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Key messages from this report 

1. Even warming of 1.5 °C will have negative impacts on human systems.  

Sea levels will rise, increasing coastal flooding. Precipitation patterns will change and 

extreme weather will be more frequent and more intense, affecting water and sanitation 

through more intense droughts and floods, and reducing agricultural productivity in some 

areas. But some high-latitude regions will benefit economically from higher temperatures. 

2. Temporarily overshooting 1.5 °C will worsen the impacts compared to not 
overshooting 1.5 °C. 

Extreme weather events will become more frequent and intense as the temperature rises. 

Heat waves will occur more often. Damage to crops, water supplies and sanitation 

infrastructure will increase. The magnitudes of these impacts will depend on the 

vulnerability of populations to climatic variability and change. Adaptation could reduce 

these impacts, but the economic costs of adaptation measures are not well understood. If 

the resilience of populations were not increased, then increased poverty and migration 

would become more likely. 

3. Impacts of climate change might be more difficult to adapt to in an overshoot. 

Keeping the global temperature rise below 1.5 °C would require rapid cuts in greenhouse 

gas emissions that would slow climate change. Hence, the human impacts of climate change 

would also be slowed as the temperature stabilised in 2050, although time would be required 

for a new equilibrium to be reached. In contrast, overshooting would lead to the temperature 

not stabilising until 2100, meaning long-term temperature and precipitation patterns would 

be constantly changing for a much longer period. The risk of triggering climatic tipping points 

with deleterious global consequences would be higher. 

This delay to reaching a new equilibrium climate would be expected to cause more severe 

human impacts in the absence of greater investments in adaptation to improve population 

resilience. But while greater adaptation investments might reasonably be needed for a more 

variable climate, there is not a good enough understanding of adaptation needs in the 

literature to make a well-evidenced judgement.  
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About this report 

The “Global consequences of climate overshoot pathways” study has examined the natural 

and human system consequences of the world overshooting 1.5 °C, but then using carbon 

dioxide removal technologies to return the global temperature to 1.5 °C by 2100.  

The final report summarises the findings from the study.  Six annexes present the technical 

evidence that underpin the final report: 

• Annex 1: Development of overshoot pathways. 

• Annex 2: The feasibility of deploying CDR at the rate required for overshoot 

pathways. 

• Annex 3: Economic implications of climate overshoot. 

• Annex 4: Hysteresis and tipping points analysis using the UK Earth System Model. 

• Annex 5: Natural system impacts of overshoot pathways. 

• Annex 6: Human system impacts of overshoot pathways. 

Around 40 scientists have contributed to these annexes and more than 900 literature 

sources are cited. 
This annex, Annex 6, examines the potential impacts of overshoot on human systems in 

general and on the UN Sustainable Development Goals (SDGs) in particular. 

  



 

 
 

 
 
 
 

Acronyms   | 5 

About CS-N0W 

Commissioned by the UK Department for Energy Security & Net Zero (DESNZ), Climate 

Services for a Net Zero Resilient World (CS-N0W) is a 4-year, £5.5 million research 

programme, that uses the latest scientific knowledge to inform UK climate policy and help 

us meet our global decarbonisation and resilience ambitions. 

CS-N0W enhances the scientific understanding of climate impacts, decarbonisation and 

climate action, and improve accessibility to the UK’s climate data. It contributes to evidence-

based climate policy in the UK and internationally, and strengthens the climate resilience of 

UK infrastructure, housing and communities. 

The programme is delivered by a consortium of world leading research institutions from 

across the UK, on behalf of DESNZ. The CS-N0W consortium is led by Ricardo and 

includes research partners Tyndall Centre for Climate Change Research, including the 

Universities of East Anglia (UEA), Manchester (UoM) and Newcastle (NU); institutes 

supported by the Natural Environment Research Council (NERC), including the British 

Antarctic Survey (BAS), British Geological Survey (BGS), National Centre for Atmospheric 

Science (NCAS), National Centre for Earth Observation (NCEO), National Oceanography 

Centre (NOC), Plymouth Marine Laboratory (PML) and UK Centre for Ecology & Hydrology 

(UKCEH); and University College London (UCL). 
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Executive Summary 

This evidence annex examines the potential impacts of overshoot on human systems in 

general and on the UN Sustainable Development Goals (SDGs) in particular. We consider 

potential changes to flood risk and intensity, changes in water availability and quality for 

agriculture, household consumption and sanitation, and changes to food production, health 

and energy. We conclude by reflecting on how all these impacts might affect poverty and 

migration. 

Background and overarching methodology 
We have developed three temporary overshoot pathways, including a “Very High Overshoot” 

pathway in which the mean global surface air temperature rise peaks at 1.9 °C before 

reducing to 1.5 °C by 2100. This report compares the impacts of this overshoot pathway 

against a counterfactual “No Overshoot” pathway in which the global temperature rise does 

not exceed 1.5 °C. Annex 1 of this study describes these pathways in detail. 

The IPCC published a special report in 2018 that compared the consequences of a global 

temperature rise to 1.5 °C and 2 °C. It concluded that climate-related risks to health, 

livelihoods, food security, water supply, human security, and economic growth are projected 

to increase with global warming of 1.5°C compared to the present, and to further increase 

with if the global temperature rises to 2 °C. These are projected to have the greatest impact 

on the most vulnerable populations, particularly in low-income countries. 

Very little literature has analysed the impacts of a rising temperature and then a falling 

temperature following overshoot similar to the overshoot pathways examined in this study. 

This means our approach for some impacts has been to compare impacts at 1.5 °C and 

2 °C to understand the potential impacts of overshoot beyond 1.5 °C, in which cases we 

speak of overshoot in general terms rather than in terms of the overshoot pathways we 

developed. But this is challenging because much of the evidence of climate impacts is for 

pathways with a temperature rise of 2 °C or more, while our counterfactual pathway reaches 

an equilibrium temperature rise of only 1.5 °C. For many impacts, only a qualitative analysis 

is possible. While the general direction of change (i.e. better or worse) can be assessed, the 
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magnitude of impacts cannot be assessed with any confidence as there are so many 

uncertain factors and non-climatic influences in each of the examined areas. 

Coastal and inland flooding 
Many SDGs are affected by flooding (e.g. SDGs 1, 2, 8, 9, 11, 12, 13 and 14). For example, 

salinisation affects food production, while disasters due to flooding cause infrastructure and 

livelihood damage and loss of tourism. 

Coastal flooding is likely to increase in many areas as sea levels rise due to climate change. 

A time lag exists between global temperature rise and subsequent sea-level rise, meaning 

that the impacts of today’s emissions may not be seen for decades. Rates of rise are 

expected to accelerate this century for both overshoot and no overshoot pathways reaching 

an equilibrium global temperature rise of 1.5 °C. If overshooting were to cause enhanced 

rates of losses of the West Antarctic Ice Sheet and trigger marine ice cliff instability, leading 

to rapid ice loss, then sea level rise could further accelerate. 

Particularly vulnerable regions include polar regions (due to sea-ice free summers and 

permafrost melting), Eastern Central American and North American coasts (due to more 

extreme El Niño events affecting storms and beach erosion), low-lying atoll islands in the 

Indian and Pacific Oceans, low-lying deltas world-wide and coastal zones that are sensitive 

to changes to landslides, sediment availability or compound flooding from rivers. 

Rising global temperatures are expected to increase the intensity of river floods, even where 

moderate floods reduce, but there are no studies addressing the impact of an overshoot 

scenario on inland flooding from rivers so these conclusions are uncertain. In an overshoot, 

an adaptive approach in which planned actions are implemented in stages, when they are 

deemed necessary given the latest information available, could avoid over-engineering 

assets by providing flexibility, given the uncertainties of the impacts of climate change in the 

future. 

Water resources 
Terrestrial precipitation is projected to vary in complex ways with global warming. More 

intense storms, floods and droughts are expected that will affect agriculture, drinking water 

and sanitation. Overall precipitation is expected to rise in some regions and fall in others as 
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the temperature rises, yet in some regions these changes could reverse if the temperature 

rises further. 

Changes in water requirements for crops vary substantially between regions. Both wheat 

and barley could require 2–6 times more irrigation groundwater under a 2 °C scenario in key 

growing regions than for a 1.5 °C scenario, due to higher evapotranspiration from crops as 

the temperature rises and lower rainfall. It is likely that this would increase demand for 

groundwater where is available, leading to a greater risk of groundwater depletion during an 

overshoot within these regions. 

SDG 6 sets ambitious targets for clean water and sanitation that are not currently on track 

to be met, with the disadvantaged less likely to have access to clean water and safely 

managed sanitation. Progress towards SDG 6 is dependent on a complex interplay of 

natural and human-based systems, many of which are already being impacted by climate 

change. 

Wetter conditions in some areas, and more frequent and intense precipitation events more 

generally, will damage crops, harm infrastructure, disrupt water and sanitation services, and 

jeopardise water quality. Meeting ‘safely managed’ targets for drinking water and sanitation 

will become more difficult under overshoot scenarios in areas experiencing wetter conditions 

due to increased flooding, especially in fast-growing informal settlements where climate risk 

and poverty increasingly coincide. Aridity, drought and/or water scarcity will increase in other 

areas, particularly affecting vulnerable water supply and sanitation systems that are unable 

to draw on safe storage such as aquifers or large surface reservoirs. 

Food system 
A temperature rise to 2 °C, in an overshoot scenario, is projected to have little impact on 

mean yields of wheat, rice, soybean and barley, but the interannual variability of wheat and 

soybean yields could increase. As temperature increases beyond 2 °C is projected to reduce 

wheat, rice and soybean yields. 

The potential impacts of overshoot on food production in the year 2050 due to an overshoot 

are small as the temperature difference between the two pathways is only 0.3 °C. There are 

regional variations with higher yields causing an increase in GDP of up to 0.6% in high-
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latitude regions but with higher food prices and GDP reductions of up to 6% in South and 

Southeast Asia. 

Changes in ocean temperature will cause a redistribution of consumer fish towards the 

poles, with a loss of biomass at the equator and to a lesser extent at the poles. The overall 

loss of biomass is likely to be small for the overshoot pathways but will be greater than for 

the NO pathway due to higher oceanic temperatures for an extended period. The 

redistribution of fish would vary by species and could lead to fishing communities needing 

to adapt their approach to fishing, particularly in tropical areas where total fish biomass 

would likely reduce. 

Health 
Overshooting would increase the frequency and intensity of heatwaves, causing higher heat-

related mortality and morbidity by 2050. The largest increases in heatwave duration and 

frequency are projected for sub-Saharan Africa, but the lack of epidemiological data means 

that projecting changes in heat-related mortality and morbidity is not possible. In all regions, 

however, declines in population susceptibility due to physiological acclimatisation and 

additional cooling measures such as air conditioning may result in a lower-than-expected 

health burden in an overshoot. Such adaptations are not always considered in current 

epidemiological models but consistently emerge in historical data. 

Higher levels of food insecurity under a high overshoot pathway might increase malnutrition 

that exceeds health risks from population exposure to heat. An overshoot would expand the 

spread of many vector-borne diseases to more northerly latitudes, but could decrease 

incidence in areas where vectors are already endemic. 

Mitigating greenhouse gas emissions could result in several co-benefits that substantially 

reduce mortality and morbidity. Improving diet has the largest potential benefit. Lower air 

pollution would be particularly valuable in Asia, where many cities have poor air quality. 

Physical activity, by contrast, has smaller potential benefits for morbidity and mortality. 

Indoor and outdoor workers are exposed to high temperatures and humidity in workplaces, 

particularly in low and middle-income countries. The estimated loss of labour capacity, 

supply, and productivity in moderate outdoor work due to heat stress ranges from 2%–14%, 
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varying depending on the location and indicator. Changes in the frequency and intensity of 

extreme temperatures due to an overshoot would increase heat stress and reduce 

productivity, and hence GDP, in those regions. 

Energy 
Substantial investments to decarbonise the energy system are required over the next 30 

years to avoid overshoot. To avoid overshooting, fossil fuel use is reduced by 20%, and coal 

use by 60%, in the NO pathway from 2020 to 2030, and then there are further steady 

reductions over the following decades. Electrification of many processes in industry, 

buildings and transport would be necessary, powered by a massive expansion of renewable 

generation. 

Overshooting could reduce production from thermal and nuclear power plants by 7% in 2050 

as these plants require large quantities of water at a sufficiently low temperature. Many 

power plants use (and hence heat) river water and would need to shut if the water 

temperature exceeded a threshold to avoid damaging aquatic organisms. Changes in 

hydropower potential would vary across the world according to changes in precipitation in 

an overshoot, but the aggregated global hydropower potential would be similar. Changes in 

wind power speeds are expected to vary between regions and to change within regions as 

global temperature continues to increase. Solar PV generation would decrease as a result 

of slower reductions of fossil fuel consumption causing higher atmospheric aerosol levels, 

and also cloud cover and higher surface temperatures in some regions. Overshooting would 

also reduce transmission capacity in summer and could increase distribution infrastructure 

failure due to faster pole decay and more intense storms. 

It is estimated that 675 million people lacked access to electricity in 2021 and a further 2.3 

billion people were without access to clean cooking fuels and technologies. SDG 7.1 aims 

to ensure universal access to affordable, reliable, and modern energy services by 2030. 

Although climate change mitigation could have short-term costs that increase energy prices, 

efficiency improvements from global climate policy (SDG 7.2) could offset the additional 

electricity generation needed to achieve universal access, and climate policies could 

stimulate the expansion of renewable off-grid systems. In contrast, climate change, including 
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overshoot, is projected to increase energy insecurity worldwide. It could also indirectly hinder 

efforts to achieve universal access to clean cooking. 

Poverty, inequality and migration 
The number of people living in extreme poverty is expected to decline substantially from 

around 700 million in 2020 to around 130–160 million in 2050, with the trend unlikely to be 

substantively affected by an overshoot. 

Migration has a range of drivers, some of which are made worse by climate change. 

Exposure to flooding is a key driver but temperature rise and precipitation changes, for 

example increased drought, are also important. Most displacement to date has occurred 

within countries, often from rural to urban areas, rather than across borders. The likelihood 

of migration depends on the level of investment in adaptation measures, the characteristics 

of the population and the resilience of local communities and institutions. It is very difficult 

to assess with any confidence the extent to which climatic changes have caused migration 

to date. It is even more difficult to project future changes as these depend on both uncertain 

future weather patterns and social factors. Overshoot is expected to lead to greater flooding, 

more frequent and severe droughts and more powerful storms for a period of 50 years, 

compared with not overshooting. It is therefore likely that migration would be higher in an 

overshoot, but the magnitude of the increase is very difficult to project compared to other 

impacts. 
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1. Introduction 

This report examines the potential impacts of overshooting a 1.5 °C mean global surface air 

temperature rise on human systems in general and on the UN Sustainable Development 

Goals (SDGs) in particular. Annex 5, on natural system impacts of overshoot, has already 

examined terrestrial ecosystems and biodiversity (SDG15). This annex focuses on human 

system impacts. 

There has been increased interest in recent years in mapping interactions between the 

SDGs. Fuso Nerini et al. (2019) have mapped relationships between energy (SDG7) and 

other SDGs, while Priti Parikh (2021) has similarly examined relationships with clean water 

and sanitation (SDG6). Dagnachew et al. (2021) have mapped the many synergies and 

trade-offs with climate change measures and sustainable development goals. Transitioning 

from these types of qualitative studies to quantitatively projecting the impacts of climate 

change on SDG targets is difficult because there are many diverse targets and they are 

relatively short-term compared to climate change impacts, but initial modelling studies have 

been attempted (e.g. Dagnachew and Hof, 2022). 

In this study, we do not focus on particular SDG targets. Instead, we examine the potential 

impacts of overshooting 1.5 °C in the areas covered by SDGs that are likely to be directly 

affected by climate change: 

• SDG1 (poverty): in Section 8.1. 

• SDG2 (hunger): crop yields and food production in Sections 5.1 and 5.2, respectively. 

• SDG3 (good health and wellbeing): health impacts of overshoot, loss of health co-

benefits through mitigation and the economic consequences of poor health, in 

Section 6. 

• SDG6 (clean water and sanitation): including case studies of irrigation water needs, 

water supply and sanitation in Section 4. 

• SDG7 (affordable and clean energy): in Section 7. 

• SDG 10 (inequality): examining climate-driven migration in Section 8.2. 
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• SDG14 (marine resources): fisheries in Section 5.3. 

Many human impacts are caused by extreme weather. The frequency and magnitude of 

extreme events is expected to increase as the global temperature rises (IPCC, 2023). Floods 

have some of the greatest impacts worldwide, affecting a range of SDGs, so coastal and 

inland floods are examined in Sections 2 and 3. 

1.1 Pathways examined in this report 
In Annex 1 of this study, we develop four future climate pathways that vary according to the 

peak global mean surface air temperature (GSAT) that is reached. We specify this as the 

increase in temperature above the pre-industrial period, in degrees Celsius (°C), in a similar 

way to the International Panel on Climate Change (IPCC) (IPCC, 2021a). We refer to it as 

the global temperature rise in this report. The pathways are: 

• “No Overshoot” (NO), in which the global temperature does not exceed 1.5 °C. 

• “Low Overshoot” (LO), in which the global temperature peaks at 1.6 °C in about 2060 

before returning to 1.5 °C by the year 2100. 

• “High Overshoot” (HO), in which the global temperature peaks at 1.8 °C in about 2065 

before returning to 1.5 °C by the year 2100. 

• “Very High Overshoot” (VHO), in which the global temperature peaks at 1.9 °C in 

about 2065 before returning to 1.5 °C by the year 2100. 

Each of these pathways reaches 1.5 °C in the next 25 years and has climate impacts that 

are more severe than today. 

1.2 Overall methods 
In this annex, we primarily focus on the human system impacts caused by following the VHO 

pathway as this is likely to have the most substantial impacts of these four scenarios. We 

compare these impacts where possible to the NO pathway as a counterfactual. 

The IPCC published a special report in 2018 that compared the consequences of a global 

temperature rise to 1.5 °C and 2 °C (IPCC, 2018). It concluded that climate-related risks to 

health, livelihoods, food security, water supply, human security, and economic growth are 
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projected to increase with global warming of 1.5°C compared to the present, and to further 

increase with if the global temperature rises to 2 °C. The most vulnerable populations, 

particularly in low-income countries, are projected to be at greatest risk of climate impacts. 

Most impact studies have focused on the impacts of climate change for a temperature rise 

of 2 °C or more. For example, the ISIMIP repository1 contains many datasets for an RCP2.6 

trajectory, which is consistent with a 2 °C rise, but no datasets for an RCP1.9 trajectory 

consistent with a 1.5 °C rise. Virtually no literature considers the potential impacts of an 

overshoot to almost 2 °C followed by a reduction to 1.5 °C. Hysteresis is expected in some 

natural systems so 2 °C impacts would not reduce as the global temperature were reduced. 

Our strategy in this report was therefore to take evidence for 2 °C from the literature and 

augment it with our own analyses where possible. This can be characterised as a worst-

case scenario for overshoot pathways that almost reach 2 °C at their peak. For some 

impacts, it was necessary to use different pathways that were close to our pathways as 

analogues. Where possible, we built our analysis on the natural system impacts examined 

in Annex 5 of the main report. 

Many studies in the literature are based on scenarios developed to inform IPCC analyses: 

• Shared Socioeconomic Pathways (SSPs) are scenarios of projected socioeconomic 

global changes up to 2100. 

• Representative Concentration Pathways (RCPs) have been widely used by climate 

modellers to represent scenarios of GHG emissions in the future. They represent a 

range of climate forcing levels due to human actions (expressed in terms of W m-2). 

The IPCC has a set of representative SSP/RCP combinations that have received detailed 

analysis (Jung and Schindler, 2022, Lei et al., 2023). These are discussed in Section 2 of 

Annex 1 of this study. 

1.3 Structure of this annex 
We examine coast flooding and inland fluvial flooding in Sections 2 and 3, respectively. 

Section 4 continues the analysis of potential freshwater impacts by examining case studies 

 
1 Inter-Sectoral Impact Model Intercomparison Project: https://data.isimip.org/ 

https://data.isimip.org/
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of changes in irrigation water requirements and of water supply and sanitation challenges. 

The focus switches to food in Section 5, covering crop yields, crop production and fishing. 

Human health is the focus of Section 6, including direct and indirect impacts of overshoot, 

lost co-benefits from not mitigating greenhouse gas emission and the economic 

consequences of heat stress. Section 7 examines energy systems, including changes due 

to slow mitigation and the impacts of overshoot on energy production. Poverty and climate-

driven migration are the subject of Section 7.9. We draw conclusions in Section 9. 

2. Impacts of coastal flooding 

This section examines the implications of the overshoot on sea-level rise (SLR) and its wider 

impacts. Regardless of whether a 1.5 °C, 2 °C temperature is reached, or an overshoot, the 

coastal zone will be impacted by SLR in this century and beyond. SLR affects coasts through 

increased salinisation, rising water tables, flooding and erosion. This can impact livelihoods, 

such as salinisation impacting agriculture and water quality, flooding causing disruption in 

homes and erosion affecting land availability and tourism. Impacts of SLR will be worse in 

the second half of this century, even if significant adaptation is undertaken. Climate change 

on the coast, including SLR, affects some of the Sustainable Development Goals (SDGs) 

today and this could worsen in the future. These include the ability of societies to adapt to 

SLR and respond to hazards, and access to freshwater.  

In this section, sea-level rise and the overshoot are considered in Section 2.1. Impacts, 

damage and adaptation at sub-global scales, including implications for the SDGs are 

explored in Section 2.2. In Section 2.3, the implications for adaptation and the SDGs are 

analysed.  

The impacts of inland flooding are considered in Section 3. Impacts of inland flooding with 

climate change are influenced by changes to, for example, precipitations patterns 

(e.g. duration, intensity and spatial footprint), transpiration, land cover and permeability. 

Inland flooding can be caused by surface water flooding, fluvial (river) flooding and less 

commonly groundwater flooding. Human impacts include impacts to agricultural land, soil 

erosion, water supply, damage to infrastructure and livelihoods. 
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2.1 Sea-level rise and the overshoot 

2.1.1 Background to sea-level rise 

SLR is discussed in detail in Annex 5 of this study so only a brief overview is given here. 

SLR is driven by the thermal (steric) expansion of the water column, terrestrial water storage 

(ground water pumping), and melting from land-based ice sheets and glaciers. The oceans 

are relatively insensitive to temperature rises over the short-term (few decades) as they take 

time to absorb emissions (O'Neill and Oppenheimer, 2004). This means an increase in 

emissions today will not appear in the sea-level record for decades (Parry et al., 2009) or 

centuries (Schewe et al., 2011, Schleussner et al., 2016). An example is shown in Figure 1 

(Jevrejeva et al., 2018), where temperature is plotted against time (Figure 1a) and shows 

scenarios that stabilise at 1.5 °C (green lines), which is similar to the 1.5 °C NO pathway, 

and 2 °C (purple lines).2 In Figure 1b, SLR is plotted against time, indicating that sea-levels 

will keep on rising regardless of temperature stabilisation. Thus, regardless of the magnitude 

of future warming (Mengel et al., 2018), sea-levels will continue to rise for centuries to come 

and the rate of rise is projected to accelerate regardless of scenario. This includes under 

Representative Concentration Pathway (RCP) 2.6, for which SLR could exceed 3 m in 2300 

(IPCC, 2021a).  

If 1.5 °C is reached quickly (e.g. by 2050), it will initially appear that SLR will be less at 1.5 

°C in 2050 than if 1.5 °C took longer to reach (e.g. by 2100). However, after 2100, as 

temperature rises continue, the former will have a greater magnitude of SLR. Hence, in 

communicating the implications of SLR at 1.5 °C, it is critical that timing is mentioned plus 

the implication that the rise, whether there is an overshoot or not, will not reach a new 

equilibrium until well into the 22nd century (Schleussner et al., 2016). Hence, cumulative 

emissions and the rate, magnitude and duration of the overshoot is important for SLR (Li et 

al., 2020, Kikstra et al., 2022) over centennial scales.  

 
2 Throughout this section, “stabilisation scenario” refers to pathways similar to the NO pathway in 
which the global temperature rise does not exceed 1.5 °C. 
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Figure 1. Global temperature pathways and sea level projections from RCP2.6, RCP4.5 (both 
relative to 1986–2005 plus 0.61°C to show relative to pre-industrial) and RCP8.5 from CMIP5 
models. 

 (a) Global temperature pathways from RCP2.6 (where 1.5°C is reached by the end of the century – 
green lines and RCP4.5 (where 2.0°C is reached by the end of the century – purple lines) and 
RCP8.5 (orange lines). Each line represents a CMIP5 model). (b) Sea-level projections for the same 
scenarios. The line and shaded areas are median and 17th−84th percentile range respectively. 
Figure extracted from Jevrejeva et al. (2018), CC BY 3.0. 

2.1.2 Overshoot and global mean sea-level rise 

Wigley (2018) considered rises of 1.5 °C and 2 °C, including a small overshoot as a result 

of maintaining carbon dioxide concentrations at levels both higher and lower than today. As 

a result of warming and the overshoot, sea levels continue to rise for centuries, albeit as a 

slower rate for scenarios of lower CO2 concentrations. Sanderson et al. (2017) reached 

similar conclusions, and that even with negative emissions, SLR will continue this century. 

When considering how long sea levels could rise after the overshoot, Tsutsui et al. (2007) 

found that the rate of SLR could stabilise in the 23rd century, but overall sea levels would 

continue to rise. Schaeffer et al. (2012) found that in an ‘optimistic’ scenario with a low 

overshoot and temperatures slightly declining towards the end of the 21st century, there 

could be a small decline in the rate of SLR, with the overall magnitude of rise project to be 

between 0.75–0.8 m in 2100 with respect to 2000. However, sea levels would continue to 

rise, potentially resulting in 1.5 m of rise for a 1.5 °C scenario and 2.7 m rise for a 2 °C 

scenario in 2300 with respect to 2000. 

https://creativecommons.org/licenses/by/3.0/
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Schwinger et al. (2022) found similar trends when considering just the steric component of 

SLR (i.e. expansion of the water column, not including additional components such as 

melting ice) through analysing of ocean heat uptake. However, when considering the steric 

component of SLR beyond 2500, Schewe et al. (2011) found a potential reversal of rise in 

the second half of the 23rd century – 200 years after the temperature peaked at 1.6 °C with 

respect to pre-industrial levels. Hence oceans take centuries to respond to an overshoot. 

DeConto et al. (2021) analysed the overshoot through the assumption of CO2 removal 

strategies reducing surface temperature and their effect on just the Antarctic contribution to 

SLR. They found that with each decade CO2 removal was delayed after 2060, there was a 

substantial increase in the multi-centennial consequences for SLR from Antarctic 

contributions. An overshoot of less than 2 °C this century would restrict the Antarctic 

contribution to between approximately 0.05 m to 0.07 m by 2100 (and approximately 1.45 

m to 1.6 m by 2300), compared with 0.05 m in 2100 (and approximately 1.3 m to 1.4 m by 

2300) if CO2 removal holds temperatures at 1.5 °C. This magnitude of rise is substantially 

lower than a 3 °C equivalent rise in temperature where rises of approximately 0.21 m in 

2100 and 2.6 m in 2500 are projected. Whilst there is some debate about the levels of 

decline in the rate of SLR, there is high confidence that SLR will continue for at least a 

century even if temperatures and emissions stabilise, with differing sensitives given to the 

source of each component of SLR. As many scientific studies (particularly prior to the 2015 

Paris Agreement) only report outputs to 2100, impacts associated with SLR beyond that 

date are often not considered (Clark et al., 2016), including the implications of an overshoot 

scenario. 

Over the past decade, there have been concerns over potential tipping points in the Earth 

system, where transient rates of temperature rise (O'Neill and Oppenheimer, 2004, Ritchie 

et al., 2021), including that of an overshoot, could significantly influence the magnitude of 

SLR. Processes of concerns include enhanced rates of losses of ice sheets (Robinson et 

al., 2012, DeConto and Pollard, 2016, Schleussner et al., 2016, Rückamp et al., 2018), 

particularly the West Antarctic Ice Sheet and the possibility of triggering marine ice cliff 

instability leading to rapid ice loss, noting that that these effects may not be fully felt until 

after the year 2100. Annex 5 on natural system impacts further examines these processes. 
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2.1.3 Overshoot and regional sea-level rise 

Palter et al. (2018) found with a 2 °C overshoot pathway that returns to 1.5 °C by 2100, 

compared with a 1.5 °C stabilisation in 2100 scenario, the global steric component of SLR 

could be 18% higher (reaching approximately 0.25 m above the pre-industrial level) due to 

large-scale Earth system oceanic processes, such as the Atlantic Meridional Overturning 

Circulation (AMOC) and processes influencing the coverage of sea ice. The global steric 

component would be 0.04 m higher in 2100 due to overshoot but could be locally up to 0.1 

m higher, for example, north of Cape Hatteras in North Carolina (including around the east 

coast of Canada and Greenland), but not to the south. Increases in the steric component 

are also seen in patches in the Southern Ocean. Due to the lack of proximity of land masses, 

these are unlikely to have a significant impact on coastal flooding en masse, except locally 

for small islands. A decrease in steric sea-level rise component (<0.1 m) with the overshoot 

scenario in 2100 is seen around the Caribbean, parts of the east coast of American, Northern 

Europe, Southeast Asia and parts of the Pacific and Southern Ocean. It must be stressed 

these changes are small relative to other uncertainties in the model and emission scenario, 

so cannot provide a clear picture of any global regions that may be riskier than others. 

Additionally, Tachiiri et al. (2019) considered impacts of an overshoot (of 2 °C, then declining 

to 1.5 °C) on regional sea levels compared with a stabilisation scenario. They found the 

difference in the steric component of SLR to be around 0.02–0.03 m in 2100, but could lead 

to 0.09 m of difference in 2300 in the Pacific Ocean where many small islands are located. 

Hence there are regional sensitivities of SLR, which are also apparent in the overshoot, 

which will play out over long time scales.  

2.1.4 Global causes of extreme water level events 

Mean sea level rise is just one cause of future flooding. Tides, surges and waves vary from 

daily to multi-decadal timescales, driven by large-scale Earth system processes and day-to-

day weather. Combined, these driving factors form extreme water levels that contribute to 

flooding today, and will do in the future too, particularly if they increase in magnitude. These 

components of extreme water levels are complex to project, but are known to have 

differences between warming of 1.5 °C and 2 °C (Rasmessen et al., 2018, Tebaldi et al., 

2021). Tebaldi et al. (2021) found that with 1.5 °C of warming that around 50% of their 7,283 
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data locations world-wide experienced today’s 1-in-100 year extreme sea-level at least 

annually. This was particularly notable in the tropics and least notable in the northern 

latitudes.  

Tides are broadly predictable but vary day-to-day due to the meteorological conditions – 

including the surge where low pressure, such as during a storm, can raise the mean water 

level. Large-scale Earth system processes affect the weather. The subsequent surge and 

waves that interact on the coast, which could be sensitive to the overshoot, include: (i) the 

annual effect of melting sea-based ice (Hoegh-Guldberg et al., 2018a) (see Section 2.2.8); 

(ii) the uptake of heat in the oceans as this takes a long time to dissipate when cooling 

occurs; (iii) interactions between these processes. This manifests itself through the El Niño-

Southern Oscillation (ENSO) leading to greater oceanic warming (Wang et al., 2017), 

interdecadal Pacific Oscillation (IPO) (Henley and King, 2017), North Atlantic Oscillation 

(NAO) with warmer cold events (Bader et al., 2011, King and Karoly, 2017), ocean 

acidification (Palter et al., 2018) and the AMOC (Palter et al., 2018, An et al., 2021). 

Regional impacts of these processes are described in the sections below. More generally, 

interactions of short- and long-term processes include the potential for a delayed 

autumn/winter negative pattern in the NAO (Bader et al., 2011). Observations indicate sea-

ice variability influences the intensity of storms, and that less sea ice leads to more intense 

storms (Simmonds and Keay, 2009). Additionally, for the AMOC, the timing and duration of 

overshoot matters (Ritchie et al., 2021). Palter et al. (2018) investigates a 2 °C overshoot 

and found the AMOC to slow down, inevitably causing the ocean surface to be cooler 

compared with a 1.5 °C stabilisation scenario, which could lead to expansion of sea ice in 

the polar areas of the North Atlantic Ocean and Southern Ocean. Furthermore, globally it is 

projected that there will be an increase in the number of intense tropical cyclones (high 

confidence) with an increase of 10% at 1.5 °C and 13% at 2 °C. (Wehner et al., 2018, Arias 

et al., 2021). The overall total global number of tropical cyclones are projected to decrease 

or remain unchanged (medium confidence) (Arias et al., 2021). The implications of the 

overshoot on these processes have not been investigated. In all these papers and others, 

feedback mechanisms are complex, and there is limited research on this with respect to the 

overshoot or the implications this could have globally.  
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2.1.5 Sea-level rise scenarios 

SLR has not been examined in overshoot scenarios in the literature that are the same as 

the overshoot pathways developed in this study. A range of scenarios (where temperature 

and sub-global or country impact metrics were also available) have been reviewed for 

scenarios of 1.5 °C, 2 °C and RCP 2.6. These included Hinkel et al. (2014), Brown et al. 

(2018a), Jevrejeva et al. (2018), Nicholls et al. (2018), Arnell et al. (2019), Tiggeloven et al. 

(2020), Brown et al. (2021), Lincke et al. (2022), and Kirezci et al. (2023). Data was selected 

from Brown et al. (2021) as this provided a clear time series of data needed with a small 

overshoot in temperature. This included two scenarios where temperature increases above 

1.5 °C and then declines by 2100, which were called the <1.5 °C and <2 °C scenario (Brown 

et al., 2021). In the <1.5 °C scenario, the temperature increased to 1.7 °C in 2040 then 

declined to 1.4 °C in 2100. For the <2 °C scenario, temperatures rose to 1.8 °C in 2050 then 

stayed at a similar level until 2100 (Table 1). Comparing in terms of temperature, the VHO 

pathway is somewhere between the two, with a steep rise in temperature until 2060 similar 

to the <2 °C scenario followed by a decline in 2100 similar to the <1.5 °C scenario. The 

principal difference is that the VHO pathway has a steeper decline in temperature after 2080 

so it returns to 1.5 °C by 2100. However, this will have little immediate impact on SLR. 

Table 1. Temperature and sea-level rise throughout the 21st century for the <1.5 °C and <2 °C 
scenarios. Data extracted from Brown et al. (2021). For sea-level, the 50th percentile is shown with 
the 5th and 95th percentiles in brackets. 

Year 

Temperature 

rise (°C) with 

respect to 1986-

2005 for the < 

1.5 °C scenario 

Mean sea-level 

rise (m) with 

respect to 1986-

2005 for the < 

1.5 °C scenario 

Temperature 

rise (°C) with 

respect to 1986-

2005 for the < 2 

°C scenario 

Mean sea-level 

rise (m) with 

respect to 1986-

2005 for the < 2 

°C scenario 

2000 - 0.02 (0.02–0.03)  - 0.02 (0.02–0.03)  
2010 0.99 0.07 (0.05–0.09)  0.99 0.07 (0.05–0.09)  
2020 1.25 0.13 (0.1–0.16)  1.25 0.13 (0.1–0.16)  
2030 1.53 0.2 (0.16–0.25)  1.53 0.2 (0.16–0.25)  
2040 1.67 0.29 (0.23–0.35)  1.69 0.29 (0.23–0.35)  
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2050 1.65 0.37 (0.29–0.46)  1.77 0.38 (0.3–0.46)  
2060 1.63 0.46 (0.36–0.56)  1.80 0.47 (0.37–0.57)  
2070 1.58 0.56 (0.44–0.68)  1.80 0.58 (0.46–0.7)  
2080 1.52 0.65 (0.51–0.79)  1.79 0.68 (0.54–0.83)  
2090 1.48 0.74 (0.57–0.9)  1.77 0.79 (0.62–0.96)  
2100 1.44 0.82 (0.64–1.01)  1.76 0.89 (0.7–1.08)  

 

In the IPCC Special Report on 1.5 °C (Hoegh-Guldberg et al., 2018a), SLR at 1.5 °C in 2100 

was reported as being between 0.20 m to 0.99 m depending on the confidence intervals 

used. This indicated no consensus in spread. However, in 2100, the difference between 

global mean SLR at 1.5 °C and 2 °C is around 0.1 m (0.04–0.16 m) for all outputs (Hoegh-

Guldberg et al., 2018a). The difference in SLR between the scenarios presented in Table 1 

are similar to this range. There are no scenarios available for changes in tides, surges or 

waves, hence the main focus of this section is on changes due to SLR. 

2.2 Regional impacts 
SLR will lead to salinisation, increased risk of flooding and potentially heightened erosion 

(very high confidence), especially in the second half of this century (Oppenheimer et al., 

2019), regardless of the scenario. The effects will be felt in virtually all coastal zones world-

wide (unless land is uplifting for geological reasons such as in Northern Scandinavian 

regions). SLR will be exacerbated by land subsidence, such as through fluid extraction and 

natural compaction of soft sediments (e.g. in certain deltas and cities) (high confidence). 

Impacts will particularly affect low-lying areas, such as deltas and atolls, and also countries 

that will struggle to adapt, such as developing nations (Nicholls and Cazenave, 2010). SLR 

will also affect habitats and associated biodiversity, particularly where hard barriers present 

migration inland (Oppenheimer et al., 2019), or where sediment is trapped or removed up-

stream in rivers restricting vertical growth of estuarine and coastal wetlands. SLR is also 

projected with high confidence to causes damage and impact economic growth through loss 

of land, natural capital, infrastructure loss, damage to transport systems, food insecurity, 

social capital and livelihoods (Oppenheimer et al., 2019). These impacts are projected to 

continue even if temperatures are held at 1.5 °C or 2 °C (Hoegh-Guldberg et al., 2019, 
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Oppenheimer et al., 2019, Glavovic et al., 2022) or with an overshoot, including beyond 

2100. 

In this section, impacts at sub-global level based on IPCC regions (Gutiérrez et al., 2021) 

are reviewed. Systems and regions where the 1.5 °C threshold are critical for impacts, and 

where an overshoot could cause substantially greater damage, are examined qualitatively. 

Quantitative damage and adaptation costs are reviewed for the <1.5 °C scenario (Table 1) 

as there is an overshoot in temperature, albeit closer to the HO pathway than the VHO 

pathway. This data was previously presented at a global level (see Brown et al., 2021) and 

in the Searchable Inventory developed by the CS-N0W programme (Warren et al., 2022). It 

is not possible to directly compare costs against a 1.5 °C stabilisation scenario as other 

scenarios (e.g. Jevrejeva et al., 2018) have a different set of assumptions in the modelling 

process. 

2.2.1 Methods 

Qualitative results were undertaken by means of a literature review for sub-global impacts, 

building on Warren et al. (2022). Quantitative results were derived from Brown et al. (2021), 

using the Dynamic Interactive Vulnerability Assessment (DIVA) modelling framework 

(Hinkel, 2005, Vafeidis et al., 2008, Hinkel et al., 2014) and Shared Socio-economic 

Pathway 2 (SSP2). Further processing of raw data was taken to derive the IPCC regions 

(Gutiérrez et al., 2021). As output was at country level, all countries were allocated to a 

region where most of their coastline fell. Russia’s coastline spans Asia, Polar Terrestrial 

(known as Polar) and Europe; as most of the coastline is in the Polar region, it was allocated 

to that region. 

2.2.2 Africa 

Africa’s coastal zone varies from low-lying shores (e.g. Nile, Niger and Volta deltas) to more 

hilly and mountainous areas. For example, nearly 90% of the land area in the Volta delta is 

situated less than 5 m above mean sea-level (Brown et al., 2018b)). SLR is projected to be 

0.43 m (0.34–0.53 m) in 2060 and 0.77 m (0.60–0.95 m) in 2100 (Table 2). This is less than 

the global mean. Cyclones (e.g. around the Southwest Indian Ocean) are projected to 

decline in number but become more intense (Malherbe et al., 2013). However, Gutiérrez et 
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al. (2021) indicates on the IPCC atlas a medium confidence of increase in tropical cyclones 

in Southeast Africa, including on the Southwest Indian Ocean coast. Cyclones making 

landfall in the Southwest Indian Ocean over Southern Africa are projected to decrease up 

to 2 °C of warming then stay stable at higher temperatures (Muthige et al., 2018).  

48% of Africa’s population live in cities of a population greater than 300,000 people, with 8% 

living in cities of 10 million or more (Dodman et al., 2022). Growing populations are a major 

driver of flood risk (Tellman et al., 2021), particularly in West and North Africa (Neumann et 

al., 2015, Merkens et al., 2016, Reimann et al., 2023). For example, in the low economic 

coastal zone, populations in 2060 (with 0.21 m of SLR) could increase to 245 million people, 

compared with 54 million today (Trisos et al., 2022).  

Key risks around the continent include  flooding, erosion (Hinkel et al., 2012, Evadzi et al., 

2017, Trisos et al., 2022), and salinisation of groundwater (Musa et al., 2014), plus 

compound risks. Examples of compound risks include declining precipitation affecting 

agriculture and food production, and heat-related labour productivity and sea flooding, 

especially in West Africa (Muthige et al., 2018, Trisos et al., 2022). These risks have the 

potential to disrupt education, healthcare, water treatment and access to electricity (Trisos 

et al., 2022), affecting numerous SDGs, including decent work and economic growth (SDG 

8) and sustainable cities and communities (SDG 11). 

Damage and adaptation costs are shown in Table 2. Due to the significant and projected 

growth in infrastructure, cities are considered likely to experience significant damage costs 

(Abadie, 2018, Abadie et al., 2020, Trisos et al., 2022). Not all cities will be able to afford or 

have sufficient resource to adapt (Abadie, 2018), leaving significant vulnerabilities. 

Adaptation should take into account sustainable development, equity and vulnerability to 

avoid unintended consequences. For instance, sand extraction near Accra, Ghana, for 

construction increases erosion (Boateng, 2012, Appeaning Addo, 2015), which will only 

worsen with sea level rise. This creates challenges for responsible consumption and 

production (SDG 12) as there is little regulation. Adaptation will be especially important 

where there are growing populations (especially in low income urban areas – Dodman et al. 

(2022)) and where infrastructure to support people has yet to be built. Education and 



 

   Impacts of coastal flooding | 33 

 

awareness in such places are essential to ensure SLR is considered ahead of urban 

expansion. 

Table 2. Annual sea dike costs and annual flood costs with and without adaptation in Africa for the 
< 1.5 °C scenario under SSP2 (50th percentile, with 5th and 95th percentile in brackets). Data 
generated from Brown et al. (2021). 

Year 

Mean sea-level 

rise (m) with 

respect to 1986-

2005 for the < 

1.5 °C scenario 

Without 

additional 

adaptation: Total 

annual sea flood 

costs ($bn/yr) 

With additional 

adaptation: 

Total annual sea 

dike costs 

($bn/yr) 

With additional 

adaptation: Total 

annual sea flood 

costs ($bn/yr) 

2000 0.02 (0.01–0.02) 0.2 (0.2–0.3) 0.7 (0.5–0.8) 0.1 (0.1–0.1) 
2010 0.06 (0.05–0.08) 2 (1–3) 0.9 (0.9–1) 0.3 (0.2–0.3) 
2020 0.12 (0.09–0.15) 19 (12–26) 2 (1–2) 0.6 (0.5–0.7) 
2030 0.19 (0.15–0.23) 61 (50–70) 3 (2–2) 2 (1–2) 
2040 0.27 (0.21–0.33) 131 (111–155) 2 (1–2) 3 (3–4) 
2050 0.35 (0.28–0.43) 261 (211–295) 2 (1–3) 7 (5–8) 
2060 0.43 (0.34–0.53) 438 (374–501) 2 (1–2) 12 (10–14) 
2070 0.52 (0.41–0.64) 702 (600–811) 3 (2–2) 21 (17–25) 
2080 0.61 (0.48–0.74) 1060 (895–1235) 2 (1–3) 34 (27–40) 
2090 0.69 (0.54–0.85) 1524 (1273–1794) 2 (2–3) 51 (41–62) 
2100 0.77 (0.60–0.95) 2139 (1774–2539) 2 (1–2) 75 (60–92) 

 

2.2.3 Asia 

Asia’s coastline includes numerous low-lying delta regions, hilly areas and islands. Low-

lying deltas are sensitive to SLR and extremes. For example, Feng et al. (2018) found with 

a 2 °C rather than a 1.5 °C rise there is an considerable increase in extreme sea levels along 

the Chinese coast. Gutiérrez et al. (2021) indicated on the IPCC atlas a medium confidence 

of increase in tropical cyclones in East and Southeast Asia. SLR is projected to be 0.39 m 

(0.31–0.48 m) in 2060 and 0.70m (0.55–0.86 m) in 2100 (Table 3). This is less than the 



 

   Impacts of coastal flooding | 34 

 

global mean. Compounding this is subsidence, which can locally be in excess of 3 mm/yr, 

with 100 mm/yr not uncommon in delta regions (Ericson et al., 2006, Nicholls et al., 2021).  

According to Dodman et al. (2022), 15% of Asia’s population live in cities of more than 10 

million people. Twelve of the top 20 countries exposed to SLR are in Asia (Neumann et al., 

2015) and Kulp and Strauss (2019) found that 70% of global population living on land 

exposed to SLR live in one of eight Asian countries (China, Bangladesh, India, Vietnam, 

Indonesia, Thailand, Philippines and Japan). Many coastal cities are exposed to higher than 

average rises in sea level (Hallegatte et al., 2013, Jevrejeva et al., 2016) and will be affected 

by other climate forcings (Becker et al., 2023).  

