Humpenöder, F., Kanter, D., McDermid, S., Peñuelas, J., 
Pradhan, P., Quesada, B., Roe, S., Bernier, P., Espinoza, J. C., Semenov, S., and Xu, X.: SPM2 Land–climate 
interactions, 118, n.d. 

Johnston, F. H., Henderson, S. B., Chen, Y., Randerson, J. T., Marlier, M., DeFries, R. S., Kinney, P., 
Bowman, D. M. J. S., and Brauer, M.: Estimated Global Mortality Attributable to Smoke from Landscape 
Fires, Environmental Health Perspectives, 120, 695–701, https://doi.org/10.1289/ehp.1104422, 2012. 

Johnston, F. H., Borchers-Arriagada, N., Morgan, G. G., Jalaludin, B., Palmer, A. J., Williamson, G. J., and 
Bowman, D. M. J. S.: Unprecedented health costs of smoke-related PM2.5 from the 2019–20 Australian 
megafires, Nat Sustain, 4, 42–47, https://doi.org/10.1038/s41893-020-00610-5, 2021. 

Johnston, L. M., Wang, X., Erni, S., Taylor, S. W., McFayden, C. B., Oliver, J. A., Stockdale, C., Christianson, 
A., Boulanger, Y., Gauthier, S., Arseneault, D., Wotton, B. M., Parisien, M.-A., and Flannigan, M. D.: 
Wildland fire risk research in Canada, Environ. Rev., 28, 164–186, https://doi.org/10.1139/er-2019-0046, 
2020. 

Joint Research Centre (European Commission), Artés Vivancos, T., Grecchi, R., sett, J., Branco, A., Libertà, 
G., Pfeiffer, H., Boca, R., Maianti, P., Oom, D., Durrant, T., De Rigo, D., and Ferrari, D.: Forest fires in 
Europe, Middle East and North Africa 2019, Publications Office of the European Union, LU, 2020. 

Jolly, W. M., Cochrane, M. A., Freeborn, P. H., Holden, Z. A., Brown, T. J., Williamson, G. J., and Bowman, 
D. M. J. S.: Climate-induced variations in global wildfire danger from 1979 to 2013, Nat Commun, 6, 7537, 
https://doi.org/10.1038/ncomms8537, 2015. 

Jong, R., Verbesselt, J., Schaepman, M. E., and Bruin, S.: Trend changes in global greening and browning: 
contribution of short-term trends to longer-term change, Glob Change Biol, 18, 642–655, 
https://doi.org/10.1111/j.1365-2486.2011.02578.x, 2012. 

Justino, F., Bromwich, D., Wilson, A., Silva, A., Avila-Diaz, A., Fernandez, A., and Rodrigues, J.: Estimates 
of temporal-spatial variability of wildfire danger across the Pan-Arctic and extra-tropics, Environ. Res. Lett., 
16, 044060, https://doi.org/10.1088/1748-9326/abf0d0, 2021. 

Kaffenberger, B. H., D. Shetlar, S. A. Norton and M. Rosenbach, 2017: The effect of climate change on skin 
disease in North America. J Am Acad Dermatol, 76(1), 140-147, doi:10.1016/j.jaad.2016.08.014. 

Karnauskas, K., C. Schleussner, J. Donnelly and K. Anchukaitis, 2018: Freshwater stress on small island 
developing states: population projections and aridity changes at 1.5 and 2 °C. Regional Environmental 
Change, 18(8), 2273-2282, doi:10.1007/s10113-018-1331-9. 

Keenan, T. F., Gray, J., Friedl, M. A., Toomey, M., Bohrer, G., Hollinger, D. Y., Munger, J. W., O’Keefe, J., 
Schmid, H. P., Wing, I. S., Yang, B., and Richardson, A. D.: Net carbon uptake has increased through 
warming-induced changes in temperate forest phenology, Nature Clim Change, 4, 598–604, 
https://doi.org/10.1038/nclimate2253, 2014. 

Kelley, D. I., Harrison, S. P., and Prentice, I. C.: Improved simulation of fire–vegetation interactions in the 
Land surface Processes and eXchanges dynamic global vegetation model (LPX-Mv1), Geosci. Model Dev., 7, 
2411–2433, https://doi.org/10.5194/gmd-7-2411-2014, 2014. 

Kelley, D. I., Bistinas, I., Whitley, R., Burton, C., Marthews, T. R., and Dong, N.: How contemporary 
bioclimatic and human controls change global fire regimes, Nat. Clim. Chang., 9, 690–696, 
https://doi.org/10.1038/s41558-019-0540-7, 2019. 



 

Page 182 of 193 

 

Kilungu, H., R. Leemans, P. K. Munishi and B. Amelung, 2017: Climate change threatens major tourist 
attractions and tourism in Serengeti National Park, Tanzania. In: Climate Change Adaptation in Africa [Leal 
Filho, W., S. Belay, J. Kalangu, W. Menas, P. Munishi and K. Musiyiwa (eds.)]. Springer, Cham, pp. 375-392. 
ISBN 978-3-319-49520-0. 

Kimaro, E. G., J.-A. L. M. L. Toribio and S. M. Mor, 2017: Climate change and cattle vector-borne diseases: 
Use of participatory epidemiology to investigate experiences in pastoral communities in Northern Tanzania. 
Preventive Veterinary Medicine, 147, 79-89, doi:10.1016/j.prevetmed.2017.08.010. 

Kimmerer, R. W. and Lake, F. K.: The Role of Indigenous Burning in Land Management, Journal of Forestry, 
99, 36–41, https://doi.org/10.1093/jof/99.11.36, 2001. 

Kirchmeier-Young, M. C., Zwiers, F. W., Gillett, N. P., and Cannon, A. J.: Attributing extreme fire risk in 
Western Canada to human emissions, Climatic Change, 144, 365–379, https://doi.org/10.1007/s10584-017-
2030-0, 2017. 

Kirchmeier-Young, M. C., Wan, H., Zhang, X., and Seneviratne, S. I.: Importance of Framing for Extreme 
Event Attribution: The Role of Spatial and Temporal Scales, 7, 1192–1204, 
https://doi.org/10.1029/2019EF001253, 2019. 

Kitzberger, T., Falk, D. A., Westerling, A. L., and Swetnam, T. W.: Direct and indirect climate controls 
predict heterogeneous early-mid 21st century wildfire burned area across western and boreal North 
America, PLOS ONE, 12, e0188486, https://doi.org/10.1371/journal.pone.0188486, 2017. 

Klein Goldewijk, K., Beusen, A., Van Drecht, G., and De Vos, M.: The HYDE 3.1 spatially explicit database 
of human-induced global land-use change over the past 12,000 years: HYDE 3.1 Holocene land use, 20, 73–
86, https://doi.org/10.1111/j.1466-8238.2010.00587.x, 2011. 

Kloster, S. and Lasslop, G.: Historical and future fire occurrence (1850 to 2100) simulated in CMIP5 Earth 
System Models, Global and Planetary Change, 150, 58–69, 
https://doi.org/10.1016/j.gloplacha.2016.12.017, 2017. 

Kloster, S., Mahowald, N. M., Randerson, J. T., Thornton, P. E., Hoffman, F. M., Levis, S., Lawrence, P. J., 
Feddema, J. J., Oleson, K. W., and Lawrence, D. M.: Fire dynamics during the 20th century simulated by 
the Community Land Model, Biogeosciences, 7, 1877–1902, https://doi.org/10.5194/bg-7-1877-2010, 2010. 

Klutse, N. A. B. et al., 2018: Potential impact of 1.5 °C and 2 °C global warming on consecutive dry and wet 
days over West Africa. Environmental Research Letters, 13(5), 055013, doi:10.1088/1748-9326/aab37b. 

Knorr, W., Arneth, A., and Jiang, L.: Demographic controls of future global fire risk, Nature Clim Change, 
6, 781–785, https://doi.org/10.1038/nclimate2999, 2016. 