Brown et al. (2018b), Mohammed et al. (2018) indicated that in coastal Bangladesh, when 

flooding does occur in unprotected areas due to combined physical coastal and catchment 

processes in the delta the depth of flooding on the land is projected to increase 50% and 

the inundated area is projected to increase 2.5 times in a 3 °C scenario compared with a 1.5 

°C scenario. They also noted, given uncertainties, a greater overlap between the findings at 

1.5 °C and 2 °C, compared with 2 °C and 3 °C. Mohammed et al. (2018) indicated that river 

flood flows with a 100-year return period are projected to increase in the delta area by about 

27% and 29% (Ganges), 8% and 25% (Brahmaputra) and 15% and 38% (Meghna) under 

1.5 °C and 2 °C respectively. Sections 4.7 and 4.8 examine water resource challenges in 

Bangladesh and the Ganges basin in more detail. In East Asia, warming will mean more 

extreme precipitation and pluvial folding (Li et al., 2019). This could result in greater flushing 

of sediments which could change the morphological environment or conditions that could 

lead to compound flooding (a coincidence of coastal, fluvial and pluvial flooding), especially 

in low-lying deltas. 

Damage and adaptation costs are shown in Table 3. Damage is projected to be large in 

megacities (Abadie, 2018, Abadie et al., 2020), requiring adaptation (Du et al., 2020). 

Anthropogenic drivers such as mangrove deforestation, pollution, loss of coral reefs, tide 

marshes, seagrass meadows and agriculture could enhance damage, especially when the 

temperature rise exceeds 2 °C (Shaw et al., 2022). These impact upon zero hunger (SDG 

2) and life below water (SDG 14) targets. Migration driven by extreme events is already 

happening (Shaw et al., 2022). Agricultural areas are already challenged by increases in 
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soil salinity, with mitigation strategies including cultivation of alternative crops, 

suitable irrigation and land use strategies (Mukhopadhyay et al., 2021), impacting SDGs 

(e.g. zero hunger (SDG 2) and decent work and economic growth (SDG 8)). Food security 

and enhanced poverty is happening now with significant implications for livelihoods (Eswar 

et al., 2021, Lam et al., 2022). Embankments have traditionally offered some protection 

against salinity increases, but a greater range of strategies will be needed, including a 

broader portfolio of political, land use and water infrastructure measures (Smajgl et al., 

2015). 

Table 3. Annual sea dike costs and annual flood costs with and without adaptation in Asia for the < 
1.5 °C scenario under SSP2 (50th percentile, with 5th and 95th percentile in brackets). Sea dike 
costs without adaptation are close to zero in all years. Data generated in Brown et al. (2021). 

Year 

Mean sea-level 

rise (m) with 

respect to 1986-

2005 for the < 

1.5 °C scenario 

Without 

additional 

adaptation: Total 

annual sea flood 

costs ($bn/yr) 

With additional 

adaptation: Total 

annual sea dike 

costs ($bn/yr) 

With additional 

adaptation: Total 

annual sea flood 

costs ($bn/yr) 

2000 0.02 (0.01–0.02) 11 (10–12) 3.2 (3–4) 7.8 (7.7–7.8) 
2010 0.06 (0.04–0.07) 58 (44–74) 5 (3–6) 17 (17–18) 
2020 0.11 (0.08–0.14) 278 (191–390) 7 (5–6) 33 (31–33) 
2030 0.17 (0.14–0.21) 1043 (665–1662) 6 (5–7) 51 (49–53) 
2040 0.25 (0.19–0.30) 3167 (1888–3813) 7 (5–9) 72 (67–76) 
2050 0.32 (0.25–0.39) 4899 (3879–6370) 7 (5–7) 93 (85–101) 
2060 0.39 (0.31–0.48) 7404 (5488–9002) 7 (7–8) 117 (105–128) 
2070 0.48 (0.37–0.58) 10051 (7819–

12376) 
7 (5–9) 146 (129–162) 

2080 0.55 (0.43–0.68) 12942 (10105–
15676) 

6 (6–12) 175 (153–198) 

2090 0.63 (0.49–0.77) 15856 (12368–
18120) 

6 (4–9) 208 (178–238) 

2100 0.70 (0.55–0.86) 18330 (14885–
20589) 

9 (5–7) 244 (209–283) 
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Adaptation is being undertaken through building on levees and sea walls, often with a focus 

on disaster risk reduction (Shaw et al., 2022), in part to achieve related SDGs (e.g. no 

poverty (SDG 1), sustainable cities and communities (SDG 11) and climate action (SDG 

13)). Future adaptation needs will be considerable (Glavovic et al., 2022) with adaptation 

planning still in the early stages in Asian cities (Dulal, 2019), with a large adaptation gap for 

exposed urban populations on low income (Dodman et al., 2022). 

2.2.4 Australasia  

Australia’s coast includes long stretches of open coastline, with cities and corals. SLR is 

projected to be 0.66 m (0.52–0.80 m) in 2060 and 1.17 m (0.91–1.43 m) in 2100 (Table 4). 

This is greater than the global mean. Under RCP2.6, SLR and extremes are projected to be 

greatest in Eastern Australia compared with other coasts (McInnes et al., 2015, Lawrence 

et al., 2022). A greater proportion of severe cyclones are projected with warming greater 

than 2 °C (with no clear evidence at 1.5 °C and 2 °C) (Lawrence et al., 2022), which could 

cause substantial flooding and erosion. Where wind speed increases, 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). Gutiérrez et al. (2021) indicates on the IPCC atlas a low 

confidence of change in wind storms. 

Key risks including SLR, high tides and storm surges. This heightens flood risk in low-lying 

areas and estuarine locations, including cities (60% of the population live in cities of 1–5 

million people (Dodman et al., 2022)), key transport networks, indigenous populations 

(medium confidence) and wetlands and coral environments (Lawrence et al., 2022). As with 

atolls and reefs (see Small Islands in Section 2.2.9), there are concerns about the 

implications of warming of 1.5 °C for the Great Barrier Reef (McWhorter et al., 2022), with 

temperature increases greater than this approaching a tipping point (see Annex 5 on natural 

system impacts). Sustained warming is projected even during La Niña conditions when the 

Pacific is cooler. Wang et al. (2017) found no intermodal consensus on the change in 

extreme La Niña events and their frequency, and as such there is no statistically-significant 

projected increase in extreme La Niña events as a direct consequence of 1.5 °C or 2 °C of 

warming. This has implications for local flooding and erosion, marine life (SDG 14 life below 

water) and sustainable tourism. 
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Damage and adaptation costs are shown in Table 4. Adaptation in Australia and New 

Zealand has increased (SDG 13 – climate action), but barriers, such as competing 

objectives, differing values, legal issues and engagement, remain (Lawrence et al., 2022), 

with a greater shift to anticipatory planning needed, including land use planning and 

insurance. Managing adaptation is primarily focused on reducing anthropogenic pressures 

and facilitating natural adaptation (high confidence). Compared with other world regions 

(Dodman et al., 2022), Australasia has greater planned adaptation for those on the highest 

income in urban areas, with greater planned adaptation needed for those on low income. 

Table 4. Annual sea dike costs and annual flood costs with and without adaptation in Australasia for 
the < 1.5 °C scenario under SSP2 (50th percentile, with 5th and 9th percentile in brackets). Data 
generated in Brown et al. (2021). 

Year 

Mean sea-level 

rise (m) with 

respect to 1986-

2005 for the < 

1.5 °C scenario 

Without 

additional 

adaptation: Total 

annual sea flood 

costs ($bn/yr) 

With additional 

adaptation: Total 

annual sea dike 

costs ($bn/yr) 

With additional 

adaptation: Total 

annual sea flood 

costs ($bn/yr) 

2000 0.03 (0.02–0.04) 0.1 (0.1–0.1) 0.1 (0.1–0.1) 0.1 (0–0.1) 
2010 0.1 (0.07–0.12) 0.2 (0.1–0.2) 0.1 (0.1–0.4) 0.1 (0.1–0.1) 
2020 0.18 (0.14–0.23) 0.7 (0.4–1.4) 0.2 (0.5–0.2) 0.3 (0.2–0.4) 
2030 0.29 (0.23–0.35) 5 (2–8) 0.5 (0.2–0.5) 0.6 (0.5–0.8) 
2040 0.41 (0.32–0.50) 16 (8–23) 0.2 (0.4–0.3) 1 (0.9–2) 
2050 0.53 (0.42–0.65) 31 (22–38) 0.4 (0.2–0.2) 2 (1–2) 
2060 0.66 (0.52–0.80) 45 (36–53) 0.2 (0.3–0.6) 3 (2–4) 
2070 0.79 (0.62–0.97) 62 (50–72) 0.6 (0.2–0.3) 4 (3–6) 
2080 0.92 (0.72–1.13) 80 (67–94) 0.7 (0.2–0.7) 6 (5–8) 
2090 1 (0.81–1.28) 99 (82–118) 0.2 (0.3–0.3) 8 (6–11) 
2100 1 (0.91–1.43) 122 (99–145) 0.2 (0.2–0.3) 11 (8–14) 
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2.2.5 Central and South America 

Central and South America contain contains low-lying areas, mountainous/hilly coasts and 

deltas. Caribbean islands are considered under the Small Island region, but some of the 

meteorological forces are the same as for Central America. There is limited research into 

the impacts of 1.5 °C for Central and South America. 

SLR is projected to be 0.53 m (0.42–0.65 m) in 2060 and 0.95 m (0.74–1.16 m) in 2100 

(Table 5). This is greater than the global mean. Local subsidence can enhance this risk (e.g. 

Restrepo-Ángel et al., 2021). Gutiérrez et al. (2021) indicates on the IPCC atlas a medium 

confidence of increase in tropical cyclones in Central America and Northeastern South 

America, with low confidence in the direction of change in storms. 

Local sea-levels will continue to be enhanced during ENSO events (Villamizar et al., 2017) 

or from swell waves (Andrade et al., 2013). For 1.5 °C of warming, Wang et al. (2017) found 

that extreme El Niño events increase linearly with temperature rise. Due to the oceanic 

thermocline sustaining faster warmer in the Eastern Equatorial Pacific, extreme ENSO 

events continue for up to a century after temperatures have stabilised, (Wang et al., 2017). 

With warming, there is an eastward shift in intensification of ENSO-related atmospheric 

teleconnections (Cai et al., 2021). More extreme El Niño events impacts Central (and 

Eastern North) American coasts through increase storm events, causing severe beach 

erosion (Barnard et al., 2017). For these impacts, the magnitude of overshoot is important 

as it influences the duration of extreme events after the overshoot has passed. 

17% of the population of Latin America and the Caribbean live in cities of more than 10 

million people, with a further 25% living in cities of 1–5 million people (Dodman et al., 2022). 

SLR has potential to increase salinisation, including in deltas (Rojas et al., 2018), but this is 

also dependent on rates of sedimentation and river flow (the latter also being affected by 

climate change). Extreme events can cause disasters affecting development of entire 

countries (SDG 8 – decent work and economic growth, SDG 11 – sustainable cities and 

communities). 

Table 5 notes damage and adaptation costs for Central and South America. Dodman et al. 

(2022) notes that adaptation in urban areas is relatively high for the exposed population with 

the highest income, compared with those on the lowest income. Planned adaptation 
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significantly widens the gap between those on the highest and lowest income, with potential 

remaining to adapt for those in lower-income areas (Dodman et al., 2022). In many South 

American countries, adaptation is constrained by poverty, resources and other social 

priorities (Villamizar et al., 2017), hence these factors need to be addressed at the same 

time as promoting adaptation. 

Table 5. Annual sea dike costs and annual flood costs with and without adaptation in Central and 
South America for the < 1.5 °C scenario under SSP2 (50th percentile, with 5th and 95th percentile 
in brackets). Total sea dike costs each year are close to zero without additional adaptation. Data 
generated in Brown et al. (2021). 

Year 

Mean sea-level 

rise (m) with 

respect to 1986-

2005 for the < 

1.5 °C scenario 

Without 

additional 

adaptation: Total 

annual sea flood 

costs ($bn/yr) 

With additional 

adaptation: Total 

annual sea dike 

costs ($bn/yr) 

With additional 

adaptation: Total 

annual sea flood 

costs ($bn/yr) 

2000 0.02 (0.02–0.03) 0.4 (0.4–0.5) 1 (1–2) 0.3 (0.3–0.4) 
2010 0.08 (0.06–0.1) 3 (2–4) 1.2 (0.7–1.5) 0.9 (0.8–1) 

2020 0.15 (0.11–0.18) 13 (9–19) 2 (3–2) 2 (2–3) 
2030 0.23 (0.18–0.29) 37 (25.6–48) 2 (1–4) 5 (4–6) 

2040 0.33 (0.26–0.41) 75 (55–84) 2 (2–3) 9 (7–10) 
2050 0.43 (0.34–0.53) 109 (94–121) 4 (2–3) 14 (11–16) 

2060 0.53 (0.42–0.65) 149 (130–168) 3 (2–6) 20 (17–24) 
2070 0.64 (0.5–0.78) 199 (172–228) 4 (2–3) 29 (23–36) 

2080 0.75 (0.58–0.91) 258 (220–300) 2 (3–4) 40 (32–51) 
2090 0.85 (0.66–1.04) 326 (273–385) 2 (2–3) 55 (42–68) 

2100 0.95 (0.74–1.16) 406 (336–486) 2 (1–4) 72 (53–86) 
 

2.2.6 Europe 

Europe’s coast ranges from polar areas to low-lying deltas and rocky coasts. Land raising 

through geological processes occurs in northern latitudes, reducing the risks associated with 
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SLR, with subsidence occurring elsewhere due to glacial isostatic rebound3 and locally in 

some deltas (Antonioli et al., 2020). SLR is projected to be 0.35m (0.28–0.43 m) in 2060 

and 0.63 m (0.49–0.77 m) in 2100 (Table 6). This is less than the global mean. Compared 

with open coasts, SLR is likely to be lower in the Mediterranean and Baltic Seas as these 

are semi-enclosed water bodies (Fox-Kemper et al., 2021). Gutiérrez et al. (2021) indicates 

on the IPCC atlas a medium confidence of increase in severe wind storms across the whole 

continent. Wetter conditions in Northern Europe (during winter months, often associated with 

storm conditions that promote flooding and erosion) tend to be associated with the positive 

phase on the NAO (Bader et al., 2011). Positive phases can last for consecutive winters, 

such as from the mid-1960s to the mid-1990s (Stephenson et al., 2000). If a positive NAO 

phase were to coincide with an overshoot, this could potentially change the associated 

weather conditions. However, there is very little research in this area so the potential 

sensitivity to the overshoot is not well understood. 

Dodman et al. (2022) indicate that 57% of Europe’s population live in cities of a population 

less than 300,000. Europeans at risk from a 100-year flood event (coast and inland) will 

rapidly increase beyond 2040, assuming present protection and population levels (Bednar-

Friedl et al., 2022). Risks of inundation and flooding will increase at an accelerating pace 

(high confidence), with erosion affecting many sandy European coastlines (high confidence) 

as 27%–50% of Europe’s coast are eroding today (high confidence) (Bednar-Friedl et al., 

2022). 

Damage and adaptation costs are shown in Table 6. 75% of European nations are already 

planning for SLR (McEvoy et al., 2021), which is integrated with shoreline management 

planning. This supports SDG 13 on climate action. Exposed populations with lower income 

and higher income are equally balanced in terms of current adaptation, with planned 

adaptation favouring population with higher income (Dodman et al., 2022). Few nations are 

considering the period beyond 2100, meaning the significance of SLR may not be fully 

integrated with adaptation. Whilst sea walls or dikes are advocated as a means of defence 

and are economically viable (Lincke and Hinkel, 2018), alternative softer solutions (e.g. 

 
3 Glacial isostatic rebound is the rise of land masses following the disappearance of the huge weight 
of ice sheets that were present during the last ice age. 
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beach nourishment – Bednar-Friedl et al., 2022) are commonplace and property level 

resilience and set-back zones are increasingly considered. For example, Wolff et al. (2023) 

found that implementation of set-back zones reduces exposure to SLR of new urban 

developments by at least 50% by 2100, indicating that urban design is as important as SLR. 

Managed realignment (i.e. the co-ordinated movement of the coastline to allow sea to flood 

the land) is considered for areas with low population density that is not economically viable 

to protect (Haasnoot et al., 2021) or in wetland restoration (Schernewski et al., 2018), 

reinforcing SDG life below water (SDG 14). Nature-based solutions are increasingly being 

used. These provide co-benefits of increasing biodiversity, enhancing mitigation and food 

provision (Parmesan et al., 2022), but are themselves under threat from rising seas, such 

as where there are rapid rates of rise or reduced space (e.g. on the foreshore due to coastal 

squeeze) so their efficiency declines (Bednar-Friedl et al., 2022). 

 

Table 6. Annual sea dike costs and annual flood costs with and without adaptation in Europe for the 
<1.5 °C scenario under SSP2 (50th percentile, with 5th and 95th percentile in brackets). Data 
generated in Brown et al. (2021). 

Year 

Mean sea-level 

rise (m) with 

respect to 1986-

2005 for the < 

1.5 °C scenario 

Without 

additional 

adaptation: Total 

annual sea flood 

costs ($bn/yr) 

With additional 

adaptation: Total 

annual sea dike 

costs ($bn/yr) 

With additional 

adaptation: Total 

annual sea flood 

costs ($bn/yr) 

2000 0.02 (0.01–0.02) 2 (2–2) 0.9 (0.8–1.1) 2 (2–2) 
2010 0.05 (0.04–0.07) 3 (3–3) 1.1 (0.8–1.3) 4 (4–5) 
2020 0.1 (0.08–0.12) 4 (3–4) 1.3 (1–1.5) 8 (6–10) 
2030 0.16 (0.12–0.19) 5 (4–5) 2 (1–2) 18 (12–28) 
2040 0.22 (0.17–0.27) 7 (6–8) 2 (2–2) 53 (30–87) 
2050 0.29 (0.23–0.35) 9 (8–11) 2 (1–2) 130 (76–200) 
2060 0.35 (0.28–0.43) 13 (11–15) 2 (1.6–2.3) 267 (159–391) 
2070 0.43 (0.33–0.52) 18 (14–21) 2 (2–3) 445 (288–648) 
2080 0.5 (0.39–0.61) 23 (19–29) 2 (1.4–2.4) 676 (427–1039) 
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2090 0.56 (0.44–0.69) 30 (24–36) 2 (1–2) 999 (609–1538) 
2100 0.63 (0.49–0.77) 38 (29–46) 1.7 (1.5–2.1) 1434 (8389–2116) 

 

2.2.7 North America 

North America has a range of coasts from hills to deltas to wetlands. SLR is projected to be 

0.41 m (0.32–0.50 m) in 2060 and 0.73 m (0.57–0.90 m) in 2100 (Table 7). This is slightly 

less than the global mean. Subsidence exceeding 3 mm/yr affects most coastal areas 

including wetlands (in particular marshes), forests, agriculture areas and developed areas 

(Ohenhen et al., 2023), with rates of relative SLR not fully appreciated in impact 

assessments, thus underestimating risk. Subsidence can enhance SLR, but in parts of 

Canada, land is uplifting in response to the retreat of glaciers and ice sheets (Peltier et al., 

2015). To some extent, this uplift will offset the rise today, but will become less noticeable 

in the future, especially for higher rates of sea-level rise (Kopp et al., 2014, Peltier et al., 

2015, Fox-Kemper et al., 2021). 

Coastal flooding is already occurring locally where hurricanes combine with high tides 

(Heberger et al., 2011, Fu et al., 2016, Wdowinski et al., 2016). Gutiérrez et al. (2021) 

indicate on the IPCC atlas a medium confidence of increase in tropical cyclones and severe 

wind storms across North America, apart from Northern North America and Canada, 

increasing flood risk. When a fuller range of extremes are considered (e.g. long-period 

tides), in an impact assessment on US cities, this can increase flood damage costs by 28% 

and cause extreme sea-levels to come earlier than expected. Hence these driving factors 

can be more important than the overshoot (Rashid et al., 2021). Compounding this has been 

increased development on both fluvial and coastal flood plains in general, meaning an 

increase in assets and people are becoming exposed to risks (Trenberth et al., 2018). 

Impacts include increased salinisation and the flooding and erosion of wetlands (e.g. the 

Florida Everglades), low-lying areas, sandy beaches and barrier islands. This could displace 

millions of people and cause property and archaeological losses. Moreover, rising 

groundwater levels could impede drainage and saltwater intrusion could contaminate 

drinking water (Hicke et al., 2022). Coral reefs in the Gulf of Mexico and Florida are facing 

risk of bleaching and mortality (high confidence) (Hicke et al., 2022), which could affect 
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ecosystems and tourism. With 24% of Northern American’s population living in cities of 

under 300,000, 17% in cities with 5–10 million people and a further 10% in cities with greater 

than 10 million people, impact assessments tend to focus on urban areas. There is high 

confidence that SLR will affect public buildings, infrastructure, port and transportation 

facilities (Hicke et al., 2022).  

Table 7 lists damage and adaptation costs associated with SLR in North America. 

Adaptation to extremes and SLR has traditionally focused on hard responses, but is growing 

to include a fuller range of measures including protection of ecosystems, flood plain 

restoration (Hicke et al., 2022) and relocation (Hauer et al., 2016, Hauer, 2017), benefiting 

SDGs climate action (SDG 13) and life below water (SDG 14). Exposed populations with the 

highest income are well adapted to flood risks, with limited planned adaptation (potentially 

adversely affecting SDG11 on sustainable cities and communities). Exposed populations on 

lower incomes have a large adaptation gap, with limited adaptation planned, thus creating 

inequity in adaptation (Dodman et al., 2022). 

 

Table 7. Annual sea dike costs and annual flood costs with and without adaptation in North America 
for the < 1.5 °C scenario under SSP2 (50th percentile, with 5th and 95th percentile in brackets). Data 
generated in Brown et al. (2021). 

Year 

Mean sea-level 

rise (m) with 

respect to 1986-

2005 for the < 

1.5 °C scenario 

Without 

additional 

adaptation: Total 

annual sea flood 

costs ($bn/yr) 

With additional 

adaptation: Total 

annual sea dike 

costs ($bn/yr) 

With additional 

adaptation: Total 

annual sea flood 

costs ($bn/yr) 

2000 0.02 (0.01–0.02) 0.8 (0.7–0.8) 0.8 (0.9–0.9) 0.7 (0.7–0.7) 
2010 0.06 (0.05–0.08) 2 (1.6–2.4) 0.8 (0.6–0.9) 2 (1–2) 
2020 0.11 (0.09–0.14) 7 (5–12) 1.1 (0.8–1.2) 3 (3–4) 
2030 0.18 (0.14–0.22) 45 (19–53) 2 (1–2) 5 (5–5) 
2040 0.26 (0.2–0.31) 80 (59–110) 1.9 (1.3–1.4) 7 (6–9) 
2050 0.33 (0.26–0.41) 151 (98–229) 1 (1.7–1.5) 11 (8–13) 
2060 0.41 (0.32–0.5) 274 (169–367) 1 (1–2) 15 (12–18) 
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2070 0.5 (0.39–0.6) 419 (291–514) 1 (1–2) 20 (16–24) 
2080 0.58 (0.45–0.7) 553 (419–637) 1 (2–2) 26 (21–31) 
2090 0.65 (0.51–0.8) 672 (551–761) 1 (1–2) 32 (25–37) 
2100 0.73 (0.57–0.9) 784 (669–908) 1 (1–2) 38 (31–43) 

 

2.2.8 Polar 

Polar regions can be low and rocky, including tundra and coasts protected by sea ice. Key 

risks include greater flooding through coastlines becoming ice-free either permanently or 

during summer months, or due to the melting of permafrost (Larsen et al., 2014, Meredith et 

al., 2019, Constable et al., 2022). Land may be rising or falling in Polar regions (Jiang et al., 

2021). SLR is projected to be 0.38 m (0.30–0.46 m) in 2060 and 0.67 m (0.52–0.82 m) in 

2100 (excludes data around Antarctic coastlines). This is very similar to the global mean in 

2060 and less than the global mean in 2100. Extremes are not known. 

Impacts will be driven by ice melting. Annex 4 noted substantially higher ice melt in the VHO 

pathway compared to the NO pathway. This is consistent with the literature, which has found 

the melting of sea-based ice to be sensitive to warming at 1.5 °C and 2 °C (Tachiiri et al., 

2019). Graff et al. (2019) projected that Arctic summers with no sea ice would to be rare with 

1.5 °C warming, but would occur in 18% of years with 2 °C warming. Others have projected 

ice-free summers to occur more frequently in a 2 °C world compared with a 1.5 °C (Hoegh-

Guldberg et al., 2018a, Screen, 2018, Hoegh-Guldberg et al., 2019) (medium confidence). 

Depending on the degree of sensitivity in observations, ice-free Arctic summers are very 

likely with 2 °C (Niederdrenk and Notz, 2018), or extremely unlikely at 1.5 °C of warming 

(Niederdrenk and Notz, 2018). Sanderson et al. (2017) also found a greater probably of an 

ice-free Arctic in September with a 1.5 °C overshoot scenario compared with a 1.5 °C 

stabilisation scenario. An ‘intermediate’ overshoot will have no long-term consequences in 

terms of Arctic sea-ice cover (high confidence) (Hoegh-Guldberg et al., 2018a). Sea ice-free 

summers (and especially winters) are important to understand as coasts are subject to 

increased significant wave heights nearer to land (Ruest et al., 2016) leading the greater 

potential for flooding and erosion including sediment movement (Hoegh-Guldberg et al., 
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2019, Manson, 2022), and subsequent impacts on land use, associated infrastructure and 

shipping (very high confidence). 

With higher temperatures, permafrost could thaw leading to flood damage to infrastructure 

(e.g. pipes, bridges, drilling platforms, residences, transport infrastructure) threatening 

industry, innovation and infrastructure (SDG 9) and responsible consumption and production 

(SDG 12). Hjort et al. (2018) reports that by 2050 under a RCP4.5 scenario (with mean 

annual ground temperatures 0.86 °C above the 2000–2014 baseline), 70% of Arctic 

infrastructure is located in areas of risk from permafrost thaw (which also releases carbon) 

and subsidence (medium confidence). Whilst much of this infrastructure is inland, a 

proportion will be coastal (Larsen et al., 2014). Even with large reductions in greenhouse 

gas emissions comparable to a RCP2.6 scenario in 2050 (with mean annual ground 

temperatures 0.85 °C above the 2000–2014 baseline), a similar number of infrastructures 

would be affected compared with a non-mitigation scenario (Hjort et al., 2018). Hence 

damages are very sensitive to the degree of warming and overshoot in Polar regions. 

Table 8 lists the damages and adaptation costs. Due to model outputs being at country level, 

the Polar region data contains Russia which contains coasts in Europe and Asia (Far East 

Russia), so an overestimate is presented here. Sea flood costs grow particularly in the 

second half of the century. Adaptation in Polar regions will be different to others due to a 

mix of other environmental concerns and a low population density. Given the substantial 

risks to infrastructure (including oil and gas infrastructure that many countries use), the 

planning of adaptation to protect infrastructure will become increasingly important, 

especially beyond 1.5 °C. Present governance planning, preparation and response has 

been ‘limited in scope’ (Constable et al., 2022) for a range of climate change impacts in 

Polar regions. 

2.2.9 Small islands 

Small islands in the Atlantic, Pacific and Indian Oceans and Caribbean Sea vary in their 

elevation, geology and coastal oceanography (Nunn et al., 2016, Mycoo et al., 2022). This 

means they have different risks associated with SLR: high islands may only be affected 

around their low-lying rim, but in atolls, whole nations could be impacted (Brown et al., 2023). 

There is very high confidence that small islands are at risk from SLR and extreme events. 
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SLR is projected to be 0.64 m (0.50–0.78 m) in 2060 and 1.14 m (0.088–1.39 m) in 2100 

(Table 9). This is greater than the global mean, mostly due to the number of islands in the 

Pacific Ocean where there is a higher than average projected rise (Oppenheimer et al., 

2019).  

 

Table 8. Annual sea dike costs and annual flood costs with and without adaptation in Polar regions 
for the < 1.5 °C scenario under SSP2 (50th percentile, with 5th and 95th percentile in brackets). Data 
generated in Brown et al. (2021).

Year 

Mean sea-level 

rise (m) with 

respect to 1986-

2005 for the < 

1.5 °C scenario 

Without 

additional 

adaptation: Total 

annual sea flood 

costs ($bn/yr) 

With additional 

adaptation: Total 

annual sea dike 

costs ($bn/yr) 

With additional 

adaptation: Total 

annual sea flood 

costs ($bn/yr) 

2000 0.02 (0.01–0.02) 0.2 (0.2–0.2) 0.1 (0.1–0.1) 0.2 (0.2–0.2) 
2010 0.06 (0.04–0.07) 0.5 (0.5–0.6) 0.1 (0.1–0.1) 1 (0.4–0.4) 
2020 0.11 (0.08–0.13) 1 (1–2) 0.1 (0.1–0.1) 3 (0.6–0.7) 
2030 0.17 (0.13–0.2) 3 (2–3) 0.2 (0.1–0.2) 5 (1–1) 
2040 0.24 (0.19–0.29) 6 (4–10) 0.2 (0.1–0.2) 7 (2–2) 
2050 0.31 (0.24–0.37) 13 (7–17) 0.2 (0.1–0.2) 11 (2–3) 
2060 0.38 (0.3–0.46) 20 (14–27) 0.2 (0.1–0.2) 15 (3–5) 
2070 0.46 (0.36–0.56) 30 (21–44) 0.2 (0.1–0.3) 20 (4–7) 
2080 0.53 (0.41–0.65) 45 (29–74) 0.2 (0.1–0.2) 26 (6–7) 
2090 0.6 (0.47–0.74) 68 (38–92) 0.2 (0.1–0.2) 32 (7–8) 
2100 0.67 (0.52–0.82) 93 (52–107) 0.1 (0.2–0.2) 38 (8–10) 

 

Sea-level rise is a major risk factor of flooding in the Caribbean. Furthermore, for Caribbean 

Islands, Gutiérrez et al. (2021) indicates on the IPCC atlas a medium confidence of an 

increase in tropical cyclones in the Caribbean (other island regions are not shown). 

Kleptsova et al. (2021) found hurricane intensity is projected to remain at similar levels over 

the Caribbean. With 1.5 °C and particularly 2 °C of warming, extreme hurricane precipitation 

will increase (Vosper et al., 2020). Collectively, this could cause greater landslides and 
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erosion, which would temporarily increase sediment supply, including the volume of material 

transported down rivers.  

In the Pacific, islands are often flooded with the compound effects of high tides, swell waves 

and La Niña conditions (Merrifield et al., 2014, Ford et al., 2018, Canavesio, 2019, Hoeke 

et al., 2021). In El Niño years where total water levels are considered, average anomalies 

are largely statistically insignificant due to large tidal variabilities. When sea levels were 

analysed with an inundation model, ENSO had a significant but small impact on the number 

of people exposed to flooding on a global scale (not just in small islands) (Muis et al., 2018). 

There is high confidence that tropical cyclones are already having an effect on flood and 

erosion, causing significant damage (Mycoo et al., 2022). These extreme events have 

potential to instigate disasters, as seen in Vanuatu where the impact of repeated cyclones 

has affected development (United Nations, 2015) 

Corals act as buffers against wave attenuation and when broken down provide sediment. 

Severe impacts to corals are projected unless warming is limited to well below 2 °C (Hoegh-

Guldberg et al., 2018b). Rises of greater than 1.5 °C, including any overshoot, will have 

limited impact on SLR in the 21st century, but will have significant impact beyond. However, 

rises in sea surface temperatures increase thermal stress (Lough et al., 2018), that can be 

locally amplified during ENSO events (Claar et al., 2018, Mycoo et al., 2022) and surface 

temperatures if coinciding with the positive phase of the IPO (Henley and King, 2017). 

Tachiiri et al. (2019) and van Hooidonk et al. (2016) found that with an overshoot greater 

than 1.5 °C, almost all corals were at risk due to the warmer temperatures and potential 

coral bleaching. Additionally, with a 2 °C overshoot, this could lead to greater ocean 

acidification (Palter et al., 2018) that has implications for coral health. The surface 

temperature of the VHO pathway is at a critical boundary, as between rise of 1.5 °C to 2 °C 

can significantly impact coral (Hoegh-Guldberg et al., 2018a) – see Annex 5 of this study for 

a discussion of the potential impacts on corals. 

Bleached corals impact coastal flooding in two ways. First, through reduced natural 

protection during extreme events, which could be further enhanced as sea-levels rise 

(particularly at a rate of RCP4.5 – Perry et al. (2018)). Second, as corals break down they 

could contribute to sediment locally (Tuck et al., 2021), but could be affected by sediment 
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stress from silt-ladened water associated with run-off or dredging (Rogers and Ramos-

Scharrón, 2022). Some corals, such as those of sand-dominated islands, are threatened 

more than islands composed of rubble grade material. Decreasing rates of reef accretion, 

increasing rates of bioerosion and any increases in storm conditions could cause reefs and 

accompanying beaches to become increasingly less stable (Hoegh-Guldberg et al., 2007). 

Whilst there is evidence that some islands can respond and evolve under sea-level rise and 

sediment movement laterally and vertically (Webb and Kench, 2010, Masselink et al., 2020), 

the response of small atoll islands, including those that are inhabited, remains uncertain. 

Hence, the survival of coral reef systems and associated islands and people that rely on 

them for livelihoods remain at high risk (high confidence). 

Higher temperatures, changes to corals and potential enhanced flooding and erosion can 

impact tourism, which is a key economic sector for many small islands. Where surge heights 

are predicted to be higher (e.g. Caribbean) or other conditions cause inundation further 

inland with 1.5 °C of warming (Biondi and Guannel, 2018), this can impact key 

infrastructures in tourist and other sectors. Sustainable tourism (apparent in SDGs decent 

work and economic growth (SDG 8), responsible consumptions and production (SDG 12) 

and climate action (SDG 13)) could also be affected through warmer temperatures and 

changes in consumer demand (Scott, 2021). Impacts of flooding or erosion may be reduced 

by nourishment, in keeping with tourist needs, but will need to be managed carefully as sand 

is not an infinite resource.  

Table 9 notes damage and adaptation costs. Damage costs are likely to be higher than 

presented (as data was run from a global model) due the significant connectivity in 

infrastructure (due to scales) and the close connectivity with the sea (i.e. cascading 

impacts). Adaptation may have limits that are reached earlier or later than mainland coasts, 

including under a low emissions scenario (Mycoo et al., 2022). Climate action (SDG 13) 

includes consideration of SLR and extreme events that cause disasters, utilising the Sendai 

Framework for Disaster Risk Reduction (United Nations 2015) to ensure disaster risk 

reduction policies, plans and programmes are in place, to ensure greater partnerships to 

implement risk reduction measures. Adaptation includes forced or planned migration 

(Barnett and Adger, 2007, Constable, 2017, Thomas and Benjamin, 2018, McMichael et al., 
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2019), seawalls (Nunn et al., 2021), raised floors (Magnan et al., 2018), land claim and 

raising (Esteban et al., 2019, Brown et al., 2020, Magnan and Duvat, 2020, Holdaway et al., 

2021). Many of these integrate into SDGs related to industry, innovation and infrastructure 

(9) and sustainable cities and communities (11). Dodman et al. (2022) reports small islands 

with exposed populations that have high income have greater adaptation to coastal flooding, 

with much more planned for lower-income population islands. There remains a shortfall in 

low-income urban areas (Dodman et al., 2022) and non-urban areas, and there an urgent 

need to build capacity and more comprehensive adaptation strategies. 

Table 9. Annual sea dike costs and annual flood costs with and without adaptation in Small Islands 
for the < 1.5 °C scenario under SSP2 (50th percentile, with 5th and 95th percentile in brackets). Data 
generated in Brown et al. (2021). 

Year 

Mean sea-level 

rise (m) with 

respect to 

1986-2005 for 

the < 1.5 °C 

scenario 

Without 

additional 

adaptation: Total 

annual sea flood 

costs ($bn/yr) 

With additional 

adaptation: Total 

annual sea dike 

costs ($bn/yr) 

With additional 

adaptation: Total 

annual sea flood 

costs ($bn/yr) 

2000 0.03 (0.02–0.04) 0 (0–0) 0.2 (0.2–0.2) 0 (0–0) 
2010 0.1 (0.07–0.12) 0.6 (0.3–1) 0.2 (0.5–0.3) 0 (0–0) 
2020 0.18 (0.14–0.22) 5 (3–6) 0.3 (0.2–0.8) 0.1 (0.1–0.1) 
2030 0.28 (0.22–0.34) 8 (7–9) 0.4 (0.8–1) 0.1 (0.1–0.2) 
2040 0.4 (0.31–0.49) 12 (11–13) 0.9 (0.5–1) 0.3 (0.2–0.4) 
2050 0.52 (0.41–0.63) 16 (15–17) 1 (0.9–1) 0.5 (0.3–0.6) 
2060 0.64 (0.5–0.78) 21 (19–23) 1 (1–1) 0.8 (0.6–2) 
2070 0.77 (0.6–0.94) 28 (24–32) 0.9 (0.9–0.7) 2 (0.8–2) 
2080 0.9 (0.7–1.09) 36 (31–42) 0.6 (0.5–0.8) 2 (2–3) 
2090 1 (0.79–1) 46 (38–54) 0.7 (0.9–1) 3 (2–3) 
2100 1 (0.88–1) 58 (48–69) 0.7 (0.4–0.8) 3 (3–4) 
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2.3 Adaptation 
Adaption to SLR and extreme events is essential, regardless of the degree of overshoot, as 

sea-levels will continue rising for potentially centuries even if emissions are stabilised 

(Hoegh-Guldberg et al., 2018a, Nicholls et al., 2018, Haasnoot et al., 2021). This is an 

undervalued and underacknowledged hazard, where there are presently significant 

adaptation gaps in the second half of the century and beyond.  

Adaptation helps drives some of the SDGs – such as climate action (SDG 13), but can also 

conflict with them, such as the need for sand for protection or tourist needs (Bendixen et al., 

2019) (SDG 12 – responsible consumption and production). SLR can also threaten SDGs 

where livelihoods depend on them, such as in deltas where agriculture is at risk from 

salinisation, posing increased risk of poverty (SDG 1), hunger (SDG 2) and decent work and 

economic growth (SDG 8). SLR can affect cities through the need for decent work, which 

can affect other SDGs, as seen with sand removal, and can also damage infrastructure 

(SDG 9 – industry, innovation and infrastructure) and sustainable cities and communities 

(SDF 11). Many adverse impacts occur during extreme events that may result in disasters. 

Warming impacts ocean ecosystems (SDG15 – life below water) such as corals, which can 

in turn affect coastal flooding. 

For sensitive and mature systems (e.g. agriculture in deltas – see the Asia region) or those 

assets at high risk (e.g. coastal nuclear power stations), adaptation is happening today (see 

Australasia, Europe, North America regions), is mainstreamed into design of new 

infrastructures and builds towards SDGs (e.g. zero hunger (SDG 2) and industry, innovation 

and infrastructure (SDG 9)). However, the types of adaptations that are needed in the future 

may need to be intensified or varied according to changing or more intense hazards or 

needs. Adaptation often happens on a reactive basis after an extreme event (high 

confidence) (Glavovic et al., 2022), but is increasingly proactive. For example, a global 

survey of coastal practitioners indicated that only 72% use SLR projections in adaptation or 

planning, mostly from developed nations (Hirschfeld et al., 2023), illustrating a gap in 

practice. 

On the coast, adaptation has historically involved protecting (e.g. building a sea wall), 

retreating (e.g. move inland) and accommodating (e.g. build on stilts, early warnings) (J. 
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Dronkers et al., 1990). Soft approaches and nature-based solutions are increasingly popular 

(Oppenheimer et al., 2019, Bongarts Lebbe et al., 2021), with advancing land where there 

is a lack of space such as in cities (Glavovic et al., 2022). The awareness and range of 

solutions has increased with the recognition that adaptation is a continuous process rather 

than an end goal, crossing psychosocial, economic, physical, technical and natural 

dimensions (Glavovic et al., 2022), so increasingly a systems approach is required (e.g. 

Smajgl et al., 2015). Adapting to SLR is complex due to the deep uncertainty that surrounds 

SLR and socio-economic change. Lead-in time is needed to adapt (Hermans et al., 2023), 

noting that those systems or communities that require adaptation may not yet be in place. 

Staged adaptation through an adaptation pathway approach helps this (Glavovic et al., 

2022), and reduces the possibility of adaptation lock-in where part of a system is trapped. 

Increasingly, systems are being stretched or adaptation measures combined to reduce 

impacts. For example, adaptation options are being combined in agriculture regions of deltas 

(Smajgl et al., 2015), and there is land raising and internal migration in atolls (Magnan and 

Duvat, 2020, Brown et al., 2023). At times, today’s unacceptable adaptation (which may be 

perceived as a failure to adapt) may become more acceptable in the future, where options 

become more limited as necessity is the mother of invention.  

There has been increased awareness and understanding of potential limitations or 

appropriateness of adaptation, including maladaptation, impacting climate action (SDG 13) 

and wider implications for disaster risk management. For instance, sea walls are seen as a 

major means to adapt to SLR, but in the long-term can reduce beach levels or not resolve 

erosion (Nunn et al., 2021, Griggs, 2022) and have potential to fail (Glavovic et al., 2022). 

In delta areas, side-effects of embankments can increase salinity risk due to raising 

groundwater remaining. Sand is seen as an infinite resource, but in the coming decades it 

will become a competing resource (Parkinson and Ogurcak, 2018) or expensive, limiting it 

means as a method of protection (e.g Bendixen et al., 2021). Hence ensuring responsible 

consumption and production (SDG 12) will become increasingly important. 

Long-term behaviours and successes of newer adaptation measures are also being 

questioned as their benefits and effectiveness are uncertain. For example, there is 

uncertainty about whether some nature-based solutions will withstand extreme events as 
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well as hard adaptation measures, and whether this adheres to people’s expectations or 

recognised protection standards (Smith et al., 2017). Particular challenges (as identified in 

the Ganges-Brahmaputra) are space constraints, biophysical feedbacks, policy recognition, 

public use and acceptance (Gain et al., 2022). Site-specific knowledge, monitoring and 

upscaling can underpin successful adaptation. 

The point where adaptation limits (i.e. the point or conditions where adaptation becomes an 

ineffective response or where objectives cannot be secured from intolerable risks) are 

reached is sometimes not clearly defined in terms of a point in time or space, or for people 

and livelihoods. Is it when a major disaster occurs, meaning a step-change in lifestyle in the 

aftermath? Is it where salinised land can no longer be farmed and there are no alternative 

sources of income? Is it where a greater proportion of the population is exposed to an 

increased frequency of extreme events? Is it where planned retreat is the only option? 

Without defining these questions, it is unclear what is the limit of adaptation. Adaptation 

limits are already being stretched as adaptation is an ongoing process, combined with other 

political, social, financial and environmental change. In high-risk areas, such as deltas and 

small, low-lying islands, adaptation limits may already be pushed, in part because these are 

dynamically changing environments which have seen significant change in the past, 

resulting in more mobile populations that we know today. Key governance challenges 

remain (high confidence) (Glavovic et al., 2022) and these are essential to strengthen to 

build a solid foundation for future adaptation.  

2.4 Conclusions 
Sea levels are projected to rise with climate change, and rates of rise are projected to 

accelerate this century regardless of scenario. A time lag exists between global temperature 

rise and subsequent sea-level rise, meaning that the impacts of today’s emissions may not 

be seen for decades. In an overshoot scenario, sea levels could keep rising for centuries. 

Globally, the broad implications of sea-level rise, such as hotspots of flooding and erosion, 

are qualitatively well known. However, the precise details, which are dependent on rates 

and magnitudes of sea-level rise and other drivers of extreme events (tides, waves, surge), 

are less well understood. An overshoot above 1.5 °C will particularly matter where large-

scale Earth systems processes affect sensitive extreme events including: 
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1. Polar regions due to sea-ice free summers and permafrost melting, especially where 

waves reach land that has been blocked by ice. Melting of sea ice can affect wider 

oceanic processes. 

2. Along Eastern Central and North American coasts due to El Niño affecting storms 

and beach erosion. Warming due to El Niño is projected to have a century-long 

legacy. 

3. Coral warm water reefs worldwide that are highly sensitive to local sea surface 

temperature increase, especially combined with a severe El Niño event, leading to 

bleaching and ultimately causing flooding and erosion of atolls. 

4. Low-lying atoll islands, including those in the Indian and Pacific Oceans, and deltas 

where there is insufficient sediment supply or subsidence, so that small changes in 

SLR can have significant impacts on flooding, particularly over centennial scales. 

Compounding this, the Pacific Ocean and the Australasia region are also projected 

to receive greater than average sea-level rise where many atoll islands lie. 

5. Coastal zones sensitive to inland processes. Where storms or cyclones are sensitive 

to warming that results in more extreme precipitation, changes to landslides, 

sediment availability or compound flooding from rivers may result. There is limited 

information on these interactions.  

Several Sustainable Development Goals (e.g. SDGs 1, 2, 8, 9, 11, 12, 13 and 14) are 

affected by coastal flooding. Cross-cutting issues include: (i) salinisation and food security; 

(ii) disasters including resilience and adaptation; (iii) infrastructure; (iv) sand as a resource; 

(v) sustainable tourism; and, (vi) nature-based solutions. These issues are critical to address 

when adapting to the effects of sea-level rise.  

In an overshoot, adaptation will be particularly important in polar regions due to newly 

exposed infrastructure, and in sensitive locations such as low-lying islands and deltas. 

3. Inland flooding 

Inland flooding arising from fluvial (river) sources is discussed in this section. Pluvial (surface 

water) and groundwater flooding are not examined. 
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Flood occurrence depends on the interaction between precipitation (usually rainfall) and the 

physical state and characteristics of the catchment, with mechanisms varying with rainfall 

intensity or duration. The main causes of flood occurrence are river discharge exceeding 

river channel capacity leading to inundation of adjacent land, with the dominant driver being 

high precipitation accumulations, over hours, days or months, in the upstream catchment. 

Catchment properties such as size, slope, degree of urbanisation, forest cover, 

channelisation, dams and antecedent conditions such as snow cover and soil moisture 

modulate the precipitation signal. The scale of a flood event and its impact can vary with its 

underlying causes (Merz et al., 2021). Short duration (<6 hours), high precipitation events 

leading to “flash floods” are often more impactful in small or urban catchments. Floods in 

larger catchments may develop over several days or even weeks as ground becomes 

saturated. In high latitudes and mountainous regions, snow and glacial melt, rain on snow, 

and ice jamming can trigger flooding (Merz et al., 2021, Zhang et al., 2022). 

The link between increasing global temperature and changes in flood occurrence or flood 

magnitudes is highly variable (Wasko et al., 2019). The thermodynamic response indicates 

that for a 1 °C increase in temperature there is 6.6% increase in water vapour 

(thermodynamic effect), however in the earth system this is limited by the energy budget 

and further constrained by water availably over land. While older studies projected a pattern 

of wet regions becoming wetter and dry regions drier as the global temperature rises (Allen 

and Ingram, 2002, Trenberth, 2011), more recent studies have projected much more 

complex patterns over land (Byrne and O’Gorman, 2015, Xiong et al., 2022). Relationships 

between annual maximum precipitation and increasing surface temperature have been 

found in 1-day annual maximum precipitation (Westra et al., 2013). This does not occur 

uniformly, however, as atmospheric dynamics (Fowler et al., 2021, Wasko, 2022) and 

oceanic circulations (Kundzewicz et al., 2019) affect the movement of heat and moisture 

that can lead to flooding. Furthermore, extremes in precipitation do not necessarily translate 

into extremes of flooding. 

The trends in flooding globally to some extent follow the large-scale trends in other aspects 

of water cycle changes, with regions receiving higher rainfall having increased soil moisture 

and an increased frequency of flooding, whereas drier regions have a reduced soil moisture 



 

   Inland flooding | 55 

 

(Tabari, 2020, Slater et al., 2021). This appears to be confirmed in global modelling studies 

(Blöschl et al., 2019, Hirabayashi et al., 2021b). The exception is in cold regions where the 

impacts are determined by how much a region warms above the threshold for rain or 

snowfall as well as changes in seasonal snow and ice melt (Blöschl et al., 2019, Do et al., 

2020, Slater et al., 2021). A global detection attribution study (Hirabayashi et al., 2021b) 

determined that 14 of 22 flood events occurring between 2010 and 2013 were affected by 

anthropogenic climate change, with snow-induced floods accounting for eight of the cases. 

Of these, three exhibited enhanced flooding due to higher precipitation alone, whilst two of 

the catchments in North America that had suppressed flooding experienced earlier snow 

melt peaks reducing the impact of higher precipitation (Hirabayashi et al., 2021a). A more 

recent detection attribution study (Alifu et al., 2022) found that 20 of 52 flood events analysed 

had altered probabilities due to anthropogenic warming, with 14 of these in South America 

and Asia, indicating global warming impacts on floods is still largely uncertain in many parts 

of the world. 

Global modelling studies (Hirabayashi et al., 2013, Hirabayashi et al., 2021b) suggest an 

increase in flood frequency across South Asia, Southeast Asia, Northeast Eurasia, Eastern 

and low-latitude Africa, and South America. They project decreases in Northern and Eastern 

Europe, Anatolia, Central Asia, Central North America, and Southern South America by 

2100 under the SSP5-8.5 scenario relative to a 1971–2000 “historic” period. They further 

summarise the flood hazards for 3 specific warming levels across the 8 GCMS (Figure 2).  
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Figure 2. Potential flood exposure during the baseline period and projected future warming levels. 
The SSP5-8.5 scenario (SSP5 and RCP8.5) was applied to different regions. The percentage of the 
regional total population (fixed at the 2015 level) is shown for each region. Source: Hirabayashi et 
al., (2021b), CC BY 4.0. 

3.1 Overshoot and drivers of flooding 
To date, there are no studies addressing the impact of an “overshoot” scenario on flooding. 

The thermodynamically-driven increase in atmospheric moisture is a key driver of increasing 

precipitation intensities with global and regional warming (Westra et al., 2013, Guerreiro et 

al., 2018, Fowler et al., 2021) particularly for short-duration rainfall events. This effect 

however is relatively short lived (1–2 weeks) (Trenberth, 2011) and the thermodynamic 

driven changes will adjust with global temperature and regional temperatures relatively 

quickly, having a direct impact on high intensity short duration rainfall events and on the 

wider intensification of the hydrologic cycle. The relationships between global temperature, 

oceanic circulations and atmospheric dynamics are not discussed in detail but it is noted 

that the impact of the overshoot is expected to have a longer lasting impact on the parts of 

the earth system with the largest lags (e.g. land ice and ocean systems). Studies linking 

ocean circulations to specific flood regimes globally are often highly uncertain, not least 

because the length of river flow records are often too short to capture multi-decadal 

oscillations, and the response is in any case mediated by the land surface. Nonetheless, a 

substantial number of studies have explored links between flooding and the El Nino-

Southern Oscillation (ENSO), North Atlantic Oscillation (NAO), Atlantic Multi-decadal 

Oscillation, and Pacific Decadal Oscillation (PDO) (Kundzewicz et al., 2019). The longer 
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lags associated with oceanic circulations, polar ice cover, and the position of the jet stream 

that influence the position and persistence of storm tracks might have longer-lived effects. 

Land-based changes brought about by the VHO pathway will very likely enhance changes 

already being observed in water storage in land ice in response to increased regional 

temperatures, with a reduction in ice pack leading to a reduction in spring and summer flows 

compared with a NO pathway. 

A temperature-mediated loss of forest cover associated with a VHO pathway and expansion 

of arid zones would lead to a reduction in the ability of the land to both intercept and infiltrate 

water. Assuming tipping points (e.g. Amazonian forest die back, Lenton et al. (2008)) are 

not crossed, the timescale of recovery of vegetation may be on the scale of decades. Any 

resulting change in land cover and loss of water holding capacity will most likely reduce the 

response time to rainfall and increase peak river flows. 

3.2 Regional Impacts 
Where possible, we have reviewed regional studies that analyse river flow records to extract 

information on flood trends and included regional modelling studies where they also consider 

drivers of flooding as well as projections.  

3.2.1 Africa 

Floods and causes of flooding across Africa are less well studied than other regions. The 

rain gauge density is smaller (Fowler et al., 2021) and there are few publicly-available river 

flow datasets (Slater et al., 2021). Catchment soil moisture is an important precondition for 

flooding, particularly in areas of higher aridity such as Western and Southern Africa 

(Tramblay et al., 2022). No clear trend has been found in African flood events (Merz et al., 

2021, Alifu et al., 2022), although trends are emerging of increasing storm intensities in West 

Africa (Taylor et al., 2017) and higher rainfall accumulations during the East African short 

rains with a link to a positive Indian Ocean dipole (Palmer et al., 2023). 

3.2.2 Asia 

India, South East Asia, maritime regions of China, Japan, and North Eastern Russia are 

projected to have increased flooding as the global temperature rises, whilst decreases are 
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seen in the more arid regions in central Asia and Eastern Turkey (Hirabayashi et al., 2013, 

Hirabayashi et al., 2021a). There is no strong trend across the Tibetan plateau. The patterns 

are consistent with regional studies over India (Lutz et al., 2019, Uhe et al., 2019).  

Glacial and snow melt of the high mountain areas around the Tibetan plateau feed many 

large river systems, with large losses (between 2000 and 2018) reported in glacial area and 

volume (Molden et al., 2022). Glacial losses will continue as global and regional 

temperatures increase until they reach a “peak water”, after which runoff will decrease 

(Molden et al., 2022). The likelihood of reaching these thresholds increases with higher 

regional temperatures but the impact is likely to be relatively localised. The role of glacier 

loss on end-of-century flooding under an overshoot scenario is likely to be limited to upper 

catchments, where there is an increased chance of glacial lake burst events. The dominant 

driver of flooding across the wider Indus, Ganges and Brahmaputra plains will continue to 

be rainfall (Lutz et al., 2019) associated with the Indian monsoon (see Section 4.8). 

Our UK Earth System Model comparison of the VHO and NO pathways suggests a higher 

mean rainfall at the end of the 21st century (>20% annually) across Pakistan and 

Afghanistan, suggesting that extreme flood-inducing rainfall may persist up to 2100 and 

beyond. However, a greater number of simulations would be needed to identify statistically-

significant trends. 

3.2.3 Australasia 

Australia encompasses strong hydro-climatic extremes from tropical to semi-arid and 

temperate maritime climates. An increase in the most extreme hourly rainfall has been 

observed in a comparison of hourly rain rates for 1966–1989 with 1990–2013 (Guerreiro et 

al., 2018). However, analysis of floods (using a peak over threshold method) between 1975 

and 2012 found a strong decreasing trend (magnitudes and frequency) across Southern 

Australia, in line with a declining trend in antecedent soil moisture, and this is expected to 

continue with increasing mean global temperatures (Gu et al., 2020). While Guerreiro et al. 

(2018) found that ENSO had no significant impact on trends in hourly precipitation, Gu et al. 

(2020) did find significant lagged correlations between flood frequency in Eastern and 

Northern Australia with ENSO in a positive phase and is also consistent with other studies 
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(Ward et al., 2014). Multi-model analyses (Gu et al., 2020) show some model agreement in 

a reduction in flood magnitudes in Southern Australia by 2100 under RCP8.5. 

As with other regions, flood risk trends overall are likely to begin to reverse by 2100. Any 

lagged impacts (e.g. via ENSO or a change in behaviour of ENSO to a positive phase in 

response to a VHO pathway) may influence flood occurrence and magnitudes. 

3.2.4 Central and South America 

Analysis of observed river flows is limited and coverage across the region is patchy. Slater 

et al. (2021) find a greater than 50% increase in flood magnitudes for 20-, 50- and 100-year 

return periods, though some catchments in the northern tropical zone exhibit a decrease. 

Analysis of flooding in CMIP6 models suggests an increase in flood frequency increase 

across Columbia and Southern Brazil with a decrease in Southern South America in CMIP6 

models (Hirabayashi et al., 2021a). Brêda et al. (2023) also conclude that for a small subset 

(7%) of catchments across South America, flood magnitudes for return periods <44 years 

will decrease in response to decreasing soil moisture, but rarer events will worsen, driven 

by higher rainfall accumulations.  

3.2.5 North America 

The global modelling study of CMIP6 models shows broad agreement across the RCPs of 

the direction of the trend in annual maximum discharge, which for central North America is 

predominantly an increase in the flood return period relative to the 100-year flood in 1971–

2000 (Hirabayashi et al., 2021a). There is an increase in flood magnitude across the 

Southeastern United States, and the Western coast. Cold regions show a less consistent 

signal.  

In a VHO pathway, the region would likely experience a significant reduction in relatively 

frequent floods, which would likely follow deficits in soil moisture and might reduce the role 

of groundwater-induced floods for some time. As for other cold regions, snow and glacier 

melt may temporarily change the seasonality of flooding. 
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3.2.6 Europe 

An analysis of flood trends across Europe for the period 1960–2010 (Blöschl et al., 2019) 

found decreasing trends in medium-to-large catchments in Southern Europe due to 

decreasing winter precipitation and increasing evaporation, leading to drier soil moisture 

conditions. In Eastern Europe, warmer temperatures directly reducing winter snowfall 

resulted in reduced snowmelt. On the other hand, they found increasing autumn and winter 

floods in Northwestern Europe driven by higher precipitation and higher catchment soil 

moisture. A multimodal study (using multiple GCM and hydrologic models) examining 

specific warming levels found relatively small changes in flood magnitudes; decreases 

of -4.8% at 1.5 °C and -4.7% at 2 °C across the Mediterranean and increases of 2.4% at 1.5 

°C and 2.9% at 2 °C for Atlantic regions relative to a 1971–2000 baseline (Thober et al., 

2018). Increases were also found across the alpine region, and decreases in northern and 

continental areas. 

3.2.7 UK 

Longer observational flow records in Northwestern UK follow a strongly cyclical pattern with 

flood-rich periods in winter months associated with positive phases of the North Atlantic 

Oscillation (Hannaford, 2015). 

Studies using the UKCP18 regional projections (Murphy et al., 2018) to drive a grid-based 

hydrological model suggest potential future increases in high flows by 2050–2080, although 

with large spatial variations and a large range of uncertainty between members of the RCM 

perturbed parameter ensemble, which are all based on the Hadley Centre GCM and the 

RCP 8.5 emissions scenario (Kay et al., 2021, Lane and Kay, 2021). Arnell et al. (2021) 

used time-scaling with the UKCP18 global projections (Murphy et al., 2018) to investigate 

changes in a variety of indicators of risk for a range of changes in global temperature. The 

results for flood magnitude and likelihood show a general increase in risk with temperature 

rise, although the changes vary between regions of the country, are often non-linear, and 

changes from the CMIP5-based GCM ensemble are generally greater than from the Hadley-

Centre GCM ensemble (Arnell et al., 2021, Fig. 6). Similarly, Rudd et al. (2023) combined 

the UKCP18 probabilistic projections with time-scaling and flood response surfaces to 

investigate changes in 50-year return period flood peaks across Great Britain for a range of 
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changes in global temperature. The results generally showed an increase in flood peaks 

with the rise in global temperature, but with significant spatial variation; some southern 

regions showed flood peak changes accelerating with global temperature change. A recent 

analysis comparing hydrological impacts from the UKCP18 RCM and its nested convection-

permitting model (CPM) suggests more consistent and larger increases in peak flows from 

the CPM than from the RCM (Kay, 2022). 

3.3 Adaptation 
In regions where flood hazard is expected to increase with an increase in global 

temperature, if an overshoot is likely then adaptation will still be required to control flood 

hazard and risk during the period of the overshoot, and for any possible time lag afterwards 

before the flood hazard can be expected to return to its previous level. However, if the 

increase in flood hazard is only expected to be temporary then the optimal adaptation 

options may differ substantially from those preferred under a sustained increase in hazard. 

For example, a flood defence scheme may be designed quite differently if it is only expected 

to be needed for a relatively short period of time rather than having to last many decades 

into the future. Encouraging and enabling increased household and business flood resilience 

may also be considered a good option to deal with relatively short-term expected increases 

in flood occurrence. Adaptation planning may be more difficult under an overshoot scenario 

though, as reliable information may be lacking on the length of time that the increase in flood 

hazard can be expected to last, thus adding extra uncertainty to the process. 

In England, there is detailed guidance on how flood management authorities and flood risk 

assessments should allow for the future impacts of climate change (Environment Agency, 

2020). While adapting such guidance to allow for overshoot scenarios may not be 

straightforward, the current guidance does suggest that, in some cases, an adaptive 

approach to managing flood risk may be a good option. An adaptive approach involves 

implementing planned actions in stages, when they are deemed necessary given the latest 

information available, and can avoid over-engineering assets by providing flexibility under 

the uncertainties of future climate change. Such flexibility will be more important under 

overshoot scenarios. 
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3.4 Conclusions 
Modelling studies and analyses of observed trends and drivers of flooding, where available, 

suggest a divergent trend in floods even within countries. Overall flood magnitudes are likely 

to increase with global temperature increase across Northern South America, Central Africa, 

South and Southeast Asia, China, Japan, Eastern Australia and New Zealand, Northwestern 

Europe and Southeastern United States, primarily driven by an increase in precipitation. 

Areas experiencing a decreasing trend in flood magnitudes include Eastern Europe into 

Central Asia, Turkey, Southern South America and much of continental North America. 

There is some evidence that while moderate floods may reduce in magnitude, very rare 

events will increase in magnitude (e.g. in Brazil). The signal in cold regions is rather more 

mixed depending on how and when increased temperatures impact on snow fall, snow melt 

and glacial melt.  

In an overshoot, the thermal-driven increase in atmospheric moisture availability will follow 

global temperature, though the magnitude will vary where regional temperature changes are 

different to the global temperature rise. But an increase in atmospheric moisture does not 

translate directly to increased flood risk as terrestrial precipitation changes are projected to 

be complex. 

Any temporary increases in glacial melt due to overshoot could increase glacial lake outburst 

events, affecting smaller mountain catchments, but as temperatures fall back and/or glacier 

losses exceed a critical point, the flood risk will again reduce. There is a high degree of 

uncertainty as to how changes mediated via atmospheric and oceanic circulations will 

influence patterns of storm tracks and flooding regionally, but the impacts are potentially 

longer lasting. Similarly, there is high uncertainty as to where and for how long any resulting 

land cover changes may alter flood risk. 

4. Impacts on water resources 

There is high confidence that human influence has increased the chance of compound 

extreme events since the 1950s with more frequent and intense heatwaves, droughts and 

heavy precipitation (IPCC, 2023). However, attributing cause to historic trends in streamflow 

and groundwater storage is highly uncertain due to significant regional variations and 
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multiple drivers of change. Total water storage trends (Figure 3) show significant regional 

variations over the last century, with rising, stable and falling trends seen in different parts 

of the world. There have been rising trends in parts of sub-Saharan Africa (SSA) and 

Northern USA, and falling trends in the Middle East, North Africa and SW USA (Bonsor et 

al., 2018, Scanlon et al., 2022, Scanlon et al., 2023). Climate variability can account for 

some of the observed changes, but human intervention – particularly abstraction for 

irrigation – is also a major driver of change.  

 

Figure 3. Terrestrial water storage changes from GRACE satellites during 2002–2022. Source: 
Scanlon et al. (2023). Note: Total water storage shows declining, stable and rising trends in total 
water storage over the past two decades in various regions globally. Climate variability causes some 
changes in water storage, but human intervention, particularly irrigation, is a major driver. 
Reproduced with permission from Springer Nature. 

https://doi.org/10.1038/s43017-022-00378-6
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In this section, we examine the potential impacts of overshoot on water consumption. The 

impacts are largely driven by precipitation changes, so we start by reviewing potential global 

changes in precipitation. As much water is used for agriculture, we examine the implications 

for water and irrigation needs for two staple crops. We then qualitatively examine the 

potential implications of overshoot on clean water and sanitation, using case studies from 

Africa and Southern Asia. Water consumption for energy generation is examined in Section 

7.5. 

4.1 Overshoot and projections for 2 °C 
With every increment of global warming, changes in extremes and the associated risks and 

impacts will escalate, becoming increasingly complex and difficult to manage (very high 

confidence – IPCC (2023)). They are higher for global warming of 1.5 °C than at present, 

and even higher at 2 °C (high confidence). Overshoot trajectories will therefore result in 

greater impacts during the period of overshoot compared to pathways that limit warming to 

1.5 °C with no or limited overshoot. Changes to precipitation patterns during an overshoot 

are expected to diminish as the temperature is returned to 1.5 °C, as demonstrated in the 

UK Earth System modelling analysis in Annex 4 of this study. But increased long-term glacier 

mass loss caused by overshoot is expected to be irreversible on timescales of thousands to 

millions of years, with significant long-term implications for discharge in glacier-fed streams 

and watersheds that are fed by them (Ehlert and Zickfeld, 2018, IPCC, 2021a). 

Changes in terrestrial precipitation resulting from a temperature rise to 1.5 °C and 2 °C are 

projected to vary between regions and to change within regions as temperature rises (Xiong 

et al., 2022). Changes in global mean temperature and precipitation are expected to reverse 

following a reduction in CO2 in an overshoot, but with a time-lag of years to decades, 

dependent on the degree and duration of overshoot (IPCC, 2021a). Our UK Earth System 

Model simulations of overshoot pathways, presented in Annex 4 of this study, did not 

examine enough scenarios to be able to identify statistically significant reversal of 

precipitation trends. There is evidence that, at a regional level, the lagged response of the 

hydrological cycle may be longer due to accumulated heat in the ocean, which may continue 

to intensify the hydrological cycle for decades to centuries after the atmospheric CO2 

concentration is reduced (Wu et al., 2010). 



 

   Impacts on water resources | 65 

 

Global warming of 1.5 °C with an initial overshoot to 2 °C is therefore likely to cause 

intensification of the global water cycle in line with a 2 °C scenario for at least several 

decades in the middle of the century. At the global scale, projected impacts on precipitation 

include increased variability and seasonality, increased monsoon precipitation, more 

frequent and intense heavy precipitation events, and more frequent compound heatwaves 

and droughts (IPCC, 2023). The portion of global land experiencing detectable changes in 

seasonal mean precipitation is projected to increase (medium confidence – IPCC (2023)). 

At the regional scale, both increases and decreases in mean precipitation are projected as 

outlined in Table 10. 

Significant uncertainties remain over projections of evapotranspiration at the regional and 

seasonal scale, but there is medium confidence that evapotranspiration will increase over 

most land areas, except those that are moisture-limited (IPCC, 2021a). 

Table 10. Regional projections for precipitation (IPCC, 2023). 

Climate trend Regional impacts 

Increased mean annual 

precipitation 

High latitudes, Equatorial Pacific Ocean, Mid-latitude wet 

regions, Monsoon regions, Tropical Oceans: 

North East Africa, Central Africa, Ethiopian Highlands 

Southern Arabian Peninsula, India, East, South and North 

Asia 

SE South America, N and E North America 

N Europe 

Polar regions 

Wetter and longer wet 

seasons 
S and E Asia, Central Sahel, East Africa 

Decreased mean annual 

precipitation 

Mid-latitude dry regions, Subtropical regions: 

Coastal West Africa, Northern Africa, Southern Africa 

Northern Arabian Peninsula 
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SW South America, Amazonia, Central America, Caribbean 

SW Australia 

Mediterranean 

Increased number of dry 

days 

Subtropics 

Amazonia, Central America 

Runoff and soil moisture are broadly expected to follow projected changes in regional 

precipitation. In snow-dominated regions, peak spring streamflow is expected to decrease 

and occur earlier in the year. Flows in glacier-fed streams are expected to increase in the 

near-term before declining due to glacier mass loss. The timing of the peak is dependent on 

the size of glacier and rate of loss (IPCC, 2021a). 

Flooding is heavily dependent on non-climate-related factors, such as land-use and land-

cover change, but is expected to increase at the global scale, with significant regional 

variations. Even under low-emissions scenarios, the duration and/or severity of droughts is 

expected to increase in those regions experiencing reduced precipitation. Future rates of 

aridification are expected to exceed those seen over the last millennium (IPCC, 2021a). 

Land-use change, water management and abstraction will continue to impact the amount 

and variability of river discharge and groundwater storage at the global scale. There is 

medium confidence that increased precipitation intensity enhances groundwater recharge, 

most notably in the tropics, which is expected to continue under future warming (Cuthbert et 

al., 2019). However, the potentially positive impacts of climate change on groundwater 

recharge will occur within the context of increasing demand and abstraction of water for 

irrigation and other consumptive uses, and growing threats to water quality. Without careful 

management, these pressures have the potential to deplete and degrade groundwater 

storage – as is already being observed in intensively irrigated dryland areas (Scanlon et al., 

2023). 

4.2 Regional water stress impacts on agriculture 
Climate change will affect both water resource availability and agricultural demand for water 

due to disruptions in the hydrological cycle and changes in weather conditions in agricultural 

areas. This section examines how changes in the supply and demand of water resources 
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affect water-risk for future food production. It focuses on case studies of two staple crops, 

barley and wheat. 

4.2.1 Methods 

We calculate the water footprint (WF) of crops, representing the water demand by each 

agricultural crop in a given location over its growing season. The WF is influenced by location 

and timing of planting, crop type, and climatic conditions. However, the model does not 

account for the effects of extreme weather events or CO2 fertilisation, which can also 

influence crop yield (see Section 5.1 on crop yield projection methods). 

Our methods for calculating crop Water Footprint (WF) follow Tuninetti et al. (2015) and 

Bonetti et al. (2022). For each grid cell, daily crop evapotranspiration is estimated from the 

reference evapotranspiration using the crop-specific crop coefficient and the water stress 

coefficient with the approach from Allen et al. (1998). The reference evapotranspiration (i.e. 

potential evapotranspiration) is obtained from the ISIMIP database using the ORCHIDEE 

land surface model and HadGEM2-ES climate model under RCP6 (Gosling et al., 2023). 

This potential evapotranspiration is based on climatic variables including temperature, air 

humidity and wind speed. 

We compare two projections, corresponding to 1.5 °C and 2 °C of global warming, which 

are expected to occur in years 2032 and 2050, respectively, under this choice of RCP, land 

surface model and climate model (see the RCP 6.0 Table at (ISIMIP)). These correspond 

approximately to the peak difference between the VHO and NO pathways. 

To calculate crop yield projections, the methodology follows that described under 

Section 5.1 under coherent choices of climate change scenarios. The modelling presented 

here does not include the additional effects of changes in population or diet that may affect 

water availability and the overall agricultural water demand. 

4.2.2 Insights 

Figure 4 and Figure 5 show the projected differences in water footprint between 2 °C and 

1.5 °C pathways for wheat and barley, respectively. Only potential growing regions for each 

crop are shown. There is high spatial variability in how global climate change is expected to 
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affect agricultural water requirements. Some regions are projected to experience decreases 

in wheat WF, but most are projected to see important increases in wheat WF, for example 

in Nepal, Mexico, and sub-Saharan Africa (e.g. Nigeria and Kenya). Similarly, for barley, 

numerous regions are projected to experience decreases in crop water needs but others 

have important increases, doubling or more in the USA, Iran and Yemen. 

 

Figure 4. Relative difference in wheat water requirements (water footprint, WF) in a 2ºC scenario 
relative to a 1.5ºC scenario. Units are percentage difference (so 50 corresponds to a 50% increase). 
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Figure 5. Relative difference in barley water requirements (water footprint, WF) in a 2 °C scenario 
relative to a 1.5 °C scenario. Units are percentage difference. 

To understand how projected changes in precipitation at 2 °C might affect the demand for 

irrigation water in particular, relative to 1.5 °C, Figure 6 and Figure 7 show what is termed 

the “blue” part of the crop water footprint. This is the portion of the water footprint that 

exceeds the amount of water available to the crop from local precipitation. This blue WF 

thus represents the irrigation water need to cultivate the crop optimally (without water 

stress). For wheat, Figure 6 shows that some regions are projected to experience decreases 

in crop water needs (blue) due to climate change, while others see important increases 

(yellow to red), particularly in parts of central Asia and the USA, where groundwater would 

be depleted more quickly. Figure 7 similarly shows that crop water needs relative to 

precipitation would increase in more locations than they would decrease during an 

overshoot, particularly in East Asia and the USA. 

Overall, changes in water requirements and agricultural water deficit vary substantially 

between regions. Both staple crops analysed here could require between two and six times 

more water under a 2 °C scenario in key growing regions such as Mexico and Kenya, for 
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wheat, and the USA and China, for barley. Groundwater would deplete more quickly during 

an overshoot within these regions. 

These projections focus on the expected changes in precipitation, temperature, and other 

meteorological variables affecting crop water demand. Other variables such as crop planting 

and harvesting calendars and the location of cultivation are assumed constant (with a 

baseline circa year 2000). 

Figure 6. Relative difference in wheat irrigation water requirements (blue water footprint, WFb) in a 
2 °C scenario relative to a 1.5 °C scenario. Units are percentage difference. 
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Figure 7. Relative difference in barley irrigation water requirements (blue water footprint, WFb) in a 
2 °C scenario relative to a 1.5 °C scenario. Units are percentage difference. 

 

4.3 Clean water and sanitation 
SDG 6 on clean water and sanitation4 sets ambitious targets for access to drinking water 

and sanitation (Targets 6.1 and 6.2, respectively) by 2030. In contrast to the preceding 

Millennium Development Goals (MDGs), these applied to all countries with a commitment 

to leave no one behind, with a strong focus on service levels: the quality, quantity and 

reliability of services that households, schools and health care facilities receive. SDG 6 also 

includes specific targets on the management of water resources, making explicit the link 

between service delivery and environmental stewardship. 

 
4 Specifically, ‘Ensure access to water and sanitation for all’ 
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For drinking water, a new ‘safely managed’ indicator (UN Water, 2021) emphasises the 

importance of continuous access to safe water on premises to support hygiene and 

handwashing, requiring higher volumes of water. For sanitation, the safely managed 

indicator goes beyond the hygienic separation of excreta from human contact to include the 

safe management of human waste along the sanitation chain, from containment and 

emptying to transport, treatment and reuse/disposal. 

The WHO/UNICEF Joint Monitoring Programme (JMP) for Water Supply, Sanitation and 

Hygiene (WASH) is tasked with monitoring global progress against agreed targets. Latest 

data indicate that despite significant progress, the world is not on track to meet Targets 6.1 

and 6.2, with major disparities in access to water and sanitation services linked to state 

fragility, wealth, gender and other markers of disadvantage (World Bank, 2018c, WHO and 

UNICEF, 2021). In 2020, eight out of ten people that lack even basic services lived in rural 

areas, with around half in low-income countries. People living in fragile contexts were twice 

as likely to lack safely managed services as those living in non-fragile contexts. 

Achieving universal coverage by 2030 will require a quadrupling of current rates of progress 

in safely managed drinking water services, safely managed sanitation services and basic 

hygiene services. The challenge ahead lies in both extending access and improving service 

levels, particularly for poorer and more vulnerable populations that are most at risk of being 

left behind. Many inhabit areas where climate risk and poverty increasingly coincide (Howard 

et al., 2016, Calow et al., 2018, UNESCO, 2020). 

The provision of water and sanitation, and associated behavioural change around hygiene 

practices, delivers wide-ranging benefits (Bartram and Cairncross, 2010). Most evidence 

focusses on public health, highlighting the consequences of unsafe water and poorly 

managed sanitation systems on disease, especially among young children (Howard et al., 

2016, UNESCO, 2020). The burden of disease from inadequate WASH has been estimated 

at various times over many years, and while most studies have focused on diarrhoeal 

disease, others have also assessed the WASH-attributable disease burden of other health 

outcomes, such as soil-transmitted helminth infections, malaria, trachoma, schistosomiasis, 

lymphatic filariasis, lower respiratory infections and protein energy malnutrition (see Prüss-

Ustün et al. (2019) for a recent re-analysis). 
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4.3.1 Links between SDG 6 and other SDGs beyond health 

Relationships between water and sanitation targets and other SDGs beyond health have 

also been highlighted (Figure 8), with access to clean water and safely managed sanitation 

supporting, for example, Zero Hunger (Goal 2), Quality Education (Goal 4), Gender Equality 

(Goal 5), Sustainable Cities and Communities (Goal 11) and Climate Action (Goal 13) 

(Calow et al., 2018, UNESCO, 2020). Focussing on sanitation, Parikh et al. (2021) 

demonstrate the far-reaching benefits of sanitation investments across all 17 SDGs and 130 

(77%) of the targets. 

It follows that climate-related risks to water and sanitation systems and services can 

jeopardise not just public health outcomes, but a much broader set of development 

aspirations. Importantly, climate change also threatens to undermine progress to date; hard-

won gains in extending services achieved in both MDG and SDG eras. 

4.3.2 Water Resources – Direct and Indirect Impacts 

Progress towards SDG 6 is dependent on a complex interplay of natural and human-based 

systems, many of which are already being impacted by climate change (Scanlon et al., 

2023). Global warming is causing changes across all dimensions of the water cycle with 

direct impacts on the availability and quality of water and consequently on water supply and 

sanitation systems. These impacts are projected to increase under all future emissions 

scenarios, with the direction and magnitude of change dependent on the degree of warming 

and the pathway taken to reach it (IPCC, 2021a). The impacts of climate change on water 

availability and quality occur within a context of land use change, urbanisation, population 

growth and increasing global demand for water (Boretti and Rosa, 2019), which in many 

regions are the major contributors to physical water scarcity. 
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Figure 8. The relationship between SDG 6 and other SDGs. Source: UN-ESCAP (2017). Image by 
GRID-Arendal/Studio Atlantis. 

4.4 Risks to WASH from climate change overshoot 
The evidence linking climate variability and longer-term change with WASH outcomes is 

growing, although robust attribution remains tricky. This is because WASH programmes in 

many countries measure progress in terms of systems built: assumed access rather than 

outcomes over time (Calow et al., 2018). It is also because the level, quality and reliability 

of services people receive depends on many different factors besides environmental 

conditions (UNESCO, 2020, Caretta et al., 2022). 

Nonetheless, we know that ‘Every increment of global warming will intensify multiple and 

concurrent hazards’ (high confidence – IPCC, 2023), and that climate change is already 

affecting the quality and reliability of services (Caretta et al., 2022). The higher the 

magnitude and the longer the duration of any overshoot beyond 1.5 °C, the more societies 

are exposed to greater and more widespread impacts (IPCC, 2023). 
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Table 11 provides a summary of climate-related risks to WASH based on a simplified climate 

trend – impact framework. The approach is simplified because it isolates individual drivers 

of change and their impacts. In reality, risks can intersect and compound. For example, 

rising temperatures and intense precipitation events will exacerbate risks to health from 

waterborne disease, and more frequent and/or intense floods and droughts may be 

experienced at the same location at different times (Howard et al., 2016, Calow et al., 2018, 

Caretta et al., 2022). 

In the subsections below, we focus on two main impact pathways: (i) less water - aridity, 

drought and water scarcity; and, (ii) more water – wetter conditions, floods and sea level 

rise. The impacts of rising temperatures are considered in both pathways.  

4.4.1 Aridity, drought and water scarcity 

Aridity, drought and/or water scarcity will increase in some areas (Gutiérrez et al., 2021), 

challenging those water supply and sanitation technologies unable to draw on safe storage 

(MacDonald et al., 2019). Meeting ‘safely managed’ targets for drinking water will become 

more difficult under overshoot scenarios, especially where overall water demands are 

increasing and supplies become more variable, and of lower quality. 

Longer-term (average) precipitation projections remain uncertain for many areas, although 

large areas of the Mediterranean, the Middle East and North Africa and Australia will likely 

become drier over the coming decades (Gutiérrez et al., 2021). Drought risks are projected 

to increase over much larger areas, however, with a warmer climate intensifying both wet 

and dry weather (IPCC, 2021a, Caretta et al., 2022).  

Where long-term precipitation declines or, where drought risk increases, the safe and 

continuous supply of drinking water may be threatened. A number of studies highlight the 

importance of supply continuity in determining risks of diseases, with even short 

interruptions and reversion to unprotected sources increasing risks to health (Hunter et al., 

2009). Detailed water audits in rural Ethiopia demonstrate how poorer households, in 

particular, can struggle to meet minimum drinking water needs in a ‘normal’ dry season, 

even after cutting back on handwashing, livestock watering and cooking needs (Tucker et 

al., 2014, MacAllister et al., 2020) – see Case study 1 in Section 4.5.  
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Table 11. Climate hazards and vulnerabilities for WASH. Framework based on Calow et al. (2017), Calow et al. (2018). Sources for 
(1) and (2): IPCC (2021a, 2023); Caretta et al. (2022). Sources for (3): Howard et al. (2016); Calow et al. (2017), Calow et al. (2018); 
Caretta et al. (2022). 

Climate trend 
 

Hydrological impacts (amplified 
by overshoot) 

Impacts on water supply, sanitation, and health 
(amplified by overshoot) 

(1) Declining precipitation and/or 
increased drought. 
Long-term drying trend over parts of 
the subtropics and limited areas of 
the tropics, but average precipitation 
projections still uncertain for large 
areas. 
Intensification of wet & dry weather 
events; more frequent & intense 
droughts for many regions. 

Average and/or periodic reductions 
in renewable surface and 
groundwater resources, though 
locally specific. 

Threats to water supply, especially rainwater storage, 
ephemeral streams, shallow wells with less storage. 
Potentially less water for drinking, cooking, hygiene, 
and water-dependent sanitation.  
Reduced raw water quality because of less dilution – 
increasing exposure to waterborne contamination 
and/or higher treatment costs. 
Increased demand for surface water storage & 
groundwater to bridge surface water deficits; more 
vector breeding sites from surface storage. 
Growing competition between domestic and others 
uses, especially at the urban-rural interface.  

(2) Increasing precipitation and/or 
more extreme precipitation events. 
Long-term wetting trend over high 
altitudes, equatorial Pacific, parts of 
monsoon regions, but average 
precipitation projections still 
uncertain for large areas. 
Intensification of wet & dry weather 
events; more frequent and intense 
precipitation events for most regions, 

Average and/or periodic Increases 
in surface & groundwater 
resources. 
Flood and drought hazards – 
greater annual and multiannual 
variability in surface water flows. 

Potentially more water available for domestic use, 
though short-term shortages due to more variability still 
likely. 
Rising groundwater levels and/or surface runoff may 
flood onsite sanitation and drainage - health risks from 
spread of faecal matter, contamination of soils, water 
resources and water sources. 
Floods cause damage to infrastructure, disruption of 
supply and treatment, reduction in raw water quality 
(sediment, nutrient, overflow contamination, pollution 
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even where average precipitation 
decreases. 

loads). Floods may also overwhelm conventional 
sewerage and treatment. 
More frequent damage/destruction of household 
managed (onsite) sanitation may undermine demand 
for rebuilding & commitment to open defecation-free 
status. 

(3) Higher temperatures 
Global increase, though rate of 
change and temp extremes vary by 
region. 
Increase in hot extremes, especially 
in urban areas (urban heat island 
effect). 

Higher rates of evapotranspiration 
and soil moisture deficits affect 
water balance. 
Rise in temperature of rivers and 
lakes – reduced raw water quality.  
Higher overall demand for water.  
Rising sea levels (melting ice, 
expansion of sea water) now 
unavoidable for centuries to 
millennia for all future climates.  

Threats to water availability – see drought above. 
Dry soil may increase risk of runoff and flooding after 
intense precipitation. 
Accelerated growth, persistence & transmission of 
waterborne pathogens. 
More algal blooms & increased risks from cyanotoxins 
and natural organic matter in water sources – threat to 
water quality & health even with conventional 
treatment. 
Higher ambient temperature increases demand for 
water. 
Intrusion of brackish or salty water into coastal aquifers 
– threats to groundwater quality with potential health 
impacts (high salt). 
Destruction/damage to WASH infrastructure in coastal 
areas from surges and inundation of sea water. 
Exacerbated by intensification of tropical cyclones 
and/or extratropical storms. 
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Reductions in precipitation and water availability, periodic or longer-term, pose a particular 

risk to more basic water supply systems unable to draw on significant storage (e.g. rooftop 

rainwater harvesting, springs, shallow dug wells) to bridge deficits. However, problems are 

not confined to low-income rural areas, as the experience of Cape Town, South Africa, 

demonstrates. Here, surface water sources almost dried up during the 2015–18 drought, 

forcing city planners to curb demand, invest in nature-based solutions (NbS) to augment 

catchment supply, and re-consider the role of groundwater storage as a buffer against 

drought and longer-term aridity - see Case Study 2 in Section 4.6.  

Above 1.5 °C of global warming, limited freshwater resources pose potential hard adaptation 

limits for some small islands and regions dependent on glacier and snow melt (medium 

confidence – IPCC, 2023). Currently, around four billion people experience severe water 

scarcity for at least one month per year (Caretta et al., 2022), although the scarcity 

experienced is typically economic (linked to access) rather than physical (constrained by 

availability). For example, a number of major river basin studies have concluded that while 

physical scarcity is likely to increase in some hot spot locations, aggravated by climate 

change, high levels of water extraction, and inefficient and inequitable use, remain the 

primary concern (e.g. Cook et al., 2011, Grafton et al., 2013, MacDonald et al., 2016). In 

Southern Europe and the Middle East and North Africa (MENA), areas projected to face 

declining precipitation and greater aridity, there is more than enough water to meet basic 

needs. The key question in these areas is around the future of irrigated agriculture, by far 

the largest water-consumer, and the ability of institutions to manage scarce water for a range 

of competing interests (Zeitoun et al., 2016, Calow et al., 2018, Richardson, 2021). 

Groundwater resources can provide resilient supplies even during severe drought. A series 

of groundwater-focused studies in SSA over the last decade (e.g. MacDonald et al., 2019, 

MacAllister et al., 2020) have demonstrated how even under drying conditions and severe 

drought, groundwater storage can support resilient drinking water supplies, with storage 

replenished from intense precipitation events (for example, in Case Study 1 in Section 4.5). 

A key conclusion is that most existing groundwater-based services are resilient, provided 

systems are built and maintained to reasonable standards. 
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Drying environments and periodic droughts pose less of a risk to sanitation, though much 

depends on whether water is part of the sanitation process. As a group of technologies, 

decentralised solutions such as septic tanks are generally considered resilient and, in drying 

environments, impacts may be positive for the attenuation of pathogens (notwithstanding 

caveats around greater flood risk, even where average precipitation declines). In contrast, 

declining water availability (and flooding) pose major risks to sewerage and septic systems 

relying on water to flush and dilute excreta (Howard et al., 2016, Calow et al., 2018). For 

example, sewerage systems may become more difficult to operate and maintain, particularly 

conventional sewerage with its higher water requirements. Treatment may also become 

more challenging if standards have to be raised to account for the lower absorptive and 

dilution capacity of receiving water bodies (Howard et al., 2016, UNESCO, 2020). 

4.4.2 Wetter conditions, heavy precipitation events 

Wetter conditions in some areas, and more frequent and intense precipitation events more 

generally, will damage infrastructure, disrupt water and sanitation services and jeopardise 

water quality. Meeting ‘safely managed’ targets for drinking water and sanitation will become 

more difficult under overshoot scenarios, especially in fast-growing informal settlements 

where climate risk and poverty increasingly coincide. 

On a global scale, average precipitation over land has increased since the 1950s, as has 

the frequency and intensity of heavy precipitation events (IPCC, 2021a, 2023). These trends 

are expected to continue, albeit with wide regional variation and uncertainties. However, 

while long-term (average) precipitation projections remain uncertain for many areas, climate 

models are consistent in projecting increases in the frequency and intensity of heavy 

precipitation (high confidence – IPCC (2021a, 2023)), increasing rain-generated local 

flooding (medium confidence – IPCC (2021a, 2023)). At a global scale, extreme daily 

precipitation events are projected to intensify by about 7% for each 1 °C of global warming 

(high confidence - IPCC, 2021), with a potential doubling of flood risk between 1.5 °C and 

3 °C of warming. 

Heavy precipitation events and local flooding pose direct physical threats to water and 

sanitation infrastructure and amplify the risk of water and ground water contamination and 

disease. Risks can be expected to increase further under overshoot scenarios, linked to the 



 

Impacts on water resources | 80 

higher frequency and/or intensity of fluvial and pluvial events and rising sea levels. 

Populations with limited or no sanitation and safe water – still predominantly rural, low 

income – are most exposed to health risks because heavy rains can flood, damage or 

destroy latrines and spread faecal matter, including into unprotected/poorly protected water 

sources. In addition, where floods damage or destroy latrines, household demand for re-

building may be compromised, undermining the commitment to open defecation-free status 

explicitly targeted in SDG Target 6.2 (Calow et al., 2017, UNICEF and GWP, 2022). 

Systematic reviews of the health evidence highlight strong links between flood events and 

outbreaks of water-related disease linked to poor/disrupted water and sanitation services, 

including cholera, hepatitis A and E, typhoid, polio and pathogenic E.coli (e.g. Alderman et 

al., 2012). Increases in global ambient temperature have also been linked to increasing rates 

of diarrheal disease (Carlton et al., 2016, Philipsborn et al., 2016). Higher water 

temperatures can also encourage algal blooms and increase risks from cyanotoxins and 

natural organic matter in water sources, while higher runoff can increase contamination from 

fertilisers, animal wastes and particulates (Calow et al., 2018).  

Climate risk and poverty will increasingly coincide in urban areas, particularly in fast-growing 

informal settlements where poorer households occupy more exposed, flood-prone areas 

with limited and/or fragmented services (Hallegatte et al., 2016, Hallegatte et al., 2017, 

Dodman et al., 2022). Urban flooding can then damage or overwhelm infrastructure, mix 

flood water and sewage over wide areas, and contaminate the environment and water 

supplies. Problems are exacerbated when floodwaters limit vehicular access to empty onsite 

systems (Howard et al., 2016).  

In Central and Southern Africa, over 60% of urban residents live in informal settlements 

exposed to multiple hazards; most rely on onsite sanitation with no access to systems of 

faecal sludge management (FSM) that include treatment of waste before final disposal 

(Doherty et al., 2022, Richardson et al., 2022). In Asia, over 500 million people live in 

climate-vulnerable informal settlements, with the number increasing rapidly (Shaw et al., 

2022). In the city of Dhaka in Bangladesh, where monsoon floods are an annual occurrence, 

almost all faecal sludge ends up in drains or the wider environment, and outbreaks of 
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cholera, typhoid and other diseases are common (Dasgupta et al., 2015, Ross et al., 2016) 

– see Case Study 3 in Section 4.7.  

Most climate impact studies focus on centralised water supply and sanitation systems in 

high income countries (Hyde-Smith et al., 2022). These also have multiple vulnerabilities 

linked to higher levels of global warming. For example, where precipitation increases or 

heavy precipitation events become more frequent, the separation of stormwater from 

sewage will become more difficult, with the potential to overwhelm collection and treatment 

systems. Increases in suspended solid loads in rivers may also mean that treatment systems 

require significant upgrading (Howard et al., 2016). Wastewater treatment works are also 

vulnerable, since many are located in low-lying areas next to rivers. Risks can also cascade 

across and between networks, for example in interconnected (piped) systems where 

damage in one area affects water availability/quality in another, or where power outages 

affect water pumping and treatment (Dodman et al., 2022).  