Krauze, K. and Wagner, I. (2019) 'From classical water-ecosystem theories to nature-based solutions—
Contextualizing nature-based solutions for sustainable city', Science of the total environment, 655, pp. 697-
706. 

Krawchuk, M. A., Moritz, M. A., Parisien, M.-A., Van Dorn, J., and Hayhoe, K.: Global Pyrogeography: the 
Current and Future Distribution of Wildfire, PLoS ONE, 4, e5102, 
https://doi.org/10.1371/journal.pone.0005102, 2009. 

Krikken, F., Lehner, F., Haustein, K., Drobyshev, I., and van Oldenborgh, G. J.: Attribution of the role of 
climate change in the forest fires in Sweden2018, Atmospheric, Meteorological and Climatological Hazards, 
https://doi.org/10.5194/nhess-2019-206, 2019. 

Lasslop, G. and Kloster, S.: Human impact on wildfires varies between regions and with vegetation 
productivity, Environ. Res. Lett., 12, 115011, https://doi.org/10.1088/1748-9326/aa8c82, 2017. 

Lasslop, G., Coppola, A. I., Voulgarakis, A., Yue, C., and Veraverbeke, S.: Influence of Fire on the Carbon 
Cycle and Climate, Curr Clim Change Rep, 5, 112–123, https://doi.org/10.1007/s40641-019-00128-9, 2019. 

Lasslop, G., Hantson, S., Harrison, S. P., Bachelet, D., Burton, C., Forkel, M., Forrest, M., Li, F., Melton, J. 
R., Yue, C., Archibald, S., Scheiter, S., Arneth, A., Hickler, T., and Sitch, S.: Global ecosystems and fire: 



 

Page 183 of 193 

 

Multi‐model assessment of fire‐induced tree‐cover and carbon storage reduction, Glob Change Biol, 26, 
5027–5041, https://doi.org/10.1111/gcb.15160, 2020a. 

Lasslop, G., Hantson, S., Brovkin, V., Li, F., Lawrence, D., Rabin, S., and Shevliakova, E.: Future fires in 
the Coupled Model Intercomparison Project (CMIP) phase 6, Copernicus Meetings, 
https://doi.org/10.5194/egusphere-egu2020-22513, 2020b. 

Le Page, Y., Oom, D., Silva, J. M. N., Jönsson, P., and Pereira, J. M. C.: Seasonality of vegetation fires as 
modified by human action: observing the deviation from eco-climatic fire regimes, 
https://doi.org/10.1111/j.1466-8238.2010.00525.x, 2010. 

Le Page, Y., Morton, D., Bond-Lamberty, B., Pereira, J. M. C., and Hurtt, G.: HESFIRE: an explicit fire model 
for projections in the coupled Human–Earth System, Earth System Science/Response to Global Change: 
Models, Holocene/Anthropocene, https://doi.org/10.5194/bgd-11-10779-2014, 2014. 

Le Page, Y., Morton, D., Bond-Lamberty, B., Pereira, J. M. C., and Hurtt, G.: HESFIRE: a global fire model 
to explore the role of anthropogenic and weather drivers, Biogeosciences, 12, 887–903, 
https://doi.org/10.5194/bg-12-887-2015, 2015. 

Le Page, Y., Morton, D., Hartin, C., Bond-Lamberty, B., Pereira, J. M. C., Hurtt, G., and Asrar, G.: Synergy 
between land use and climate change increases future fire risk in Amazon forests, Earth Syst. Dynam., 8, 
1237–1246, https://doi.org/10.5194/esd-8-1237-2017, 2017. 

Lenihan, J. M. and Bachelet, D.: Historical Climate and Suppression Effects on Simulated Fire and Carbon 
Dynamics in the Conterminous United States, in: Global Vegetation Dynamics, American Geophysical Union 
(AGU), 17–30, https://doi.org/10.1002/9781119011705.ch2, 2015. 

Lenihan, J. M., Daly, C., Bachelet, D., and Neilson, R. P.: Simulating Broad-Scale Fire Severity in a Dynamic 
Global Vegetation Model, 13, 1998. 

Lewis, S. C., Blake, S. A. P., Trewin, B., Black, M. T., Dowdy, A. J., Perkins-Kirkpatrick, S. E., King, A. D., 
and Sharples, J. J.: Deconstructing Factors Contributing to the 2018 Fire Weather in Queensland, Australia, 
101, S115–S122, https://doi.org/10.1175/BAMS-D-19-0144.1, 2020. 

Lewis, S. L., Brando, P. M., Phillips, O. L., van der Heijden, G. M. F., and Nepstad, D.: The 2010 Amazon 
Drought, Science, 331, 554–554, https://doi.org/10.1126/science.1200807, 2011. 

Li, F., Levis, S., and Ward, D. S.: Quantifying the role of fire in the Earth system &ndash; Part 1: Improved 
global fire modeling in the Community Earth System Model (CESM1), 10, 2293–2314, 
https://doi.org/10.5194/bg-10-2293-2013, 2013. 

Libonati, R., Pereira, J. M. C., Da Camara, C. C., Peres, L. F., Oom, D., Rodrigues, J. A., Santos, F. L. M., 
Trigo, R. M., Gouveia, C. M. P., Machado-Silva, F., Enrich-Prast, A., and Silva, J. M. N.: Twenty-first century 
droughts have not increasingly exacerbated fire season severity in the Brazilian Amazon, Sci Rep, 11, 4400, 
https://doi.org/10.1038/s41598-021-82158-8, 2021. 

Liu, W., Sun, F., Lim, W. H., Zhang, J., Wang, H., Shiogama, H. and Zhang, Y. (2018) 'Global drought and 
severe drought-affected populations in 1.5 and 2° C warmer worlds', Earth System Dynamics, 9(1), pp. 267-
283. 

Lloyd-Hughes B, Saunders M.A. 2002. A Drought Climatology for Europe. International journal of 3 
climatology, 22, 1571-1592. 

Lundgren, A. D., 2018: Climate change and skin disease. Cutis, 101(4), E12-E14. 

Mamo, D., ed., 2020: The Indigenous World 2020. The International Work Group for Indigenous Affairs 
(IWGIA), 22 pp 

Marlon, J. R., Bartlein, P. J., Carcaillet, C., Gavin, D. G., Harrison, S. P., Higuera, P. E., Joos, F., Power, 
M. J., and Prentice, I. C.: Climate and human influences on global biomass burning over the past two 
millennia, Nature Geosci, 1, 697–702, https://doi.org/10.1038/ngeo313, 2008. 



 

Page 184 of 193 

 

Marlon, J. R., Kelly, R., Daniau, A.-L., Vannière, B., Power, M. J., Bartlein, P., Higuera, P., Blarquez, O., 
Brewer, S., Brücher, T., Feurdean, A., Romera, G. G., Iglesias, V., Maezumi, S. Y., Magi, B., Courtney 
Mustaphi, C. J., and Zhihai, T.: Reconstructions of biomass burning from sediment-charcoal records to 
improve data–model comparisons, Biogeosciences, 13, 3225–3244, https://doi.org/10.5194/bg-13-3225-
2016, 2016. 

Maystadt, J.-F. and O. Ecker, 2014: Extreme Weather and Civil War: Does Drought Fuel Conflict in Somalia 
through Livestock Price Shocks? American Journal of Agricultural Economics, 96(4), 1157-1182, 
doi:10.1093/ajae/aau010. 

McElhinny, M., Beckers, J. F., Hanes, C., Flannigan, M., and Jain, P.: A high-resolution reanalysis of global 
fire weather from 1979 to 2018 – overwintering the Drought Code, 12, 1823–1833, 
https://doi.org/10.5194/essd-12-1823-2020, 2020. 