Economic losses will be elevated where populations and physical assets are most 

concentrated and exposed. Disaggregated figures for water and sanitation infrastructure are 

not available, but overall flood damages are projected to increase by 4–5 times at 4  °C 

compared with 1.5 °C (medium confidence – Caretta et al. (2022)). Coastal areas exposed 

to a combination of sea level rise, river floods and storm surges may suffer the heaviest 

economic losses. Even if global temperatures recede by the end of the century, sea level 

rise is now unavoidable for centuries to millennia due to continuing deep ocean warming 

and ice sheet melt (high confidence – IPCC (2021a)). Sea level rise also threatens 

freshwater resources and drinking water sources because of the intrusion of brackish or 

salty water into groundwater resources – see Case Study 3 in Section 4.7. 

A key challenge for many areas is to design WASH services for an uncertain future 

environment. For example, it is not clear whether rising temperatures will increase or reduce 

precipitation feeding two key rivers in South Asia (the Indus and the Ganges – see Case 

Study 4 in Section 4.8). This means new infrastructure would ideally be resilient to both 

scenarios, increasing the adaptation cost. 
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4.5 Case Study 1: Learning lessons from the 2015-16 El Niño drought in 
Ethiopia 

Planning for climate change in Ethiopia, and the Horn of Africa more widely, is challenging. 

Although observational records highlight a drying trend over the last three decades, climate 

modelling points to wetter conditions, at least in the Ethiopian Highlands (IPCC, 2021a). 

What is clear, however, is that (i) average temperatures are increasing, and are already 1.0–

1.5 °C above pre-industrial levels; (ii) annual and multiannual rainfall variability (naturally 

very high) is increasing; and, (iii) the frequency and intensity of extreme events (including 

droughts and floods) is also increasing, linked to the greater number of ENSO events in a 

warming climate (Cai et al., 2021, IPCC, 2021a, Richardson et al., 2022). These known 

trends will likely be amplified with every additional degree of global warming. 

Predicting impacts on water-dependent services is complicated, particularly where high 

natural variability makes it difficult to isolate a climate change signal, and where many other 

factors influence service outcomes (Conway, 2013, Calow et al., 2018) – see Figure 9). This 

has not stopped Ethiopia investing heavily in water and sanitation with some headline 

success. In 2015 the country met its MDG target for water supply – one of the few countries 

to do so in SSA – driven by a very rapid increase in rural areas (World Bank, 2018b). 

However, concerns about the sustainability of services came to the fore during the 2015–16 

El Niño drought, with some development partners questioning the viability of conventional 

water supply programmes. The drought caused one of the worst humanitarian crises in East 

Africa for decades but impacts on rural water supply were mixed.  

An analysis of performance data from over 5000 water points collected during the drought 

(MacAllister et al., 2020) revealed that problems were mainly confined to those areas 

classified as ‘unserved’ (i.e. dependent on unprotected rivers, streams and ponds), those 

areas relying on hand-dug wells and springs, and those relying on deep motorised boreholes 

that broke down or ran out of fuel as demand increased. In these locations, daily water 

collection times could reach 12 hours, with volumes collected falling to 3–5 litres/capita/day 

(MacDonald et al., 2019). In contrast, boreholes equipped with simple handpumps proved 

much more resilient – if they could be maintained. 
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A number of lessons can be drawn from Ethiopia’s experience, with wider relevance for 

SSA. First, groundwater resources can provide resilient supplies even during severe drought 

because they store water between wet and dry cycles. Second, this ‘buffering’ function will 

grow in importance, particularly under ‘overshoot’ scenarios where rainfall variability and 

droughts intensify (MacAllister et al., 2020, MacDonald et al., 2021). Third, most existing 

groundwater technologies, with the exception of shallow hand dug wells and protected 

springs, can provide climate-resilient supply, provided systems are built and maintained to 

reasonable standards (Calow et al., 2018, MacAllister et al., 2020).  

 

Figure 9. Unravelling the causes of water point failure. Figure from UKRI © BGS Bonsor et al. (2015). 



 

Impacts on water resources | 84 

4.6 Case Study 2: Cape Town’s Day Zero: climate change, drought and 
nature-based solutions in South Africa 

The city of Cape Town in South Africa is located in one of the few areas of SSA where there 

is reasonable confidence in average rainfall projections. By the 2050s, it is expected that 

the Southwestern part of Southern Africa will become drier, with more agreement across 

model projections for higher levels of global warming (Gutiérrez et al., 2021). At a basin 

scale, reductions in river flow are projected in the Orange and Okavango (Hamududu and 

Killingtveit, 2012, Trisos et al., 2022). In addition, average annual surface temperatures for 

Southern Africa as a whole have already risen by more than the global average – between 

1 °C and 1.5 °C (1961 to 2015) – and this trend that is expected to continue (IPCC, 2021a).  

Over the period 2015–18, Cape Town and its surrounding area experienced its worst 

drought since 1904. Climate change made drought five to six times more likely (Pascale et 

al., 2020). The city’s water supply (and peripheral irrigation demand) is dependent on 

streamflow from a relatively small area made up of several mountainous catchments, with 

water then stored in six downstream reservoirs. During the drought, dam levels dropped to 

less than 20% of their capacity, forcing the city authorities to plan for Day Zero – the day the 

taps would run dry. Stringent demand management was enforced to curb non-essential use. 

One consequence was a sharp fall in municipal revenue from water sales, compounded by 

a surge in off-grid (private) groundwater drilling by wealthier residents, straining the city’s 

finances further (Simpson et al., 2019).  

Plans for increasing supply security have focused not just on hard infrastructure but also 

NbS to clear invasive trees in the upper catchments and restore native scrub vegetation that 

consumes less water (Opperman et al., 2021, Holden et al., 2022). In contrast to most NbS, 

detailed economic and scientific studies have been conducted to estimate how much water 

could be saved, and at what cost. Results indicate that an investment of roughly USD 25.5M 

can generate annual water gains of over 55 Mm3/year within six years (equivalent to one-

sixth of the city’s current supply needs), increasing to 100 Mm3/year within 30 years. 

Moreover, water gains are at least one-tenth the weighted unit cost of alternative supply 

options – Figure 10 (The Nature Conservatory, 2019).  
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A number of wider lessons can be drawn from Cape Town’s experience. First, over-reliance 

on one source of water, and excluding groundwater storage from the mix, elevates supply 

risk. Second, fast-growing urban areas will increasingly compete for water with surrounding 

uses and users (often with prior rights), raising difficult questions about who gets what as 

cities grow. Third, water accounting studies offer a reminder that replacing native shrubland, 

savanna or grassland with forest will typically reduce streamflow. Tree-planting in ‘new’ 

areas for carbon capture, or under the assumption that water outcomes will be neutral or 

positive, may have unintended consequences.  

 

Figure 10. Comparison of water supply options for Cape Town, South Africa. Source: Conservatory 
(2019). Note: water supply gain and unit cost (URV) comparison between different catchment 
restoration and other supply options (costs include raw water treatment cost where applicable). 

4.7 Case Study 3: Multiple risks to water and sanitation services in 
Bangladesh 

Bangladesh is one of the most vulnerable countries in the world to climate-related hazards, 

including cyclones, droughts, floods and sea level rise. Although long-term rainfall 

projections remain uncertain, climate modelling is consistent in projecting more frequent and 
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intense rainfall events and droughts, more intense tropical cyclones, rising sea levels and 

higher average temperatures (Lee et al., 2018, Gutiérrez et al., 2021, Shaw, 2022). Risks 

are amplified by high levels of poverty and the country’s flat, flood-prone topography.  

Bangladesh has made rapid progress in extending access to water and sanitation. Some 

98% and 54% of the population have at least basic drinking water and sanitation services, 

respectively (WHO and UNICEF, 2021). However, the numbers benefiting from safely 

managed services are only 59% for drinking water and 39% for sanitation. A key issue is 

ground water contamination and disease in rural environments where basic pit latrines are 

poorly constructed with leakage of human waste into water sources. Emerging research in 

Bangladesh indicates that higher temperatures and rainfall are associated with higher 

prevalence of diarrhoea. Under likely climate change scenarios, waterborne diseases 

responsible for clinical illness are expected to increase (Grembi et al., 2022, Nguyen et al., 

2022).  

In low-lying coastal areas where poverty is most prevalent, the impacts of climate overshoot 

on WASH may extend well beyond a mid-century temperature peak. This is because sea 

level rise is now unavoidable for centuries to millennia (high confidence – IPCC (2021a)), 

increasing the risk of destructive storm surges and the ingress of saline water into freshwater 

sources. Impacts may be amplified in coastal Bangladesh by a decline in dry season river 

flows from the Himalayas (World Bank, 2018c).  

In common with many other developing economies, large numbers of people are moving 

into urban areas, straining services. Dhaka, the capital, now has a population of around 22 

million, up from just 336,000 in 1950 (World Bank, 2022). Roughly one-third of the population 

are classified as ‘informal’ residents, living in flood-prone areas where monsoon floods mix 

flood water, industrial waste and sewage over wide areas. Although most slum residents 

have access to improved drinking water (97%) and sanitation (86%) (Haque et al., 2020), 

the reliability and quality of services are poor. Almost all (98%) faecal sludge ends up in 

drains, canals and the wider environment with no safe conveyance, treatment or disposal 

((Dasgupta et al., 2015, Ross et al., 2016).  

There are a number of wider lessons for overshoot pathways. First, more frequent and/or 

more intense rainfall events will create major risks to public health where drinking water and 
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sanitation services remain rudimentary. Second, some of these risks are ‘baked in’ within 

exposed coasts because sea level rise will continue, whether or not temperatures decrease 

towards the end of the century, but higher sea levels from overshooting will have worse long-

term impacts. Third, fast-growing cities struggling to meet demand for safely managed 

services face growing risks to public health, disproportionately affecting poorer households. 

With networked (piped) utility connections unavailable to most residents, a key priority is to 

strengthen, and regulate, business models for the safe collection, treatment and disposal 

(or reuse) of human waste.  

4.8 Case Study 4: Risks to water resources of the Indus and Ganges 
The Indus and Ganges river catchments are two of the most significant water resources in 

the world but are also amongst the most vulnerable to climate and human change 

(Immerzeel et al., 2020). The two rivers depend on precipitation from the Indian Monsoon 

and Westerlies as well as glacier and snow melt (Yao et al., 2022). Glacier melt forms a 

much more significant proportion of river flow for the Indus (estimated 40% of upper Indus 

flow) than for the Ganges (estimated 10% of upper Ganges flow) (Lutz et al., 2014). Water 

demand in the two basins is extraordinarily high with irrigation dominating, and demand is 

expected to rise sharply in the coming decades (Immerzeel et al., 2020).  

Water is abstracted from the river basins through a combination of irrigation canals and 

groundwater abstraction. The Indus Basin Irrigation System is the largest contiguous 

irrigation system in the world (Yu et al., 2013) and, combined with the Ganges, forms more 

than 100,000 km of canals. Groundwater abstraction from more than 10 million tube wells 

in the alluvial aquifers in the basins is estimated to be more than 200 km3 per year, making 

it the most heavily exploited aquifer in the world (MacDonald et al., 2016).  

The Indus and Ganges river catchments are highly sensitive to climate change, given the 

dependence of flow on glacier and snow melt (Yao et al., 2022), and the strong links between 

aquifer recharge and river / canal flow (MacAllister et al., 2022). From 1980 to 2018, warming 

of the Asian Water Tower was twice the global average at 0.42 °C and total glacier mass 

reduced by an estimated 340 Gt (Yao et al., 2022). Over the same period, annual 

precipitation decreased slightly for the Indus and Ganges but differences between the 

Westerlies and Indian monsoon give a complex spatial distribution. River flow has therefore 



 

Impacts on water resources | 88 

increased significantly from 1980–2018 and is forecast to increase through the middle and 

possibly end of the 21st century as glaciers continue to melt possibly increasing by 20–50% 

by the end of the century (Yao et al., 2022). Changes in seasonality of flow due to ice mass 

loss may be buffered by groundwater storage and baseflow to rivers (Andermann et al., 

2012). Groundwater storage is strongly linked to leakage from rivers and canals and 

abstraction (MacAllister et al., 2022), and future changes in storage will depend on a 

complex interplay between recharge from the monsoon, canals and rivers, and increased 

abstraction. 

Overshoot scenarios are forecast to accelerate the warming in the region, increasing the 

rate of glacier loss in most of Asia and intensifying the monsoon. However, the complex 

behaviour of the Westerlies on the western part of the Himalayas makes it difficult to 

confidently forecast precipitation in an overshoot scenario and therefore river flow in the 

upper Indus. The increased abstraction of groundwater storage from aquifers in the basins 

is likely to continue into the future, with resulting complex patterns of depletion and water 

quality degradation (Scanlon et al., 2023). 

 

Figure 11. Forecast warming and precipitation for 1.5 and 2 degrees. From IPCC (2022d). 
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5. Food system impacts 

Food systems will be affected by changes in temperature and precipitation on land and by 

changes in ocean temperature for fisheries. Changes in extreme weather could also have a 

substantial impact. This section considers the potential impacts of overshoot on crop yields 

and production in Sections 5.1 and 5.2. Fisheries are then examined in Section 5.3. 

5.1 Impacts on crop yields 
Two main approaches have been used to understand the potential impacts of climate 

change on crop yields. 

A range of process models have been developed to estimate yields as a function of growing 

conditions, including weather and soil conditions, and some of these have been applied 

globally for a range of cereals to explore the potential impacts of weather changes caused 

by climate change (Carr et al., 2020). While such models can theoretically examine non-

linear impacts of severe climate change due to represented growth processes, in practice 

they do not represent the impacts of increasing severe weather or increasing pests and 

disease on crops. 

Econometric analyses have been used to examine how changes in weather have affected 

crop yields in the past, and then used to project crop yields in the future as the climate 

warms. While such models might resolve changes in severe weather and examine yields 

over large areas and any adaptation to climate change, they cannot represent emergent 

behaviour as they do not consider individual growth processes. 

A further challenge is that global warming of up to 2 °C has historically been considered to 

have a relatively small impact on crop yields, so most studies, and hence available datasets, 

have focused on higher levels of climate change. This means that datasets of global 

warming even for the VHO pathway are not available, and this limits analyses of overshoots 

on crops unless new initiatives produce such datasets. 

5.1.1 Methodology 

We use an econometric approach with two steps: 
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1. Estimating the coefficients related to the selected model for each crop using historical 

data (1986–2012). All the estimated coefficients are stated in Agnolucci et al. (2020). 

2. Forecasting the crop yields based on the estimated coefficients from step 1 and 

weather scenarios (temperature and precipitation based on RCP2.6 and RCP6.0) for 

years between 2013 and 2100. Both have temperature trends closer to the VHO 

pathway than the NO pathway. 

To account for country-based unobserved effects, following Agnolucci et al. (2020), we 

employ models that are estimated using either fixed effects, random effects or between 

effects, based on model selection methods. The general model includes a country-specific 

quadratic trend, an individual-specific time-invariant component, a common time-variant 

component, and a set of observed variables potentially affecting crop yield, denoted as 𝑋𝑋𝑖𝑖𝑖𝑖. 

The logarithm of crop yield, indicated as 𝑦𝑦𝑖𝑖𝑖𝑖, is modelled as a function of these components 

and random disturbances, 𝜀𝜀𝑖𝑖𝑖𝑖, and is specified as follows: 

𝑦𝑦𝑖𝑖𝑖𝑖 = 𝛼𝛼𝑖𝑖 + 𝜆𝜆𝑖𝑖 + 𝜌𝜌1𝑖𝑖𝑡𝑡 + 𝜌𝜌2𝑖𝑖𝑡𝑡2 + 𝛽𝛽𝑋𝑋𝑖𝑖𝑖𝑖 + 𝜀𝜀𝑖𝑖𝑖𝑖 

where: 

𝛽𝛽𝑋𝑋𝑖𝑖𝑖𝑖 = 𝛽𝛽1𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑖𝑖𝑖𝑖 + 𝛽𝛽2𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑖𝑖𝑖𝑖2 + 𝛽𝛽3𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑖𝑖𝑖𝑖 × 𝐼𝐼𝐼𝐼𝐼𝐼𝑖𝑖 + 𝛽𝛽4𝑃𝑃𝐼𝐼𝑇𝑇𝑃𝑃𝑖𝑖𝑖𝑖 + 𝛽𝛽5𝑃𝑃𝐼𝐼𝑇𝑇𝑃𝑃𝑖𝑖𝑖𝑖2 + 𝛽𝛽6𝑃𝑃𝐼𝐼𝑇𝑇𝑃𝑃𝑖𝑖𝑖𝑖 × 𝐼𝐼𝐼𝐼𝐼𝐼𝑖𝑖
+ 𝛽𝛽7𝐼𝐼𝐼𝐼𝐼𝐼𝑖𝑖 + 𝛽𝛽8𝑃𝑃𝑇𝑇𝑃𝑃𝑡𝑡𝑖𝑖𝑖𝑖 + 𝛽𝛽9𝐹𝐹𝑇𝑇𝐼𝐼𝑡𝑡𝑖𝑖𝑖𝑖 

The explanatory variables used in the estimation (𝑋𝑋𝑖𝑖𝑖𝑖) include temperature (𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑖𝑖𝑖𝑖), 

precipitation (𝑃𝑃𝐼𝐼𝑇𝑇𝑃𝑃𝑖𝑖𝑖𝑖), pesticides (𝑃𝑃𝑇𝑇𝑃𝑃𝑡𝑡𝑖𝑖𝑖𝑖), fertilisers (𝐹𝐹𝑇𝑇𝐼𝐼𝑡𝑡𝑖𝑖𝑖𝑖), and an indication of the level of 

irrigation which is utilised in the agricultural sector (𝐼𝐼𝐼𝐼𝐼𝐼𝑖𝑖). 

The methodology follows a general-to-specific approach in which models are estimated 

starting from the most general to the most specific one, in terms of the selection of 

explanatory variables and the statistical models being estimated for each crop. Table 12 

presents the models and explanatory variables that are used for the selected crops. 
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Table 12. Variables used to model cereal yields based on a general-to-specific approach.  

Crop Model Vars 

Barley Fixed effects (within effects) and controlling for 
country specific trend (ρ_1i t) 

𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑖𝑖𝑖𝑖, 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑖𝑖𝑖𝑖2 , 
𝑃𝑃𝐼𝐼𝑇𝑇𝑃𝑃𝑖𝑖𝑖𝑖 

Rice Between effects and controlling for time effects (λ_t) 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑖𝑖𝑖𝑖, 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑖𝑖𝑖𝑖2 , 
𝑃𝑃𝐼𝐼𝑇𝑇𝑃𝑃𝑖𝑖𝑖𝑖, 𝑃𝑃𝐼𝐼𝑇𝑇𝑃𝑃𝑖𝑖𝑖𝑖2 , 𝑃𝑃𝑇𝑇𝑃𝑃𝑡𝑡𝑖𝑖𝑖𝑖 

Soybean First difference fixed effects and controlling for time 
effects (λ_t) 

𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑖𝑖𝑖𝑖, 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑖𝑖𝑖𝑖2 , 
𝑃𝑃𝐼𝐼𝑇𝑇𝑃𝑃𝑖𝑖𝑖𝑖, 𝐹𝐹𝑇𝑇𝐼𝐼𝑡𝑡𝑖𝑖𝑖𝑖 

Wheat Between effects and controlling for time effects (λ_t) 𝑋𝑋𝑖𝑖𝑖𝑖 
 

In the second step, by using the estimated coefficients and weather scenarios (RCP2.6 and 

RCP6.0) inputs, we forecast the crops’ yield for the years between 2013 and 2100. For 

instance, the forecasted yield of barley is calculated as follows: 

log𝐵𝐵𝐵𝐵𝐼𝐼𝐵𝐵𝑇𝑇𝑦𝑦𝚤𝚤𝑖𝑖� = 𝛼𝛼�𝑖𝑖 + 𝜌𝜌�1𝑖𝑖𝑡𝑡 + �̂�𝛽1𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑖𝑖𝑖𝑖 + �̂�𝛽2𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑖𝑖𝑖𝑖2 + �̂�𝛽4𝑃𝑃𝐼𝐼𝑇𝑇𝑃𝑃𝑖𝑖𝑖𝑖 

where log𝐵𝐵𝐵𝐵𝐼𝐼𝐵𝐵𝑇𝑇𝑦𝑦𝚤𝚤𝑖𝑖�  is the forecasted barley yield (in logarithm term) for country 𝑖𝑖 at time 𝑡𝑡 

and 𝛼𝛼�𝑖𝑖, 𝜌𝜌�1𝑖𝑖, �̂�𝛽1, �̂�𝛽2, and �̂�𝛽4are coefficients estimated in step 1. Values for the weather scenario 

(𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑖𝑖𝑖𝑖 and 𝑃𝑃𝐼𝐼𝑇𝑇𝑃𝑃𝑖𝑖𝑖𝑖) are determined based on RCP2.6 and RCP6.0 scenarios. 

Figure 13 shows that the temperature in the RCP2.6 scenario rises by up to 2 °C above at 

around 2050, after which it begins to decrease from 2060. In contrast, the RCP6.0 scenario 

initially starts with a temperature level below that of the RCP2.6 scenario, but it steadily 

increases and is projected to reach up to 3.9 degrees Celsius above pre-industrial times by 

2100. For our pathways, RCP6.0 best represents the VHO pathway to 2040 and then 

RCP2.6 to 2060. Although we present the change in crop yield as a function of global mean 

temperature change for each scenario, we estimate the crop yield in each region using the 

changes in regional temperature and precipitation then sum the changes in yield globally. 
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Figure 12. Global temperature rise in the RCP2.6 and RCP6.0 scenarios. 

To calibrate the projections, we first calculate the difference between the fitted and observed 

values for the years between 2007 and 2012. Then, we compute the average value of these 

differences for each crop at the country level and add this average difference to the 

forecasted values. Furthermore, to consider the potential yield of the crops in each country, 

we set a plateau to reflect more realistic and feasible projections using the potential yield as 

a cap that is increased by 5% per decade. 

5.1.2 Impact of local temperature changes on crop yields 

We find that a local temperature rise of 1 °C above 22 °C causes a 2.8% decrease in rice 

yield. This finding aligns with numerous studies that have utilised panel regressions and 

county-level data to examine the relationship between temperature, precipitation and crop 

yields. These studies reveal an inverted U-shaped association between temperature and 

rice yield (Chen et al., 2016, Zhang et al., 2017a). Our findings also indicate that the rice 

yield tends to increase with rising temperatures up to 22 °C but thereafter decline, reflecting 

the inverted U-shaped relationship. 

We find a nonlinear relationship between temperature and soybean yield with a threshold of 

26 °C. This implies that soybean yield increases with temperature up to 26 °C, but thereafter, 
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it decreases by 0.5% for every 1 °C increase in temperature. For comparison, Schlenker 

and Roberts (2009) identified a temperature threshold of 30 °C. 

Wheat is primarily a temperate crop and a temperature increase of 1 °C above 15 °C (or 20 

°C for countries with high irrigation rates) leads to a 1% yield reduction in our analysis. This 

finding is supported by existing literature, although the magnitude may vary since our 

analysis has used global data, whereas most studies have focused on individual countries. 

For example, Tack et al. (2015) conducted a study on wheat yields in the United States, 

analysing Kansas Performance Tests data from 1985 to 2013. They found that a one-degree 

day increase above 34 °C resulted in a 7.6% decline in wheat yields. 

Moore and Lobell (2015) showed that long-term temperature and precipitation trends since 

1989 led to a 3.8% decrease in barley yield in Europe. Along similar lines, we find that for 

every 1 °C increase above 18 °C causes a 0.5% decrease in the barley yield. We observed 

an inverted U-shaped relationship between temperature and barley yield, whereby the yield 

increases with temperature up to 18 °C but declines thereafter. 

5.1.3 Projected impact of climate change on cereal yields 

The right panel of Figure 14, which illustrates the yield-temperature relationship, indicates 

that higher global temperatures have a detrimental impact on wheat, soybean, and rice, 

leading to lower yields (comparing RCP6.0 to RCP2.6). Conversely, the crop yield of barley 

remains relatively unaffected by temperature variations. This discrepancy underscores the 

importance of understanding the unique responses of different crops to climate change, as 

it enables us to develop targeted adaptation strategies to mitigate potential losses. 

Furthermore, the left panel of Figure 14 shows that the yield reduction observed in wheat, 

soybean, and rice is consistent throughout the RCP6.0 scenario. This indicates that the 

adverse effects of higher temperatures persist over the long term, jeopardising the future 

productivity of these crops. On the other hand, barley maintains a relatively stable yield. 

To gain further insights into crop yield variation, we calculated the coefficient of variation 

(CV) for the first and last 15-year periods: 2021–2035 and 2086–2100. The CV values for 

each crop under both RCP2.6 and RCP6.0 scenarios are presented in Table 13. Soybean 

and wheat yields increase in interannual variability over the century, regardless of the 
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climate scenario. Rice yield variability is almost the same for both periods and barley yield 

variability reduces. Hence agricultural productivity and production could become more 

variable for wheat and soybean. Increasing variability could lead to shortages in some years 

and require additional risk management to secure farmer livelihoods (Dodds, 2010). 
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Figure 13. Crop yield projections for wheat, soybean, rice, and barley to 2100 (previous page). In all 
graphs, the RCP2.6 is green and RCP6.0 is red. In the four panels on the right, lighter markers 
represent years closer to 2021, while darker ones correspond to the years closer to 2100. The graphs 
in the left panel depict the weighted average projected crop yield for the globe up to 2100 under two 
weather scenarios. On the other hand, the right panel demonstrates the projected values against the 
difference in temperature compared to the pre-industrial period based on the same weather 
scenarios (RCP2.6 and RCP6.0). 

 
Table 13. Coefficient of variation for crop yields in three distinct periods 

 Rice Soybean Wheat Barley 

CV (2021-2035) – RCP2.6 3.45% 2.41% 1.35% 5.56% 
CV (2086-2100) – RCP2.6 3.12% 4.19% 2.05% 2.90% 
     

CV (2021-2035) – RCP6.0 3.26% 2.64% 1.75% 5.37% 
CV (2086-2100) – RCP6.0 3.36% 4.03% 2.72% 2.82% 

5.1.4 Summary 

By examining the relationship between temperature and precipitation patterns and their 

effects on crop productivity, we can assess the vulnerability of wheat, soybean, rice, and 

barley to climate change. 

Our crop yield projections indicate that under the RCP2.6 scenario, which represents a 

moderate increase in temperature, there is no significant reduction in crop yield across all 

four crops. This suggests that the projected temperature changes associated with this 

scenario do not pose an immediate threat to agricultural productivity. However, when 

comparing this scenario to the RCP6.0 scenario, characterised by higher temperature 

increases, we observe a clear negative relationship between temperature and crop yield for 

rice, soybean and wheat. 

The overall findings of this study are consistent with the current state of the literature. Fisher 

et al. (2012) have demonstrated that climate change significantly decreases agricultural 

outputs, specifically affecting corn and soybean yields in the United States. Chen and Gong 

(2021) have shown that high temperatures induce a reduction in crop yields in China. 

Comparable studies conducted in other developing countries consistently reveal the 
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adverse impacts of climate change on agriculture (Levine and Yang, 2006, Guiteras, 2009, 

Schlenker and Roberts, 2009, Feng et al., 2010a, Colmer, 2021). 

5.2 Impacts of overshoot on land food systems 
Over the last 50 years, climate change has slowed growth of agricultural productivity in mid 

and low latitudes. In the future, climate change will make some current food production areas 

unsuitable for farming (IPCC, 2022a). Despite climate change increasing yields in temperate 

regions and the boreal north, the overall global impact has been estimated as a 1% reduction 

in global crop yields per decade (Porter, 2014). Differences in projected impacts vary by 

crop, region, timeframe and RCP, depending on the current temperature level and degree 

of warming. 

In this section, we assess the economy-wide impacts of climate change on food production, 

consumption and trade behind the VHO and NO pathways using the ENGAGE 

computable general equilibrium (CGE) model. 

5.2.1 Overview of the ENGAGE model 

The UCL Environmental Global Applied General Equilibrium (ENGAGE) model is a multi-

sector, multi-region, recursive dynamic CGE model for the analysis of energy, 

environmental, resource and economic policies (Winning et al., 2017, Calzadilla and Carr, 

2020, Nechifor et al., 2020). ENGAGE estimates the macro-economic impacts across 

sectors and across countries, accounting for the economic characteristics of each country 

and adjustment processes5 in domestic and international markets. 

ENGAGE is based upon standard general equilibrium assumptions such a market 

clearance, zero profits, and utility maximisation/cost minimisation of representative agents. 

All industries are modelled through a representative firm, which maximizes its profits in 

perfectly competitive markets. The production functions of each economic sector to create 

a level of sectoral output are specified using a series of nested constant elasticity of 

substitution (CES) functions. Domestic and foreign inputs are not perfect substitutes and 

therefore are modelled using the “Armington assumption”, which accounts for product 

 
5 Adjustments processes refer to adjustments in the equilibrium conditions of internal and external 
markets (for goods/services and factors of production) to satisfy utility and profit maximisation. 
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heterogeneity between different world regions. A representative consumer in each region 

receives household income, defined as the service value of national primary factors. The 

national income is allocated between aggregate household consumption, public 

consumption and savings. 

The version of the ENGAGE model used here is based on the GTAP9-Power database 

(Peters, 2016) and represents the global economy in 2011. ENGAGE represents the 

agriculture, energy, industry and service sectors of the economy in detail. ENGAGE models 

27 economic activities, including explicit cultivation of several crops, in 16 regions with 4 

factors of production (Table 14). 

Table 14. Regions, sectors and factors of production in ENGAGE. 

16 Regions 27 Sectors 

AFR Africa PDR Paddy rice 
AUS Australia WHT Wheat 
CAN Canada GRO Cereal grains 
CSA Central and South America OCR Other crops 
CHI China A_F Agriculture and food 
EEU Eastern Europe MIN Minerals 
FSU Former Soviet Union PPP Paper 
IND India CRP Chemical 
JAP Japan NMM Non-metallic minerals 
MEA Middle East I_S Iron and steel 
MEX Mexico MPR Metal products 
ODA Other Developing Asia IND Other industry 
SKO South Korea COA Coal 
UK United Kingdom OIL Crude oil 
USA USA GAS Gas 
WEU Western Europe P_C Petroleum & Coke 
  
  

NUP Nuclear power 
CFP Coal-fired power 
GFP Gas-fired power 
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WIP Wind power 
HYP Hydroelectric power 
OFP Oil-fired power 

4 Factors of production OTP Other power 
LND Land SOP Solar power 
LAB Labour TnD Transmission and distribution 
CAP Capital SER Services 
RES Natural resources TRN Transport 

 

5.2.2 Modelling approach 

Estimates of crop yield changes behind the temperature increase under the VHO and NO 

pathways are based on the World Bank Policy Research Working Paper “Estimation of 

climate change damage functions for 140 regions in the GTAP9 database” (Roson and 

Sartori, 2016). Crop yield changes for maize, wheat and rice are estimated based on a meta-

analysis provided in the Fifth IPCC Assessment Report (IPCC, 2014a), considering central 

values of the percentage simulated yield change (without adaptation) as a function of local 

temperature change and associating the type of region (temperate or tropical) to its latitude 

(Roson and Sartori, 2010). The productivity change for the whole agricultural sector is 

estimated based on reduced forms of agricultural response functions where the variation in 

output per hectare is expressed as a function of temperature, precipitation P and CO2 

concentration (Mendelsohn and Schlesinger, 1999). 

Wheat and rice yield changes are used directly in ENGAGE, whereas maize yield changes 

are used as a proxy for the aggregated sector cereals. The aggregated cereals sector 

includes maize, sorghum, barley, rye, oats, millets and other cereals, but maize production 

in tonnes represents more than 80% of the total so this assumption is appropriate. 

Productivity changes for the whole agricultural sector are used as a proxy for the aggregated 

‘other crops’ sector, as this sector includes vegetables, fruits, oil seeds, sugar crops, fibre 

crops and other crops not classified elsewhere. 

The modelling of the VHO and NO pathways in ENGAGE are described in detail in Section 

4 of Annex 3 of this study. Here, we assess the impacts of crop yield changes behind the 
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expected temperature increase in both pathways as a shock in the crop’s land productivity. 

All other assumptions remain unchanged. 

5.2.3 Limitations of the modelling approach 

Crop yield changes used in this analysis are based on econometric estimations of damage 

functions that used a similar approach to Section 5.1. This database was selected as it gives 

regional impacts at specific warming levels. ENGAGE uses only one source of crop yield 

changes to estimate the economic impacts so results are influenced by this choice. The 

uncertainty in crop yield changes could be investigated by examining results with alternative 

crop yield databases. 

ENGAGE damage functions use local temperature changes to estimate crop yield changes. 

This implies that all regions experience the same warming level, which is not the case. Since 

land warms faster than oceans, the global temperature change is expected to be lower than 

local land temperature changes. 

As most global economic models, the ENGAGE model includes very aggregated sectors 

and regions. This is a limitation of the model that averages out local effects. 

5.2.4 Insights 

Climate change is expected to not only reduce yields of staple crops such as rice, wheat, 

and maize, but also to disproportionately affect crop yields in different regions, with Canada 

being the only exception where an increase in maize yields is anticipated (Figure 15). The 

decline in wheat yields is more pronounced compared to other staple crops. The impact of 

a 1.5 °C or 1.77 °C warming on crop yields is almost negligible for rice. However, a higher 

temperature in the VHO pathway reduces cereal yields to a greater extent than in the NO 

pathway. The situation is similar for wheat in most regions. However, wheat yields are 

expected to improve with higher temperature in regions with a temperate climate and the 

boreal north, such as Canada, Eastern Europe, the former Soviet Union, and the UK. 

The impacts of climate change on “other crops” shows even larger regional variations 

compared to staple crops (Figure 15). Moreover, global warming is expected to have 

positive effects in temperate regions and the boreal north. In fact, regions previously limited 
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by cooler temperatures such as Canada, Eastern Europe, the former Soviet Union, the UK, 

and the USA, may benefit from warmer conditions, leading to longer growing seasons and 

potentially higher yields. However, it’s important to note that these effects can vary widely 

depending on the specific crop and local conditions. Furthermore, the impact of climate 

change on individual crop types inside ‘other crops’ is under researched and uncertain 

(IPCC, 2022a). 

 

 

Figure 14. Relative change in regional crop yields in 2050 due to overshoot. Assumed warming 
levels in 2050 are 1.5 °C for the NO pathway and 1.77 °C for the VHO pathway. A counterfactual 
reference scenario with no climate change = 1. The regions are defined in Table 14. 

The ‘other crop’ sector, which includes vegetables, fruits, oil seeds, sugar crops, and fibre 

crops (as well as other crops not classified elsewhere), represents a significant portion of 

total crop production—between 62% and 82% in 2020 (FAO, 2023). Therefore, this sector 

plays a crucial role in determining the overall impact on the agricultural sector. A higher 

temperature in the VHO pathway compared to the NO pathway implies that several regions 

may experience positive impacts in ‘other crops’ yields. Therefore, the overall effect on 
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global GDP is positive and it grows with higher temperatures (Figure 16). However, the 

impact on global welfare, which we define as the change in real income, shows a declining 

trend in line with the rise in temperature. In fact, the overall effect on producers and 

consumers’ income is negative. As the difference in temperature between both pathways is 

small (0.27 °C in 2050), the impact on GDP and welfare is expected to be marginal (0.13% 

and -0.38% with respect to 2020, respectively). 

 

 

Figure 15. Change in global GDP and welfare due to overshoot that is calculated by the ENGAGE 
model. The VHO – NO pathways are shown with the change relative to the year 2020.  

 

The global average masks regional effects. GDP declines are observed in China, India, and 

Other Developing Asia (Figure 17). While some of these regions, such as India and Other 

Developing Asia, experience a large additional decline in yields in VHO pathway compared 

to the NO pathway, other countries like China show positive yield impacts in the ‘other crops’ 
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sector. This suggests that the overall regional economic outcome depends not only on the 

direct effect of climate change on crop yields but also on the indirect effect that climate 

change has on comparative advantages in food production. 

Figure 16. Change in regional GDP due to overshoot. The VHO – NO pathways are shown with the 
change relative to the year 2020. 
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In fact, production increases in regions with temperate climates and at far north latitudes 

(Canada, Eastern Europe, the former Soviet Union, the UK, and the USA). However, in 

these regions, the increase in exports exceeds the proportion of the increase in production 

(Figure 18). This means that farmers in regions where production increases may experience 

greater access to markets, while farmers in regions adversely affected by climate change 

(e.g. India, Africa, and Other Developing Asia) may lose their market share, as they face 

lower yields and greater competition from elsewhere. 

 

Figure 17. Changes in regional GDP, total crop production and total crop exports in 2050 due to 
overshoot. In each case, the difference between the VHO and NO pathways are shown. The red line 
represents a 45° line. GDP change is relative to the year 2020. 

Compared to the NO pathway, under the VHO pathway, global production of all crops is 

expected to decline. As a consequence, global food prices are expected to increase by more 

than 1% for cereal grains (Figure 19). This implies that higher temperatures resulting from 

global warming will disproportionately affect vulnerable populations. Both their physical and 

economic access to food to meet their dietary needs will be impacted. As shown in 

Figure 16, the gains experienced by producers are outweighed by the losses incurred by 

consumers.  
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Moreover, food prices are expected to increase significantly in developing regions, including 

Africa, India, and Other Developing Asia (as shown in Figure 19). The price response is 

particularly strong for wheat and ‘other crops’. The larger the decline in production, the 

greater the increase in prices. 

 

Figure 18. Change in regional crop commodity price and crop production in an overshoot. The 
differences between the VHO and NO pathways are shown. 

5.3 Impacts of overshoot on fisheries 
Warming oceans will affect the fish stocks and locations. Fishing communities in equatorial 

and tropical nations are more at risk than communities in temperate nations as fish displace 

towards the poles. However, as well as a change in location, the composition and size of 

fish will vary, as will their onshore-to-offshore and pelagic-to-demersal distribution. This 

would likely require changes in fishing gear and adaptative management strategies. 

Understanding the impact on fish is important for SDG14 (life under water) but also for SDG2 

(zero hunger), with links to SDG3 (good health and well-being) and SDG5 (gender equality) 

as changes to fisheries affect food supply, healthy diets (some communities are reliant on 

fishing for their protein intake), job opportunities and how employment is split between 
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genders. We used the Fisheries and Marine Ecosystem Model Intercomparison Project 

(FIShMIP) to access outputs of fish model projections looking at the impact of climate 

change on the fish biomass (FIShMIP, Lotze et al., 2019, Tittensor et al., 2021).  

5.3.1 Methods 

FIShMIP is part of the Intersectoral Impact Model Intercomparison Project (ISIMIP) and we 

used the ISIMIP portal to download the outputs. We decided to use the latest outputs 

(ISIMIP3b) since they use the CMIP6 models as forcing, and more specifically the outputs 

of the runs with the IPSL-CM6a-LR model as those were used by four of the fisheries models 

providing us with an ensemble from which we extracted mean fish biomass. The outputs we 

used were the total consumer biomass (i.e. the full fish biomass), and the consumer biomass 

in log10 weight bins separating the small and large fish (i.e. similar to bins on a histogram). 

The total consumer biomass was available for the four models that contributed to the project 

(APECOSM, FEISTY, BOATS and ECOOCEAN), while the binned consumer biomass was 

estimated for only two models (APECOSM and BOATS). We took the mean values of all 

models to provide a more nuanced outlook than just using a single model. Of the existing 

Shared Socioeconomic Pathways scenarios (SSPs) projections were only available for 

SSP5-8.5 and SSP1-2.6, providing us with the two extremes of the climate scenario 

spectrum. As for crop yields, data are not currently available for RCP1.9 so it is difficult to 

estimate the impacts of a NO pathway. 

We used Figure 20 from the IPCC AR6 report to identify the timeline of when the overshoot 

happens and the level of warming. This Figure shows the level of warming for a range of 

SSP/RCP combinations. For the 2040–2050 decade, we can expect a 1.5 °C rise under 

SSP1-2.6 and a 2 °C rise under SSP5-8.5. Under SSP1-2.6, the temperature peaks at 

around 1.75 °C warming, depending on the model used, while SSP5-8.5 leads to warming 

of 4°C around 2080–2090. Consequently, for our analysis we used the years 2015–2024 as 

our “present time” 10-year reference time slice; 2040–2050 for 1.5 °C and 2 °C warming; 

and 2080–2090 for a 4°C warming and for the temperature persisting near 1.5 °C over the 

long term. 

Our analysis had several limitations: 
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• Rather than looking at pelagic and benthic separately, we examined the full water 

column.6 Further differences can be expected between species in these two groups. 

• The FIShMIP results we used were based on the outputs of only one earth system 

model for the forcing. Earth system models produce varying projections for fish due 

to differences in the physics and biogeochemistry of ocean models. 

• No fishing pressure is included in these model projections. Areas that are overfished 

will likely show a faster loss in biomass than projected here. 

 

Figure 19. Global surface temperature change relative to 1850–1900. From Figure SPM.8 Panel (a) 
in IPCC (2021b). 

5.3.2 Results 

We produced four sets of ensembles: the total consumer biomass and the binned consumer 

biomass each for SSP1-2.6 and for SSP5-8.5. For each ensemble, we calculated the mean 

biomass and extracted the global trend (global biomass plotted against time), the zonal 

mean (mean biomass at given latitude showing the North-South biomass distribution at a 

set time in space) and map of present distribution and future anomalies (areas where 

biomass increases or decreases). For the files with the binned consumer biomass, these 

 
6 Pelagic fish swim in the deep sea. Benthic fish live near the sea bed. 
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were plotted/mapped for each bin to show the change in distribution/abundance depending 

on the size class. 

The results and figures are collated for SSP1-2.6 in Table 15 and for SSP5-8.5 in Table 16. 

Table 15. Change in fish biomass by following SSP1-2.6. Changes in the density of fish per sea 
column are shown, split into total consumer biomass (fish/m2) and in bins of 1 g fish/m2, 10 g fish/m2, 
100 g fish/m2, 1 kg fish/m2, 10 kg fish/m2 and 100 kg fish/m2. For each of these categories, there are 
plots of the global trend (global average of biomass plotted over time), the zonal mean (spatial 
average per latitude showing the distribution of biomass between poles), and a map (global 
distribution of fish as per their biomass and changes in future distribution expressed as anomalies 
between the present and the specified future time period. Note the y axes are set to the maximum 
and minimum in each case. 
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SSP1-2.6 

Map 

   
 

 

Table 16. Change in fish biomass by following SSP5-8.5. Changes in the density of fish per sea 
column are shown, split into total consumer biomass (count/m2) and in bins of 1 g fish/m2, 
10 g fish/m2, 100 g fish/m2, 1 kg fish/m2, 10 kg fish/m2 and 100 kg fish/m2. For each of these 
categories, there are plots of the global trend (global average of biomass plotted over time), the 
zonal mean (spatial average per latitude showing the distribution of biomass between poles), and a 
map (global distribution of fish as per their biomass and changes in future distribution expressed as 
anomalies between the present and the specified future time period. Note the y axes are set to the 
maximum and minimum in each case. 
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Zonal mean 

   

Map 

   

 

5.3.3 Global impact on total biomass 

Under SSP1-2.6, the decreasing trends that are currently observed stabilise on a global 

scale and changes stay minimal between the “present” time slice and the end of the century. 

There is still a decline in biomass in some of the productive regions (negative anomalies) 

and an increase in the northern latitudes. The increase in biomass is mostly in areas with 

lower biomass at the outset so indicate a displacement of fish populations into these areas 

that were previously less suitable for those species. Areas that were more productive seem 

to only experience a reduction as original fish are displaced and not always replaced. 

Looking at the zonal mean for total biomass, the latitudinal distribution pattern is the same 

in all three time slices, indicating that the reduction in biomass is similar. 

Under SSP5-8.5, there is a marked decrease in the total biomass throughout the century. 

The increase in loss follows the same pattern as for under SSP1-2.6 with little differences 

for 1.5–2 °C warming (SSP1-2.6 and SSP5-8.5, respectively). The zonal mean shows that 

the loss of fish biomass is particularly high around the equator. 

5.3.4 Impact on the different size classes 

For 1.5–2 °C warming (SSP1-2.6), larger size classes (from 1 kg) are most affected with a 

decrease in the Northern Atlantic and Northern Pacific as well as in equatorial regions. 

Outside of these areas, highly productive regions have an increase within their core habitat 

while areas of low productivity have a further reduction. This pattern is especially visible for 

the largest size class, indicating that for those, rather than a displacement we can expect a 

reduction of the distribution linked to a reduction in suitable habitats. 
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For 2–4°C warming (SSP5-8.5), all size classes show a decline and a marked loss in 

equatorial regions and subpolar regions. The changes observed for 1.5–2 °C warming are 

strengthened in these conditions for the larger size classes. For the smaller size classes, 

(100 g and under), there is a clear reduction in the tropical and subpolar areas while species 

redistribute poleward uniformly. 

5.3.5 Summary 

Changes in ocean temperature will cause a redistribution of consumer fish towards the 

poles, with a loss of biomass at the equator and at the poles. The overall loss of biomass is 

likely to be small for the overshoot pathways but will be greater than for the NO pathway 

due to higher oceanic temperatures for an extended period. The impact of continuing 

temperature increases, for example by failing to implement sufficient CO2 removal from the 

atmosphere to return the global temperature rise to 1.5 °C, would be to further reduce fish 

biomass throughout the century. Not all size classes of fish would respond in the same way 

to climate change, so redistribution of various size class (and species) means that the fishing 

community might have to adapt or change their approach, particularly in tropical areas where 

total fish biomass would likely reduce. 

6. Health impacts 

There are a number of ways climate change may impact human health (Ebi et al., 2021), 

which is the focus of SDG3 (good health and well-being). Effects can be direct, as high 

ambient temperatures can limit the body’s ability to regulate core temperature and degrade 

sleep quality, leading to increased mortality and morbidity from cardiovascular and 

respiratory disease (Cheng et al., 2019), kidney failure (Roncal-Jimenez et al., 2015), 

adverse pregnancy outcomes (Zhang et al., 2017b), greater emergency room visits and 

hospital admissions (Sohail et al., 2020, Mason et al., 2022) and mental health conditions 

(Liu et al., 2021, Lee et al., 2023). Indirect effects may occur following the incidence of 

wildfires (Grant and Runkle, 2022), flooding (Jackson and Devadason, 2019), and reduced 

productivity and labour supply (Ebi et al., 2021, van Daalen et al., 2022). 
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The extent to which these impacts are felt across the global population will depend on the 

degree of climate warming. Temperature-related mortality has increased at a rate of 15.1 

(95% CI: 1.51–31.6) additional deaths per million inhabitants per decade between the years 

2000–2020 (van Daalen et al., 2022) under the current global temperature increase of 1.2 

°C. These deaths are not distributed equally across the global population, which undermines 

the aims of SDG10 to reduce inequalities within and between countries. Anthropogenic 

climate change is responsible for <1% of the total number of deaths during warm seasons 

across North America and northern regions of Europe and Asia, whilst areas of South 

America, Southern Europe and South and Southeast Asia had higher mortality (Vicedo-

Cabrera et al., 2021). Within countries, heat-related mortality and morbidity is unequally 

distributed across different population groups. For example, evidence from regions of Spain 

(Sanchez-Guevara et al., 2019, Salvador et al., 2023), the USA (Koman et al., 2019, Hsu et 

al., 2021) and India (Ghumman and Horney, 2016, Ingole et al., 2017) has shown socially-

deprived individuals bear a disproportionate risk from exposure to high ambient 

temperatures and the associated heat-related mortality and morbidity burden.  

Temperature-related mortality and morbidity are expected to increase proportionally with 

global temperature rise (Ebi et al., 2018b). This means that an overshoot pathway will have 

higher health impacts than the NO pathway. Even if the global temperature rise is reversed 

following an overshoot, this does not mean the impacts felt at 1.9 °C are also reversible. 

Considerable increases in heat-related mortality represent one irreversible impact of 

overshooting with far-reaching consequences. Further impacts on human health may be 

mediated by droughts and floods (Drouet et al., 2021) and reduced agricultural productivity 

(Meyer et al., 2022), as discussed in Sections 4 and 5. 

This section reviews the direct and indirect impacts of overshoot on health in Sections 6.1 

and 6.2. It then examines lost co-benefits due to overshoot in Section 6.3 and the economic 

consequences of heat stress in Section 6.4. 

6.1 Direct effects of overshoot on health 
By 2050, a temperature increase of 0.3 °C would result in an additional 47% of India’s 

population being exposed to heatwaves on an annual basis, equivalent to 66.8 million 

people, compared with a 1.5 °C warming scenario (Lejeune et al., 2022). If this difference 
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were to rise further, to 0.5 °C, these heatwaves are likely to be akin to the 2015 deadly 

Indian heatwave (Ebi et al., 2018b) and more than twice as likely to occur (Mishra et al., 

2017). Across Senegal and Australia, an increase of 0.3°C in 2050 would result in an 

additional 50% and 36% of the national population, respectively, being exposed to 

heatwaves annually (Lejeune et al., 2022). 

Gasparrini et al. (2017) projected increases in heat-related mortality of 0.2%–1.9% across 

regions of America, Europe, Asia and Australia by the middle of the 21st century (2050–

2059) between RCP4.5 and RCP8.5, for which the global mean surface temperature 

increase between 2046–2065 was 1.4 °C and 2 °C, respectively (IPCC, 2014b). Figure 21 

shows the percent of heat-related deaths as a proportion of total deaths between 2050 and 

2059, for 23 countries, adapted from Gasparrini et al. (2017), under RCP4.5 and RCP8.5. 

Notably, there are no heat-related mortality estimates across the African continent 

(Figure 21). Heatwave duration and frequency are predicted to be most severe in areas of 

West and Southern Africa under an overshoot pathway compared to a NO pathway (Drouet 

et al., 2021), but there is a lack of epidemiological data from which to quantify mortality and 

morbidity between the different temperature scenarios in these areas (Harrington and Otto, 

2020).  



 

Health impacts | 118 

 

Figure 20. Heat-related deaths between 2050–2059 by country under RCP4.5 and RCP8.5. Colours 
represent the percentage of total deaths. The Figure shows estimates for 23 different countries 
across Europe, Asia, Australia and North and South America. Source: adapted from Gasparrini et 
al. (2017). 

The estimates in Figure 21 are generally supported by the wider literature, where the burden 

of heat-related mortality and morbidity is expected to be greater if mean global temperature 

increase reaches ~2 °C by the middle of the 21st century versus 1.5 °C (Ebi et al., 2018b). 

However, such projections depend on the integration of adaptation pathways such as 

additional cooling that may be achieved through changes to national infrastructure. The 

aforementioned Gasparrini et al. (2017) projected the impact of temperature-related 

mortality under the assumption of no adaptation or population change, but several studies 

have found heat-related deaths have continuously decreased over the last three decades 

despite ambient temperatures increasing (Chung et al., 2017, Vicedo-Cabrera et al., 2018). 

These declines in heat-related mortality may be explained by higher national adaptation, 

reduced population susceptibility and greater economic growth. Reductions in mortality and 
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morbidity following national adaptation may attenuate risks due to infrastructural changes 

that happen simultaneously but independently from the changing climate (Vicedo-Cabrera 

et al., 2018). However, as population susceptibility varies with the changing climate due to 

acclimatisation (Arbuthnott et al., 2016), this mechanism may provide additional protection 

against heat-related health impacts by the mid-21st century in a high overshoot pathway.  

The widespread adoption of residential air conditioning is one technological adaptation to 

climate change that is expected to result in heat-related mortality declines, particularly in 

middle-income economies where use is at present limited (Biardeau et al., 2020). A multi-

country analysis of air-conditioning and heat-related mortality in high-income countries 

suggested uptake of residential air conditioning explained 16.7%, 20.0%, 14.3% and 16.7% 

of the reductions is heat-related mortality observed between 1972–2009 in Canada, Japan, 

Spain and the USA, respectively (Sera et al., 2020).  

By 2040, adoption of residential air conditioning is expected to reach between 49%-69% in 

India; 43%-61% in Indonesia; 35–42% in Mexico and 65–85% in Brazil, with ranges 

dependent on moderate (RCP4.5) or vigorous (RCP8.5) climate warming (Pavanello et al., 

2021). The cooling demand required in the middle of the 21st century under RCP4.5 provides 

insights into future energy demands under a VHO pathway (IPCC, 2014b - Table 2.1). 

Meeting the residential cooling demand required in 2050s under higher emission scenarios 

is likely to pose significant challenges in low-income, low-latitude countries, such as India 

and Indonesia, placing considerable strain on the electricity grid infrastructure (Sherman et 

al., 2022). Even in high-income countries where air conditioning use is already pervasive, 

exceeding the 1.5 °C threshold may lead to 8% more demand for air conditioning, 

heightening the risks of blackouts (Obringer et al., 2022). Co-occurring heatwaves and 

blackout events led to double the estimated heat-related mortality burden in three US cities 

(Stone et al., 2023). 

6.2 Indirect effects of overshoot on health 
 Food scarcity, from deaths of livestock and reduced labour productivity and crop production, 

is an indirect effect of global climate change of primary concern for population health, with 

implications for SDG2 (zero hunger) and SDG8 (decent work and economic growth). It is 

estimated that up to 5 million poultry died within a span of two weeks during the 2015 Indian 



 

Health impacts | 120 

heatwave (Pattanaik et al., 2017). For a 1.8 °C temperature rise in 2050, labour productivity 

is expected to decline by 36% and 46% across Colombia and Brazil, respectively (Lejeune 

et al., 2022), compared to a NO pathway. The largest declines would be seen across sub-

Saharan Africa and South Asia under higher emission scenarios (Dasgupta et al., 2021). 

Food insecurity, from reduced quality and quantity of crops, is expected to be higher in 2050 

under a higher emission scenario (Hasegawa et al., 2021), and can lead to malnutrition and 

diet-related non-communicable disease, such as diabetes and cardiovascular conditions 

(Fanzo and Downs, 2021). Health risks associated with food insecurity and malnutrition in 

2050 are larger at 2 °C compared to 1.5 °C of warming (Ebi et al., 2018a), and may exceed 

mortality and morbidity from population exposure to heat. Springmann et al. (2016) found 

climate-related deaths due to changes in diet and weight-related risk factors were 32% 

higher in 2050 under RCP8.5 compared with RCP4.5.  

Climate overshoot scenarios may also indirectly impact the risk of vector-borne disease 

transmission (Ebi et al., 2018b) The geographic range of a number of vectors, such as those 

for zika virus, dengue fever and malaria, is currently limited by cooler ambient temperatures 

(Rocklöv and Dubrow, 2020). A number of studies have concluded that the risk of malaria 

transmission is higher if the global temperature increase exceeds 1.5 °C due to the 

expanded geographic range of the Anopheles mosquito vector (Ebi et al., 2018b). By 2050, 

the proportion of environmentally suitable land for malaria transmission will increase under 

RCP8.5 compared with RCP4.5 in China (Ren et al., 2016) but decline in Sub-Saharan 

Africa (Semakula et al., 2017). This highlights how the effects of higher ambient 

temperatures on vector-borne disease transmission may be nonlinear, a conclusion reached 

by a number of other studies (Ebi et al., 2018b, Rocklöv and Dubrow, 2020). Whilst a higher 

mid-century overshoot may expand the spread of many vectors to more northern latitudes, 

it may decrease incidence in areas where vectors are already endemic, if the temperature 

increase inhibits vector survival and feeding.  

6.3 Lost co-benefits due to overshoot 
Decarbonising the global economy as early as possible would bring health co-benefits. The 

CS-N0W “Co-impacts of climate change mitigation” report examines three potential health 

benefits on a global scale: 
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1. Better air quality through less fossil fuel combustion. 

2. Lower meat consumption that reduces dietary-related health issues. Most of the 

benefits would be realised in regions, such as Eastern Europe, that have high meat 

consumption. 

3. Greater physical activity due to increased active travel that improves health. 

Dietary and physical activity gains are assumed to occur as a result of behavioural change 

to reduce greenhouse gas emissions, but it would be possible, but more difficult, to 

decarbonise the global economy without realising these health benefits. 

The LO, HO and VHO pathways would delay many mitigation actions by 5, 15 and 20 years, 

respectively. During those periods, these health co-benefits would not be realised in an 

overshoot compared to following a NO pathway. 

The impacts on health of not decarbonising was carried out for the International Energy 

Agency (IEA) “Stated Policies” and “Sustainable Policy” scenarios (IEA, 2021), which until 

2050 have similar but slightly lower temperature trends to the VHO and NO pathways, 

respectively, as shown in Figure 22. The methods used to identify the impacts in 2050 are 

documented in detail in the CS-N0W “Co-impacts of climate change mitigation” report. 
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Figure 21. Global temperature pathways for IEA scenarios and the VHO and NO pathways. The IEA 
pathway data is from IEA (2021). 

The increases in mortality in the year 2050 between the IEA “Stated Policies” and 

“Sustainable Policy” scenarios are shown for each health co-benefit, by world region, in 

Table 17. Improving diet has the largest potential benefit. Improved air pollution is 

particularly important in Asia, in which many cities have poor air quality. Physical activity by 

contrast has smaller potential benefits. 

Table 17 shows only mortality in a single year. The VHO pathway has a much longer delay 

to mitigation actions than the other two overshoot scenarios, so mortality over the period to 

2100 would be much higher. In Annex 3 of this study, the length of the delay is used as a 

proxy to estimate the loss of economic co-benefits through the total loss of life in each 

overshoot scenario. In practice, the relationship between the length of the delay and total 

mortality is unlikely to be linear as health impact calculations rely on estimating both 

exposure (for example to PM2.5 pollution in the case of the air pollution domain) and the 

age structure and health of the underlying population. For this reason, total mortality for each 

overshoot scenario is not projected here. 
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Table 17. Increased mortality in 2050 due to not realising mitigation co-benefits, by health domain 
and region in 2050. Units are deaths/100k population. Source: own analysis. 

Region Air Pollution Diet Physical activity 

East & Southeast Asia 55 94 12 
European Union 15 183 13 
Latin America 15 142 5 
North Africa & Middle East 18 141 14 
Other Europe 28 268 7 
South & Central Asia 55 103 9 
Sub Saharan Africa 10 53 2 
USA and Canada 9 154 7 
World 34 92 7 

 

6.4 Economic consequences of heat stress 
Changes in the frequency and intensity of extreme temperatures directly affect human 

health. These adverse effects on humans generate economic costs due to labour 

productivity decrease. Indoor and outdoor workers are exposed to high temperatures and 

humidity in workplaces, particularly in low and middle-income countries (IPCC, 2022a). The 

potential adverse effect of high temperatures on the human body and labour productivity is 

well known and documented (Kovats and Hajat, 2008). The estimated loss of labour 

capacity, supply, and productivity in moderate outdoor work due to heat stress ranges from 

2%–14%, varying depending on the location and indicator (IPCC, 2022a). 

In this section, we assess the economy-wide impacts of heat-induced labour productivity 

losses behind the temperature increase under the VHO and NO pathways. 

6.4.1 Modelling approach 

To quantify the economy-wide impacts of heat stress on labour productivity, we use the UCL 

ENGAGE model, which considers direct and indirect impacts of policy interventions 

spanning across sectors and regions. A brief description of the UCL ENGAGE model is 

provided in Section 5.2.1. 
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Heat stress reduces the ability of workers to operate during the hottest hours. Higher 

temperatures result in lower labour productivity levels and economic outputs. Country 

estimates on the impact of heat stress on the productivity of labour in the agriculture, industry 

and services sectors are used to assess the economic impact to 2050 for the VHO and NO 

pathways. Heat stress estimates are linked to the global mean temperature, so do not 

consider extreme heat events. 

The impact of heat stress on labour productivity is based on Roson and Sartori (2016). The 

authors estimate heat damage functions for three sectors: agriculture, manufacturing and 

services, for a given increase in global temperature. They estimate the percentage of a 

typical working hour that a person can work, assuming the remaining time is rest, using the 

average monthly “wet bulb globe temperature”.7 The heat stress impact on labour 

productivity is calculated using these damage functions in ENGAGE as a decline in the 

productivity of labour. All other assumptions remain unchanged.8 

Some limitations of our modelling approach are: 

• Heat stress impacts are based on a single study. The results are heavily influenced 

by this choice. Uncertainty on the impact of heat stress on labour productivity should 

be captured by including additional estimates, potentially derived from a variety of 

methodologies and diverse data sources. 

• The damage functions of ENGAGE use local temperature changes for 140 countries 

from Roson and Sartori (2010) to estimate the change in labour productivity. We used 

the global temperature increase computed by the TIAM-UCL model as the damage 

function temperature. This implies that all regions experience the same warming 

level, which is inaccurate as local temperatures vary widely for a given global 

temperature level. 

• As with most global economic models, ENGAGE includes very aggregated sectors 

and regions. This is a limitation of the model that average out local effects. 

 
7 The wet-bulb globe temperature is a measure of environmental heat as it affects humans. It accounts 
for air temperature, humidity, radiant solar heat and ventilation. 
8 The modelling of the VHO and NO pathways are described in detail in Dodds et al. (2024), section 
4. 
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6.4.2 Insights 

In the VHO pathway, higher temperatures will exacerbate existing challenges and intensify 

the impact of heat stress on the labour force, particularly in developing regions with high 

outdoor labour concentrations and inadequate climate-controlled conditions. An additional 

0.27 °C of warming in 2050, compared to the NO pathway, will adversely affect business 

and economic growth worldwide. Global GDP steadily declines to -0.32% in 2050, compared 

to the 2020 level (Figure 23).  

 

Figure 22. Change in global GDP due to overshoot. The differences between the VHO and the NO 
pathways are shown with changes relative to the year 2020. 

The impacts of climate change on labour productivity and GDP are unevenly distributed 

across regions, with developing regions, such as Africa, Central and South America, India, 

the Middle East, and Other Developing Asia, experiencing the more severe impacts 

(Figure 24). An increase of 0.27 °C in the global temperature in 2050 in the VHO pathway 

compared to the NO pathway could potentially reduce Africa’s GDP by 1.4% and India’s 

GDP by 1.1% by 2050. 

The influence of heat stress on labour productivity is not uniformly distributed across all 

sectors. Workers in the agricultural sector, who are predominantly outdoors and highly 

exposed to weather conditions, are likely to experience substantial productivity losses. 

Similarly, individuals employed in industries with hot indoor environments are also more 

susceptible to productivity losses compared to those in the service sector. The difference in 

impacts across sectors is evident in Figure 25. The impacts on production and trade in the 
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agricultural sector are larger than those in the industry and service sectors. India and Other 

Developing Asia (primarily Southeast Asia) have an increase in the production and trade of 

agricultural products. The main reason is that both regions have a relatively lower decline in 

agricultural labour productivity than other regions. That is, although the productivity levels of 

these two regions are the largest for a specific temperature increase, the percentage change 

in productivity between the VHO and NO pathways is smaller in these two regions compared 

to other regions. However, this positive impact on agriculture is more than offset by the 

negative impact on the industry and service sectors. 
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Figure 23. Change in regional GDP due to overshoot. The differences between the VHO and the NO 
pathways are shown with changes relative to the year 2020. 
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Figure 24. Change in regional GDP, total crop production and total crop exports in 2050 due to 
overshoot. The differences between the VHO and the NO pathways are shown with the change in 
GDP relative to the year 2020. Red lines represent 1:1 changes. Blue lines show actual changes as 
measured using linear regressions. The circle areas indicate the magnitude of GDP loss in each 
region. Graphs shown the agriculture (PDR, WHT, GRO, A_F), industry (A_F, MIN, PPP, CRP, NMM, I_S, 
MPR, IND, COA, OIL, GAS, P_C) and services (NUP, CFP, WIP, HYP, OFP, OTP, SOP, TnD, SER, TRN) sectors, 
with the model sub-sector codes listed in brackets. 

As the global economy contracts due to a reduced labour productivity worldwide in the VHO 

pathway, the global production and price of agricultural and industrial goods slightly 

decrease. However, as trade does not alleviate demand or supply constraints in the service 

sector, its prices slightly increase (Figure 26). 

Generally, price changes correspond to changes in production. A larger decrease in 

production leads to a greater price increase in the service sector, or a smaller price reduction 

in the agricultural sector. 
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Figure 25. Change in regional aggregated price and aggregated production due to overshoot. The 
differences between the VHO and the NO pathways are shown. 

7. Impact on affordable and clean energy 

The energy sector is the largest producer of anthropogenic greenhouse gas emissions 

globally. Most of these emissions are caused by fossil fuel combustion. As a result, any 

change in future pathways is driven by changes in the energy sector. Hence there are 

substantial differences in energy between the NO and VHO pathways, particularly in the 

period to 2050, and these would have important implications for SDG7 (“ensure access to 

affordable, reliable, sustainable and modern energy for all”) and wider economic and social 

systems. 

This section first examines how fossil fuel and biomass consumption might change in VHO 

and NO pathways, then considers electrification of the economy and energy efficiency 

(SDG7.3) and renewable energy deployment (SDG7.2). The focus then changes to the 

impacts of climate change on electricity generation and on the resilience of the energy 

system more generally. We finish with a discussion of the impacts on access to and the 

affordability of modern energy services (i.e. electricity and clean cooking) (SDG7.1). 
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7.1 Methods 
Two methods have been used in this section.  

First, for Sections 7.2 to 7.4, outputs have been extracted from the TIAM-UCL energy system 

model for the NO and VHO pathways. The development of these pathways and the 

underlying assumptions are discussed extensively in Annex 1 of this study so are not 

discussed here. These are presented as previous studies of the impacts of climate change 

on energy and have not considered overshoot pathways.  

Second, for Sections 7.5 to 7.8, a rapid scoping review has been conducted to examine the 

impacts of climate change on renewable and affordable energy. The methodology employed 

was a review of reviews, focusing exclusively on review studies on this subject. A search 

was conducted on the Scopus database (an extensive, interdisciplinary research database) 

using specific keywords detailed in Table 18. For example, to find review studies on the 

impacts of climate change on hydropower, the search terms "climate change", "impacts", 

"projections", "scenarios", "hydropower", "hydroelectricity", and "hydro" were used. 

Searches were conducted using the Scopus electronic database between 25th May and 

26th June 2023. 

A selection process was applied to identify relevant review studies that served as the primary 

material for the review. The selection process involved assessing each study's title, abstract, 

and relevance to the topic. The focus was on comprehensive reviews that addressed various 

impacts and thoroughly analysed the relationship between climate change and renewable 

and affordable energy. 

In addition to the methods described above, when relevant review studies were identified, 

their reference lists were also examined to find additional pertinent studies. This approach, 

often referred to as "snowballing," allowed for the identification of studies that specifically 

investigated the impacts of climate change under scenarios of global warming up to 2 °C.  

Upon finalizing the selection of studies, an in-depth review of each paper was conducted 

using NVivo software. This qualitative data analysis tool was used to code relevant text that 

discussed the impacts of climate change on renewable and affordable energy. This 
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approach allowed for systematic data extraction and ensured all pertinent information was 

captured. The coded text was analysed to draw out significant themes from the literature. 

Table 18. Search terms used for the rapid scoping review to examine the impacts of climate change 
on renewable and affordable energy.  

Search term 1: “climate change" 

Search term 2: “impacts” OR “projections” OR “scenarios” 

Search term 3 (by section header):  

• Thermal and nuclear power plants: "thermal energy" OR "thermal power"  

• Hydropower: “hydropower” OR “hydroelectricity” OR “hydro” 

• Wind power: "wind power" OR "wind energy" OR "wind resource" OR "wind resources" 

OR "wind farm" OR "offshore wind" OR "onshore wind" OR "wind turbine" OR "wind 

turbines"  

• Solar power: "solar power" OR "solar energy"  

• Energy system resilience: "electricity infrastructure" OR "energy infrastructure" OR 

"electricity transmission" OR "energy transmission" OR "electricity distribution" OR 

"energy distribution" OR "electricity stability" OR "energy stability" OR "electricity 

storage" OR "energy storage" OR "energy system collapse" OR "electricity system 

collapse" OR "energy supply" OR "energy demand" OR "electricity supply" OR 

"electricity demand" OR "energy system resilience" OR "energy system risk" OR 

"energy system vulnerability"  

• Energy access and affordability: "access to electricity" OR "energy access" OR 

"universal access" OR "without access" OR "access deficit" OR "access gap" OR 

"energy insecurity" OR "energy poverty" OR "fuel poverty" OR "energy affordability" 

OR "thermal comfort"  

• Clean cooking fuels and technologies: "clean fuels and technologies for cooking" OR 

"access to clean cooking" OR "clean cooking" 
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7.2 Fossil fuel and biomass consumption 
Energy pathways from a range of global and national integrated assessment models have 

shown that fossil fuel use must be heavily curtailed to meet the Paris goals (IPCC, 2022c). 

The VHO and NO pathways from TIAM-UCL are typical. Figure 27 shows that substantial 

reductions are required in both pathways over the century in order to achieve a global 

temperature rise of no more than 1.5 °C in 2100. Yet the transition in the two pathways is 

quite different. 

To avoid overshooting, fossil fuel use is reduced by 20%, and coal use by 60%, in the NO 

pathway from 2020 to 2030, and then there are further steady reductions over the following 

decades. In contrast, the VHO pathway has slightly increasing fossil fuel to 2040, as higher 

energy demands are partly met by increased natural gas consumption, before very steep 

reductions after 2060 beyond what is required for the NO pathway to bring the global 

temperature rise back to 1.5 °C. It is not clear whether such steep reductions would be 

politically and technically feasible in practice. The continued high fossil fuel use in the period 

to 2050 would have a substantial impact on air quality, as discussed in Section 6.3. 

 

Figure 26. Global fossil fuel production in the NO and VHO scenarios from the TIAM-UCL model 

Both of the TIAM-UCL scenarios have substantial deployments of carbon dioxide removal 

(CDR) technologies. These are discussed in detail in Annex 2 of this study, where the 

feasibility of achieving the required deployment rates in the VHO scenario in particular is 
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questioned. In particular, the availability and sustainability of the substantial amounts of 

biomass required in the energy system of both pathways for CDR are discussed in Annex 2 

so are not considered further here.  

A small number of NO pathways using little CDR have been identified in the IPCC AR6 

scenarios database (Byers et al., 2022), but these require very steep cuts in fossil fuel use 

of 6% per year to 2030 and a much higher rate of electrification of the economy. Hence the 

NO and VHO pathways from TIAM-UCL should be considered examples of potential 

pathways rather than targets.  

7.3 Rate of energy system electrification 
Electrifying heat, transport and industry is a key strategy to reduce fossil fuel use, so 

decarbonising later in the VHO pathway would be expected to lead to lower rates of near-

term electrification. Figure 28a shows that electrification is much higher for the NO pathway 

in the period to 2050, particularly in industry, than for the VHO pathway. 

Electrification of the economy is a key contributor to SDG7.3 (“By 2030, double the global 

rate of improvement in energy efficiency”). Figure 28b shows that electricity consumption is 

substantially higher in Africa in the period to 2050 in the NO pathway, particularly in the 

residential and industry sectors. However, the model is not able to show whether this 

represents an increase in consumption for populations that already have access to 

electricity, or an increase in access to electricity (SDG7.1), or both. Despite increased 

electrification in a NO scenario, electrification of the economy in Africa is projected to be 

slower than in other regions (Figure 29) due to the high cost of capital and the lack of existing 

capacity to scale up the low-carbon electricity industry. Early and rapid action on 

electrification of the economy in most world regions is required to avoid an overshoot, and 



 

Impact on affordable and clean energy | 134 

this would make a substantial contribution to increasing energy efficiency (SDG7.3). 

 

Figure 27. Change in electricity use in end-use sectors in the NO pathway compared to the VHO 
pathway, from the TIAM-UCL model. (a) shows global changes and (b) shows changes in Africa. 
“Commercial” represents commercial and public sector buildings, but not industry 

 

 

Figure 28. Change in electricity consumption in world regions in the NO pathway compared to the 
VHO pathway. 
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7.4 Rate of renewable deployment 
SDG7.2 aims to increase substantially the share of renewable energy in the global energy 

mix by 2030. In the NO and VHO pathways, wind and solar generation make substantial 

contributions to decarbonising the global electricity supply and increasing electrification of 

the global economy. Figure 30 shows that wind and solar generation are scaled-up rapidly 

in the NO scenario in the period to 2060, but more slowly in the VHO pathway. After 2060, 

however, the need for further electrification of the economy and additional demands for CDR 

(for DACCS) causes the VHO pathway to use much higher deployments of renewable 

generation than is necessary for the NO scenario. This contributes to the higher cost of the 

VHO scenario after 2050 (Annex 3 of this study) and potentially reduces the deliverability of 

this pathway. 

Models such as TIAM-UCL tend to implicitly assume that climate change will not affect 

electricity generation plants. Yet thermal and nuclear power stations require substantial 

quantities of water for cooling, hydropower is dependent on precipitation and evaporation 

rates, and wind and solar generation are weather-dependent, as is biomass growth and 

decay. 

 

Figure 29. Global renewable generation in the NO and VHO pathways from wind and solar PV. 
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7.5 Impacts of overshoot on electricity generation 
Numerous studies have focused on the impacts of high levels of climate change on 

renewable energy. Substantially fewer studies have examined the impacts when limiting 

climate change below 2 °C. An exception is Gernaat et al. (2021), who used four General 

Circulation Models (GCMs) to evaluate the impact of climate change on global renewable 

energy potential, comparing the RCP2.6 and RCP6.0 scenarios. They found that under the 

RCP2.6 scenario, which assumes lower levels of climate change, the impacts on renewable 

energy potential are less than under the RCP6.0 scenario. However, the energy system 

effects under both scenarios are comparable due to the larger share of renewables in the 

total energy system under RCP2.6, making it more susceptible to small climatic changes. 

They caution that the results for solar PV, wind energy, and hydropower under the RCP2.6 

scenario remain uncertain. 

Here we review the evidence for the effects of climate change under low warming-scenarios 

for thermal and nuclear plants, hydro, wind and solar power, energy system resilience, 

access to, and affordability of, energy. Biomass production is examined in detail in Annex 2 

so is not reviewed here. 

7.5.1 Thermal and nuclear power plants  

Some thermal and nuclear power plants use seawater, but many rely on river water 

abstractions. They require large quantities of water at a sufficiently low temperature. 

Temperature is important as returning water (discharges) from power plants heat the river 

water locally and many aquatic organisms perish if the river temperature exceeds certain 

thresholds. 

A global temperature rise of 2 °C could significantly impact thermal energy production in 

Europe. Tobin et al. (2018) concluded that thermoelectric power plants, which rely on river 

water for cooling, are expected to experience negative changes in power generation across 

all European countries. The magnitude of these changes could be three times greater than 

those for wind and solar PV generation because wind and PV technologies do not require 

cool water or air for cooling. Furthermore, the impacts of global warming on thermoelectric 
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power generation are more severe in Southern Europe than in Northern Europe, leading to 

disparities among European Union countries.  

Emodi et al. (2019) conclude that thermal power plants in most regions may experience a 

decline in capacity factor due to global warming, which will decrease the availability of 

cooling water for thermal plant operation. Changes in precipitation patterns and glacier melt 

due to climate change could lead to either a shortfall in power output due to reduced 

precipitation or increased power production due to glacier melt. 

On a global scale, under the RCP2.6 scenario, the annual capacity of thermoelectric power 

plants is projected to reduce by 7% in the 2050s, compared to only 1.2% for hydropower 

plants (van Vliet et al., 2016b). These reductions are primarily due to constraints in the 

availability and temperatures of water resources required for cooling thermoelectric power 

plants. These findings underscore the potential challenges that climate change could pose 

to the sustainability of thermal energy production.  

7.5.2 Hydropower 

Several studies have examined the impacts of climate change on hydropower under the 

RCP2.6 scenario, which represents a future where global warming is limited to 1.5–2 °C 

above pre-industrial levels. In India, Ali et al. (2018) project that all hydropower projects will 

experience a warmer and wetter climate, leading to increased precipitation, streamflow, and 

hydropower production. However, significant warming could result in a decline in streamflow 

and hydropower production in May-June for snowmelt-dominated projects. In China, the 

impact of climate change on hydropower generation under the RCP2.6 scenario is 

significant, especially in the southern regions, indicating that hydropower in the south of 

China has higher sensitivity to climate fluctuation than that in the north (Fan et al., 2020). 

Globally, van Vliet et al. (2016a) expect gross hydropower potential to increase by 2.4% for 

the 2080s compared to 1971–2000, with the most substantial increases expected for Central 

Africa, India, Central Asia, and the northern high-latitudes. In Germany, RCP2.6 could lead 

to an overall reduction in hydropower potential, especially in many areas of Northern 

Germany, but never greater than 20%, with minor changes and no clear trend in production 

expected (Koch et al., 2015).  
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7.5.3 Wind power 

A growing body of evidence underscores the significant role of wind power in Europe's 

energy transition. Climate change could potentially enhance wind resources in some 

regions. However, our understanding of how climate change affects wind power in other 

parts of the world still needs to be improved. Notably, there are substantial knowledge gaps 

in wind power studies in Australia and Africa (Russo et al., 2022). These regions, with their 

diverse climatic conditions and unique geographical features, should be a focus of future 

studies where wind power is planned to be widely deployed. 

If global warming does not exceed 1.5 °C, noticeable changes in wind power generation 

potential are projected for Europe, with an increase in wind speed of around 4 m/s, 

particularly over Germany and over and downwind of Scotland (Hosking et al., 2018). The 

most significant load factor, a measure of the actual output of a turbine compared to its 

maximum potential output, is generally seen in winter, with values exceeding 20% over the 

onshore area of the UK (Hosking et al., 2018). Based on a review of 75 scientific studies 

examining projected wind resource changes due to anthropogenic climate change, Jung 

and Schindler (2022) conclude that the impacts of climate change on wind patterns, and 

consequently on wind energy generation, are predicted to be highly heterogeneous across 

both different geographical regions and different climate change scenarios (Ruffato-Ferreira 

et al., 2017). Wind speeds are expected to increase in some areas and decrease in others, 

leading to a spatially-varied impact on wind energy potential (Bonjean Stanton et al., 2016, 

Jung and Schindler, 2022). For example, for RCP1.9, the wind energy potential in Europe 

is projected to increase, especially in the Northern and Eastern parts. However, Southern 

Europe may experience a decrease in wind energy potential. In contrast, for RCP 2.6, the 

wind energy potential in Europe is expected to decrease, particularly in the Northern and 

Western parts. In contrast, an increase in wind energy potential is projected for Southern 

Europe. This geographical disparity could lead to an imbalance among countries in terms of 

the effects of climate change on wind power generation. 

On a global scale, Lei et al. (2023) compared the SSP2-4.5 climate change scenario, which 

overshoots 2 °C, with a carbon-neutral scenario similar to SSP1-1.9, which aligns with not 

overshooting 1.5 °C. By 2040–2049, the SSP2-4.5 scenario predicts an increase in wind 



 

Impact on affordable and clean energy | 139 

power in the tropics and southern subtropics but a decrease in the northern mid-high 

latitudes. However, under the carbon-neutral scenario, the pattern of wind power change 

shifts, particularly enhancing wind power in Asia, with Eastern China increasing from 2% 

under SSP2-4.5 to 5% under the carbon-neutral scenario. Conversely, the wind power 

increase in West Africa is 6% under SSP2-4.5 but only 3% in the carbon-neutral scenario. 

Furthermore, according to Lei et al. (2023), the carbon-neutral scenario improves the 

temporal stability of wind power in most studied regions, including the Eastern United States, 

Western Europe, India, and Eastern China, compared to the SSP2-4.5 scenario, which 

predicts less stability in Eastern United States and India but greater stability in Western 

Africa and Eastern China. These findings highlight the potential benefits of global carbon-

neutral policies for the stability of renewable generation. 

7.5.4 Solar power 

Solar power is less studied than other forms of renewable energy concerning the impacts of 

climate change, despite it being the second most selected renewable energy source in 

decarbonisation strategies (Russo et al., 2022). Solar production increases with fewer 

clouds and less atmospheric aerosol (Danso et al., 2022). Reducing fossil fuel combustion 

will reduce atmospheric pollution and hence reduce atmospheric aerosol (Section 6.3). On 

the other hand, global warming will increase the water content of the atmosphere so could 

increase cloudiness. Geoengineering initiatives to cool the planet, for example by injecting 

sulphur into the stratosphere, could also reduce incoming solar radiation (Bednarz et al., 

2023). 

Hou et al. (2021) focused on the impacts in Europe under SSP1-2.6. They projected an 

increase in solar PV capacity factors in continental Europe, with a substantial increase in 

central Europe in summer and the most substantial overall increase in PV electricity 

generation around the Mediterranean in winter. This mitigation scenario is projected to 

improve the climatic conditions for PV, leading to approximately 5% more power generation 

than today. 

On a global scale, Lei et al. (2023) compared an SSP2-4.5 scenario that overshoots 2 °C 

with a carbon-neutral scenario similar to SSP1-1.9 (Lamboll et al., 2021). Lei et al. (2023) 

report that under the carbon-neutral scenario, compared to the SSP2-4.5 scenario, solar PV 
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potential is projected to increase in Eastern China, return to historical levels in India and 

Western Africa, and increase slightly Eastern United States and Western Europe. They 

explain that this enhancement is primarily driven by increased surface downwelling 

shortwave radiation, not temperature, particularly in Asia. The authors also report that the 

reduction in aerosol optical depth resulting from decarbonisation improving air quality in 

carbon-neutral scenarios contributes to increased solar PV potential. Moreover, they report 

that the temporal variability of solar PV potential is expected to decrease under carbon-

neutral scenarios in most regions, improving the reliability of this renewable energy source. 

Lei et al. (2023) conclude that strong mitigation policies that aim to limit global warming to 

below 2 °C could enhance solar power generation and improve its reliability and stability. 

High ambient temperatures can adversely affect the performance and lifespan of solar 

panels. As temperatures rise above 25 °C, the efficiency of solar panels decreases by 

approximately 0.5% per degree, leading to a potential reduction in optimal efficiency on 

particularly hot days when demand for cooling peaks (Skoplaki and Palyvos, 2009). 

Furthermore, elevated temperatures can accelerate the degradation of solar panels, 

shortening their effective lifespan. However, these impacts can be mitigated through proper 

installation and maintenance, such as ensuring adequate ventilation and using materials 

designed to withstand elevated temperatures. As global temperatures rise due to climate 

change, these findings underscore the importance of considering temperature effects in the 

design, installation, and maintenance of solar energy systems. 

7.6 Energy system resilience  
Climate change will impact energy transmission, demand, infrastructure, and generation 

capacity, even if global warming does not exceed 2 °C. However, the effects tend to be less 

severe than scenarios with higher temperature rises. A review by Craig et al. (2018) of 

climate change impacts on the USA power system cites Chester et al. (2015) who estimate 

that average summertime transmission line capacity could reduce across the U.S. by 2% 

under RCP2.6 by mid-century, with the Midwest seeing the most significant reductions. 

Craig et al. (2018) also cite Larsen et al. (2017), who estimate that energy generation in the 

USA will need to increase by 1% by mid-century to satisfy growing energy demand caused 

by warming air temperatures under RCP2.6. Bartos et al. (2016) found that under IPCC 
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scenario B1 (a low global emissions scenario), by mid-century (2040–2060), climate change 

may reduce average summertime electricity generating capacity by 1 GW, with potentially 

disruptive impacts occurring in California and the desert Southwest. Ryan et al. (2016) 

investigated the effects of climate change on power distribution pole networks between 2015 

and 2070 across five Australian cities. They estimate that the number of electricity 

distribution pole failures caused by wind will increase from 9,500 under no climate change 

to 12,300 under IPCC scenario B1. The observed increase in wind failure rates is due to 

advanced decay of poles and increased wind speed. These studies collectively highlight 

climate change's significant and varied impacts on various aspects of the energy sector, 

underscoring the need for proactive adaptation and mitigation strategies.  

7.7 Energy access and affordability  
SDG 7.1 aims to ensure universal access to affordable, reliable, and modern energy 

services by 2030. The latest "Tracking SDG7: The Energy Progress Report" (IEA et al., 

2023) estimates that there are 675 million people who lack access to electricity in 2021 and 

a further 2.3 billion people without access to clean cooking fuels and technologies. While 

progress is being made, the current pace is slow to meet this Target. 

Few studies explicitly project the impacts on access to modern energy services of global 

warming up to 2 °C degrees of change. Dagnachew et al. (2018) analysed the trade-offs 

and synergies between achieving universal electricity access and climate change mitigation 

in Sub-Saharan Africa. The study found that climate change mitigation policies could 

negatively impact energy access by increasing energy prices. However, efficiency 

improvements from global climate policy (i.e. SDG 7.2) could offset the additional electricity 

generation needed to achieve universal access. The study also found that climate policy 

could stimulate the expansion of renewable off-grid systems, leading to 10 million more 

people connected via off-grid systems under a scenario that combines a target of universal 

access with a global climate policy that aims to limit global warming to 2 °C above pre-

industrial levels, in comparison to a scenario that achieves universal access in the absence 

of any international climate policy. 

A comprehensive review by Jessel et al. (2019), which examined over 100 scientific studies, 

explores the relationship between energy affordability and climate change. They concluded 
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that climate change exacerbates both direct and indirect health impacts of energy insecurity, 

defined as the "inability to meet household energy needs adequately". Jessel et al. (2019) 

found that climate change can worsen fuel shortages, indirectly affecting health by 

increasing fuel costs and making energy sources unaffordable and inaccessible. 

The study highlights several health consequences of energy inaccessibility, including 

increased rates of infectious diseases, hygiene-related illnesses, and pneumonia. As 

climate change intensifies, it strains energy systems, causing power outages and 

interruptions in energy services. Extreme weather events, such as polar vortices, can be 

particularly problematic, leading to power outages and even deaths from hypothermia. 

Jessel et al. (2019) emphasise that as energy becomes more expensive and the wealth gap 

widens in the USA, poorer households will struggle to afford adequate household energy. 

The proportion of income spent on energy bills could increasingly differ between wealthy 

and low-income families. The study also notes that climate change-related energy insecurity 

could affect anyone, regardless of socioeconomic status, as severe weather events, such 

as power outages, can lead to acute energy insecurity, and more frequent heatwaves can 

significantly increase energy demand. 

The study suggests that energy insecurity, especially acute, may become more widespread 

as climate change worsens. Despite these findings, Jessel et al. (2019) identify a significant 

gap in the literature: only a third of the sources reviewed address energy insecurity. This 

finding indicates a need for further research on the impacts of climate change on energy 

vulnerability. 

7.8 Clean cooking fuels and technologies  
Only a few studies investigate the impacts of climate change for up to a 2 °C temperature 

rise on access to clean cooking fuels and technologies (e.g. Dagnachew et al., 2018, 

Pachauri et al., 2021). The studies generally indicate that climate change and climate 

mitigation policies could significantly impact the achievement of universal access to clean 

cooking fuels. By exacerbating economic and social challenges, climate change could 

indirectly hinder efforts to achieve universal access to clean cooking, potentially leaving up 

to 820 million people in Sub-Saharan Africa reliant on traditional biomass cookstoves by 
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2030 (Dagnachew et al., 2020). Climate mitigation policies, while necessary for global 

warming targets, could inadvertently slow the transition from traditional biomass to modern 

fuels for cooking and heating by increasing energy prices (Dagnachew et al., 2018). 

However, these policies could also stimulate efficiency improvements and the expansion of 

renewable off-grid systems, offsetting some of the additional electricity generation needed 

for universal access.  

Despite these potential benefits, the SDG 7 Target of universal clean cooking access by 

2030 could remain out of reach under an ambitious climate mitigation policy scenario, 

particularly affecting low-income households in Africa, developing Asia, and Latin America 

(Pachauri et al., 2021). Pachauri et al. (2021) also suggest that the aftermath of the COVID-

19 pandemic could push many people back into extreme poverty, making cleaner burning 

cooking fuels more expensive and out of reach for many. In South Asia, the urban poor could 

be particularly affected by rising gas prices under climate mitigation policy scenarios, with 

dependency on solid fuels for this group almost doubling. Directing green and climate funds 

and revenues from carbon pricing to the clean cooking sector could be a strategy to increase 

financing to this sector. That study also suggests that recent technological advances and 

new payment and financing models could help clean cooking services reach even low-

income households. However, this would require considerable investment, capacity, and 

commitment to upscaling. 

Dagnachew et al. (2020) further highlight that unless radical improvements are made 

concerning the affordability and efficiency of clean cooking technologies, as well as an 

exceptionally rapid installation of modern fuel infrastructure, traditional biomass (firewood 

and charcoal) will have a significant share (67% in their scenario) in the cooking energy mix 

for decades to come. Improved and advanced biomass cookstoves could play an essential 

role as interim solutions in the transition, especially in rural areas.  

These findings underscore the need for coordinated actions, enabling policies, scaled-up 

finance, and the integration of energy access programs with climate mitigation and 

environmental programs.  
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7.9 Summary 
To avoid overshooting, fossil fuel use would need to reduce by 20%, and coal use by 60%, 

in the NO pathway from 2020 to 2030, and then further steady reductions would be required 

over following decades. Electrification of many processes in industry, buildings and transport 

would be necessary, powered by a massive expansion of renewable generation. 

Overshooting could reduce production from thermal and nuclear power plants by 7% in 2050 

due to warmer river temperatures. Changes in hydropower potential would vary across the 

world according to changes in precipitation in an overshoot, but the aggregated global 

hydropower potential would be similar. Changes in wind power speeds are expected to vary 

between regions and to change within regions as global temperature continues to increase. 

Solar PV generation would reduce due to slower reductions of fossil fuel use, greater cloud 

cover and higher temperatures. Overshooting would also reduce transmission capacity in 

summer and could increase distribution infrastructure failure due to faster pole decay and 

more intense storms. 

Climate change, including overshoot, is projected to increase energy insecurity worldwide. 

It could also indirectly hinder efforts to achieve universal access to clean cooking. 

8. Climate impacts on poverty and migration 

SDGs 1 and 10 have targets to reduce poverty and inequality, respectively. The range of 

climate change impacts reviewed in the previous chapters are expected to affect poorer 

people and poorer countries more than richer people and countries. This means that climate 

change is likely to increase poverty and inequality. Section 8.1 examines the potential 

impacts of overshoot on poverty and inequality. 

One potential consequence of changing and more variable weather is climate-related 

migration. However, it is very difficult to attribute migration to climate change as there are a 

range of other social drivers, and it is even more difficult to project how migration might 

change in the future with climate change. Section 8.2 reviews the evidence. 
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8.1 Climate impacts on poverty 
The most recent global estimates from the World Bank are that 701 million people remained 

in extreme poverty in 2019 (World Bank, 2024). It is estimated that 70 million people 

worldwide were pushed to extreme poverty during the COVID-19 pandemic (World Bank, 

2021b). Moreover, the recovery from the pandemic has been uneven, in favour of the richest 

economies who recovered at a faster speed than the middle- and low-income economies, 

increasing global inequality as measured by the Gini index (World Bank, 2021a) to around 

0.63 in 2020.9 The subsequent rise in energy and food prices, triggered by conflict and 

climate shocks, has intensified the post-pandemic recovery challenges and amplified 

poverty crises globally (World Bank, 2021b). 

Climate change is expected to pose an additional burden to poverty reduction efforts 

worldwide. Vulnerable communities, particularly those in low-income countries will bear 

most of its effects, exacerbating existing inequalities. Climate change will significantly affect 

vulnerable populations in diverse ways. Intensified extreme weather events can disrupt 

livelihoods and damage infrastructure in low-income regions. Crop failures, water scarcity 

or floods, and reduced agricultural yields will impact rural communities and increase food 

prices. Health risks may escalate due to changing disease patterns and heat stress. 