McKee TB, Doesken NJ, Kleist J. 1993. The relationship of drought frequency and duration to time scales. 
In Proceedings of the 8th Conference on Applied Climatology, Anaheim, CL, 17-22 January, 179-183. 

McNicol, I. M., C. M. Ryan and E. T. A. Mitchard, 2018: Carbon losses from deforestation and widespread 
degradation offset by extensive growth in African woodlands. Nature Communications, 9(1), 3045, 
doi:10.1038/s41467-018-05386-z. 

Meehl, G. A., Goddard, L., Murphy, J., Stouffer, R. J., Boer, G., Danabasoglu, G., Dixon, K., Giorgetta, M. 
A., Greene, A. M., Hawkins, E., Hegerl, G., Karoly, D., Keenlyside, N., Kimoto, M., Kirtman, B., Navarra, 
A., Pulwarty, R., Smith, D., Stammer, D., and Stockdale, T.: Decadal Prediction: Can It Be Skillful?, Bull. 
Amer. Meteor. Soc., 90, 1467–1486, https://doi.org/10.1175/2009BAMS2778.1, 2009. 

Meinshausen, M., Smith, S. J., Calvin, K., Daniel, J. S., Kainuma, M. L. T., Lamarque, J.-F., Matsumoto, K., 
Montzka, S. A., Raper, S. C. B., Riahi, K., Thomson, A., Velders, G. J. M., and van Vuuren, D. P. P.: The RCP 
greenhouse gas concentrations and their extensions from 1765 to 2300, Climatic Change, 109, 213–241, 
https://doi.org/10.1007/s10584-011-0156-z, 2011. 

Melton, J. R. and Arora, V. K.: Competition between plant functional types in the Canadian Terrestrial 
Ecosystem Model (CTEM) v. 2.0, Geosci. Model Dev., 9, 323–361, https://doi.org/10.5194/gmd-9-323-2016, 
2016. 

Miles, L., Newton, A. C., DeFries, R. S., Ravilious, C., May, I., Blyth, S., Kapos, V., and Gordon, J. E.: A 
global overview of the conservation status of tropical dry forests, 33, 491–505, 
https://doi.org/10.1111/j.1365-2699.2005.01424.x, 2006. 

Moriondo, M., Good, P., Durao, R., Bindi, M., Giannakopoulos, C., and Corte-Real, J.: Potential impact of 
climate change on fire risk in the Mediterranean area, Clim. Res., 31, 85–95, 
https://doi.org/10.3354/cr031085, 2006. 

Moritz, M. A., Parisien, M.-A., Batllori, E., Krawchuk, M. A., Van Dorn, J., Ganz, D. J., and Hayhoe, K.: 
Climate change and disruptions to global fire activity, Ecosphere, 3, art49, https://doi.org/10.1890/ES11-
00345.1, 2012. 

Moritz, M. A., Batllori, E., Bradstock, R. A., Gill, A. M., Handmer, J., Hessburg, P. F., Leonard, J., McCaffrey, 
S., Odion, D. C., Schoennagel, T., and Syphard, A. D.: Learning to coexist with wildfire, Nature, 515, 58–66, 
https://doi.org/10.1038/nature13946, 2014. 

Morton, D. C., Le Page, Y., DeFries, R., Collatz, G. J., and Hurtt, G. C.: Understorey fire frequency and the 
fate of burned forests in southern Amazonia, 368, 20120163, https://doi.org/10.1098/rstb.2012.0163, 2013. 

Mota, B. W., Pereira, J. M. C., Oom, D., Vasconcelos, M. J. P., and Schultz, M.: Screening the ESA ATSR-2 
World Fire Atlas (1997–2002), 16, 2006. 

Mouillot, F. and Field, C. B.: Fire history and the global carbon budget: a 1ox 1o fire history reconstruction 
for the 20th century, Global Change Biol, 11, 398–420, https://doi.org/10.1111/j.1365-2486.2005.00920.x, 
2005. 



 

Page 185 of 193 

 

Mweya, C. N., L. E. G. Mboera and S. I. Kimera, 2017: Climate Influence on Emerging Risk Areas for Rift 
Valley Fever Epidemics in Tanzania. Am J Trop Med Hyg, 97(1), 109-114, doi:10.4269/ajtmh.16-0444. 

Narayanaraj, G. and Wimberly, M. C.: Influences of forest roads on the spatial pattern of wildfire 
boundaries, Int. J. Wildland Fire, 20, 792, https://doi.org/10.1071/WF10032, 2011. 

National Interagency Fire Center: Federal Firefighting Costs (Suppression Only), 2020. 

Nawrotzki, R. J. and M. Bakhtsiyarava, 2017: International Climate Migration: Evidence for the Climate 
Inhibitor Mechanism and the Agricultural Pathway. Population, Space and Place, 23(4), e2033-e2033. 

Nawrotzki, R. J., DeWaard, J., Bakhtsiyarava, M. and Ha, J. T. (2017) 'Climate shocks and rural-urban 
migration in Mexico: exploring nonlinearities and thresholds', Climatic Change, 140(2), pp. 243-258. 

Nepstad, D., McGrath, D., Stickler, C., Alencar, A., Azevedo, A., Swette, B., Bezerra, T., DiGiano, M., 
Shimada, J., Seroa da Motta, R., Armijo, E., Castello, L., Brando, P., Hansen, M. C., McGrath-Horn, M., 
Carvalho, O., and Hess, L.: Slowing Amazon deforestation through public policy and interventions in beef 
and soy supply chains, Science, 344, 1118–1123, https://doi.org/10.1126/science.1248525, 2014. 

Nepstad, D. C., Stickler, C. M., Filho, B. S.-, and Merry, F.: Interactions among Amazon land use, forests 
and climate: prospects for a near-term forest tipping point, Phil. Trans. R. Soc. B, 363, 1737–1746, 
https://doi.org/10.1098/rstb.2007.0036, 2008. 

Nesterov, V.: Gorimost’ lesa i Metody eio Opredelenia, Goslesbumaga, Moscow, 1949. 

Nikonovas, T., Spessa, A., Doerr, S. H., Clay, G. D., and Mezbahuddin, S.: Near-complete loss of fire-
resistant primary tropical forest cover in Sumatra and Kalimantan, Commun Earth Environ, 1, 1–8, 
https://doi.org/10.1038/s43247-020-00069-4, 2020. 

Noble, I. R., Gill, A. M., and Bary, G. a. V.: McArthur’s fire-danger meters expressed as equations, 5, 201–
203, https://doi.org/10.1111/j.1442-9993.1980.tb01243.x, 1980. 

Oguntunde, P. G., B. J. Abiodun and G. Lischeid, 2017: Impacts of climate change on hydro-meteorological 
drought over the Volta Basin, West Africa. Global and Planetary Change, 155, 121-132, 
doi:https://doi.org/10.1016/j.gloplacha.2017.07.003. 

van Oldenborgh, G. J., Krikken, F., Lewis, S., Leach, N. J., Lehner, F., Saunders, K. R., van Weele, M., 
Haustein, K., Li, S., Wallom, D., Sparrow, S., Arrighi, J., Singh, R. K., van Aalst, M. K., Philip, S. Y., Vautard, 
R., and Otto, F. E. L.: Attribution of the Australian bushfire risk to anthropogenic climate change, Nat. 
Hazards Earth Syst. Sci., 21, 941–960, https://doi.org/10.5194/nhess-21-941-2021, 2021. 

Oliveira-Júnior, J. F. de, Mendes, D., Correia Filho, W. L. F., Silva Junior, C. A. da, Gois, G. de, Jardim, A. 
M. da R. F., Silva, M. V. da, Lyra, G. B., Teodoro, P. E., Pimentel, L. C. G., Lima, M., Santiago, D. de B., 
Rogério, J. P., and Marinho, A. A. R.: Fire foci in South America: Impact and causes, fire hazard and future 
scenarios, Journal of South American Earth Sciences, 112, 103623, 
https://doi.org/10.1016/j.jsames.2021.103623, 2021. 