Moreover, displacement from agricultural areas and those affected by rising sea levels could 

put pressure on urban systems, creating instability (IPCC, 2022b). 

In this section, we explore the implication of the VHO and the NO pathways on global income 

distribution and poverty levels. We do not attempt to measure the resulting income 

distribution and poverty levels due to climate change impacts based on these pathways. 

Instead, our focus is on understanding the anticipated evolution of income distribution and 

poverty levels behind the economic development in both the VHO and NO pathways. Our 

analysis focuses on the demographic and economic development inherent to these 

pathways. 

 
9 The Gini index (or coefficient) is statistical metric that represents income inequality. A value of 0 
represents perfect equality, while 1 represents absolute inequality (where a single individual has all 
income). 
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8.1.1 Overview of the GlobPov model 

We use the global income distribution and poverty module (Calzadilla, 2010), which we call 

GlobPov. GlobPov is based on the methodology and database used by PovcalNet, which, 

in 2022, was replaced by the Poverty and Inequality Platform (PIP) (World Bank, 2024). PIP 

is an interactive computational tool that offers users quick access to the World Bank’s 

estimates of poverty, inequality, and shared prosperity. PIP provides a comprehensive view 

of global, regional, and country-level trends for more than 160 economies around the world. 

PovcalNet and PIP allow the replication of the calculations made by World Bank researchers 

for estimating the magnitude of absolute poverty in the world. They also enable estimations 

of various poverty and inequality measures under different assumptions and using 

alternative country groupings. 

GlobPov uses survey data in grouped form from PIP to estimate the parametric 

specifications of the underlying Lorenz curve using the same functional forms that are used 

in PIP. Once the Lorenz curves for each country have been estimated, the principal inputs 

to compute the poverty measures are the poverty line, the mean income/consumption and 

the population. 

The main outputs from the GlobPov module (Calzadilla, 2010) are the Gini index, the 

number of poor people, the headcount index of poverty,10 the poverty gap index, the squared 

poverty gap index and the elasticities of these poverty measures with respect to the mean 

of the distribution and the Gini index. Additionally, GlobPov represents graphically the 

Lorenz curve,11 the income distribution function and the cumulative distribution function for 

each country as well as regional and global figures. GlobPov provides poverty and inequality 

indicators for 167 countries. 

8.1.2 Modelling approach 

To replicate the poverty estimates made by the World Bank in 2019, we use the new 

international poverty line set to $2.25 a day (equivalent to $68 per month) and the monthly 

 
10 The headcount index of poverty is the share of the population whose income is below the poverty 
line. 
11 Lorenz curves are a graphical representation of income inequality, plotting the fraction of income 
against the fraction of households. 
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average income/consumption per capita from the surveys expressed in 2017 PPP terms. 

PPP rates account for differences in domestic prices, enabling a comparison of international 

welfare. We use population numbers from PIP. 

The projections of poverty and income distribution to the year 2050 are based on the 

economic growth and population behind the VHO and NO pathways that were developed 

using the ENGAGE model in Annex 3 of this study. The regional population and GDP per 

capita growth are used to update each country’s income distribution function, while keeping 

fixed the poverty line. In this process, we make two important assumptions: 

1. The survey-based real private income/consumption per capita in each country will 

grow at the same rate as the real GDP per capita. 

2. The Lorenz curve for each individual country does not change. That is, economic 

growth is distributionally-neutral, keeping within-country inequality constant. 

To exclude the effects of inflation, constant prices are used for calculating growth rates. 

These two assumptions are limitations of this analysis, as the influence of economic growth 

on global poverty and inequality ultimately depends on how the income is distributed across 

the population and how this distribution changes over time. Another limitation of this analysis 

lies in its narrow focus on poverty changes driven solely by variations in real GDP per capita 

and population growth. We do not consider the impact of targeted policies aimed at poverty 

alleviation or equitable income distribution. For instance, the strategy of governments 

employing overshoot as a means to postpone mitigation efforts while prioritizing other 

socioeconomic goals, such as poverty alleviation, remains unexplored in this analysis. 

8.1.3 Insights 

Our results suggest that the number of people living in extreme poverty is expected to 

decline to around 130–160 million in 2050 (Figure 31). The average annual rate of decline 

for the 2020–2050 period is similar to the rate observed during the 2009–2019 period: 5% 

per year. As highlighted by the World Bank (2021b), the goal of ending extreme poverty by 

2030 would not be achieved in this scenario. Efforts would be required to reduce inequality 

in the poorest countries to approach this target. 
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Figure 30. Number of people in extreme poverty by decarbonisation pathway. 

Globally, the headcount index declines from 9.2% in 2020 to around 1.8% and 1.5% in 2050 

for the VHO and NO pathways, respectively. Most of this decline is due to steady reduction 

in extreme poverty rates in Africa, the Middle East and India (Figure 32). 
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Figure 31. Headcount index of extreme poverty by region for the NO pathway. 

The global poverty trajectories in Figure 31 align with projected economic development in 

the VHO and NO pathways. This means that more ambitious policy actions taken to achieve 

more stringent decarbonisation targets to avoid overshoot would result in higher global GDP 

and lower global poverty levels in 2050 in the NO pathway, while the VHO pathway has 

lower poverty levels in 2035–2040. But as the difference between the two pathways is so 

small compared with the total reduction in poverty, the principal insight is that both a NO and 

VHO pathway should lead to substantially lower poverty and following either pathway would 

make little difference to the final number of people in poverty. 

Our modelling results suggests that an overshoot pathway might result in an additional 25 

million people being pushed into extreme poverty by 2050 (Figure 33). The majority of these 

individuals are located in Africa. The dynamic economic trajectories of the VHO and NO 

pathways lead to both gains and losses in terms of poverty during the period from 2020–

2050. Africa, India, Southeast Asia and the Middle East are the most vulnerable regions. 
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Figure 32. Change in the number of people under extreme poverty by region due to overshoot. The 
differences between the VHO and the NO pathways are shown. 

Within Africa and the Middle East, Congo, Nigeria, Yemen, Madagascar, Mozambique, 

Tanzania and Malawi account for more than two-thirds of the additional 25 million people 

who could be pushed into extreme poverty by 2050 due to an overshoot pathway. All these 

countries, including Syria and Yemen, have high vulnerability to poverty associated with 

variations in economic growth. 

8.2 Climate impacts on migration 
Climate change has been recognised as an important driver for migration in the Agenda for 

Humanity and by the 2016 United Nations Summit for Refugees and Migrants, the Global 

Compact for Migration and the Global Compact on Refugees. SDG 10.7 has a target to 

“facilitate orderly, safe, and responsible migration and mobility of people, including through 

implementation of planned and well-managed migration policies”. 
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Figure 33. Change in the number of people under extreme poverty in 2050 due to overshoot. The 
differences between the VHO and the NO pathways are shown. 

The global temperature rise of 1.1 °C by 2020 (IPCC, 2023) has been linked with a higher 

frequency of extreme events. The Internal Displacement Monitoring Centre (IDMC) (2022) 

estimates that 32.6 million people were displaced due to disasters in 2022. The impact of 

climate change on current and potential future migration has received international attention. 

In 2018, the World Bank estimated that three regions (Latin America, sub-Saharan Africa 

and Southeast Asia) would create 143 million more climate migrants by 2050, if no action 

were taken (World Bank, 2018a). Myers (2002) projected that 200 million people could 

migrate, based on populations being affected by sea level rise, flooding, storms, precipitation 

changes and droughts. However, confidence in projections of mobility flows is low due the 

complexity and range of causes that affect the decision to migrate (IPCC, 2014b). 

Nevertheless, Fussell et al. (2014) highlight the importance of identifying regularities in 

environment-migration relations to improve the development of future migration scenarios, 

which could be enhanced by global surveys of environmental change and migration. 

Kniveton et al. (2008) stress the need for interdisciplinary assessment (including fields of 

sociology, development studies, economics, geography, informatics and climate science) 

when studying climate change impact on migration and potential future flows. 
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It is important to understand the extent to which climate change contributes to current and 

future migration flows. There are many dimensions to examine for this assessment, such as 

how climate change may affect mobility via climate-related events and long-term climatic 

variability. Also, assessing the level of vulnerability among population groups is crucial in 

understanding the composition of migration flows. Heterogeneities across countries and 

regions are expected due to different exposure levels to climate change, but also different 

mitigation and adaptation strategies. 

Selby and Daoust (2021) provide a comprehensive summary of findings on the impacts of 

climate change on migration flows and identify the key issues as climate-migration 

pathways, long-term climatic variability, environmental pull factors, adaptation and mitigation 

policies and a review of suggestions on estimates and projections. They highlight that 

climate-related shocks can be associated with both an increase and decrease in relocation, 

and movements tend to be mainly internal, but it is not clear if they are temporary or 

permanent. Populations’ characteristics also affect migration flows; for example, young 

people in countries/regions which rely on agricultural production have a higher probability of 

migration after climate-related shocks. The role of adaptation, especially in the agricultural 

sector, is also highlighted, in terms of mitigating displacement pressures. According to this 

review, more evidence is needed to assess the impact of long-term climatic variability, and 

whether people tend to move to areas with preferable climatic conditions. Through an 

analysis of adaptation and mitigation, they conclude that policies related to flood, coastal 

and agricultural protection reduce migration pressures. 

Selby and Daoust (2021) conclude in a review that there is not a robust global estimate for 

the number of people displaced due to climate change or a clear upward trend. There are 

forecasts for future migration caused by flood, weather fluctuations, sea-level rise and long-

term warming, but not for environmental pull factors and adaptation or mitigation. However, 

projections vary significantly and are sensitive to assumptions about potential adaptation 

policy.  

8.2.1 Principal drivers of migration 

The intention to migrate due to environmental stress has several potential contributing 

factors. The International Organisation for Migration (IOM) (2022) proposes four drivers: 
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1. Migration at less advanced stages of gradual environmental change. During early 

stages of environmental degradation, farmers start to lose earnings and may move 

internally or internationally. This is often temporary movement. 

2. Migration at advanced stages of gradual environmental change. Persistent 

environmental degradation leads to some business closures and loss of income. 

Previously temporary migration might need to become permanent but obstacles such 

as socioeconomic status can arise and make migration irregular. 

3. Migration due to extreme environmental events such as natural or industrial disasters. 

Such events are not always related to climate change, but have been associated with 

tsunamis, earthquakes and floods. 

4. Migration due to large-scale development and land conservation. This is often 

temporary displacement due to infrastructure works 

Climate change and land degradation drivers of migration include elevated sea level causing 

coastal flooding, changes in storm and cyclone frequencies, changes in precipitation 

causing river flooding, fire, changes in agricultural productivity, increases in temperature and 

heat-related stress, and higher emission concentrations (Black et al., 2011). The effects on 

agricultural productivity appear to be very important in relation to migration. Falco et al. 

(2019) empirically investigates this argument, using panel data of 100 countries from 1960 

to 2010, and find that negative shocks to agricultural productivity related to climatic 

fluctuations significantly increase emigration from developing countries, with a strong impact 

in poor countries but lower impact in middle income countries.  

8.2.2 Impact of climate shocks on migration  

Climate-related extreme weather events have been associated with migration flows but 

there is mixed evidence in terms of the direction of this association. Such shocks tend to 

increase migration due to their negative impact on agricultural production and income. On 

the other hand, they tend to prevent migration flows due to constrained capabilities of 

households via reduction of resources. Floods, storms, droughts, and short-term 

temperature and precipitation fluctuations have been found to affect migration flows.  
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Evidence of the impacts of flood events are mixed. Countries in Africa appear vulnerable to 

floods and subsequent food-induced displacement, following Kakinuma et al. (2020). 

Hydrological disasters (floods and mass movement) are found to increase the rate of 

migration, based on panel data analysis which captures migration from developing countries 

to the main OECD destination countries (Drabo and Mbaye, 2015). On the other hand, floods 

are overall associated with reduced internal migration flows in Tanzania, based on survey 

data, which might be related to policies focusing on resilience (Ocello et al., 2015). Similarly, 

Chen and Mueller (2019) show that Bangladeshi flows to neighbouring South Asian 

countries decline after flooding and precipitation-related events.  

Storms, overall, seem to impose pressure on migration in the Bay of Bengal, but the impact 

on migration is mixed (Selby and Daoust, 2021). For the Philippines, one standard deviation 

increase in normalised death rates from typhoons is related to a 0.17% increase in 

outmigration, based on inter-provincial migration panel data (Bohra-Mishra et al., 2017). 

Hurricane events are found to increase migration by about 6% based on a fixed effects panel 

regression of Central American and Caribbean countries from 1989 to 2005 (Spencer and 

Urquhart, 2018). On the other hand, Drabo and Mbaye (2015) concluded that overall 

migration has not been significantly affected by storms based on panel data analysis of 

developing countries from 1975 to 2000. 

Many studies of droughts have focused on East Africa and Southeast Asia, and to a lesser 

extent Central America, the Caribbean and Southern Asia. Dallmann and Millock (2017) find 

1.5% of interstate migration is due to drought frequency in India, based on panel data 

analysis. The event history study of Gray and Mueller (2012a) concludes that men’s labour 

migration rate increases but women’s short-distance and marriage-related movement 

decreases due to drought, which demonstrates how the impacts can vary according to 

population and social characteristics. Owain and Maslin (2018) suggest that climatic 

variability has had limited or no influence on movements in East Africa during the last 50 

years, with population change, economic growth and political instability being the main 

contributing factors. However, they suggested that severe droughts were a contributing 

factor for international migration. Entwisle et al. (2020) concluded that droughts had minimal 

impact on out-migration in Northeast Thailand.  
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The effects of short-term temperature and precipitation changes on migration have attracted 

a lot of attention. Evidence is mixed in terms of the relationship between short-term 

temperature fluctuations and migration. An increase in temperature tends to increase 

permanent outmigration in a province-to-province based study in Indonesia (Bohra-Mishra 

et al., 2014). Quantitative evidence from Pakistan also shows that heat stress tends to 

increase men’s long-term migration driven by negative impacts on farm and non-farm 

income (Mueller et al., 2014). At the global scale, Backhaus et al. (2015) suggest, on 

average, a positive relationship between temperature and migration based on panel data 

analysis for 142 countries from 1995 to 2006. They also identify a positive relationship 

between precipitation and migration, but with weaker impact compared to temperature. 

Using a panel data analysis from 1960 to 2000, Beine and Parsons (2017) conclude that 

climate variability affects individuals’ financial constraints more than their preference to 

migrate. Nawrotzki and DeWaard (2018) stress the importance of heterogeneity in the 

relation between climatic variability and inter-district flows in Zambia due to varying levels of 

vulnerability. Issa et al. (2023) provide a comprehensive scoping review on the relationship 

between heat and migration. They conclude that most of studies find a negative impact of 

heat from heat stress, heat-related disease and premature mortality in migrants compared 

to non-migrants. They also find that heat may affect migration patterns in terms of the 

intention to migrate, risk during relocating, and effect of heat when migrants are settled. 

Overall, the effects of temperature fluctuations appear to affect migration flows to a greater 

extent than precipitation fluctuations. Some studies show insignificant or inconsistent 

evidence regarding the association between precipitation and migration. Mueller et al. 

(2020) find that migration decreases with precipitation in Botswana and Kenya while it 

increases with precipitation in Zambia, based on census data for a 22-year period. Evidence 

shown by Gray and Wise (2016) suggests that precipitation has a weak and inconsistent 

relationship with migration in a study of Kenya, Uganda, Nigeria, Burkina Faso and Senegal.  

8.2.3 Impact of climate shocks on the type of migration 

Kaczan and Orgill-Meyer (2020) present evidence based on a review of studies that 

suggests that climate related events, such as floods, droughts and temperature extremes 

tend to be related more to long-distance internal migration than local or cross-border 
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migration. Another review of studies from Hoffmann et al. (2020) concludes that the impact 

of weather fluctuations on migration is greater for internal flows than international ones. 

There is no clear pattern on the duration of migration after climatic shocks. The impact of 

weather fluctuations tends to be mainly temporary; for example, Etzold et al. (2014) 

conclude that labour migration in the Kurigram district of Bangladesh is mainly driven by 

precipitation-related seasonal hunger. Radel et al. (2018) also stress the importance of 

short-term migration when studying Nicaraguan data to examine the role of labour migration 

in smallholder production. On the other hand, some studies conclude that the impact of 

weather variability and weather extremes is related to long-term or permanent migration. 

These include Call and Gray (2020), who find that although short heat spells increase 

temporary migration from Ugandan households, long-term heat stress increases permanent 

migration via the impact on agricultural livelihoods. Similarly, Mueller et al. (2014) show that 

heat stress causes an increase in the long-term men’s migration in Pakistan. 

Another interesting dimension to examine is the extent to which migration flows depend on 

characteristics of the population. Younger people are more likely to relocate in response to 

climate change events. Baez et al. (2017) analyse census data from eight countries of 

Northern Latin America and the Caribbean and conclude that 35% of the sample who moved 

across provinces within each of the countries were from the youngest group (15–25) while 

just 9% of it were from the oldest group (56–65). Mastrorillo et al. (2016) examine inter-

district bilateral migration flows during 1997–2001 and 2007–2011 in South Africa, 

conditioning on various characteristics including age. They find the strongest climatic 

variability impact on young migrants (15–30). 

Several studies have found that poorer households are more likely to relocate in response 

to a range of weather events: 

• Storms: Loebach and Korinek (2019) for Nicaragua after Hurricane Mitch. 

• Floods: Gray and Mueller (2012b) for rural Bangladesh, stressing differences for 

women and poorer households. 

• Drought: Gray and Mueller (2012b) for rural Ethiopian highlands 

• Weather fluctuations: Gray and Bilsborrow (2013) for rural Ecuador. 
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On the contrary, after Hurricane Mitch, wealthier households were more likely to migrate 

than small business owners in Nicaragua (Loebach and Korinek, 2019).  

Education and skills are also important factors. In a study of rural India, Sedova and Kalkuhl 

(2020) find climate migration primarily involves low-skilled workers who depend on 

agricultural production. Ocello et al. (2015) consider migration as a potential reaction to 

droughts and floods among individuals with no education, in a study of internal migration in 

Tanzania. On the other hand, Drabo and Mbaye (2015) show that floods and drought are 

related to increased migration to high-income destination countries among highly educated 

people. Xu et al. (2021) indicate that people of higher formal education are more likely to 

move from rural to urban areas after precipitation changes, while people of lower formal 

education tend to move from one rural area to another. 

Occupation is another characteristic which has received significant attention in the literature. 

Households depending on agricultural production appear to be more affected by weather 

fluctuations than others in Bangladesh (Carrico and Donato, 2019) and rural India (Sedova 

and Kalkuhl, 2020). However, if farm households are attached to places and communities, 

then this attachment forms a barrier to migration after climatic shocks. This could explain 

why only 6.5% of rural coastal Bangladeshi people have migrated, mainly domestically and 

temporarily, in response to environmental stressors (Bernzen et al., 2019). 

8.2.4 Impact of long-term climatic and related changes 

Long-term climatic and related changes, such as sea level rise, a steady rise in temperature 

and long-term precipitation decline, may affect migration decisions, but there is generally 

little evidence to conclude about these relationships. 

For sea level rise, many studies focus on small island states, but their research questions 

do not generally specifically examine the effect of sea level rise on migration. For example, 

Shen and Gemenne (2011) qualitatively examine migration from Tuvalu to New Zealand. 

Chen and Mueller (2018) find that inundation from sea level rise is not significantly 

associated with migration but increases in soil salinity affect aquaculture and internal 

migration from coastal Bangladesh. Chun (2014) examines vulnerability and household 

responses to environmental stressors in the Mekong Delta of Vietnam. 
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On the subject of long-term temperature changes, Cattaneo and Peri (2016), by analysing 

data of 116 countries from 1960 to 2000, find warming trends could impact agricultural 

productivity and increase the likelihood of migrating internationally or from rural to urban 

areas. 

Raoul (2015) studied the extent to which glacial melting significantly affects migration and 

find limited impact on existing patterns, based on interviews with representatives in the 

Bolivian Andes. Long-term declines in precipitation have been associated with internal 

migration in sub-Saharan Africa, following Barrios et al. (2006). However, Beine and 

Parsons (2015) find no direct impact of long-term climatic factors on international migration 

in a multi-country panel data analysis from 1960 to 2000.  

8.2.5 Projections of migration flows  

Developing rigorous projections for migration flows associated with climate change is 

challenging. One would need robust estimates that disentangle the effects of climate change 

on current displacement in order to project future displacement. This is challenging because 

migration has many drivers. 

An IDMC report by Anzellini et al. (2021) forecasts 392,000 people per year being potentially 

affected by internal migration in the Middle East and North Africa due to flooding, mainly 

from urban to peri-urban places. The risk of internal migration appears very high, especially 

in low-income countries in sub-Saharan Africa, South and Southeast Asia, Oceania, and 

Latin America, for which an IDMC report by Ginnetti and Milano (2019) suggests double 

flows by 2090 under RCP2.6/SSP1 and fivefold flows under RCP6.0/SSP4. Kam et al. 

(2021) forecast that river flooding could increase movements by between 110% (under 

RCP2.6/SSP1) and 350% (RCP6.0/SSP4) by 2090, especially in Central and Eastern Africa, 

Polynesia and the Indus River basin. 

Studies on weather fluctuations and projected migration have mainly focused on long-term 

warming. Feng et al. (2010b) project that 1.4–6.7 million people could move internationally 

from Mexico by 2080 in response to changes in agricultural productivity due to increased 

temperature. Along these lines, Marchiori et al. (2012) suggest that annual displacement in 

sub-Saharan Africa may increase by 11.8 million people by 2099, responding to temperature 
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fluctuations, with the range of 4–18.5 million depending on the level of climate change. Iqbal 

and Roy (2015) suggest precipitation variability may cause a 20% increase in net internal 

migration in Bangladesh by 2030 compared to 1990 through reducing agricultural 

productivity. 

Sea level rise has been associated with about 168 million people per year being exposed to 

flooding by 2100 (Hinkel et al., 2013). The extent of displacement that could follow is not 

clear. Nicholls et al. (2011) project that 72–187 million people could move from small island 

regions in the Caribbean, Indian Ocean and Pacific in response to elevated sea level by 

2099 (assuming a temperature rise of 4°C or more by 2100), but that adaptation strategies 

could reduce displacement to just 41,000–305,000 people. 

Missirian and Schlenker (2017) examine the relation between temperature and asylum 

applications to the EU between 2000–2014 and show that long-term temperature increase 

induces a rise in applications by 188% under RCP8.5. Barbieri et al. (2010) project the 

internal movement of 500,000 people in Northeast Brazil between 2025 and 2050 for a 

temperature increase up to 4 °C until 2070, because of the warming impact on yields and 

employment. Another study for Brazil by Oliveira and Pereda (2020) suggests that around 

1 million people may move internally between 2040 and 2070 due to the impact of warming 

on agricultural productivity and wages. 

Projections of future precipitation under different levels of climate change tend to be more 

uncertain than projections of future temperature, which makes projections about migration 

caused by the precipitation even more uncertain. Defrance et al. (2017) examine the impact 

on agriculture of a significant decrease in West African monsoon rainfall, significant 

Greenland ice melt and sea level increase up to 3 m under RCP8.5. This could lead to 360 

million people living below the water threshold for sorghum cultivation in the Sahel area by 

2100 and underpin large-scale migration. The impact of changes in precipitation on future 

migration has been examined in combination with other long-term changes. The World 

Bank’s Groundswell report (Rigaud et al., 2018) combines the impact of water stress, falling 

crop yields and sea level rise, and suggests that by 2050, internal migration within Sub-

Saharan Africa, South Asia and Latin America will be between 31 million (under RCP2.6) 

and 143 million people (under RCP8.5), with a tendency to increase after then. 
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8.2.6 Conclusions  

There is compelling evidence that climate shocks contribute to migration. Many studies 

suggest that movements tend to be internal to countries and there is little evidence about 

the typical duration of migration. The extent of vulnerabilities among population groups has 

caused variations in migration flows from some areas but the quality of evidence is again 

low. It appears that younger people are more likely to migrate compared to older people, 

and that countries and regions that greatly depend on agriculture are more exposed to 

climate-related events and therefore their populations are more likely to migrate. Adaptation 

policies are considered important tools for reducing migration. We have not reviewed “pull” 

factors, particularly for international migration, so their influence is not clear. It is very difficult 

to project future migration flows caused by long-term climate change. 

9. Conclusions 

We have examined the potential human system impacts caused by temporarily overshooting 

1.5 °C using a review of literature and a range of models and other analyses. 

9.1 Water-related impacts 
Coastal flooding affects food production through salination while disasters cause 

infrastructure and livelihood damage, and loss of tourism. Impacts of flooding will increase 

over the next century as sea levels rise. The rate of increase will be higher for overshoot 

pathways. 

Terrestrial precipitation is projected to vary in complex ways with global warming. Overall 

precipitation is expected to rise in some regions and fall in others as the temperature rises, 

yet in some regions these changes could reverse if the temperature rises further. More 

intense storms, floods and droughts are expected that will affect agriculture, drinking water 

and sanitation. Even where moderate floods may reduce in magnitude, larger damaging 

events are likely to increase in magnitude. These will start to reduce in magnitude as the 

temperature is reduced. 

Changing precipitation patterns and more intense droughts, floods and storms will affect 

water availability for irrigation, and hence groundwater consumption, and also the quality of 
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human water supplies and sanitation. Wetter conditions in some areas will damage 

infrastructure, disrupt water and sanitation services and jeopardise water quality. Drought 

will affect water supplies and sanitation. It will be more difficult to achieve safe water and 

sanitation in areas with increasing extreme weather. 

9.2 Impacts on food, health and energy 
Overshooting 1.5 °C would have only a small impact on most cereal yields globally but 

interannual yield variability could increase. Lower yields in Asia could lead to slightly higher 

food prices and lower GDP. Changes in ocean temperature will cause a redistribution of 

consumer fish towards the poles, with a loss of biomass at the equator and to a lesser extent 

at the poles. The overall loss of biomass is likely to be small for the overshoot pathways but 

will be greater than for the NO pathway due to higher oceanic temperatures for an extended 

period. 

Overshooting will increase the frequency and intensity of heatwaves, which is expected to 

increase heat-related mortality and morbidity. However, declines in population susceptibility 

due to physiological acclimatisation and additional cooling measures such as air 

conditioning may result in a lower-than-expected health burden in an overshoot. Such 

adaptations are not always considered in epidemiological models but are found in historical 

data. Higher levels of food insecurity in an overshoot would increase malnutrition and might 

increase the risks from heat exposure. The estimated loss of labour capacity, supply, and 

productivity in moderate outdoor work due to heat stress ranges from 2–14%, varying 

depending on the location and indicator, and would worsen in an overshoot. An overshoot 

would also expand the spread of many vector-borne diseases to more northerly latitudes, 

but could decrease incidence in areas where vectors are already endemic. 

Mitigating greenhouse gas emissions in a NO pathway would reduce air pollution, which 

would be particularly valuable in Asia where many cities have poor air quality. Dietary 

changes could also have very positive health outcomes. On the other hand, additional 

cooling from an overshoot could place considerable strain on the electrical grid infrastructure 

of middle and even high-income countries, increasing the risk of blackouts and consequent 

health impacts. This risk would be amplified by lower production from thermal and nuclear 

power plants due to lower availability of cooling water, potentially lower solar PV generation, 
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reduced transmission capacity in summer and increased distribution infrastructure failure. 

Higher climate change is expected to increase energy insecurity and access to clean energy 

services. 

9.3 Poverty, inequality and migration 
The number of people living in extreme poverty is expected to decline substantially from 

around 700 million in 2020 to around 130–160 million in 2050. Following either the NO or 

VHO pathway makes little difference to the number of people in poverty in 2050. Most of the 

differences between the two scenarios for the period to 2050 are for people in Africa. 

Migration has a range of drivers including some made worse by climate change. Flooding is 

a key driver, but temperature rise and precipitation changes are also important. Most 

displacement to date has occurred within countries, often from rural to urban areas, rather 

than across borders. The likelihood of migration depends on the level of investment in 

adaptation measures, the characteristics of the population and the strength of local 

communities and institutions. It is very difficult to assess with any confidence the extent to 

which climatic changes have caused migration to date. It is even more difficult to project 

future changes as these are dependent on both uncertain future weather patterns and social 

factors. 

At the outset of this study, we had an ambition to examine human system tipping points. 

This is challenging because all of the impacts we examine in this report can be at least 

partially mitigated through adaptation, and many also depend on wider social circumstances 

and on the strengths of local communities and institutions. While overshooting 1.5 °C would 

cause precipitation patterns to change, these changes would reverse, perhaps with a time 

lag, if the global temperature were subsequently reduced. The most likely permanent tipping 

points, as measured by permanent changes to populated areas, would be caused by floods, 

severe storms and by changes to precipitation in agricultural areas. Sea levels will continue 

rising slowly through the next century, increasing coastal floods, while changes to 

precipitation amounts or variability over extended periods (e.g. decades) in agricultural 

areas could also lead to permanent migration away from an area. These impacts are likely 

to be localised to particularly vulnerable areas in small islands and the tropics. If global 

warming were to continue beyond 2 °C then they would become much more widespread. 
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9.4 Future research priorities 
Table 19 identifies some future research priorities for better understanding climate impacts 

on human systems. 

Table 19. Future research priorities. 

Area Research priority 
Coastal flooding: global 

drivers of extreme water 

level events 

How extremes at sub-global level could vary with 

overshoot scenarios as these are the main drivers of 

severe damage that could prompt earlier adaptation. This 

could consider a chain of events from a physical driver to 

a hazard. It is particularly important to identify sensitive 

boundaries and tipping points associated with the 

overshoot, especially where a tipping point is not 

reversible. 

Coastal flooding: regional 

impacts 

Identification of impacts that are specifically linked with 

livelihoods (e.g. in low-income countries). Although sea-

level rise is considered more in the far future and is a 

lesser priority compared with more immediate human 

needs, development paths should not lead to increased 

future risks that could be avoidable today. This is needed 

for all scenarios regardless of the timing or magnitude of 

overshoot. 

Coastal flooding: adaptation Methods and costs to adapt in a just way in the most 

vulnerable or sensitive areas (e.g. low-lying islands, 

deltas, developing nations) and the enabling mechanisms 

to do this. This is needed for all scenarios regardless of 

the timing or magnitude of overshoot. 
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Regional water stress Crop models and climate models should be developed to 

include a wider variety of crops and agricultural systems 

to help identify sustainable food systems, for example: 

• Cultivation of appropriate drought-resistant 

cultivars for food and feed crops. 

• Switching human and animal diets to reduce 

pressure on water resources. 

• Improving efficiency of irrigation techniques while 

avoid a rebound effect (i.e. induced increased 

deployment of irrigation). 

• Facilitating governance for sustainable water 

resources management. 

Clean water and sanitation Our knowledge is principally based on case studies as 

clean water and sanitation issues are inherently local.  

There is a need for comprehensive surveys of the 

potential impacts of climate change on water and 

sanitation, and the potential for adaptation, particularly for 

low-income countries. 

Direct effects of overshoot 

on health 

Improve epidemiological databases in Sub-Saharan 

Africa to quantify heat-related mortality and morbidity 

under an overshoot pathway across the African continent.  

Incorporate technological adaptation and/or physiological 

acclimatisation into existing epidemiological models to 

better understand future health impacts from temperature 

overshoot.  
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Impacts on crop yields  Expansion of model development towards coverage of 

additional crops. This will enable the production of a 

variety of forecasts for crop yields to recognise different 

needs in terms of climate related resilience and 

management practices.  

Further exploration on adaptation and farm management 

practices to mitigate climatic pressure on identified crops.  

Energy: Integrated and 

Holistic Assessments 

Integration of assessments: few studies have attempted 

to integrate the assessments of impacts of climate 

variability and change (CV&C) on both the supply and 

demand of electricity. 

Holistic assessments: current studies often focus on 

specific locations or individual electricity infrastructure 

assets, neglecting a comprehensive assessment of future 

renewable installation capacity or national-scale impacts 

of CV&C. 

Uncertainty communication: future research needs to 

explicitly communicate uncertainties, particularly 

regarding the entire electricity provision chain and 

potential adaptation strategies. 

Energy: Data and Model 

Improvements 

Wind speed data and temporal resolution: future regional 

climate models should include more detailed information 

about near-surface wind speeds and higher temporal 

resolution for calculating wind resources. 

Model ensembles: to capture natural variability and 

reduce uncertainties, larger ensembles with a more 

diverse range of models, emission scenarios, and 

ensemble members are needed. 
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Energy: Long-Term and 

Climate Extremes 

Implications 

Long-term climate change implications: further research is 

needed on the long-term effects of climate change on 

optimised energy systems, future energy technologies, 

and the costs and benefits of adaptation and mitigation 

measures. 

Climate change extremes: more sophisticated modelling 

and analysis methods are needed to assess changes in 

wet and dry extremes, which significantly impact 

hydropower potential. 

Energy: Renewable Energy 

Diversification and Localised 

Approaches 

Non-hydro renewable energy (RE) diversification: 

research should focus on non-hydro RE-based 

diversification, especially in countries heavily reliant on 

hydropower. 

Localised approaches: there is an urgent need for 

localised studies due to the variable impacts of climate 

change on a local scale. 

Energy: Operational and 

Environmental 

Considerations 

Energy demand and grid stress: the interplay between 

seasonality changes in streamflow and peak electricity 

demand must be considered for power grid planning and 

operations. 

Sediment loads and extreme flow events: the impact of 

sediment loads on hydropower plants, particularly related 

to extreme flow events, is under-researched. 

Migration Better understand the drivers of migration and mitigation 

options to prevent migration related to weather events. 



 

References | 167 

10. References 

Abadie, L. M. (2018) Sea level damage risk with probabilistic weighting of IPCC scenarios: 

An application to major coastal cities. Journal of Cleaner Production, 175, 582-598.  

https://www.sciencedirect.com/science/article/pii/S0959652617327270 

Abadie, L. M., Jackson, L. P., Sainz de Murieta, E., Jevrejeva, S. and 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, 105249.  https://www.sciencedirect.com/science/article/pii/S0964569120301599 

Agnolucci, P., Rapti, C., Alexander, P., De Lipsis, V. et al. (2020) Impacts of rising 

temperatures and farm management practices on global yields of 18 crops. Nature Food, 1, 

562-571.  https://doi.org/10.1038/s43016-020-00148-x 

Alderman, K., Turner, L. R. and Tong, S. (2012) Floods and human health: a systematic 

review. Environ Int, 47, 37-47.  

Ali, S. A., Aadhar, S., Shah, H. L. and Mishra, V. (2018) Projected Increase in Hydropower 

Production in India under Climate Change. Scientific Reports, 8, 12450.  

https://doi.org/10.1038/s41598-018-30489-4 

Alifu, H., Hirabayashi, Y., Imada, Y. and Shiogama, H. (2022) Enhancement of river flooding 

due to global warming. Scientific Reports, 12, 20687.  https://doi.org/10.1038/s41598-022-

25182-6 

Allen, M. R. and Ingram, W. J. (2002) Constraints on future changes in climate and the 

hydrologic cycle. Nature, 419, 224-232.  https://doi.org/10.1038/nature01092 

Allen, R. G., Pereira, L. S., Raes, D. and Smith, M. (1998) Crop evapotranspiration - 

Guidelines for computing crop water requirements. Rome, Italy.  

https://www.fao.org/3/X0490E/x0490e00.htm 

An, S.-I., Shin, J., Yeh, S.-W., Son, S.-W. et al. (2021) Global Cooling Hiatus Driven by an 

AMOC Overshoot in a Carbon Dioxide Removal Scenario. Earth's Future, 9, 

e2021EF002165.  https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1029/2021EF002165 

https://www.sciencedirect.com/science/article/pii/S0959652617327270
https://www.sciencedirect.com/science/article/pii/S0964569120301599
https://doi.org/10.1038/s43016-020-00148-x
https://doi.org/10.1038/s41598-018-30489-4
https://doi.org/10.1038/s41598-022-25182-6
https://doi.org/10.1038/s41598-022-25182-6
https://doi.org/10.1038/nature01092
https://www.fao.org/3/X0490E/x0490e00.htm
https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1029/2021EF002165


 

References | 168 

Andermann, C., Longuevergne, L., Bonnet, S., Crave, A. et al. (2012) Impact of transient 

groundwater storage on the discharge of Himalayan rivers. Nature Geoscience, 5, 127-132.  

https://doi.org/10.1038/ngeo1356 

Andrade, C. A., Thomas, Y. F., Lerma, A. N., Durand, P. and Anselme, B. (2013) Coastal 

Flooding Hazard Related to Swell Events in Cartagena de Indias, Colombia. Journal of 

Coastal Research, 29, 1126-1136.  

Antonioli, F., De Falco, G., Lo Presti, V., Moretti, L. et al. (2020) Relative Sea-Level Rise 

and Potential Submersion Risk for 2100 on 16 Coastal Plains of the Mediterranean Sea. 

Water, 12, 2173.  https://www.mdpi.com/2073-4441/12/8/2173 

Anzellini, V., Benet, J., Hajžmanová, I. and C., L. (2021) A decade of displacement in the 

Middle East and North Africa. Geneva.  https://www.internal-

displacement.org/publications/a-decade-of-displacement-in-the-middle-east-and-north-

africa 

Appeaning Addo, K. (2015) Monitoring sea level rise-induced hazards along the coast of 

Accra in Ghana. Natural Hazards, 78, 1293-1307.  https://doi.org/10.1007/s11069-015-

1771-1 

Arbuthnott, K., Hajat, S., Heaviside, C. and Vardoulakis, S. (2016) Changes in population 

susceptibility to heat and cold over time: assessing adaptation to climate change. 

Environmental Health, 15, S33.  https://doi.org/10.1186/s12940-016-0102-7 

Arias, P. A., Bellouin, N., Coppola, E., Jones, R. G. et al. (2021) Technical Summary. In V. 

Masson-Delmotte, P. Zhai, A. Pirani, S. L. Connors et al. (eds.) 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, United Kingdom and New 

York, NY, USA: Cambridge University Press, 33−144.  

Arnell, N. W., Freeman, A., Kay, A. L., Rudd, A. C. and Lowe, J. A. (2021) Indicators of 

climate risk in the UK at different levels of warming. Environmental Research 

Communications, 3, 095005.  https://dx.doi.org/10.1088/2515-7620/ac24c0 

Arnell, N. W., Lowe, J. A., Bernie, D., Nichols, R. J. et al. (2019) The global and regional 

impacts of climate change under representative concentration pathway forcings and shared 

https://doi.org/10.1038/ngeo1356
https://www.mdpi.com/2073-4441/12/8/2173
https://www.internal-displacement.org/publications/a-decade-of-displacement-in-the-middle-east-and-north-africa
https://www.internal-displacement.org/publications/a-decade-of-displacement-in-the-middle-east-and-north-africa
https://www.internal-displacement.org/publications/a-decade-of-displacement-in-the-middle-east-and-north-africa
https://doi.org/10.1007/s11069-015-1771-1
https://doi.org/10.1007/s11069-015-1771-1
https://doi.org/10.1186/s12940-016-0102-7
https://dx.doi.org/10.1088/2515-7620/ac24c0


 

References | 169 

socioeconomic pathway socioeconomic scenarios. Environmental Research Letters, 14, 

084046.  

Backhaus, A., Martinez-Zarzoso, I. and Muris, C. (2015) Do climate variations explain 

bilateral migration? A gravity model analysis. IZA Journal of Migration, 4, 3.  

https://doi.org/10.1186/s40176-014-0026-3 

Bader, J., Mesquita, M. D. S., Hodges, K. I., Keenlyside, N. et al. (2011) A review on 

Northern Hemisphere sea-ice, storminess and the North Atlantic Oscillation: Observations 

and projected changes. Atmospheric Research, 101, 809-834.  

https://www.sciencedirect.com/science/article/pii/S0169809511001001 

Baez, J., Caruso, G., Mueller, V. and Niu, C. (2017) Droughts augment youth migration in 

Northern Latin America and the Caribbean. Climatic Change, 140, 423-435.  

https://doi.org/10.1007/s10584-016-1863-2 

Barbieri, A. F., Domingues, E., Queiroz, B. L., Ruiz, R. M. et al. (2010) Climate change and 

population migration in Brazil’s Northeast: scenarios for 2025–2050. Population and 

Environment, 31, 344-370.  https://doi.org/10.1007/s11111-010-0105-1 

Barnard, P. L., Hoover, D., Hubbard, D. M., Snyder, A. et al. (2017) Extreme oceanographic 

forcing and coastal response due to the 2015–2016 El Niño. Nature Communications, 8, 

14365.  https://doi.org/10.1038/ncomms14365 

Barnett, J. and Adger, W. N. (2007) Climate change, human security and violent conflict. 

Political Geography, 26, 639-655.  

https://www.sciencedirect.com/science/article/pii/S096262980700039X 

Barrios, S., Bertinelli, L. and Strobl, E. (2006) Climatic change and rural–urban migration: 

The case of sub-Saharan Africa. Journal of Urban Economics, 60, 357-371.  

https://www.sciencedirect.com/science/article/pii/S0094119006000398 

Bartos, M., Chester, M., Johnson, N., Gorman, B. et al. (2016) Impacts of rising air 

temperatures on electric transmission ampacity and peak electricity load in the United 

States. Environmental Research Letters, 11, 114008.  https://dx.doi.org/10.1088/1748-

9326/11/11/114008 

https://doi.org/10.1186/s40176-014-0026-3
https://www.sciencedirect.com/science/article/pii/S0169809511001001
https://doi.org/10.1007/s10584-016-1863-2
https://doi.org/10.1007/s11111-010-0105-1
https://doi.org/10.1038/ncomms14365
https://www.sciencedirect.com/science/article/pii/S096262980700039X
https://www.sciencedirect.com/science/article/pii/S0094119006000398
https://dx.doi.org/10.1088/1748-9326/11/11/114008
https://dx.doi.org/10.1088/1748-9326/11/11/114008


 

References | 170 

Bartram, J. and Cairncross, S. (2010) Hygiene, Sanitation, and Water: Forgotten 

Foundations of Health. PLOS Medicine, 7, e1000367.  

https://doi.org/10.1371/journal.pmed.1000367 

Becker, M., Karpytchev, M. and Hu, A. (2023) Increased exposure of coastal cities to sea-

level rise due to internal climate variability. Nature Climate Change, 13, 367-374.  

https://doi.org/10.1038/s41558-023-01603-w 

Bednar-Friedl, B., Biesbroek, R., Schmidt, D. N., Alexander, P. et al. (2022) Europe. In H.-

O. Pörtner, D. C. Roberts, M. Tignor, E. S. Poloczanska et al. (eds.) Climate Change 2022: 

Impacts, Adaptation and Vulnerability. Contribution of Working Group II to the Sixth 

Assessment Report of the Intergovernmental Panel on Climate Change. Cambridge, UK 

and New York, NY, USA: Cambridge University Press, 1817-1927.  

Bednarz, E. M., Butler, A. H., Visioni, D., Zhang, Y. et al. (2023) Injection strategy – a driver 

of atmospheric circulation and ozone response to stratospheric aerosol geoengineering. 

Atmos. Chem. Phys., 23, 13665-13684.  https://acp.copernicus.org/articles/23/13665/2023/ 

Beine, M. and Parsons, C. (2015) Climatic Factors as Determinants of International 

Migration. The Scandinavian Journal of Economics, 117, 723-767.  

https://onlinelibrary.wiley.com/doi/abs/10.1111/sjoe.12098 

Beine, M. and Parsons, C. R. (2017) Climatic Factors as Determinants of International 

Migration: Redux. CESifo Economic Studies, 63, 386-402.  

https://doi.org/10.1093/cesifo/ifx017 

Bendixen, M., Best, J., Hackney, C. and Iversen, L. L. (2019) Time is running out for sand. 

Nature, 571, 19-31.  

Bendixen, M., Iversen, L. L., Best, J., Franks, D. M. et al. (2021) Sand, gravel, and UN 

Sustainable Development Goals: Conflicts, synergies, and pathways forward. One Earth, 4, 

1095-1111.  https://www.sciencedirect.com/science/article/pii/S2590332221004097 

Bernzen, A., Jenkins, J. C. and Braun, B. (2019) Climate Change-Induced Migration in 

Coastal Bangladesh? A Critical Assessment of Migration Drivers in Rural Households under 

Economic and Environmental Stress. Geosciences, 9, 51.  https://www.mdpi.com/2076-

3263/9/1/51 

https://doi.org/10.1371/journal.pmed.1000367
https://doi.org/10.1038/s41558-023-01603-w
https://acp.copernicus.org/articles/23/13665/2023/
https://onlinelibrary.wiley.com/doi/abs/10.1111/sjoe.12098
https://doi.org/10.1093/cesifo/ifx017
https://www.sciencedirect.com/science/article/pii/S2590332221004097
https://www.mdpi.com/2076-3263/9/1/51
https://www.mdpi.com/2076-3263/9/1/51


 

References | 171 

Biardeau, L. T., Davis, L. W., Gertler, P. and Wolfram, C. (2020) Heat exposure and global 

air conditioning. Nature Sustainability, 3, 25-28.  https://doi.org/10.1038/s41893-019-0441-

9 

Biondi, E. L. and Guannel, G. (2018) Practical tools for quantitative analysis of coastal 

vulnerability and sea level rise impacts—application in a Caribbean island and assessment 

of the 1.5 °C threshold. Regional Environmental Change, 18, 2227-2236.  

https://doi.org/10.1007/s10113-018-1397-4 

Black, R., Adger, W. N., Arnell, N. W., Dercon, S. et al. (2011) The effect of environmental 

change on human migration. Global Environmental Change, 21, S3-S11.  

https://www.sciencedirect.com/science/article/pii/S0959378011001531 

Blöschl, G., Hall, J., Viglione, A., Perdigão, R. A. P. 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 

Boateng, I. (2012) An assessment of the physical impacts of sea-level rise and coastal 

adaptation: a case study of the eastern coast of Ghana. Climatic Change, 114, 273-293.  

https://doi.org/10.1007/s10584-011-0394-0 

Bohra-Mishra, P., Oppenheimer, M., Cai, R., Feng, S. and Licker, R. (2017) Climate 

variability and migration in the Philippines. Population and Environment, 38, 286-308.  

https://doi.org/10.1007/s11111-016-0263-x 

Bohra-Mishra, P., Oppenheimer, M. and Hsiang, S. M. (2014) Nonlinear permanent 

migration response to climatic variations but minimal response to disasters. Proceedings of 

the National Academy of Sciences, 111, 9780-9785.  

https://www.pnas.org/doi/abs/10.1073/pnas.1317166111 

Bonetti, S., Sutanudjaja, E. H., Mabhaudhi, T., Slotow, R. and Dalin, C. (2022) Climate 

change impacts on water sustainability of South African crop production. Environmental 

Research Letters, 17, 084017.  https://dx.doi.org/10.1088/1748-9326/ac80cf 

Bongarts Lebbe, T., Rey-Valette, H., Chaumillon, É., Camus, G. et al. (2021) Designing 

Coastal Adaptation Strategies to Tackle Sea Level Rise. Frontiers in Marine Science, 8.  

https://www.frontiersin.org/articles/10.3389/fmars.2021.740602 

https://doi.org/10.1038/s41893-019-0441-9
https://doi.org/10.1038/s41893-019-0441-9
https://doi.org/10.1007/s10113-018-1397-4
https://www.sciencedirect.com/science/article/pii/S0959378011001531
https://doi.org/10.1038/s41586-019-1495-6
https://doi.org/10.1007/s10584-011-0394-0
https://doi.org/10.1007/s11111-016-0263-x
https://www.pnas.org/doi/abs/10.1073/pnas.1317166111
https://dx.doi.org/10.1088/1748-9326/ac80cf
https://www.frontiersin.org/articles/10.3389/fmars.2021.740602


 

References | 172 

Bonjean Stanton, M. C., Dessai, S. and Paavola, J. (2016) A systematic review of the 

impacts of climate variability and change on electricity systems in Europe. Energy, 109, 

1148-1159.  https://www.sciencedirect.com/science/article/pii/S0360544216305679 

Bonsor, H. C., Shamsudduha, M., Marchant, B. P., MacDonald, A. M. and Taylor, R. G. 

(2018) Seasonal and Decadal Groundwater Changes in African Sedimentary Aquifers 

Estimated Using GRACE Products and LSMs. Remote Sensing, 10, 904.  

https://www.mdpi.com/2072-4292/10/6/904 

Boretti, A. and Rosa, L. (2019) Reassessing the projections of the World Water 

Development Report. npj Clean Water, 2, 15.  https://doi.org/10.1038/s41545-019-0039-9 

Brêda, J. P. L. F., Cauduro Dias de Paiva, R., Siqueira, V. A. and Collischonn, W. (2023) 

Assessing climate change impact on flood discharge in South America and the influence of 

its main drivers. Journal of Hydrology, 619, 129284.  

https://www.sciencedirect.com/science/article/pii/S0022169423002263 

Bonsor, H.C.; Oates, N.; Chilton, P.J.; Carter, R.C.; Casey, V.; MacDonald, A.M. ; Etti, B.; 

Nekesa, J.; Musinguzi, F.; Okubal, P.; Alupo, G.; Calow, R.; Wilson, P.; Tumuntungire, M.; 

Bennie, M.. (2015) A hidden crisis: strengthening the evidence base on the current failure 

of rural groundwater supplies. Briefing Paper, 38th WEDC International Conference, 

Loughborough, UK, 27-31 July 2015. 

Brown, S., Jenkins, K., Goodwin, P., Lincke, D. et al. (2021) Global costs of protecting 

against sea-level rise at 1.5 to 4.0 °C. Climatic Change, 167, 4.  

https://doi.org/10.1007/s10584-021-03130-z 

Brown, S., Nicholls, R. J., Bloodworth, A., Bragg, O. et al. (2023) Pathways to sustain atolls 

under rising sea levels through land claim and island raising. Environmental Research 

Climate, 2, 015005.  

Brown, S., Nicholls, R. J., Goodwin, P., Haigh, I. D. et al. (2018a) 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, 583-600.  

https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1002/2017EF000738 

https://www.sciencedirect.com/science/article/pii/S0360544216305679
https://www.mdpi.com/2072-4292/10/6/904
https://doi.org/10.1038/s41545-019-0039-9
https://www.sciencedirect.com/science/article/pii/S0022169423002263
https://doi.org/10.1007/s10584-021-03130-z
https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1002/2017EF000738


 

References | 173 

Brown, S., Nicholls, R. J., Lázár, A. N., Hornby, D. D. et al. (2018b) What are the implications 

of sea-level rise for a 1.5, 2 and 3 °C rise in global mean temperatures in the Ganges-

Brahmaputra-Meghna and other vulnerable deltas? Regional Environmental Change, 18, 

1829-1842.  https://doi.org/10.1007/s10113-018-1311-0 

Brown, S., Wadey, M. P., Nicholls, R. J., Shareef, A. et al. (2020) Land raising as a solution 

to sea-level rise: An analysis of coastal flooding on an artificial island in the Maldives. Journal 

of Flood Risk Management, 13, e12567.  

https://onlinelibrary.wiley.com/doi/abs/10.1111/jfr3.12567 

Byers, E., Krey, V., Kriegler, E., Riahi, K. et al. (2022) AR6 Scenarios Database hosted by 

IIASA. International Institute for Applied Systems Analysis.  https://data.ece.iiasa.ac.at/ar6 

Byrne, M. P. and O’Gorman, P. A. (2015) The Response of Precipitation Minus 

Evapotranspiration to Climate Warming: Why the “Wet-Get-Wetter, Dry-Get-Drier” Scaling 

Does Not Hold over Land. Journal of Climate, 28, 8078-8092.  

https://journals.ametsoc.org/view/journals/clim/28/20/jcli-d-15-0369.1.xml 

Cai, W., Santoso, A., Collins, M., Dewitte, B. et al. (2021) Changing El Niño–Southern 

Oscillation in a warming climate. Nature Reviews Earth & Environment, 2, 628-644.  

https://doi.org/10.1038/s43017-021-00199-z 

Call, M. and Gray, C. (2020) Climate anomalies, land degradation, and rural out-migration 

in Uganda. Population and Environment, 41, 507-528.  https://doi.org/10.1007/s11111-020-

00349-3 

Calow, R. C., MacDonald, A. M. and Le Seve, M. (2018) The Environmental Dimensions of 

Universal Access to Safe Water. In T. Slaymaker and O. Cummings (eds.) Equality in Water 

and Sanitation Services. London: Routledge.  

Calow, R. C., Mason, N., Mosello, B. and Ludi, E. (2017) Linking risk with response: options 

for climate resilient WASH.  https://www.gwp.org/en/WashClimateResilience/  

Calzadilla, A. (2010) Global Income Distribution and Poverty: Implications from the IPCC 

SRES Scenarios. Kiel, Germany.  https://www.ifw-kiel.de/publications/global-income-

distribution-and-poverty-implications-from-the-ipcc-sres-scenarios-24796/ 

https://doi.org/10.1007/s10113-018-1311-0
https://onlinelibrary.wiley.com/doi/abs/10.1111/jfr3.12567
https://data.ece.iiasa.ac.at/ar6
https://journals.ametsoc.org/view/journals/clim/28/20/jcli-d-15-0369.1.xml
https://doi.org/10.1038/s43017-021-00199-z
https://doi.org/10.1007/s11111-020-00349-3
https://doi.org/10.1007/s11111-020-00349-3
https://www.gwp.org/en/WashClimateResilience/
https://www.ifw-kiel.de/publications/global-income-distribution-and-poverty-implications-from-the-ipcc-sres-scenarios-24796/
https://www.ifw-kiel.de/publications/global-income-distribution-and-poverty-implications-from-the-ipcc-sres-scenarios-24796/


 

References | 174 

Calzadilla, A. and Carr, T. (2020) Land degradation and food security: impacts and 

adaptation options. 23rd Annual Conference on Global Economic Analysis.  

https://www.gtap.agecon.purdue.edu/uploads/resources/download/10067.pdf 

Canavesio, R. (2019) Distant swells and their impacts on atolls and tropical coastlines. The 

example of submersions produced by lagoon water filling and flushing currents in French 

Polynesia during 1996 and 2011 mega swells. Global and Planetary Change, 177, 116-126.  

https://www.sciencedirect.com/science/article/pii/S0921818118305344 

Caretta, M. A., Mukherji, A., Arfanuzzaman, M., Betts, R. A. et al. (2022) Water. In: Climate 

Change 2022: Impacts, Adaptation and Vulnerability. Contribution of Working Group II to the 

Sixth Assessment Report of the Intergovernmental Panel on Climate Change. Cambridge, 

UK and New York, NY, USA: C. U. Press.  

https://www.ipcc.ch/report/ar6/wg2/chapter/chapter-4/ 

Carlton, E. J., Woster, A. P., DeWitt, P., Goldstein, R. S. and Levy, K. (2016) A systematic 

review and meta-analysis of ambient temperature and diarrhoeal diseases. Int J Epidemiol, 

45, 117-30.  

Carr, T. W., Balkovič, J., Dodds, P. E., Folberth, C. et al. (2020) Uncertainties, sensitivities 

and robustness of simulated water erosion in an EPIC-based global gridded crop model. 

Biogeosciences, 17, 5263-5283.  https://bg.copernicus.org/articles/17/5263/2020/ 

Carrico, A. R. and Donato, K. (2019) Extreme weather and migration: evidence from 

Bangladesh. Population and Environment, 41, 1-31.  https://doi.org/10.1007/s11111-019-

00322-9 

Cattaneo, C. and Peri, G. (2016) The migration response to increasing temperatures. 

Journal of Development Economics, 122, 127-146.  

https://www.sciencedirect.com/science/article/pii/S0304387816300372 

Chen, J. and Mueller, V. (2018) Coastal climate change, soil salinity and human migration 

in Bangladesh. Nature Climate Change, 8, 981-985.  https://doi.org/10.1038/s41558-018-

0313-8 

https://www.gtap.agecon.purdue.edu/uploads/resources/download/10067.pdf
https://www.sciencedirect.com/science/article/pii/S0921818118305344
https://www.ipcc.ch/report/ar6/wg2/chapter/chapter-4/
https://bg.copernicus.org/articles/17/5263/2020/
https://doi.org/10.1007/s11111-019-00322-9
https://doi.org/10.1007/s11111-019-00322-9
https://www.sciencedirect.com/science/article/pii/S0304387816300372
https://doi.org/10.1038/s41558-018-0313-8
https://doi.org/10.1038/s41558-018-0313-8


 

References | 175 

Chen, J. and Mueller, V. (2019) Climate-induced cross-border migration and change in 

demographic structure. Population and Environment, 41, 98-125.  

https://doi.org/10.1007/s11111-019-00328-3 

Chen, S., Chen, X. and Xu, J. (2016) Impacts of climate change on agriculture: Evidence 

from China. Journal of Environmental Economics and Management, 76, 105-124.  

Chen, S. and Gong, B. (2021) Response and adaptation of agriculture to climate change: 

Evidence from China. Journal of Development Economics, 148.  

Cheng, J., Xu, Z., Bambrick, H., Prescott, V. et al. (2019) Cardiorespiratory effects of 

heatwaves: A systematic review and meta-analysis of global epidemiological evidence. 

Environmental Research, 177, 108610.  

https://www.sciencedirect.com/science/article/pii/S0013935119304074 

Chester, M., Bartos, M. D., Eisenberg, D. A., Gorman, B. et al. (2015) Impacts of Climate 

Change on Electric Transmission Capacity and Peak Electricity Load in the United States. 

AGUFM, 2015, GC33C-1311.  

https://ui.adsabs.harvard.edu/abs/2015AGUFMGC33C1311C/abstract 

Chun, J. M. (2014) Vulnerability to Environmental Stress: United Nations.  https://www.un-

ilibrary.org/content/books/9789213630372 

Chung, Y., Noh, H., Honda, Y., Hashizume, M. et al. (2017) Temporal Changes in Mortality 

Related to Extreme Temperatures for 15 Cities in Northeast Asia: Adaptation to Heat and 

Maladaptation to Cold. Am J Epidemiol, 185, 907-913.  

Claar, D. C., Szostek, L., McDevitt-Irwin, J. M., Schanze, J. J. and Baum, J. K. (2018) Global 

patterns and impacts of El Niño events on coral reefs: A meta-analysis. PLOS ONE, 13, 

e0190957.  https://doi.org/10.1371/journal.pone.0190957 

Clark, P. U., Shakun, J. D., Marcott, S. A., Mix, A. C. et al. (2016) Consequences of twenty-

first-century policy for multi-millennial climate and sea-level change. Nature Climate 

Change, 6, 360-369.  https://doi.org/10.1038/nclimate2923 

Colmer, J. (2021) Temperature, Labor Reallocation, and Industrial Production: Evidence 

from India. American Economic Journal: Applied Economics, 13, 101-124.  

https://doi.org/10.1007/s11111-019-00328-3
https://www.sciencedirect.com/science/article/pii/S0013935119304074
https://ui.adsabs.harvard.edu/abs/2015AGUFMGC33C1311C/abstract
https://www.un-ilibrary.org/content/books/9789213630372
https://www.un-ilibrary.org/content/books/9789213630372
https://doi.org/10.1371/journal.pone.0190957
https://doi.org/10.1038/nclimate2923


 

References | 176 

Conservatory, T. N. (2019) Greater Cape Town Water Fund Business Case: Assessing the 

Return on Investment for Ecological Infrastructure Restoration.  

https://www.nature.org/content/dam/tnc/nature/en/documents/GCTWF-Business-Case-

April-2019.pdf 

Constable, A. J., Harper, S., Dawson, J., Holsman, K. et al. (2022) Polar Regions. In H.-O. 

Pörtner, D. C. Roberts, M. Tignor, E. S. Poloczanska et al. (eds.) Climate Change 2022: 

Impacts, Adaptation and Vulnerability. Contribution of Working Group II to the Sixth 

Assessment Report of the Intergovernmental Panel on Climate Change. Cambridge, UK 

and New York, NY, USA: Cambridge University Press, 2319-2368.  

Constable, A. L. (2017) Climate change and migration in the Pacific: options for Tuvalu and 

the Marshall Islands. Regional Environmental Change, 17, 1029-1038.  

https://doi.org/10.1007/s10113-016-1004-5 

Conway, D. (2013) Water Security in a Changing Climate. Chapter 6 in: Water Security - 

Principles, Perspectives and Practices, 1 ed.: 

Routledgehttps://doi.org/10.4324/9780203113202.  

Cook, S., Fisher, M., Tiemann, T. and Vidal, A. (2011) Water, food and poverty: global- and 

basin-scale analysis. Water International, 36, 1-16.  

https://doi.org/10.1080/02508060.2011.541018 

Craig, M. T., Cohen, S., Macknick, J., Draxl, C. et al. (2018) A review of the potential impacts 

of climate change on bulk power system planning and operations in the United States. 

Renewable and Sustainable Energy Reviews, 98, 255-267.  

https://www.sciencedirect.com/science/article/pii/S1364032118306701 

Cuthbert, M. O., Taylor, R. G., Favreau, G., Todd, M. C. et al. (2019) Observed controls on 

resilience of groundwater to climate variability in sub-Saharan Africa. Nature, 572, 230-234.  

https://doi.org/10.1038/s41586-019-1441-7 

Dagnachew, A., Hof, A., van Soest, H. and van Vuuren, D. (2021) Climate change measures 

and sustainable development goals: mapping synergies and trade-offs to guide multi-level 

decision-making. The Hague, Netherlands.  https://sdgs.un.org/sites/default/files/2023-

01/pbl-2021-climate-change-measures-and-sustainable-development-goals_4639.pdf 

https://www.nature.org/content/dam/tnc/nature/en/documents/GCTWF-Business-Case-April-2019.pdf
https://www.nature.org/content/dam/tnc/nature/en/documents/GCTWF-Business-Case-April-2019.pdf
https://doi.org/10.1007/s10113-016-1004-5
https://doi.org/10.4324/9780203113202
https://doi.org/10.1080/02508060.2011.541018
https://www.sciencedirect.com/science/article/pii/S1364032118306701
https://doi.org/10.1038/s41586-019-1441-7
https://sdgs.un.org/sites/default/files/2023-01/pbl-2021-climate-change-measures-and-sustainable-development-goals_4639.pdf
https://sdgs.un.org/sites/default/files/2023-01/pbl-2021-climate-change-measures-and-sustainable-development-goals_4639.pdf


 

References | 177 

Dagnachew, A. G. and Hof, A. F. (2022) Climate change mitigation and SDGs: modelling 

the regional potential of promising mitigation measures and assessing their impact on other 

SDGs. Journal of Integrative Environmental Sciences, 19, 289-314.  

https://doi.org/10.1080/1943815X.2022.2146137 

Dagnachew, A. G., Hof, A. F., Lucas, P. L. and van Vuuren, D. P. (2020) Scenario analysis 

for promoting clean cooking in Sub-Saharan Africa: Costs and benefits. Energy, 192, 

116641.  https://www.sciencedirect.com/science/article/pii/S0360544219323369 

Dagnachew, A. G., Lucas, P. L., Hof, A. F. and van Vuuren, D. P. (2018) Trade-offs and 

synergies between universal electricity access and climate change mitigation in Sub-

Saharan Africa. Energy Policy, 114, 355-366.  

https://www.sciencedirect.com/science/article/pii/S0301421517308467 

Dallmann, I. and Millock, K. (2017) Climate Variability and Inter-State Migration in India. 

CESifo Economic Studies, 63, 560-594.  https://doi.org/10.1093/cesifo/ifx014 

Danso, D. K., Anquetin, S., Diedhiou, A., Lavaysse, C. et al. (2022) A CMIP6 assessment 

of the potential climate change impacts on solar photovoltaic energy and its atmospheric 

drivers in West Africa. Environmental Research Letters, 17, 044016.  

https://dx.doi.org/10.1088/1748-9326/ac5a67 

Dasgupta, S., van Maanen, N., Gosling, S. N., Piontek, F. et al. (2021) Effects of climate 

change on combined labour productivity and supply: an empirical, multi-model study. The 

Lancet Planetary Health, 5, e455-e465.  https://doi.org/10.1016/S2542-5196(21)00170-4 

Dasgupta, S. Z., Asif, Roy, S., Huq, M., Jahan, S. and Nishat, A. (2015) Urban Flooding of 

Greater Dhaka in a Changing Climate: Building Local Resilience to Disaster Risk.  

https://elibrary.worldbank.org/doi/abs/10.1596/978-1-4648-0710-7 

DeConto, R. M. and Pollard, D. (2016) Contribution of Antarctica to past and future sea-level 

rise. Nature, 531, 591-597.  https://doi.org/10.1038/nature17145 

DeConto, R. M., Pollard, D., Alley, R. B., Velicogna, I. et al. (2021) The Paris Climate 

Agreement and future sea-level rise from Antarctica. Nature, 593, 83-89.  

https://doi.org/10.1038/s41586-021-03427-0 

https://doi.org/10.1080/1943815X.2022.2146137
https://www.sciencedirect.com/science/article/pii/S0360544219323369
https://www.sciencedirect.com/science/article/pii/S0301421517308467
https://doi.org/10.1093/cesifo/ifx014
https://dx.doi.org/10.1088/1748-9326/ac5a67
https://doi.org/10.1016/S2542-5196(21)00170-4
https://elibrary.worldbank.org/doi/abs/10.1596/978-1-4648-0710-7
https://doi.org/10.1038/nature17145
https://doi.org/10.1038/s41586-021-03427-0


 

References | 178 

Defrance, D., Ramstein, G., Charbit, S., Vrac, M. et al. (2017) Consequences of rapid ice 

sheet melting on the Sahelian population vulnerability. Proceedings of the National Academy 

of Sciences, 114, 6533-6538.  https://www.pnas.org/doi/abs/10.1073/pnas.1619358114 

Do, H. X., Mei, Y. and Gronewold, A. D. (2020) To What Extent Are Changes in Flood 

Magnitude Related to Changes in Precipitation Extremes? Geophysical Research Letters, 

47, e2020GL088684.  

https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1029/2020GL088684 

Dodds, P. E. (2010) Development of a crop model to examine crop management and climate 

change in Senegal. University of Leeds.  https://etheses.whiterose.ac.uk/1121/ 

Dodman, D., Hayward, B., Pelling, M., Castan Broto, V. et al. (2022) Cities, Settlements and 

Key Infrastructure. In H.-O. Pörtner, D. C. Roberts, M. Tignor, E. S. Poloczanska et al. (eds.) 

Climate Change 2022: Impacts, Adaptation and Vulnerability. Contribution of Working Group 

II to the Sixth Assessment Report of the Intergovernmental Panel on Climate Change. 

Cambridge, UK and New York, NY, USA: Cambridge University Press, 907–1040.  

Doherty, A., Pearce, M., Calow, R., Daoust, G., H., A. et al. (2022) Central Africa climate 

risk report.  https://www.metoffice.gov.uk/services/government/international-

development/central-africa-climate-risk-report 

Drabo, A. and Mbaye, L. M. (2015) Natural disasters, migration and education: an empirical 

analysis in developing countries. Environment and Development Economics, 20, 767-796.  

https://www.cambridge.org/core/article/natural-disasters-migration-and-education-an-

empirical-analysis-in-developing-countries/2BA25870881F4995A4E8C8D30DE4A4A1 

Drouet, L., Bosetti, V., Padoan, S. A., Aleluia Reis, L. et al. (2021) Net zero-emission 

pathways reduce the physical and economic risks of climate change. Nature Climate 

Change, 11, 1070-1076.  https://doi.org/10.1038/s41558-021-01218-z 

Du, S., Scussolini, P., Ward, P. J., Zhang, M. et al. (2020) Hard or soft flood adaptation? 

Advantages of a hybrid strategy for Shanghai. Global Environmental Change, 61, 102037.  

https://www.sciencedirect.com/science/article/pii/S0959378019307113 

Dulal, H. B. (2019) Cities in Asia: how are they adapting to climate change? Journal of 

Environmental Studies and Sciences, 9, 13-24.  https://doi.org/10.1007/s13412-018-0534-1 

https://www.pnas.org/doi/abs/10.1073/pnas.1619358114
https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1029/2020GL088684
https://etheses.whiterose.ac.uk/1121/
https://www.metoffice.gov.uk/services/government/international-development/central-africa-climate-risk-report
https://www.metoffice.gov.uk/services/government/international-development/central-africa-climate-risk-report
https://www.cambridge.org/core/article/natural-disasters-migration-and-education-an-empirical-analysis-in-developing-countries/2BA25870881F4995A4E8C8D30DE4A4A1
https://www.cambridge.org/core/article/natural-disasters-migration-and-education-an-empirical-analysis-in-developing-countries/2BA25870881F4995A4E8C8D30DE4A4A1
https://doi.org/10.1038/s41558-021-01218-z
https://www.sciencedirect.com/science/article/pii/S0959378019307113
https://doi.org/10.1007/s13412-018-0534-1


 

References | 179 

Ebi, K., Campbell-Lendrum, D. and Wyns, A. (2018a) The 1.5 health report: synthesis on 

health and climate science in the IPCC SR1. 5.  

https://climate.mohp.gov.np/downloads/The_1.5_health_Report.pdf 

Ebi, K. L., Capon, A., Berry, P., Broderick, C. et al. (2021) Hot weather and heat extremes: 

health risks. The Lancet, 398, 698-708.  https://doi.org/10.1016/S0140-6736(21)01208-3 

Ebi, K. L., Hasegawa, T., Hayes, K., Monaghan, A. et al. (2018b) Health risks of warming of 

1.5 °C, 2 °C, and higher, above pre-industrial temperatures. Environmental Research 

Letters, 13, 063007.  https://dx.doi.org/10.1088/1748-9326/aac4bd 

Ehlert, D. and Zickfeld, K. (2018) Irreversible ocean thermal expansion under carbon dioxide 

removal. Earth Syst. Dynam., 9, 197-210.  https://esd.copernicus.org/articles/9/197/2018/ 

Emodi, N. V., Chaiechi, T. and Beg, A. B. M. R. A. (2019) The impact of climate variability 

and change on the energy system: A systematic scoping review. Science of The Total 

Environment, 676, 545-563.  

https://www.sciencedirect.com/science/article/pii/S0048969719318297 

Entwisle, B., Verdery, A. and Williams, N. (2020) Climate Change and Migration: New 

Insights from a Dynamic Model of Out-Migration and Return Migration. American Journal of 

Sociology, 125, 1469-1512.  https://doi.org/10.1086/709463 

Environment Agency (2020) Flood and coastal risk projects, schemes and strategies: 

climate change allowances [online]. Department for Environment Food & Rural Affairs. 

Available from: https://www.gov.uk/guidance/flood-and-coastal-risk-projects-schemes-and-

strategies-climate-change-allowances 

Ericson, J. P., Vörösmarty, C. J., Dingman, S. L., Ward, L. G. and Meybeck, M. (2006) 

Effective sea-level rise and deltas: Causes of change and human dimension implications. 

Global and Planetary Change, 50, 63-82.  

https://www.sciencedirect.com/science/article/pii/S0921818105001827 

Esteban, M., Jamero, M. L., Nurse, L., Yamamoto, L. et al. (2019) Adaptation to sea level 

rise on low coral islands: Lessons from recent events. Ocean & Coastal Management, 168, 

35-40.  https://www.sciencedirect.com/science/article/pii/S0964569118300826 

https://climate.mohp.gov.np/downloads/The_1.5_health_Report.pdf
https://doi.org/10.1016/S0140-6736(21)01208-3
https://dx.doi.org/10.1088/1748-9326/aac4bd
https://esd.copernicus.org/articles/9/197/2018/
https://www.sciencedirect.com/science/article/pii/S0048969719318297
https://doi.org/10.1086/709463
https://www.gov.uk/guidance/flood-and-coastal-risk-projects-schemes-and-strategies-climate-change-allowances
https://www.gov.uk/guidance/flood-and-coastal-risk-projects-schemes-and-strategies-climate-change-allowances
https://www.sciencedirect.com/science/article/pii/S0921818105001827
https://www.sciencedirect.com/science/article/pii/S0964569118300826


 

References | 180 

Eswar, D., Karuppusamy, R. and Chellamuthu, S. (2021) Drivers of soil salinity and their 

correlation with climate change. Current Opinion in Environmental Sustainability, 50, 310-

318.  https://www.sciencedirect.com/science/article/pii/S1877343520301032 

Etzold, B., Ahmed, A. U., Hassan, S. R. and Neelormi, S. (2014) Clouds gather in the sky, 

but no rain falls. Vulnerability to rainfall variability and food insecurity in Northern Bangladesh 

and its effects on migration. Climate and Development, 6, 18-27.  

https://doi.org/10.1080/17565529.2013.833078 

Evadzi, P. I. K., Zorita, E. and Hünicke, B. (2017) Quantifying and Predicting the Contribution 

of Sea-Level Rise to Shoreline Change in Ghana: Information for Coastal Adaptation 

Strategies. Journal of Coastal Research, 33, 1283-1291.  

https://doi.org/10.2112/JCOASTRES-D-16-00119.1 

Falco, C., Galeotti, M. and Olper, A. (2019) Climate change and migration: Is agriculture the 

main channel? Global Environmental Change, 59, 101995.  

https://www.sciencedirect.com/science/article/pii/S0959378018301961 

Fan, J.-L., Hu, J.-W., Zhang, X., Kong, L.-S. et al. (2020) Impacts of climate change on 

hydropower generation in China. Mathematics and Computers in Simulation, 167, 4-18.  

https://www.sciencedirect.com/science/article/pii/S0378475418300065 

Fanzo, J. C. and Downs, S. M. (2021) Climate change and nutrition-associated diseases. 

Nature Reviews Disease Primers, 7, 90.  https://doi.org/10.1038/s41572-021-00329-3 

FAO (2023) FAOSTATS.  https://www.fao.org/faostat/en/#data/QCL 

Feng, J., Li, H., Li, D., Liu, Q. et al. (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/articles/10.3389/feart.2018.00216 

Feng, S., Krueger, A. B. and Oppenheimer, M. (2010a) Linkages among climate change, 

crop yields and Mexico-US cross-border migration. Proceedings of the National Academy 

of Sciences of the United States of America, 107, 14257-62.  

https://www.ncbi.nlm.nih.gov/pubmed/20660749 

https://www.sciencedirect.com/science/article/pii/S1877343520301032
https://doi.org/10.1080/17565529.2013.833078
https://doi.org/10.2112/JCOASTRES-D-16-00119.1
https://www.sciencedirect.com/science/article/pii/S0959378018301961
https://www.sciencedirect.com/science/article/pii/S0378475418300065
https://doi.org/10.1038/s41572-021-00329-3
https://www.fao.org/faostat/en/#data/QCL
https://www.frontiersin.org/articles/10.3389/feart.2018.00216
https://www.ncbi.nlm.nih.gov/pubmed/20660749


 

References | 181 

Feng, S., Krueger, A. B. and Oppenheimer, M. (2010b) Linkages among climate change, 

crop yields and Mexico–US cross-border migration. Proceedings of the National Academy 

of Sciences, 107, 14257-14262.  https://doi.org/10.1073/pnas.1002632107 

Fisher, A. C., Hanemann, W. M., Roberts, M. J. and Schlenker, W. (2012) The Economic 

Impacts of Climate Change: Evidence from Agricultural Output and Random Fluctuations in 

Weather: Comment. American Economic Review, 102, 3749-3760.  

FIShMIP Fisheries and Marine Ecosystem Model Intercomparison Project [online]. 

https://fish-mip.github.io/ 

Ford, M., Merrifield, M. A. and Becker, J. M. (2018) Inundation of a low-lying urban atoll 

island: Majuro, Marshall Islands. Natural Hazards, 91, 1273-1297.  

https://doi.org/10.1007/s11069-018-3183-5 

Fowler, H. J., Lenderink, G., Prein, A. F., Westra, S. et al. (2021) Anthropogenic 

intensification of short-duration rainfall extremes. Nature Reviews Earth & Environment, 2, 

107-122.  https://doi.org/10.1038/s43017-020-00128-6 

Fox-Kemper, B., Hewitt, H. T. and Xiao, C. (2021) Ocean, Cryosphere and Sea Level 

Change. In C. Intergovernmental Panel on Climate (ed.) Climate Change 2021 – The 

Physical Science Basis: Working Group I Contribution to the Sixth Assessment Report of 

the Intergovernmental Panel on Climate Change. Cambridge: Cambridge University Press, 

1211-1362.  

https://www.cambridge.org/core/product/F61263910A16BD9FDE86921E85E1E4D5 

Fu, X., Song, J., Sun, B. and Peng, Z.-R. (2016) “Living on the edge”: Estimating the 

economic cost of sea level rise on coastal real estate in the Tampa Bay region, Florida. 

Ocean & Coastal Management, 133, 11-17.  

https://www.sciencedirect.com/science/article/pii/S096456911630196X 

Fuso Nerini, F., Sovacool, B., Hughes, N., Cozzi, L. et al. (2019) Connecting climate action 

with other Sustainable Development Goals. Nature Sustainability, 2, 674-680.  

https://doi.org/10.1038/s41893-019-0334-y 

https://doi.org/10.1073/pnas.1002632107
https://fish-mip.github.io/
https://doi.org/10.1007/s11069-018-3183-5
https://doi.org/10.1038/s43017-020-00128-6
https://www.cambridge.org/core/product/F61263910A16BD9FDE86921E85E1E4D5
https://www.sciencedirect.com/science/article/pii/S096456911630196X
https://doi.org/10.1038/s41893-019-0334-y


 

References | 182 

Fussell, E., Hunter, L. M. and Gray, C. L. (2014) Measuring the environmental dimensions 

of human migration: The demographer's toolkit. Global Environmental Change, 28, 182-191.  

https://www.sciencedirect.com/science/article/pii/S0959378014001277 

Gain, A. K., Rahman, M. M., Sadik, M. S., Adnan, M. S. G. et al. (2022) Overcoming 

challenges for implementing nature-based solutions in deltaic environments: insights from 

the Ganges-Brahmaputra delta in Bangladesh. Environmental Research LEtters, 17, 

064052.  

Gasparrini, A., Guo, Y., Sera, F., Vicedo-Cabrera, A. M. et al. (2017) Projections of 

temperature-related excess mortality under climate change scenarios. The Lancet Planetary 

Health, 1, e360-e367.  https://doi.org/10.1016/S2542-5196(17)30156-0 

Gernaat, D. E. H. J., de Boer, H. S., Daioglou, V., Yalew, S. G. et al. (2021) Climate change 

impacts on renewable energy supply. Nature Climate Change, 11, 119-125.  

https://doi.org/10.1038/s41558-020-00949-9 

Ghumman, U. and Horney, J. (2016) Characterizing the Impact of Extreme Heat on 

Mortality, Karachi, Pakistan, June 2015. Prehosp Disaster Med, 31, 263-6.  

Ginnetti, J. and Milano, L. (2019) Assessing the impacts of climate change on flood 

displacement risk. Geneva.  https://www.internal-displacement.org/publications/assessing-

the-impacts-of-climate-change-on-flood-displacement-risk 

Glavovic, B. C., Dawson, R., Chow, W., Garschagen, M. et al. (2022) Cross-Chapter Paper 

2: Cities and Settlements by the Sea. In H.-O. Pörtner, D. C. Roberts, M. Tignor, E. S. 

Poloczanska et al. (eds.) Climate Change 2022: Impacts, Adaptation and Vulnerability. 

Contribution of Working Group II to the Sixth Assessment Report of the Intergovernmental 

Panel on Climate Change. Cambridge, UK and New York, NY, USA: Cambridge University 

Press, 2163–2194.  

Gosling, S. N., Müller Schmied, H., Burek, P., Chang, J. et al. (2023) ISIMIP2b Simulation 

Data from the Global Water Sector (v1.0). ISIMIP Repository.  

https://doi.org/10.48364/ISIMIP.626689 

Graff, L. S., Iversen, T., Bethke, I., Debernard, J. B. et al. (2019) Arctic amplification under 

global warming of 1.5 and 2 °C in NorESM1-Happi. Earth Syst. Dynam., 10, 569–598.  

https://www.sciencedirect.com/science/article/pii/S0959378014001277
https://doi.org/10.1016/S2542-5196(17)30156-0
https://doi.org/10.1038/s41558-020-00949-9
https://www.internal-displacement.org/publications/assessing-the-impacts-of-climate-change-on-flood-displacement-risk
https://www.internal-displacement.org/publications/assessing-the-impacts-of-climate-change-on-flood-displacement-risk
https://doi.org/10.48364/ISIMIP.626689


 

References | 183 

Grafton, R. Q., Pittock, J., Davis, R., Williams, J. et al. (2013) Global insights into water 

resources, climate change and governance. Nature Climate Change, 3, 315-321.  

https://doi.org/10.1038/nclimate1746 

Grant, E. and Runkle, J. D. (2022) Long-term health effects of wildfire exposure: A scoping 

review. The Journal of Climate Change and Health, 6, 100110.  

https://www.sciencedirect.com/science/article/pii/S2667278221001073 

Gray, C. and Bilsborrow, R. (2013) Environmental influences on human migration in rural 

Ecuador. Demography, 50, 1217-41.  

Gray, C. and Mueller, V. (2012a) Drought and Population Mobility in Rural Ethiopia. World 

Development, 40, 134-145.  

https://www.sciencedirect.com/science/article/pii/S0305750X11001537 

Gray, C. and Wise, E. (2016) Country-specific effects of climate variability on human 

migration. Climatic Change, 135, 555-568.  https://doi.org/10.1007/s10584-015-1592-y 

Gray, C. L. and Mueller, V. (2012b) Natural disasters and population mobility in Bangladesh. 

Proceedings of the National Academy of Sciences, 109, 6000-6005.  

https://doi.org/10.1073/pnas.1115944109 

Grembi, J. A., Anna, T. N., Marie, R., Gabriella Barratt, H. et al. (2022) Influence of climatic 

and environmental risk factors on child diarrhea and enteropathogen infection and 

predictions under climate change in rural Bangladesh. medRxiv, 2022.09.26.22280367.  

http://medrxiv.org/content/early/2022/09/27/2022.09.26.22280367.abstract 

Griggs, G. (2022) Is Building Walls around Our Threatened Coastal Cities the Best Long-

Term Solution to Extreme Events and Rising Sea Level? Coastal Management, 50, 75-78.  

https://doi.org/10.1080/08920753.2022.2006872 

Gu, X., Zhang, Q., Li, J., Liu, J. et al. (2020) The changing nature and projection of floods 

across Australia. Journal of Hydrology, 584, 124703.  

https://www.sciencedirect.com/science/article/pii/S0022169420301633 

https://doi.org/10.1038/nclimate1746
https://www.sciencedirect.com/science/article/pii/S2667278221001073
https://www.sciencedirect.com/science/article/pii/S0305750X11001537
https://doi.org/10.1007/s10584-015-1592-y
https://doi.org/10.1073/pnas.1115944109
http://medrxiv.org/content/early/2022/09/27/2022.09.26.22280367.abstract
https://doi.org/10.1080/08920753.2022.2006872
https://www.sciencedirect.com/science/article/pii/S0022169420301633


 

References | 184 

Guerreiro, S. B., Fowler, H. J., Barbero, R., Westra, S. et al. (2018) Detection of continental-

scale intensification of hourly rainfall extremes. Nature Climate Change, 8, 803-807.  

https://doi.org/10.1038/s41558-018-0245-3 

Guiteras, R. (2009) The impact of climate change on Indian agriculture. College Park, 

Maryland: Department of Economics, University of Maryland.  http://econdse.org/wp-

content/uploads/2014/04/guiteras_climate_change_indian_agriculture_sep_2009.pdf 

Gutiérrez, J. M., Jones, R. G., Narisma, G. T., Alves, L. M. et al. (2021) Atlas. In V. Masson-

Delmotte, P. Zhai, A. Pirani, S. L. Connors et al. (eds.) 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.  

http://interactive-atlas.ipcc.ch/ 

Haasnoot, M., Lawrence, J. and Magnan, A. K. (2021) Pathways to coastal retreat. Science, 

372, 1287-1290.  https://www.science.org/doi/abs/10.1126/science.abi6594 

Hallegatte, S., Bangalore, M., Bonzanigo, L., Fay, M. et al. (2016) Shock Waves: Managing 

the Impacts of Climate Change on Poverty.  

https://elibrary.worldbank.org/doi/abs/10.1596/978-1-4648-0673-5 

Hallegatte, S., Green, C., Nicholls, R. J. and Corfee-Morlot, J. (2013) Future flood losses in 

major coastal cities. Nature Climate Change, 3, 802-806.  

https://doi.org/10.1038/nclimate1979 

Hallegatte, S., Vogt-Schilb, A., Bangalore, M. and Rozenberg, J. (2017) Unbreakable: 

Building the Resilience of the Poor in the Face of Natural Disasters Washington D.C. : World 

Bank.  http://hdl.handle.net/10986/25335 

Hamududu, B. and Killingtveit, A. (2012) Assessing Climate Change Impacts on Global 

Hydropower. Energies, 5, 305-322.  https://www.mdpi.com/1996-1073/5/2/305 

Hannaford, J. (2015) Climate-driven changes in UK river flows:A review of the evidence. 

Progress in Physical Geography: Earth and Environment, 39, 29-48.  

https://journals.sagepub.com/doi/abs/10.1177/0309133314536755 

https://doi.org/10.1038/s41558-018-0245-3
http://econdse.org/wp-content/uploads/2014/04/guiteras_climate_change_indian_agriculture_sep_2009.pdf
http://econdse.org/wp-content/uploads/2014/04/guiteras_climate_change_indian_agriculture_sep_2009.pdf
http://interactive-atlas.ipcc.ch/
https://www.science.org/doi/abs/10.1126/science.abi6594
https://elibrary.worldbank.org/doi/abs/10.1596/978-1-4648-0673-5
https://doi.org/10.1038/nclimate1979
http://hdl.handle.net/10986/25335
https://www.mdpi.com/1996-1073/5/2/305
https://journals.sagepub.com/doi/abs/10.1177/0309133314536755


 

References | 185 

Haque, S. S., Yanez-Pagans, M., Arias-Granada, Y. and Joseph, G. (2020) Water and 

sanitation in Dhaka slums: access, quality, and informality in service provision. Water 

International, 45, 791-811.  https://doi.org/10.1080/02508060.2020.1786878 

Harrington, L. J. and Otto, F. E. L. (2020) Reconciling theory with the reality of African 

heatwaves. Nature Climate Change, 10, 796-798.  https://doi.org/10.1038/s41558-020-

0851-8 

Hasegawa, T., Sakurai, G., Fujimori, S., Takahashi, K. et al. (2021) Extreme climate events 

increase risk of global food insecurity and adaptation needs. Nature Food, 2, 587-595.  

https://doi.org/10.1038/s43016-021-00335-4 

Hauer, M. E. (2017) Migration induced by sea-level rise could reshape the US population 

landscape. Nature Climate Change, 7, 321-325.  https://doi.org/10.1038/nclimate3271 

Hauer, M. E., Evans, J. M. and Mishra, D. R. (2016) Millions projected to be at risk from sea-

level rise in the continental United States. Nature Climate Change, 6, 691-695.  

https://doi.org/10.1038/nclimate2961 

Heberger, M., Cooley, H., Herrera, P., Gleick, P. H. and Moore, E. (2011) Potential impacts 

of increased coastal flooding in California due to sea-level rise. Climatic Change, 109, 229-

249.  https://doi.org/10.1007/s10584-011-0308-1 

Henley, B. J. and King, A. D. (2017) Trajectories toward the 1.5°C Paris target: Modulation 

by the Interdecadal Pacific Oscillation. Geophysical Research Letters, 44, 4256-4262.  

https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1002/2017GL073480 

Hermans, T. H. J., Malagón-Santos, V., Katsman, C. A., Jane, R. A. et al. (2023) The timing 

of decreasing coastal flood protection due to sea-level rise. Nature Climate Change, 13, 

359-366.  https://doi.org/10.1038/s41558-023-01616-5 

Hicke, J. A., Lucatello, S., Mortsch, L. D., Dawson, J. et al. (2022) North America. In H.-O. 

Pörtner, D. C. Roberts, M. Tignor, E. S. Poloczanska et al. (eds.) Climate Change 2022: 

Impacts, Adaptation and Vulnerability. Contribution of Working Group II to the Sixth 

Assessment Report of the Intergovernmental Panel on Climate Change. Cambridge, UK 

and New York, NY, USA: Cambridge University Press, 1529-2042.  

https://doi.org/10.1080/02508060.2020.1786878
https://doi.org/10.1038/s41558-020-0851-8
https://doi.org/10.1038/s41558-020-0851-8
https://doi.org/10.1038/s43016-021-00335-4
https://doi.org/10.1038/nclimate3271
https://doi.org/10.1038/nclimate2961
https://doi.org/10.1007/s10584-011-0308-1
https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1002/2017GL073480
https://doi.org/10.1038/s41558-023-01616-5


 

References | 186 

Hinkel, J. (2005) DIVA: an iterative method for building modular integrated models. Adv. 

Geosci., 45-50.  

Hinkel, J., Brown, S., Exner, L., Nicholls, R. J. et al. (2012) Sea-level rise impacts on Africa 

and the effects of mitigation and adaptation: an application of DIVA. Regional Environmental 

Change, 12, 207-224.  https://doi.org/10.1007/s10113-011-0249-2 

Hinkel, J., Lincke, D., Vafeidis, A. T., Perrette, M. et al. (2014) Coastal flood damage and 

adaptation costs under 21st century sea-level rise. Proceedings of the National Academy of 

Sciences, 111, 3292-3297.  https://www.pnas.org/doi/abs/10.1073/pnas.1222469111 

Hinkel, J., van Vuuren, D. P., Nicholls, R. J. and Klein, R. J. T. (2013) The effects of 

adaptation and mitigation on coastal flood impacts during the 21st century. An application 

of the DIVA and IMAGE models. Climatic Change, 117, 783-794.  

https://doi.org/10.1007/s10584-012-0564-8 

Hirabayashi, Y., Alifu, H., Yamazaki, D., Imada, Y. et al. (2021a) Anthropogenic climate 

change has changed frequency of past flood during 2010-2013. Progress in Earth and 

Planetary Science, 8, 36.  https://doi.org/10.1186/s40645-021-00431-w 

Hirabayashi, Y., Mahendran, R., Koirala, S., Konoshima, L. et al. (2013) Global flood risk 

under climate change. Nature Climate Change, 3, 816-821.  

https://doi.org/10.1038/nclimate1911 

Hirabayashi, Y., Tanoue, M., Sasaki, O., Zhou, X. and Yamazaki, D. (2021b) Global 

exposure to flooding from the new CMIP6 climate model projections. Scientific Reports, 11, 

3740.  https://doi.org/10.1038/s41598-021-83279-w 

Hirschfeld, D., Behar, D., Nicholls, R. J., Cahill, N. et al. (2023) Global survey shows 

planners use widely varying sea-level rise projections for coastal adaptation. 