Osborn, T.J., Wallace, C.J., Harris, I.C., Melvin, T.M., 2016. Pattern scaling using ClimGen: monthly-
resolution future climate scenarios including changes in the variability of precipitation. Clim. Change 134, 
353–369. https://doi.org/10/f795rk 

Osborn TJ, Wallace CJ, Lowe JA and Bernie D. 2018. Performance of pattern-scaled climate projections 
under high-end warming, part I: surface air temperature over land. Journal of Climate 31, 5667-5680 
(doi:10.1175/JCLI-D-17-0780.1). 

Parente, J., Pereira, M. G., Amraoui, M., and Fischer, E. M.: Heat waves in Portugal: Current regime, 
changes in future climate and impacts on extreme wildfires, Science of The Total Environment, 631–632, 
534–549, https://doi.org/10.1016/j.scitotenv.2018.03.044, 2018. 

Parisien, M.-A. and Moritz, M. A.: Environmental controls on the distribution of wildfire at multiple spatial 
scales, 79, 127–154, https://doi.org/10.1890/07-1289.1, 2009. 

https://doi.org/10/f795rk


 

Page 186 of 193 

 

Park, C.-E., Jeong, S.-J., Joshi, M., Osborn, T. J., Ho, C.-H., Piao, S., Chen, D., Liu, J., Yang, H., Park, H., 
Kim, B.-M., and Feng, S.: Keeping global warming within 1.5 °C constrains emergence of aridification, 
Nature Clim Change, 8, 70–74, https://doi.org/10.1038/s41558-017-0034-4, 2018. 

Partain, J. L., Alden, S., Strader, H., Bhatt, U. S., Bieniek, P. A., Brettschneider, B. R., Walsh, J. E., Lader, 
R. T., Olsson, P. Q., Rupp, T. S., Thoman, R. L., York, A. D., and Ziel, R. H.: An Assessment of the Role of 
Anthropogenic Climate Change in the Alaska Fire Season of 2015, 97, S14–S18, 
https://doi.org/10.1175/BAMS-D-16-0149.1, 2016. 

Pausas, J. G. and Keeley, J. E.: A Burning Story: The Role of Fire in the History of Life, BioScience, 59, 593–
601, https://doi.org/10.1525/bio.2009.59.7.10, 2009. 

Pausas, J. G. and Ribeiro, E.: The global fire-productivity relationship: Fire and productivity, Global Ecology 
and Biogeography, 22, 728–736, https://doi.org/10.1111/geb.12043, 2013. 

Pausas, J. G., Keeley, J. E., and Schwilk, D. W.: Flammability as an ecological and evolutionary driver, J 
Ecol, 105, 289–297, https://doi.org/10.1111/1365-2745.12691, 2017. 

Pechony, O. and Shindell, D. T.: Fire parameterization on a global scale, J. Geophys. Res., 114, D16115, 
https://doi.org/10.1029/2009JD011927, 2009. 

Pellegrini, A. F. A., Ahlström, A., Hobbie, S. E., Reich, P. B., Nieradzik, L. P., Staver, A. C., Scharenbroch, 
B. C., Jumpponen, A., Anderegg, W. R. L., Randerson, J. T., and Jackson, R. B.: Fire frequency drives 
decadal changes in soil carbon and nitrogen and ecosystem productivity, Nature, 553, 194–198, 
https://doi.org/10.1038/nature24668, 2018. 

Pfeiffer, M., Spessa, A., and Kaplan, J. O.: A model for global biomass burning in preindustrial time: LPJ-
LMfire (v1.0), Geosci. Model Dev., 6, 643–685, https://doi.org/10.5194/gmd-6-643-2013, 2013. 

Piao, S., Wang, X., Park, T., Chen, C., Lian, X., He, Y., Bjerke, J. W., Chen, A., Ciais, P., Tømmervik, H., 
Nemani, R. R., and Myneni, R. B.: Characteristics, drivers and feedbacks of global greening, Nat Rev Earth 
Environ, 1, 14–27, https://doi.org/10.1038/s43017-019-0001-x, 2020. 

Pinto, M. M., DaCamara, C. C., Hurduc, A., Trigo, R. M., and Trigo, I. F.: Enhancing the fire weather index 
with atmospheric instability information, Environ. Res. Lett., 15, 0940b7, https://doi.org/10.1088/1748-
9326/ab9e22, 2020. 

Power, M. J., Marlon, J., Ortiz, N., Bartlein, P. J., Harrison, S. P., Mayle, F. E., Ballouche, A., Bradshaw, 
R. H. W., Carcaillet, C., Cordova, C., Mooney, S., Moreno, P. I., Prentice, I. C., Thonicke, K., Tinner, W., 
Whitlock, C., Zhang, Y., Zhao, Y., Ali, A. A., Anderson, R. S., Beer, R., Behling, H., Briles, C., Brown, K. J., 
Brunelle, A., Bush, M., Camill, P., Chu, G. Q., Clark, J., Colombaroli, D., Connor, S., Daniau, A.-L., Daniels, 
M., Dodson, J., Doughty, E., Edwards, M. E., Finsinger, W., Foster, D., Frechette, J., Gaillard, M.-J., Gavin, 
D. G., Gobet, E., Haberle, S., Hallett, D. J., Higuera, P., Hope, G., Horn, S., Inoue, J., Kaltenrieder, P., 
Kennedy, L., Kong, Z. C., Larsen, C., Long, C. J., Lynch, J., Lynch, E. A., McGlone, M., Meeks, S., Mensing, 
S., Meyer, G., Minckley, T., Mohr, J., Nelson, D. M., New, J., Newnham, R., Noti, R., Oswald, W., Pierce, 
J., Richard, P. J. H., Rowe, C., Sanchez Goñi, M. F., Shuman, B. N., Takahara, H., Toney, J., Turney, C., 
Urrego-Sanchez, D. H., Umbanhowar, C., Vandergoes, M., Vanniere, B., Vescovi, E., Walsh, M., Wang, X., 
Williams, N., Wilmshurst, J., and Zhang, J. H.: Changes in fire regimes since the Last Glacial Maximum: an 
assessment based on a global synthesis and analysis of charcoal data, Clim Dyn, 30, 887–907, 
https://doi.org/10.1007/s00382-007-0334-x, 2008. 

Prentice, I. C., Kelley, D. I., Foster, P. N., Friedlingstein, P., Harrison, S. P., and Bartlein, P. J.: Modeling 
fire and the terrestrial carbon balance, 25, https://doi.org/10.1029/2010GB003906, 2011. 

Price, O. F., Penman, T. D., Bradstock, R. A., Boer, M. M., and Clarke, H.: Biogeographical variation in the 
potential effectiveness of prescribed fire in south-eastern Australia, J. Biogeogr., 42, 2234–2245, 
https://doi.org/10.1111/jbi.12579, 2015. 

Prichard, S. J., Stevens-Rumann, C. S., and Hessburg, P. F.: Tamm Review: Shifting global fire regimes: 
Lessons from reburns and research needs, Forest Ecology and Management, 396, 217–233, 
https://doi.org/10.1016/j.foreco.2017.03.035, 2017. 



 

Page 187 of 193 

 

Pricope, N. G. and Binford, M. W.: A spatio-temporal analysis of fire recurrence and extent for semi-arid 
savanna ecosystems in southern Africa using moderate-resolution satellite imagery, Journal of 
Environmental Management, 100, 72–85, https://doi.org/10.1016/j.jenvman.2012.01.024, 2012. 

Rabin, S. S., Melton, J. R., Lasslop, G., Bachelet, D., Forrest, M., Hantson, S., Kaplan, J. O., Li, F., Mangeon, 
S., Ward, D. S., Yue, C., Arora, V. K., Hickler, T., Kloster, S., Knorr, W., Nieradzik, L., Spessa, A., Folberth, 
G. A., Sheehan, T., Voulgarakis, A., Kelley, D. I., Prentice, I. C., Sitch, S., Harrison, S., and Arneth, A.: The 
Fire Modeling Intercomparison Project (FireMIP), phase 1: experimental and analytical protocols with 
detailed model descriptions, Geosci. Model Dev., 10, 1175–1197, https://doi.org/10.5194/gmd-10-1175-
2017, 2017. 

Ramesh, A. et al., 2016: The impact of climate on the abundance of Musca sorbens, the vector of trachoma. 
Parasit Vectors, 9, 48, doi:10.1186/s13071-016-1330-y. 

Ramo, R., Roteta, E., Bistinas, I., Wees, D. van, Bastarrika, A., Chuvieco, E., and Werf, G. R. van der: 
African burned area and fire carbon emissions are strongly impacted by small fires undetected by coarse 
resolution satellite data, PNAS, 118, https://doi.org/10.1073/pnas.2011160118, 2021. 

Randerson, J. T., Chen, Y., van der Werf, G. R., Rogers, B. M., and Morton, D. C.: Global burned area and 
biomass burning emissions from small fires: BURNED AREA FROM SMALL FIRES, J. Geophys. Res., 117, n/a-
n/a, https://doi.org/10.1029/2012JG002128, 2012. 

Rankoana, S. A., 2021: Climate change impacts on indigenous health promotion: the case study of Dikgale 
community in Limpopo Province, South Africa. Glob Health Promot, 17579759211015183, 
doi:10.1177/17579759211015183 

With costs approaching $100 billion, the fires are Australia’s costliest natural disaster: 
http://theconversation.com/with-costs-approaching-100-billion-the-fires-are-australias-costliest-natural-
disaster-129433, last access: 1 August 2021. 

Reid, C. E., Brauer, M., Johnston, F. H., Jerrett, M., Balmes, J. R., and Elliott, C. T.: Critical Review of 
Health Impacts of Wildfire Smoke Exposure, Environ Health Perspect, 124, 1334–1343, 
https://doi.org/10.1289/ehp.1409277, 2016. 

Riahi, K., Rao, S., Krey, V., Cho, C., Chirkov, V., Fischer, G., Kindermann, G., Nakicenovic, N., and Rafaj, 
P.: RCP 8.5—A scenario of comparatively high greenhouse gas emissions, Climatic Change, 109, 33–57, 
https://doi.org/10.1007/s10584-011-0149-y, 2011. 

Riahi, K., van Vuuren, D. P., Kriegler, E., Edmonds, J., O’Neill, B. C., Fujimori, S., Bauer, N., Calvin, K., 
Dellink, R., Fricko, O., Lutz, W., Popp, A., Cuaresma, J. C., Kc, S., Leimbach, M., Jiang, L., Kram, T., Rao, 
S., Emmerling, J., Ebi, K., Hasegawa, T., Havlik, P., Humpenöder, F., Da Silva, L. A., Smith, S., Stehfest, 
E., Bosetti, V., Eom, J., Gernaat, D., Masui, T., Rogelj, J., Strefler, J., Drouet, L., Krey, V., Luderer, G., 
Harmsen, M., Takahashi, K., Baumstark, L., Doelman, J. C., Kainuma, M., Klimont, Z., Marangoni, G., Lotze-
Campen, H., Obersteiner, M., Tabeau, A., and Tavoni, M.: The Shared Socioeconomic Pathways and their 
energy, land use, and greenhouse gas emissions implications: An overview, Global Environmental Change, 
42, 153–168, https://doi.org/10.1016/j.gloenvcha.2016.05.009, 2017. 

Richardson, D., Black, A. S., Monselesan, D. P., Risbey, J. S., Squire, D. T., Tozer, C. R., and Canadell, J. 
G.: Increased extreme fire weather occurrence in southeast Australia and related atmospheric drivers, 
Weather and Climate Extremes, 100397, https://doi.org/10.1016/j.wace.2021.100397, 2021. 

Rogers, B. M., Neilson, R. P., Drapek, R., Lenihan, J. M., Wells, J. R., Bachelet, D., and Law, B. E.: Impacts 
of climate change on fire regimes and carbon stocks of the U.S. Pacific Northwest, 116, 
https://doi.org/10.1029/2011JG001695, 2011. 

Rogers, B. M., Soja, A. J., Goulden, M. L., and Randerson, J. T.: Influence of tree species on continental 
differences in boreal fires and climate feedbacks, Nature Geosci, 8, 228–234, 
https://doi.org/10.1038/ngeo2352, 2015. 



 

Page 188 of 193 

 

Roteta, E., Bastarrika, A., Padilla, M., Storm, T., and Chuvieco, E.: Development of a Sentinel-2 burned 
area algorithm: Generation of a small fire database for sub-Saharan Africa, Remote Sensing of Environment, 
222, 1–17, https://doi.org/10.1016/j.rse.2018.12.011, 2019. 

Roy, D. P., Jin, Y., Lewis, P. E., and Justice, C. O.: Prototyping a global algorithm for systematic fire-
affected area mapping using MODIS time series data, Remote Sensing of Environment, 97, 137–162, 
https://doi.org/10.1016/j.rse.2005.04.007, 2005. 

Roy, D. P., Ju, J., Lewis, P., Schaaf, C., Gao, F., Hansen, M., and Lindquist, E.: Multi-temporal MODIS–
Landsat data fusion for relative radiometric normalization, gap filling, and prediction of Landsat data, 
Remote Sensing of Environment, 112, 3112–3130, https://doi.org/10.1016/j.rse.2008.03.009, 2008. 

Roy, D. P., Huang, H., Boschetti, L., Giglio, L., Yan, L., Zhang, H. H., and Li, Z.: Landsat-8 and Sentinel-2 
burned area mapping - A combined sensor multi-temporal change detection approach, Remote Sensing of 
Environment, 231, 111254, https://doi.org/10.1016/j.rse.2019.111254, 2019. 

Ruffault, J., Curt, T., Moron, V., Trigo, R. M., Mouillot, F., Koutsias, N., Pimont, F., Martin-StPaul, N., 
Barbero, R., Dupuy, J.-L., Russo, A., and Belhadj-Khedher, C.: Increased likelihood of heat-induced large 
wildfires in the Mediterranean Basin, Sci Rep, 10, 13790, https://doi.org/10.1038/s41598-020-70069-z, 
2020. 

Schachtel, A., J. A. Dyer and M. D. Boos, 2021: Climate change and pediatric skin health. Int J Womens 
Dermatol, 7(1), 85-90, doi:10.1016/j.ijwd.2020.07.006 

Schewe, J. et al., 2014: Multimodel assessment of water scarcity under climate change. Proc Natl Acad Sci 
U S A, 111(9), 3245-3250, doi:10.1073/pnas.1222460110. 

Schultz, M. G.: On the use of ATSR fire count data to estimate the seasonal and interannual variability of 
vegetation fire emissions, 2, 387–395, https://doi.org/10.5194/acp-2-387-2002, 2002. 

Sharples, J. J., Cary, G. J., Fox-Hughes, P., Mooney, S., Evans, J. P., Fletcher, M.-S., Fromm, M., Grierson, 
P. F., McRae, R., and Baker, P.: Natural hazards in Australia: extreme bushfire, Climatic Change, 139, 85–
99, https://doi.org/10.1007/s10584-016-1811-1, 2016. 

Sherwood, S. and Fu, Q.: A Drier Future?, Science, 343, 737–739, https://doi.org/10.1126/science.1247620, 
2014. 

Silva Junior, C. H. L., Pessôa, A. C. M., Carvalho, N. S., Reis, J. B. C., Anderson, L. O., and Aragão, L. E. O. 
C.: The Brazilian Amazon deforestation rate in 2020 is the greatest of the decade, Nat Ecol Evol, 5, 144–
145, https://doi.org/10.1038/s41559-020-01368-x, 2021. 

Simon, M.: Burnt area detection at global scale using ATSR-2: The GLOBSCAR products and their 
qualification, J. Geophys. Res., 109, D14S02, https://doi.org/10.1029/2003JD003622, 2004. 

Sitch, S., Friedlingstein, P., Gruber, N., Jones, S. D., Murray-Tortarolo, G., Ahlström, A., Doney, S. C., 
Graven, H., Heinze, C., Huntingford, C., Levis, S., Levy, P. E., Lomas, M., Poulter, B., Viovy, N., Zaehle, 
S., Zeng, N., Arneth, A., Bonan, G., Bopp, L., Canadell, J. G., Chevallier, F., Ciais, P., Ellis, R., Gloor, M., 
Peylin, P., Piao, S. L., Le Quéré, C., Smith, B., Zhu, Z., and Myneni, R.: Recent trends and drivers of regional 
sources and sinks of carbon dioxide, 12, 653–679, https://doi.org/10.5194/bg-12-653-2015, 2015. 

Staver, A. C., Archibald, S., and Levin, S. A.: The Global Extent and Determinants of Savanna and Forest as 
Alternative Biome States, 334, 230–232, https://doi.org/10.1126/science.1210465, 2011. 

Stehfest, Elke, Detlef van Vuuren, L. Bouwman, and Tom Kram. 2014. Integrated Assessment of Global 
Environmental Change with IMAGE 3.0: Model Description and Policy Applications. Netherlands 
Environmental Assessment Agency (PBL). 

Stocks, B. J. and Martell, D. L.: Forest fire management expenditures in Canada: 1970–2013, 92, 298–306, 
https://doi.org/10.5558/tfc2016-056, 2016. 



 

Page 189 of 193 

 

Sylla, M. B. et al., 2016: Climate Change over West Africa: Recent Trends and Future Projections. In: 
Adaptation to Climate Change and Variability in Rural West Africa [Yaro, J. A. and J. Hesselberg (eds.)]. 
Springer International Publishing, Cham, pp. 25-40. ISBN 978-3-319-31497-6. 

Taylor, K. E., Stouffer, R. J., and Meehl, G. A.: An Overview of CMIP5 and the Experiment Design, 93, 485–
498, https://doi.org/10.1175/BAMS-D-11-00094.1, 2012. 

Tebaldi, C., Arblaster, J.M., 2014. Pattern scaling: Its strengths and limitations, and an update on the latest 
model simulations. Clim. Change 122, 459–471. https://doi.org/10/f5rp2w 

Teckentrup, L., Harrison, S. P., Hantson, S., Heil, A., Melton, J. R., Forrest, M., Li, F., Yue, C., Arneth, A., 
Hickler, T., Sitch, S., and Lasslop, G.: Response of simulated burned area to historical changes in 
environmental and anthropogenic factors: a comparison of seven fire models, Biogeosciences, 16, 3883–
3910, https://doi.org/10.5194/bg-16-3883-2019, 2019. 

Teixeira, J. C., Folberth, G., O’Connor, F. M., Unger, N., and Voulgarakis, A.: Coupling interactive fire with 
atmospheric composition and climate in the UK Earth System Model, 1–41, https://doi.org/10.5194/gmd-
2020-298, 2020. 

Thonicke, K., Spessa, A., Prentice, I. C., Harrison, S. P., Dong, L., and Carmona-Moreno, C.: The influence 
of vegetation, fire spread and fire behaviour on biomass burning and trace gas emissions: results from a 
process-based model, Biogeosciences, 7, 1991–2011, https://doi.org/10.5194/bg-7-1991-2010, 2010. 

Tolhurst, K. G. and McCarthy, G.: Effect of prescribed burning on wildfire severity: a landscape-scale case 
study from the 2003 fires in Victoria, 79, 1–14, https://doi.org/10.1080/00049158.2015.1127197, 2016. 

Tomshin, O. and Solovyev, V.: Spatio-temporal patterns of wildfires in Siberia during 2001–2020, 0, 1–19, 
https://doi.org/10.1080/10106049.2021.1973581, 2021. 

Tovar-Restrepo, M. and Irazábal, C. (2013) 'Indigenous Women and Violence in Colombia: Agency, Autonomy, 
and Territoriality', Latin American Perspectives, 41(1), pp. 39-58. 

Trauernicht, C., Brook, B. W., Murphy, B. P., Williamson, G. J., and Bowman, D. M. J. S.: Local and global 
pyrogeographic evidence that indigenous fire management creates pyrodiversity, 5, 1908–1918, 
https://doi.org/10.1002/ece3.1494, 2015. 

Turco, M., Llasat, M.-C., von Hardenberg, J., and Provenzale, A.: Climate change impacts on wildfires in a 
Mediterranean environment, Climatic Change, 125, 369–380, https://doi.org/10.1007/s10584-014-1183-3, 
2014. 

Turco, M., Rosa-Cánovas, J. J., Bedia, J., Jerez, S., Montávez, J. P., Llasat, M. C., and Provenzale, A.: 
Exacerbated fires in Mediterranean Europe due to anthropogenic warming projected with non-stationary 
climate-fire models, Nat Commun, 9, 3821, https://doi.org/10.1038/s41467-018-06358-z, 2018. 

Tymstra, C., Bryce, R., Wotton, B., Taylor, S., and Armitage, O.: Northern Forestry Centre (Canada): 
Development and structure of Prometheus: the Canadian Wildland Fire Growth Simulation Model, Northern 
Forestry Centre, Edmonton, 2010. 

Tymstra, C., Stocks, B. J., Cai, X., and Flannigan, M. D.: Wildfire management in Canada: Review, challenges 
and opportunities, Progress in Disaster Science, 5, 100045, https://doi.org/10.1016/j.pdisas.2019.100045, 
2020. 

Tyukavina, A., Hansen, M. C., Potapov, P. V., Stehman, S. V., Smith-Rodriguez, K., Okpa, C., and Aguilar, 
R.: Types and rates of forest disturbance in Brazilian Legal Amazon, 2000–2013, Sci. Adv., 3, e1601047, 
https://doi.org/10.1126/sciadv.1601047, 2017. 

Tyukavina, A. et al., 2018: Congo Basin forest loss dominated by increasing smallholder clearing. Science 
Advances, 4(11), eaat2993, doi:10.1126/sciadv.aat2993. 

Ukkola, A. M. et al., 2020: Robust Future Changes in Meteorological Drought in CMIP6 Projections Despite 
Uncertainty in Precipitation. Geophysical Research Letters, 47(11), e2020GL087820, 
doi:https://doi.org/10.1029/2020GL087820. 



 

Page 190 of 193 

 

Van Wagner, C. E.: Development and structure of the Canadian Forest Fire Weather Index System, 1987. 

Venäläinen, A., Korhonen, N., Hyvärinen, O., Koutsias, N., Xystrakis, F., Urbieta, I. R., and Moreno, J. M.: 
Temporal variations and change in forest fire danger in Europe for 1960–2012, 14, 1477–1490, 
https://doi.org/10.5194/nhess-14-1477-2014, 2014. 

Venevsky, S., Thonicke, K., Sitch, S., and Cramer, W.: Simulating fire regimes in human-dominated 
ecosystems: Iberian Peninsula case study: A REGIONAL SCALE FIRE MODEL, 8, 984–998, 
https://doi.org/10.1046/j.1365-2486.2002.00528.x, 2002. 

Vicente-Serrano, S.M., Beguería, S., López-Moreno, J.I., 2010. A Multiscalar Drought Index Sensitive to 
Global Warming: The Standardized Precipitation Evapotranspiration Index. J. Clim. 23, 1696–1718. 
https://doi.org/10/c84fcq 

Vins, H., J. Bell, S. Saha and J. J. Hess, 2015: The Mental Health Outcomes of Drought: A Systematic Review 
and Causal Process Diagram. International Journal of Environmental Research and Public Health, 12(10), 
13251- 13275, doi:10.3390/ijerph121013251. 

van Vuuren, D. P., Edmonds, J., Kainuma, M., Riahi, K., Thomson, A., Hibbard, K., Hurtt, G. C., Kram, T., 
Krey, V., Lamarque, J.-F., Masui, T., Meinshausen, M., Nakicenovic, N., Smith, S. J., and Rose, S. K.: The 
representative concentration pathways: an overview, Climatic Change, 109, 5–31, 
https://doi.org/10.1007/s10584-011-0148-z, 2011. 

Walker, X. J., Baltzer, J. L., Cumming, S. G., Day, N. J., Ebert, C., Goetz, S., Johnstone, J. F., Potter, S., 
Rogers, B. M., Schuur, E. A. G., Turetsky, M. R., and Mack, M. C.: Increasing wildfires threaten historic 
carbon sink of boreal forest soils, Nature, 572, 520–523, https://doi.org/10.1038/s41586-019-1474-y, 2019. 

Wang, D., Guan, D., Zhu, S., Kinnon, M. M., Geng, G., Zhang, Q., Zheng, H., Lei, T., Shao, S., Gong, P., and 
Davis, S. J.: Economic footprint of California wildfires in 2018, Nat Sustain, 4, 252–260, 
https://doi.org/10.1038/s41893-020-00646-7, 2021. 

Wang, X., Parisien, M., Flannigan, M. D., Parks, S. A., Anderson, K. R., Little, J. M., and Taylor, S. W.: The 
potential and realized spread of wildfires across Canada, Glob Change Biol, 20, 2518–2530, 
https://doi.org/10.1111/gcb.12590, 2014. 

Wang, X., Thompson, D. K., Marshall, G. A., Tymstra, C., Carr, R., and Flannigan, M. D.: Increasing frequency 
of extreme fire weather in Canada with climate change, Climatic Change, 130, 573–586, 
https://doi.org/10.1007/s10584-015-1375-5, 2015. 

Wang, X., Parisien, M.-A., Taylor, S. W., Candau, J.-N., Stralberg, D., Marshall, G. A., Little, J. M., and 
Flannigan, M. D.: Projected changes in daily fire spread across Canada over the next century, Environ. Res. 
Lett., 12, 025005, https://doi.org/10.1088/1748-9326/aa5835, 2017. 

Ward, M., Tulloch, A. I. T., Radford, J. Q., Williams, B. A., Reside, A. E., Macdonald, S. L., Mayfield, H. J., 
Maron, M., Possingham, H. P., Vine, S. J., O’Connor, J. L., Massingham, E. J., Greenville, A. C., Woinarski, 
J. C. Z., Garnett, S. T., Lintermans, M., Scheele, B. C., Carwardine, J., Nimmo, D. G., Lindenmayer, D. B., 
Kooyman, R. M., Simmonds, J. S., Sonter, L. J., and Watson, J. E. M.: Impact of 2019–2020 mega-fires on 
Australian fauna habitat, Nat Ecol Evol, 4, 1321–1326, https://doi.org/10.1038/s41559-020-1251-1, 2020. 

van der Werf, G. R., Randerson, J. T., Giglio, L., Gobron, N., and Dolman, A. J.: Climate controls on the 
variability of fires in the tropics and subtropics: CLIMATE CONTROLS ON FIRES, Global Biogeochem. Cycles, 
22, n/a-n/a, https://doi.org/10.1029/2007GB003122, 2008. 

van der Werf, G. R., Randerson, J. T., Giglio, L., van Leeuwen, T. T., Chen, Y., Rogers, B. M., Mu, M., van 
Marle, M. J. E., Morton, D. C., Collatz, G. J., Yokelson, R. J., and Kasibhatla, P. S.: Global fire emissions 
estimates during 1997–2016, Earth Syst. Sci. Data, 9, 697–720, https://doi.org/10.5194/essd-9-697-2017, 
2017. 

Williams, A. P. and Abatzoglou, J. T.: Recent Advances and Remaining Uncertainties in Resolving Past and 
Future Climate Effects on Global Fire Activity, Curr Clim Change Rep, 2, 1–14, 
https://doi.org/10.1007/s40641-016-0031-0, 2016. 

https://doi.org/10/c84fcq


 

Page 191 of 193 

 

Williams, A. P., Abatzoglou, J. T., Gershunov, A., Guzman‐Morales, J., Bishop, D. A., Balch, J. K., and 
Lettenmaier, D. P.: Observed Impacts of Anthropogenic Climate Change on Wildfire in California, Earth’s 
Future, 7, 892–910, https://doi.org/10.1029/2019EF001210, 2019. 

Williamson, G. J., Prior, L. D., Jolly, W. M., Cochrane, M. A., Murphy, B. P., and Bowman, D. M. J. S.: 
Measurement of inter- and intra-annual variability of landscape fire activity at a continental scale: the 
Australian case, Environ. Res. Lett., 11, 035003, https://doi.org/10.1088/1748-9326/11/3/035003, 2016. 

World Meteorological Organization (WMO): State of the Global Climate 2020 (WMO-No. 1264), WMO, Geneva, 
56 p. pp., 2021. 

Wotton, B. M., Flannigan, M. D., and Marshall, G. A.: Potential climate change impacts on fire intensity and 
key wildfire suppression thresholds in Canada, Environ. Res. Lett., 12, 095003, 
https://doi.org/10.1088/1748-9326/aa7e6e, 2017. 

Ximenes, F., Stephens, M., Brown, M., Law, B., Mylek, M., Schirmer, J., Sullivan, A., and McGuffog, T.: 
Mechanical fuel load reduction in Australia: a potential tool for bushfire mitigation, 80, 88–98, 
https://doi.org/10.1080/00049158.2017.1311200, 2017. 

Yin, Y., Bloom, A. A., Worden, J., Saatchi, S., Yang, Y., Williams, M., Liu, J., Jiang, Z., Worden, H., 
Bowman, K., Frankenberg, C., and Schimel, D.: Fire decline in dry tropical ecosystems enhances decadal 
land carbon sink, Nat Commun, 11, 1900, https://doi.org/10.1038/s41467-020-15852-2, 2020. 

Yoon, J.-H., Wang, S.-Y. S., Gillies, R. R., Hipps, L., Kravitz, B., and Rasch, P. J.: Extreme fire season in 
California: A glimpse into the future? [in “Explaining Extremes of 2014 from a Climate Perspective”]., 96, 
5–9, 2015. 

Young, A. M., Higuera, P. E., Duffy, P. A., and Hu, F. S.: Climatic thresholds shape northern high-latitude 
fire regimes and imply vulnerability to future climate change, Ecography, 40, 606–617, 
https://doi.org/10.1111/ecog.02205, 2017. 

Yue, C., Ciais, P., Zhu, D., Wang, T., Peng, S. S., and Piao, S. L.: How have past fire disturbances contributed 
to the current carbon balance of boreal ecosystems?, Biogeosciences, 13, 675–690, 
https://doi.org/10.5194/bg-13-675-2016, 2016. 

Zhao, T. and A. Dai, 2016: Uncertainties in historical changes and future projections of drought. Part II: 
model-simulated historical and future drought changes. Climatic Change, 144(3), 535-548, 
doi:10.1007/s10584-016-1742-x. 

Zhao, F., Liu, Y., and Shu, L.: Change in the fire season pattern from bimodal to unimodal under climate 
change: The case of Daxing’anling in Northeast China, Agricultural and Forest Meteorology, 291, 108075, 
https://doi.org/10.1016/j.agrformet.2020.108075, 2020. 

Zhao, Z., Li, W., Ciais, P., Santoro, M., Cartus, O., Peng, S., Yin, Y., Yue, C., Yang, H., Yu, L., Zhu, L., and 
Wang, J.: Fire enhances forest degradation within forest edge zones in Africa, Nat. Geosci., 14, 479–483, 
https://doi.org/10.1038/s41561-021-00763-8, 2021. 

Zhu, Z., Piao, S., Myneni, R. B., Huang, M., Zeng, Z., Canadell, J. G., Ciais, P., Sitch, S., Friedlingstein, P., 
Arneth, A., Cao, C., Cheng, L., Kato, E., Koven, C., Li, Y., Lian, X., Liu, Y., Liu, R., Mao, J., Pan, Y., Peng, 
S., Peñuelas, J., Poulter, B., Pugh, T. A. M., Stocker, B. D., Viovy, N., Wang, X., Wang, Y., Xiao, Z., Yang, 
H., Zaehle, S., and Zeng, N.: Greening of the Earth and its drivers, Nature Clim Change, 6, 791–795, 
https://doi.org/10.1038/nclimate3004, 2016. 

Zong, X., Tian, X., and Yin, Y.: Impacts of Climate Change on Wildfires in Central Asia, 11, 802, 
https://doi.org/10.3390/f11080802, 2020. 

Zou, Y., Wang, Y., Qian, Y., Tian, H., Yang, J., and Alvarado, E.: Using CESM-RESFire to understand climate–
fire–ecosystem interactions and the implications for decadal climate variability, Atmos. Chem. Phys., 20, 
995–1020, https://doi.org/10.5194/acp-20-995-2020, 2020. 



 

Page 192 of 193 

 

Zscheischler, J., Westra, S., Van Den Hurk, B. J. J. M., Seneviratne, S. I., Ward, P. J., Pitman, A., 
AghaKouchak, A., Bresch, D. N., Leonard, M. and Wahl, T. (2018) 'Future climate risk from compound events', 
Nature Climate Change, 8(6), pp. 469. 

Zubkova, M., Boschetti, L., Abatzoglou, J. T., and Giglio, L.: Changes in Fire Activity in Africa from 2002 to 
2016 and Their Potential Drivers, 46, 7643–7653, https://doi.org/10.1029/2019GL083469, 2019. 

 

Direct, indirect and induced economic impacts (also see individual sectors) 

Albouy, D., Graf W., Kellogg R., Wolff, H. (2016) Climate amenities, climate change, and American quality 
of life, Journal of the Association of Environmental and Resource Economists (forthcoming) 

Arnell N.W. (1999) Climate change and global water resources, Global Environmental Change, vol. 9, pp. 
S31-S39. 

Auffhammer, M. (2018). Quantifying economic damages from climate change. Journal of Economic 
Perspectives, 32(4), 33-52. 

Burke, Marshall, Solomon M. Hsiang, and Edward Miguel. "Global non-linear effect of temperature on 
economic production." Nature 527, no. 7577 (2015): 235-239. 

Challinor, A. J., Watson, J., Lobell, D. B., Howden, S. M., Smith, D. R., & Chhetri, N. (2014). A meta-analysis 
of crop yield under climate change and adaptation. Nature Climate Change, 4(4), 287-291. 

Graff Zivin, J., Hsiang, S. M., & Neidell, M. (2018). Temperature and human capital in the short and long 
run. Journal of the Association of Environmental and Resource Economists, 5(1), 77-105. 

Yang, Z. (2020). Climate change and externality. Climate Change Economics, 11(04), 2040007. 

Maddison D.J., Bigano A. (2003) The amenity value of the Italian climate, Journal of Environmental 
Economics and Management, vol. 45, pp. 319-332 

Meier H., Rehdanz K. (2016) The amenity value of the British climate, Urban Studies, vol. 54, pp. 1235-1262. 

Piontek, F., Drouet, L., Emmerling, J., Kompas, T., Méjean, A., Otto, C., ... & Tavoni, M. (2021). Integrated 
perspective on translating biophysical to economic impacts of climate change. Nature Climate Change, 1-
10. 

Remoundou, K., Diaz-Simal, P., Koundouri, P., & Rulleau, B. (2015). Valuing climate change mitigation: A 
choice experiment on a coastal and marine ecosystem. Ecosystem services, 11, 87-94. 

Veronesi, M., Chawla, F., Maurer, M., & Lienert, J. (2014). Climate change and the willingness to pay to 
reduce ecological and health risks from wastewater flooding in urban centers and the environment. 
Ecological Economics, 98, 1-10. 

Stern, N., & Stiglitz, J. E. (2021). The social cost of carbon, risk, distribution, market failures: An alternative 
approach (No. w28472). National Bureau of Economic Research. 

Thomas Schinko et al 2020 Environ. Res. Commun. 2 015002 

Bosello, F., Nicholls, R.J., Richards, J. et al. Economic impacts of climate change in Europe: sea-level rise. 
Climatic Change 112, 63–81 (2012). https://doi.org/10.1007/s10584-011-0340-1 

Bachner and Bednar-Friedl (2018) - Environ Model Assess (2018). https://doi.org/10.1007/s10666- 018-9617-
3 

Jenkins, K., Dobson, B., Decker, C. & Hall, J. W. (2021) An Integrated Framework for Risk‐Based Analysis of 
Economic Impacts of Drought and Water Scarcity in England and Wales. Water Resources Research. 57, 8, 
e2020WR027715. 

Bandara JS, Cai Y (2014) The impact of climate change on food crop productivity, food prices 587 and food 
security in South Asia. Econ Anal Policy 44:451–465. 588 https://doi.org/10.1016/j.eap.2014.09.005 

https://doi.org/10.1007/s10666-%20018-9617-3
https://doi.org/10.1007/s10666-%20018-9617-3
https://research-portal.uea.ac.uk/en/persons/katie-jenkins
https://research-portal.uea.ac.uk/en/publications/an-integrated-framework-for-riskbased-analysis-of-economic-impact
https://research-portal.uea.ac.uk/en/publications/an-integrated-framework-for-riskbased-analysis-of-economic-impact
https://research-portal.uea.ac.uk/en/persons/katie-jenkins/publications/


 

Page 193 of 193 

 

Hertel TW, Burke MB, Lobell DB (2010) The poverty implications of climate-induced crop yield 634 changes 
by 2030. Glob Environ Change 20:577–585. 635 https://doi.org/10.1016/j.gloenvcha.2010.07.001 

Nordhaus, W.D (2017) Social cost of carbon in DICE model. Proceedings of the National Academy of 
Sciences Feb 2017, 114 (7) 1518-1523; DOI: 10.1073/pnas.1609244114 

 

 

 

https://doi.org/10.1016/j.gloenvcha.2010.07.001

	1. Introduction
	2. Literature Review
	2.1 Drought and Water Security
	2.2 Fluvial Flooding
	2.3 Coastal Flooding
	2.4 Food security and agriculture
	2.5 Fisheries
	2.6 Biodiversity and ecosystem services
	2.7 Health (heat stress and disease)
	2.8 Fire
	2.9 Direct, indirect and induced economic impacts

	Appendix A – Method and Models
	A1: Introduction to Methodology
	A1.1 Terms and definitions of vulnerability, adaptation, exposure and risk
	A1.2 Types of metrics used in this literature review and the Searchable Inventory
	A1.3 General methodological assumptions, spatial scale, and treatment of uncertainties in the regional pattern of climate projection
	A1.4 Sector specific assumptions and methods

	A.2: Drought and Water Security – State of the art modelling
	A.3: Fluvial Flooding – State of the art modelling
	A.4: Coastal Flooding – Additional Tables
	A.5: Food security and Agriculture - State of the Art Modelling
	A.6: Fisheries – Additional tables
	A7: Biodiversity and Ecosystem Services – State-of-the-art-modelling
	A8: Health (heat stress and disease) – State-of-the-art-modelling
	A.9: Fire - State-of-the-art-modelling
	A.10: Direct, indirect and induced economic impacts - State-of-the-art-modelling

	Appendix B – Regional Summary Tables
	References