Communications Earth & Environment, 4, 102.  https://doi.org/10.1038/s43247-023-00703-

x 

Hjort, J., Karjalainen, O., Aalto, J., Westermann, S. et al. (2018) Degrading permafrost puts 

Arctic infrastructure at risk by mid-century. Nature Communications, 9, 5147.  

https://doi.org/10.1038/s41467-018-07557-4 

https://doi.org/10.1007/s10113-011-0249-2
https://www.pnas.org/doi/abs/10.1073/pnas.1222469111
https://doi.org/10.1007/s10584-012-0564-8
https://doi.org/10.1186/s40645-021-00431-w
https://doi.org/10.1038/nclimate1911
https://doi.org/10.1038/s41598-021-83279-w
https://doi.org/10.1038/s43247-023-00703-x
https://doi.org/10.1038/s43247-023-00703-x
https://doi.org/10.1038/s41467-018-07557-4


 

References | 187 

Hoegh-Guldberg, O., Jacob, D., Taylor, M., Bindi, M. et al. (2018a) Impacts of 1.5ºC Global 

Warming on Natural and Human Systems. In V. Masson-Delmotte, P. Zhai, H.-O. Pörtner, 

D. Roberts et al. (eds.) Global Warming of 1.5°C. An IPCC Special Report on the impacts 

of global warming of 1.5°C above pre-industrial levels and related global greenhouse gas 

emission pathways, in the context of strengthening the global response to the threat of 

climate change, sustainable development, and efforts to eradicate poverty.  

https://www.ipcc.ch/site/assets/uploads/sites/2/2019/06/SR15_Chapter3_High_Res.pdf 

Hoegh-Guldberg, O., Jacob, D., Taylor, M., Guillén Bolaños, T. et al. (2019) The human 

imperative of stabilizing global climate change at 1.5&#xb0;C. Science, 365, eaaw6974.  

https://www.science.org/doi/abs/10.1126/science.aaw6974 

Hoegh-Guldberg, O., Kennedy, E. V., Beyer, H. L., McClennen, C. and Possingham, H. P. 

(2018b) Securing a Long-term Future for Coral Reefs. Trends in Ecology & Evolution, 33, 

936-944.  https://www.sciencedirect.com/science/article/pii/S016953471830226X 

Hoegh-Guldberg, O., Mumby, P. J., Hooten, A. J., Steneck, R. S. et al. (2007) Coral Reefs 

Under Rapid Climate Change and Ocean Acidification. Science, 318, 1737-1742.  

https://www.science.org/doi/abs/10.1126/science.1152509 

Hoeke, R. K., Damlamian, H., Aucan, J. and Wandres, M. (2021) Severe Flooding in the 

Atoll Nations of Tuvalu and Kiribati Triggered by a Distant Tropical Cyclone Pam. Frontiers 

in Marine Science, 7.  https://www.frontiersin.org/articles/10.3389/fmars.2020.539646 

Hoffmann, R., Dimitrova, A., Muttarak, R., Crespo Cuaresma, J. and Peisker, J. (2020) A 

meta-analysis of country-level studies on environmental change and migration. Nature 

Climate Change, 10, 904-912.  https://doi.org/10.1038/s41558-020-0898-6 

Holdaway, A., Ford, M. and Owen, S. (2021) Global-scale changes in the area of atoll islands 

during the 21st century. Anthropocene, 33, 100282.  

https://www.sciencedirect.com/science/article/pii/S2213305421000059 

Holden, P. B., Rebelo, A. J., Wolski, P., Odoulami, R. C. et al. (2022) Nature-based solutions 

in mountain catchments reduce impact of anthropogenic climate change on drought 

streamflow. Communications Earth & Environment, 3, 51.  https://doi.org/10.1038/s43247-

022-00379-9 

https://www.ipcc.ch/site/assets/uploads/sites/2/2019/06/SR15_Chapter3_High_Res.pdf
https://www.science.org/doi/abs/10.1126/science.aaw6974
https://www.sciencedirect.com/science/article/pii/S016953471830226X
https://www.science.org/doi/abs/10.1126/science.1152509
https://www.frontiersin.org/articles/10.3389/fmars.2020.539646
https://doi.org/10.1038/s41558-020-0898-6
https://www.sciencedirect.com/science/article/pii/S2213305421000059
https://doi.org/10.1038/s43247-022-00379-9
https://doi.org/10.1038/s43247-022-00379-9


 

References | 188 

Hosking, J. S., MacLeod, D., Phillips, T., Holmes, C. R. et al. (2018) Changes in European 

wind energy generation potential within a 1.5 °C warmer world. Environmental Research 

Letters, 13, 054032.  https://dx.doi.org/10.1088/1748-9326/aabf78 

Hou, X., Wild, M., Folini, D., Kazadzis, S. and Wohland, J. (2021) Climate change impacts 

on solar power generation and its spatial variability in Europe based on CMIP6. Earth Syst. 

Dynam., 12, 1099-1113.  https://esd.copernicus.org/articles/12/1099/2021/ 

Howard, G., Calow, R., Macdonald, A. and Bartram, J. (2016) Climate Change and Water 

and Sanitation: Likely Impacts and Emerging Trends for Action. Annual Review of 

Environment and Resources, 41, 253-276.  

https://www.annualreviews.org/doi/abs/10.1146/annurev-environ-110615-085856 

Hsu, A., Sheriff, G., Chakraborty, T. and Manya, D. (2021) Disproportionate exposure to 

urban heat island intensity across major US cities. Nature Communications, 12, 2721.  

https://doi.org/10.1038/s41467-021-22799-5 

Hunter, P. R., Zmirou-Navier, D. and Hartemann, P. (2009) Estimating the impact on health 

of poor reliability of drinking water interventions in developing countries. Science of The 

Total Environment, 407, 2621-2624.  

https://www.sciencedirect.com/science/article/pii/S0048969709000692 

Hyde-Smith, L., Zhan, Z., Roelich, K., Mdee, A. and Evans, B. (2022) Climate Change 

Impacts on Urban Sanitation: A Systematic Review and Failure Mode Analysis. 

Environmental Science & Technology, 56, 5306-5321.  

https://doi.org/10.1021/acs.est.1c07424 

IEA (2021) Global median surface temperature rise in the WEO-2021 scenarios, 2000-2010. 

Paris, France. https://www.iea.org/data-and-statistics/charts/global-median-surface-

temperature-rise-in-the-weo-2021-scenarios-2000-2010 

IEA, IRENA and UNSD (2023) Tracking SDG 7: The Energy Progress Report. Washington 

D.C.  https://trackingsdg7.esmap.org/data/files/download-documents/sdg7-report2023-

full_report.pdf 

https://dx.doi.org/10.1088/1748-9326/aabf78
https://esd.copernicus.org/articles/12/1099/2021/
https://www.annualreviews.org/doi/abs/10.1146/annurev-environ-110615-085856
https://doi.org/10.1038/s41467-021-22799-5
https://www.sciencedirect.com/science/article/pii/S0048969709000692
https://doi.org/10.1021/acs.est.1c07424
https://www.iea.org/data-and-statistics/charts/global-median-surface-temperature-rise-in-the-weo-2021-scenarios-2000-2010
https://www.iea.org/data-and-statistics/charts/global-median-surface-temperature-rise-in-the-weo-2021-scenarios-2000-2010
https://trackingsdg7.esmap.org/data/files/download-documents/sdg7-report2023-full_report.pdf
https://trackingsdg7.esmap.org/data/files/download-documents/sdg7-report2023-full_report.pdf


 

References | 189 

Immerzeel, W. W., Lutz, A. F., Andrade, M., Bahl, A. et al. (2020) Importance and 

vulnerability of the world’s water towers. Nature, 577, 364-369.  

https://doi.org/10.1038/s41586-019-1822-y 

Ingole, V., Kovats, S., Schumann, B., Hajat, S. et al. (2017) Socioenvironmental factors 

associated with heat and cold-related mortality in Vadu HDSS, western India: a population-

based case-crossover study. International Journal of Biometeorology, 61, 1797-1804.  

https://doi.org/10.1007/s00484-017-1363-8 

Internal Displacement Monitoring Centre (IDMC) (2022) Global internal displacement 

database.  https://www.internal-displacement.org/database/displacement-data 

International Organisation for Migration (IOM) (2022) Discussion note: Migration and the 

Environment. MC/INF/288.  

https://environmentalmigration.iom.int/sites/g/files/tmzbdl1411/files/MC_INF_288.pdf 

IPCC (2014a) Climate Change 2014 – Impacts, Adaptation and Vulnerability: Part A: Global 

and Sectoral Aspects Working Group II Contribution to the IPCC Fifth Assessment Report. 

Cambridge, United Kingdom and New York, NY, USA.  

https://www.cambridge.org/gb/universitypress/subjects/earth-and-environmental-

science/climatology-and-climate-change/climate-change-2014-impacts-adaptation-and-

vulnerability-part-global-and-sectoral-aspects-working-group-ii-contribution-ipcc-fifth-

assessment-report-volume-1?format=PB&isbn=9781107641655 

IPCC (2014b) Climate Change 2014: Synthesis Report. Contribution of Working Groups I, 

II and III to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change. 

Geneva, Switzerland.  https://www.ipcc.ch/report/ar5/syr/ 

IPCC (2018) Global Warming of 1.5 °C, IPCC special report on the impacts of global 

warming of 1.5 °C above pre-industrial levels and related global greenhouse gas emission 

pathways, in the context of strengthening the global response to the threat of climate 

change, sustainable development, and efforts to eradicate poverty. Available from: 

http://www.ipcc.ch/report/sr15/ (accessed March 2021).  http://www.ipcc.ch/report/sr15/ 

https://doi.org/10.1038/s41586-019-1822-y
https://doi.org/10.1007/s00484-017-1363-8
https://www.internal-displacement.org/database/displacement-data
https://environmentalmigration.iom.int/sites/g/files/tmzbdl1411/files/MC_INF_288.pdf
https://www.cambridge.org/gb/universitypress/subjects/earth-and-environmental-science/climatology-and-climate-change/climate-change-2014-impacts-adaptation-and-vulnerability-part-global-and-sectoral-aspects-working-group-ii-contribution-ipcc-fifth-assessment-report-volume-1?format=PB&isbn=9781107641655
https://www.cambridge.org/gb/universitypress/subjects/earth-and-environmental-science/climatology-and-climate-change/climate-change-2014-impacts-adaptation-and-vulnerability-part-global-and-sectoral-aspects-working-group-ii-contribution-ipcc-fifth-assessment-report-volume-1?format=PB&isbn=9781107641655
https://www.cambridge.org/gb/universitypress/subjects/earth-and-environmental-science/climatology-and-climate-change/climate-change-2014-impacts-adaptation-and-vulnerability-part-global-and-sectoral-aspects-working-group-ii-contribution-ipcc-fifth-assessment-report-volume-1?format=PB&isbn=9781107641655
https://www.cambridge.org/gb/universitypress/subjects/earth-and-environmental-science/climatology-and-climate-change/climate-change-2014-impacts-adaptation-and-vulnerability-part-global-and-sectoral-aspects-working-group-ii-contribution-ipcc-fifth-assessment-report-volume-1?format=PB&isbn=9781107641655
https://www.ipcc.ch/report/ar5/syr/
http://www.ipcc.ch/report/sr15/
http://www.ipcc.ch/report/sr15/


 

References | 190 

IPCC (2021a) Climate Change 2021: The Physical Science Basis. Working Group I 

contribution to the IPCC Sixth Assessment Report.  https://www.ipcc.ch/assessment-

report/ar6/  

IPCC (2021b) 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-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, Cambridge, UK and New York, NY, USA, pp. 

3−32, doi: 10.1017/9781009157896.001 .] 

IPCC (2022a) Climate Change 2022: Impacts, Adaptation and Vulnerability. The Working 

Group II contribution to the IPCC Sixth Assessment Report. Avaialble from: 

https://www.ipcc.ch/report/sixth-assessment-report-working-group-ii/ (Accessed: December 

2022).  

IPCC (2022b) Climate Change 2022: Impacts, Adaptation, and Vulnerability. Contribution of 

Working Group II to the Sixth Assessment Report of the Intergovernmental Panel on Climate 

Change. Cambridge, UK and New York, NY, USA: C. U. Press.  

IPCC (2022c) Mitigation pathways compatible with long-term goals. In IPCC, 2022: Climate 

Change 2022: Mitigation of Climate Change. Contribution of Working Group III to the Sixth 

Assessment Report of the Intergovernmental Panel on Climate Change. Cambridge, UK 

and New York, NY, USA: C. U. Press.  

IPCC (2022d) Regional fact sheet – Asia from 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. 

https://www.ipcc.ch/assessment-report/ar6/
https://www.ipcc.ch/assessment-report/ar6/
https://www.ipcc.ch/report/sixth-assessment-report-working-group-ii/


 

References | 191 

Maycock, T. Waterfield, O. Yelekçi, R. Yu, and B. Zhou (eds.)]. Available from 

http://interactive-atlas.ipcc.ch/ 

IPCC (2023) AR6 Synthesis Report: Climate Change 2023.  

https://www.ipcc.ch/report/sixth-assessment-report-cycle/ 

Iqbal, K. and Roy, P. K. (2015) Climate Change, Agriculture and Migration: Evidence from 

Bangladesh. Climate Change Economics, 6, 1-31.  

https://www.jstor.org/stable/climchanecon.6.2.01 

ISIMIP The Inter-Sectoral Impact Model Intercomparison Project [online]. 

https://www.isimip.org/ 

ISIMIP ISIMIP2b temperature thresholds and time slices [online]. 

https://www.isimip.org/protocol/isimip2b-temperature-thresholds-and-time-

slices/?query=gmt 

Issa, R., Robin van Daalen, K., Faddoul, A., Collias, L. et al. (2023) Human migration on a 

heating planet: A scoping review. PLOS Climate, 2, e0000214.  

https://doi.org/10.1371/journal.pclm.0000214 

J. Dronkers, J. T. E. Gilbert, L.W. Butler, J.J. Carey et al. (1990) Strategies for adaption to 

sea level rise. Report of the IPCC Coastal Zone Management Subgroup: Intergovernmental 

Panel on Climate Change. Geneva.  http://papers.risingsea.net/federal_reports/IPCC-1990-

adaption-to-sea-level-rise.pdf 

Jackson, L. and Devadason, C. A. (2019) Climate Change, Flooding and Mental Health. 

New York.  https://www.planetaryhealth.ox.ac.uk/wp-

content/uploads/sites/7/2019/04/Climate-Change-Flooding-and-Mental-Health-2019.pdf 

Jessel, S., Sawyer, S. and Hernández, D. (2019) Energy, Poverty, and Health in Climate 

Change: A Comprehensive Review of an Emerging Literature. Frontiers in Public Health, 7.  

https://www.frontiersin.org/articles/10.3389/fpubh.2019.00357 

Jevrejeva, S., Jackson, L. P., Grinsted, A., Lincke, D. and 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://dx.doi.org/10.1088/1748-9326/aacc76 

https://www.ipcc.ch/report/sixth-assessment-report-cycle/
https://www.jstor.org/stable/climchanecon.6.2.01
https://www.isimip.org/
https://www.isimip.org/protocol/isimip2b-temperature-thresholds-and-time-slices/?query=gmt
https://www.isimip.org/protocol/isimip2b-temperature-thresholds-and-time-slices/?query=gmt
https://doi.org/10.1371/journal.pclm.0000214
http://papers.risingsea.net/federal_reports/IPCC-1990-adaption-to-sea-level-rise.pdf
http://papers.risingsea.net/federal_reports/IPCC-1990-adaption-to-sea-level-rise.pdf
https://www.planetaryhealth.ox.ac.uk/wp-content/uploads/sites/7/2019/04/Climate-Change-Flooding-and-Mental-Health-2019.pdf
https://www.planetaryhealth.ox.ac.uk/wp-content/uploads/sites/7/2019/04/Climate-Change-Flooding-and-Mental-Health-2019.pdf
https://www.frontiersin.org/articles/10.3389/fpubh.2019.00357
https://dx.doi.org/10.1088/1748-9326/aacc76


 

References | 192 

Jevrejeva, S., Jackson, L. P., Riva, R. E., Grinsted, A. and Moore, J. C. (2016) Coastal sea 

level rise with warming above 2 °C. Proc Natl Acad Sci U S A, 113, 13342-13347.  

Jiang, Y., Wu, X., van den Broeke, M. R., Kuipers Munneke, P. et al. (2021) Assessing 

Global Present-Day Surface Mass Transport and Glacial Isostatic Adjustment From 

Inversion of Geodetic Observations. Journal of Geophysical Research: Solid Earth, 126, 

e2020JB020713.  https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1029/2020JB020713 

Jung, C. and Schindler, D. (2022) A review of recent studies on wind resource projections 

under climate change. Renewable and Sustainable Energy Reviews, 165, 112596.  

https://www.sciencedirect.com/science/article/pii/S1364032122004920 

Kaczan, D. J. and Orgill-Meyer, J. (2020) The impact of climate change on migration: a 

synthesis of recent empirical insights. Climatic Change, 158, 281-300.  

https://doi.org/10.1007/s10584-019-02560-0 

Kakinuma, K., Puma, M. J., Hirabayashi, Y., Tanoue, M. et al. (2020) Flood-induced 

population displacements in the world. Environmental Research Letters, 15, 124029.  

https://dx.doi.org/10.1088/1748-9326/abc586 

Kam, P. M., Aznar-Siguan, G., Schewe, J., Milano, L. et al. (2021) Global warming and 

population change both heighten future risk of human displacement due to river floods. 

Environmental Research Letters, 16, 044026.  https://dx.doi.org/10.1088/1748-

9326/abd26c 

Kay, A. (2022) Differences in hydrological impacts using regional climate model and nested 

convection-permitting model data. Climatic Change, 173, 11.  

https://doi.org/10.1007/s10584-022-03405-z 

Kay, A. L., Davies, H. N., Lane, R. A., Rudd, A. C. and Bell, V. A. (2021) Grid-based 

simulation of river flows in Northern Ireland: Model performance and future flow changes. 

Journal of Hydrology: Regional Studies, 38, 100967.  

https://www.sciencedirect.com/science/article/pii/S2214581821001968 

Kikstra, J. S., Nicholls, Z. R. J., Smith, C. J., Lewis, J. et al. (2022) The IPCC Sixth 

Assessment Report WGIII climate assessment of mitigation pathways: from emissions to 

https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1029/2020JB020713
https://www.sciencedirect.com/science/article/pii/S1364032122004920
https://doi.org/10.1007/s10584-019-02560-0
https://dx.doi.org/10.1088/1748-9326/abc586
https://dx.doi.org/10.1088/1748-9326/abd26c
https://dx.doi.org/10.1088/1748-9326/abd26c
https://doi.org/10.1007/s10584-022-03405-z
https://www.sciencedirect.com/science/article/pii/S2214581821001968


 

References | 193 

global temperatures. Geosci. Model Dev., 15, 9075-9109.  

https://gmd.copernicus.org/articles/15/9075/2022/ 

King, A. D. and Karoly, D. J. (2017) Climate extremes in Europe at 1.5 and 2 degrees of 

global warming. Environmental Research Letters, 12, 114031.  

Kirezci, E., Young, I. R., Ranasinghe, R., Lincke, D. and Hinkel, J. (2023) Global-scale 

analysis of socioeconomic impacts of coastal flooding over the 21st century. Frontiers in 

Marine Science, 9.  https://www.frontiersin.org/articles/10.3389/fmars.2022.1024111 

Kleptsova, O. S., Dijkstra, H. A., van Westen, R. M., van der Boog, C. G. et al. (2021) 

Impacts of Tropical Cyclones on the Caribbean Under Future Climate Conditions. Journal 

of Geophysical Research: Oceans, 126, e2020JC016869.  

https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1029/2020JC016869 

Kniveton, D., Schmidt-Verkerk, K., Smith, C. and Black, R. (2008) Climate Change and 

Migration: Improving Methodologies to Estimate Flows. Brighton, UK, 1607-338X.  

https://publications.iom.int/system/files/pdf/mrs-33.pdf 

Koch, H., Vögele, S., Hattermann, F. F. and Huang, S. (2015) The impact of climate change 

and variability on the generation of electrical power. Meteorologische Zeitschrift, 24, 173-

188.  https://doi.org/10.1127/metz/2015/0530 

Koman, P. D., Romo, F., Swinton, P., Mentz, G. B. et al. (2019) MI-Environment: Geospatial 

patterns and inequality of relative heat stress vulnerability in Michigan. Health & Place, 60, 

102228.  https://www.sciencedirect.com/science/article/pii/S1353829218312632 

Kopp, R. E., Horton, R. M., Little, C. M., Mitrovica, J. X. et al. (2014) Probabilistic 21st and 

22nd century sea-level projections at a global network of tide-gauge sites. Earth's Future, 2, 

383-406.  https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1002/2014EF000239 

Kovats, R. S. and Hajat, S. (2008) Heat Stress and Public Health: A Critical Review. Annual 

Review of Public Health, 29, 41-55.  

https://www.annualreviews.org/content/journals/10.1146/annurev.publhealth.29.020907.09

0843 

https://gmd.copernicus.org/articles/15/9075/2022/
https://www.frontiersin.org/articles/10.3389/fmars.2022.1024111
https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1029/2020JC016869
https://publications.iom.int/system/files/pdf/mrs-33.pdf
https://doi.org/10.1127/metz/2015/0530
https://www.sciencedirect.com/science/article/pii/S1353829218312632
https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1002/2014EF000239
https://www.annualreviews.org/content/journals/10.1146/annurev.publhealth.29.020907.090843
https://www.annualreviews.org/content/journals/10.1146/annurev.publhealth.29.020907.090843


 

References | 194 

Kulp, S. A. and Strauss, B. H. (2019) New elevation data triple estimates of global 

vulnerability to sea-level rise and coastal flooding. Nature Communications, 10, 4844.  

https://doi.org/10.1038/s41467-019-12808-z 

Kundzewicz, Z. W., Szwed, M. and Pińskwar, I. (2019) Climate Variability and Floods—A 

Global Review. Water, 11, 1399.  https://www.mdpi.com/2073-4441/11/7/1399 

Lam, Y., Winch, P. J., Nizame, F. A., Broaddus-Shea, E. T. et al. (2022) Salinity and food 

security in southwest coastal Bangladesh: impacts on household food production and 

strategies for adaptation. Food Security, 14, 229-248.  https://doi.org/10.1007/s12571-021-

01177-5 

Lamboll, R. D., Jones, C. D., Skeie, R. B., Fiedler, S. et al. (2021) Modifying emissions 

scenario projections to account for the effects of COVID-19: protocol for CovidMIP. Geosci. 

Model Dev., 14, 3683-3695.  https://gmd.copernicus.org/articles/14/3683/2021/ 

Lane, R. A. and Kay, A. L. (2021) Climate Change Impact on the Magnitude and Timing of 

Hydrological Extremes Across Great Britain. Frontiers in Water, 3.  

https://www.frontiersin.org/articles/10.3389/frwa.2021.684982 

Larsen, J. N., Anisimov, O. A., Constable, A., Hollowed, A. B. et al. (2014) Polar regions. In 

V. R. Barros, C. B. Field, D. J. Dokken, M. D. Mastrandrea et al. (eds.) Climate Change 

2014: Impacts, Adaptation, and Vulnerability. Part B: Regional Aspects. Contribution of 

Working Group II to the Fifth Assessment Report of the Intergovernmental Panel on Climate 

Change. Cambridge, United Kingdom and New York, NY, USA: Cambridge University 

Press, 1567-1612.  

Larsen, K., Larsen, J., Delgado, M., Herndon, W. and Mohan, S. (2017) Assessing the Effect 

of Rising Temperatures: The Cost of Climate Change to the U.S. Power Sector. New York.  

https://rhg.com/wp-

content/uploads/2017/01/RHG_PowerSectorImpactsOfClimateChange_Jan2017-1.pdf 

Lawrence, J., Mackey, B., Chiew, F., Costello, M. J. et al. (2022) Australasia. In H.-O. 

Pörtner, D. C. Roberts, M. Tignor, E. S. Poloczanska et al. (eds.) Climate Change 2022: 

Impacts, Adaptation and Vulnerability. Contribution of Working Group II to the Sixth 

https://doi.org/10.1038/s41467-019-12808-z
https://www.mdpi.com/2073-4441/11/7/1399
https://doi.org/10.1007/s12571-021-01177-5
https://doi.org/10.1007/s12571-021-01177-5
https://gmd.copernicus.org/articles/14/3683/2021/
https://www.frontiersin.org/articles/10.3389/frwa.2021.684982
https://rhg.com/wp-content/uploads/2017/01/RHG_PowerSectorImpactsOfClimateChange_Jan2017-1.pdf
https://rhg.com/wp-content/uploads/2017/01/RHG_PowerSectorImpactsOfClimateChange_Jan2017-1.pdf


 

References | 195 

Assessment Report of the Intergovernmental Panel on Climate Change. Cambridge, UK 

and New York, NY, USA: Cambridge University Press, 1581-1688.  

Lee, D., Min, S.-K., Fischer, E., Shiogama, H. et al. (2018) Impacts of half a degree 

additional warming on the Asian summer monsoon rainfall characteristics. Environmental 

Research Letters, 13, 044033.  https://dx.doi.org/10.1088/1748-9326/aab55d 

Lee, M. J., McLean, K. E., Kuo, M., Richardson, G. R. A. and Henderson, S. B. (2023) 

Chronic Diseases Associated With Mortality in British Columbia, Canada During the 2021 

Western North America Extreme Heat Event. GeoHealth, 7, e2022GH000729.  

https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1029/2022GH000729 

Lei, Y., Wang, Z., Wang, D., Zhang, X. et al. (2023) Co-benefits of carbon neutrality in 

enhancing and stabilizing solar and wind energy. Nature Climate Change, 13, 693-700.  

https://doi.org/10.1038/s41558-023-01692-7 

Lejeune, Q., Pfleiderer, P., Beck, T., Menke, I. et al. (2022) The Climate Impact Explorer, a 

free online tool providing sectoral impact projections for a wide range of scenarios down to 

the subnational level. EGU22.  https://meetingorganizer.copernicus.org/EGU22/EGU22-

5499.html 

Lenton, T. M., Held, H., Kriegler, E., Hall, J. W. et al. (2008) Tipping elements in the Earth's 

climate system. Proceedings of the National Academy of Sciences, 105, 1786-1793.  

https://www.pnas.org/doi/abs/10.1073/pnas.0705414105 

Levine, D. I. and Yang, D. (2006) A note on the impact of local rainfall on rice output in 

Indonesian districts.  

Li, C., Held, H., Hokamp, S. and Marotzke, J. (2020) Optimal temperature overshoot profile 

found by limiting global sea level rise as a lower-cost climate target. Science Advances, 6, 

eaaw9490.  https://www.science.org/doi/abs/10.1126/sciadv.aaw9490 

Li, D., Zhou, T. and Zhang, W. (2019) Extreme precipitation over East Asia under 1.5 °C 

and 2 °C global warming targets: a comparison of stabilized and overshoot projections. 

Environmental Research Communications, 1, 085002.  

https://dx.doi.org/10.1088/1748-9326/aab55d
https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1029/2022GH000729
https://doi.org/10.1038/s41558-023-01692-7
https://meetingorganizer.copernicus.org/EGU22/EGU22-5499.html
https://meetingorganizer.copernicus.org/EGU22/EGU22-5499.html
https://www.pnas.org/doi/abs/10.1073/pnas.0705414105
https://www.science.org/doi/abs/10.1126/sciadv.aaw9490


 

References | 196 

Lincke, D. and Hinkel, J. (2018) Economically robust protection against 21st century sea-

level rise. Global Environmental Change, 51, 67-73.  

https://www.sciencedirect.com/science/article/pii/S095937801730688X 

Lincke, D., Hinkel, J., Mengel, M. and Nicholls, R. J. (2022) Understanding the Drivers of 

Coastal Flood Exposure and Risk From 1860 to 2100. Earth's Future, 10, e2021EF002584.  

https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1029/2021EF002584 

Liu, J., Varghese, B. M., Hansen, A., Xiang, J. et al. (2021) Is there an association between 

hot weather and poor mental health outcomes? A systematic review and meta-analysis. 

Environment International, 153, 106533.  

https://www.sciencedirect.com/science/article/pii/S0160412021001586 

Loebach, P. and Korinek, K. (2019) Disaster vulnerability, displacement, and infectious 

disease: Nicaragua and Hurricane Mitch. Population and Environment, 40, 434-455.  

https://doi.org/10.1007/s11111-019-00319-4 

Lotze, H. K., Tittensor, D. P., Bryndum-Buchholz, A., Eddy, T. D. et al. (2019) Global 

ensemble projections reveal trophic amplification of ocean biomass declines with climate 

change. Proceedings of the National Academy of Sciences, 116, 12907-12912.  

https://www.pnas.org/doi/abs/10.1073/pnas.1900194116 

Lough, J. M., Anderson, K. D. and Hughes, T. P. (2018) Increasing thermal stress for tropical 

coral reefs: 1871–2017. Scientific Reports, 8, 6079.  https://doi.org/10.1038/s41598-018-

24530-9 

Lutz, A. F., Immerzeel, W. W., Shrestha, A. B. and Bierkens, M. F. P. (2014) Consistent 

increase in High Asia's runoff due to increasing glacier melt and precipitation. Nature Climate 

Change, 4, 587-592.  https://doi.org/10.1038/nclimate2237 

Lutz, A. F., ter Maat, H. W., Wijngaard, R. R., Biemans, H. et al. (2019) South Asian river 

basins in a 1.5 °C warmer world. Regional Environmental Change, 19, 833-847.  

https://doi.org/10.1007/s10113-018-1433-4 

MacAllister, D. J., Krishan, G., Basharat, M., Cuba, D. and MacDonald, A. M. (2022) A 

century of groundwater accumulation in Pakistan and northwest India. Nature Geoscience, 

15, 390-396.  https://doi.org/10.1038/s41561-022-00926-1 

https://www.sciencedirect.com/science/article/pii/S095937801730688X
https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1029/2021EF002584
https://www.sciencedirect.com/science/article/pii/S0160412021001586
https://doi.org/10.1007/s11111-019-00319-4
https://www.pnas.org/doi/abs/10.1073/pnas.1900194116
https://doi.org/10.1038/s41598-018-24530-9
https://doi.org/10.1038/s41598-018-24530-9
https://doi.org/10.1038/nclimate2237
https://doi.org/10.1007/s10113-018-1433-4
https://doi.org/10.1038/s41561-022-00926-1


 

References | 197 

MacAllister, D. J., MacDonald, A. M., Kebede, S., Godfrey, S. and Calow, R. (2020) 

Comparative performance of rural water supplies during drought. Nature Communications, 

11, 1099.  https://doi.org/10.1038/s41467-020-14839-3 

MacDonald, A. M., Bell, R. A., Kebede, S., Azagegn, T. et al. (2019) Groundwater and 

resilience to drought in the Ethiopian highlands. Environmental Research Letters, 14, 

095003.  https://dx.doi.org/10.1088/1748-9326/ab282f 

MacDonald, A. M., Bonsor, H. C., Ahmed, K. M., Burgess, W. G. et al. (2016) Groundwater 

quality and depletion in the Indo-Gangetic Basin mapped from in situ observations. Nature 

Geoscience, 9, 762-766.  https://doi.org/10.1038/ngeo2791 

MacDonald, A. M., Lark, R. M., Taylor, R. G., Abiye, T. et al. (2021) Mapping groundwater 

recharge in Africa from ground observations and implications for water security. 

Environmental Research Letters, 16, 034012.  https://dx.doi.org/10.1088/1748-

9326/abd661 

Magnan, A. K. and Duvat, V. K. E. (2020) Towards adaptation pathways for atoll islands. 

Insights from the Maldives. Regional Environmental Change, 20, 119.  

https://doi.org/10.1007/s10113-020-01691-w 

Magnan, A. K., Ranché, M., Duvat, V. K. E., Prenveille, A. and Rubia, F. (2018) L’exposition 

des populations des atolls de Rangiroa et de Tikehau (Polynésie française) au risque de 

submersion marine. VertigO, 18.  

Malherbe, J., Engelbrecht, F. A. and Landman, W. A. (2013) Projected changes in tropical 

cyclone climatology and landfall in the Southwest Indian Ocean region under enhanced 

anthropogenic forcing. Climate Dynamics, 40, 2867-2886.  https://doi.org/10.1007/s00382-

012-1635-2 

Manson, G. K. (2022) Nearshore sediment transport as influenced by changing sea ice, 

north shore of Prince Edward Island, Canada. Canadian Journal of Earth Sciences, 59, 935-

944.  https://cdnsciencepub.com/doi/abs/10.1139/cjes-2020-0150 

Marchiori, L., Maystadt, J.-F. and Schumacher, I. (2012) The impact of weather anomalies 

on migration in sub-Saharan Africa. Journal of Environmental Economics and Management, 

63, 355-374.  https://www.sciencedirect.com/science/article/pii/S0095069612000150 

https://doi.org/10.1038/s41467-020-14839-3
https://dx.doi.org/10.1088/1748-9326/ab282f
https://doi.org/10.1038/ngeo2791
https://dx.doi.org/10.1088/1748-9326/abd661
https://dx.doi.org/10.1088/1748-9326/abd661
https://doi.org/10.1007/s10113-020-01691-w
https://doi.org/10.1007/s00382-012-1635-2
https://doi.org/10.1007/s00382-012-1635-2
https://cdnsciencepub.com/doi/abs/10.1139/cjes-2020-0150
https://www.sciencedirect.com/science/article/pii/S0095069612000150


 

References | 198 

Mason, H., C King, J., E Peden, A. and C Franklin, R. (2022) Systematic review of the impact 

of heatwaves on health service demand in Australia. BMC Health Services Research, 22, 

960.  https://doi.org/10.1186/s12913-022-08341-3 

Masselink, G., Beetham, E. and Kench, P. (2020) Coral reef islands can accrete vertically 

in response to sea level rise. Science Advances, 6, eaay3656.  

https://www.science.org/doi/abs/10.1126/sciadv.aay3656 

Mastrorillo, M., Licker, R., Bohra-Mishra, P., Fagiolo, G. et al. (2016) The influence of climate 

variability on internal migration flows in South Africa. Global Environmental Change, 39, 

155-169.  https://www.sciencedirect.com/science/article/pii/S0959378016300589 

McEvoy, S., Haasnoot, M. and Biesbroek, R. (2021) How are European countries planning 

for sea level rise? Ocean & Coastal Management, 203, 105512.  

https://www.sciencedirect.com/science/article/pii/S0964569120304191 

McInnes, K. L., Church, J. A., Monselesan, D. P., Hunter, J. R. et al. (2015) Information for 

Australian impact and adaptation planning in response to sea-level rise. Australian 

Meteorological and Oceanographic Journal, 65, 127-149.  

McMichael, C., Farbotko, C. and McNamara, K. E. (2019) 297Climate-Migration Responses 

in the Pacific Region. In C. Menjívar, M. Ruiz and I. Ness (eds.) The Oxford Handbook of 

Migration Crises. Oxford University Press, 0.  

https://doi.org/10.1093/oxfordhb/9780190856908.013.53 

McWhorter, J. K., Halloran, P. R., Roff, G., Skirving, W. J. et al. (2022) The importance of 

1.5°C warming for the Great Barrier Reef. Global Change Biology, 28, 1332-1341.  

https://onlinelibrary.wiley.com/doi/abs/10.1111/gcb.15994 

Mendelsohn, R. and Schlesinger, M. (1999) Climate-response functions. Ambio, 28, 362-

366.  https://experts.illinois.edu/en/publications/climate-response-functions 

Mengel, M., Nauels, A., Rogelj, J. and Schleussner, C.-F. (2018) Committed sea-level rise 

under the Paris Agreement and the legacy of delayed mitigation action. Nature 

Communications, 9, 601.  https://doi.org/10.1038/s41467-018-02985-8 

https://doi.org/10.1186/s12913-022-08341-3
https://www.science.org/doi/abs/10.1126/sciadv.aay3656
https://www.sciencedirect.com/science/article/pii/S0959378016300589
https://www.sciencedirect.com/science/article/pii/S0964569120304191
https://doi.org/10.1093/oxfordhb/9780190856908.013.53
https://onlinelibrary.wiley.com/doi/abs/10.1111/gcb.15994
https://experts.illinois.edu/en/publications/climate-response-functions
https://doi.org/10.1038/s41467-018-02985-8


 

References | 199 

Meredith, M., Sommerkorn, M., Cassotta, S., Derksen, C. et al. (2019) Polar Regions. In H.-

O. Pörtner, D. C. Roberts, V. Masson-Delmotte, P. Zhai et al. (eds.) IPCC Special Report 

on the Ocean and Cryosphere in a Changing Climate. Cambridge, UK and New York: 

Cambridge University Press, 203-320.  https://doi.org/10.1017/9781009157964.006 

Merkens, J.-L., Reimann, L., Hinkel, J. and Vafeidis, A. T. (2016) Gridded population 

projections for the coastal zone under the Shared Socioeconomic Pathways. Global and 

Planetary Change, 145, 57-66.  

https://www.sciencedirect.com/science/article/pii/S0921818116301473 

Merrifield, M. A., Becker, J. M., Ford, M. and Yao, Y. (2014) Observations and estimates of 

wave-driven water level extremes at the Marshall Islands. Geophysical Research Letters, 

41, 7245-7253.  https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1002/2014GL061005 

Merz, B., Blöschl, G., Vorogushyn, S., Dottori, F. et al. (2021) Causes, impacts and patterns 

of disastrous river floods. Nature Reviews Earth & Environment, 2, 592-609.  

https://doi.org/10.1038/s43017-021-00195-3 

Meyer, A. L. S., Bentley, J., Odoulami, R. C., Pigot, A. L. and Trisos, C. H. (2022) Risks to 

biodiversity from temperature overshoot pathways. Philosophical Transactions of the Royal 

Society B: Biological Sciences, 377, 20210394.  

https://royalsocietypublishing.org/doi/abs/10.1098/rstb.2021.0394 

Mishra, V., Mukherjee, S., Kumar, R. and Stone, D. A. (2017) Heat wave exposure in India 

in current, 1.5 °C, and 2.0 °C worlds. Environmental Research Letters, 12, 124012.  

https://dx.doi.org/10.1088/1748-9326/aa9388 

Missirian, A. and Schlenker, W. (2017) Asylum applications respond to temperature 

fluctuations. Science, 358, 1610-1614.  https://doi.org/10.1126/science.aao0432 

Mohammed, K., Islam, A. K. M. S., Islam, G. M. T., Alfieri, L. et al. (2018) Future Floods in 

Bangladesh under 1.5&#xb0;C, 2&#xb0;C, and 4&#xb0;C Global Warming Scenarios. 

Journal of Hydrologic Engineering, 23, 04018050.  

https://ascelibrary.org/doi/abs/10.1061/%28ASCE%29HE.1943-5584.0001705 

Molden, D. J., Shrestha, A. B., Immerzeel, W. W., Maharjan, A. et al. (2022) The Great 

Glacier and Snow-Dependent Rivers of Asia and Climate Change: Heading for Troubled 

https://doi.org/10.1017/9781009157964.006
https://www.sciencedirect.com/science/article/pii/S0921818116301473
https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1002/2014GL061005
https://doi.org/10.1038/s43017-021-00195-3
https://royalsocietypublishing.org/doi/abs/10.1098/rstb.2021.0394
https://dx.doi.org/10.1088/1748-9326/aa9388
https://doi.org/10.1126/science.aao0432
https://ascelibrary.org/doi/abs/10.1061/%28ASCE%29HE.1943-5584.0001705


 

References | 200 

Waters. In A. K. Biswas and C. Tortajada (eds.) Water Security Under Climate Change. 

Singapore: Springer Singapore, 223-250.  https://doi.org/10.1007/978-981-16-5493-0_12 

Moore, F. C. and Lobell, D. B. (2015) The fingerprint of climate trends on European crop 

yields. Proceedings of the National Academy of Sciences of the United States of America, 

112, 2670-5.  https://www.ncbi.nlm.nih.gov/pubmed/25691735 

Mueller, V., Gray, C. and Hopping, D. (2020) Climate-Induced migration and unemployment 

in middle-income Africa. Global Environmental Change, 65, 102183.  

https://www.sciencedirect.com/science/article/pii/S0959378020307664 

Mueller, V., Gray, C. and Kosec, K. (2014) Heat stress increases long-term human migration 

in rural Pakistan. Nature Climate Change, 4, 182-185.  https://doi.org/10.1038/nclimate2103 

Muis, S., Haigh, I. D., Guimarães Nobre, G., Aerts, J. C. J. H. and Ward, P. J. (2018) 

Influence of El Niño-Southern Oscillation on Global Coastal Flooding. Earth's Future, 6, 

1311-1322.  https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1029/2018EF000909 

Mukhopadhyay, R., Sarkar, B., Jat, H. S., Sharma, P. C. and Bolan, N. S. (2021) Soil salinity 

under climate change: Challenges for sustainable agriculture and food security. Journal of 

Environmental Management, 280, 111736.  

https://www.sciencedirect.com/science/article/pii/S0301479720316613 

Murphy, J. M., Harris, G. R., Sexton, D. M. H., Kendon, E. J. et al. (2018) UKCP18 Land 

Projections: Science Report.  

https://www.metoffice.gov.uk/pub/data/weather/uk/ukcp18/science-reports/UKCP18-Land-

report.pdf 

Musa, Z. N., Popescu, I. and Mynett, A. (2014) The Niger Delta's vulnerability to river floods 

due to sea level rise. Natural Hazards and Earth System Sciences, 14, 3317-3329.  

Muthige, M. S., Malherbe, J., Englebrecht, F. A., Grab, S. et al. (2018) Projected changes 

in tropical cyclones over the South West Indian Ocean under different extents of global 

warming. Environmental Research Letters, 13, 065019.  

https://doi.org/10.1007/978-981-16-5493-0_12
https://www.ncbi.nlm.nih.gov/pubmed/25691735
https://www.sciencedirect.com/science/article/pii/S0959378020307664
https://doi.org/10.1038/nclimate2103
https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1029/2018EF000909
https://www.sciencedirect.com/science/article/pii/S0301479720316613
https://www.metoffice.gov.uk/pub/data/weather/uk/ukcp18/science-reports/UKCP18-Land-report.pdf
https://www.metoffice.gov.uk/pub/data/weather/uk/ukcp18/science-reports/UKCP18-Land-report.pdf


 

References | 201 

Mycoo, M., Wairiu, M., Campbell, D., Duvat, V. et al. (2022) Small Islands. Cambridge, UK 

and New York, NY, USA: C. U. Press.  https://www.ipcc.ch/report/ar6/wg2/chapter/chapter-

15/ 

Myers, N. (2002) Environmental refugees: a growing phenomenon of the 21st century. 

Philos Trans R Soc Lond B Biol Sci, 357, 609-13.  

Nawrotzki, R. J. and DeWaard, J. (2018) Putting trapped populations into place: climate 

change and inter-district migration flows in Zambia. Regional Environmental Change, 18, 

533-546.  https://doi.org/10.1007/s10113-017-1224-3 

Nechifor, V., Calzadilla, A., Bleischwitz, R., Winning, M. et al. (2020) Steel in a circular 

economy: Global implications of a green shift in China. World Development, 127, 104775.  

https://www.sciencedirect.com/science/article/pii/S0305750X19304243 

Neumann, B., Vafeidis, A. T., Zimmermann, J. and Nicholls, R. J. (2015) Future Coastal 

Population Growth and Exposure to Sea-Level Rise and Coastal Flooding - A Global 

Assessment. PLOS ONE, 10, e0118571.  https://doi.org/10.1371/journal.pone.0118571 

Nguyen, A. T., Grembi, J. A., Riviere, M., Heitmann, G. B. et al. (2022) Influence of climate 

and environment on the efficacy of water, sanitation, and handwashing interventions on 

diarrheal disease in rural Bangladesh: a re-analysis of a randomized control trial. medRxiv, 

2022.09.25.22280229.  

http://medrxiv.org/content/early/2022/09/27/2022.09.25.22280229.abstract 

Nicholls, R. J., Brown, S., Goodwin, P., Wahl, T. et al. (2018) Stabilization of global 

temperature at 1.5°C and 2.0°C: implications for coastal areas. Philosophical Transactions 

of the Royal Society A, 376, 20160448.  

Nicholls, R. J. and Cazenave, A. (2010) Sea-Level Rise and Its Impact on Coastal Zones. 

Science, 328, 1517-1520.  https://www.science.org/doi/abs/10.1126/science.1185782 

Nicholls, R. J., Lincke, D., Hinkel, J., Brown, S. et al. (2021) A global analysis of subsidence, 

relative sea-level change and coastal flood exposure. Nature Climate Change, 11, 338-342.  

https://doi.org/10.1038/s41558-021-00993-z 

https://www.ipcc.ch/report/ar6/wg2/chapter/chapter-15/
https://www.ipcc.ch/report/ar6/wg2/chapter/chapter-15/
https://doi.org/10.1007/s10113-017-1224-3
https://www.sciencedirect.com/science/article/pii/S0305750X19304243
https://doi.org/10.1371/journal.pone.0118571
http://medrxiv.org/content/early/2022/09/27/2022.09.25.22280229.abstract
https://www.science.org/doi/abs/10.1126/science.1185782
https://doi.org/10.1038/s41558-021-00993-z


 

References | 202 

Nicholls, R. J., Marinova, N., Lowe, J. A., Brown, S. et al. (2011) Sea-level rise and its 

possible impacts given a ‘beyond 4°C world’ in the twenty-first century. Philosophical 

Transactions of the Royal Society A: Mathematical, Physical and Engineering Sciences, 

369, 161-181.  https://doi.org/10.1098/rsta.2010.0291 

Niederdrenk, A. L. and Notz, D. (2018) Arctic Sea Ice in a 1.5°C Warmer World. Geophysical 

Research Letters, 45, 1963-1971.  

https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1002/2017GL076159 

Nunn, P. D., Klöck, C. and Duvat, V. (2021) Seawalls as maladaptations along island coasts. 

Ocean & Coastal Management, 205, 105554.  

https://www.sciencedirect.com/science/article/pii/S0964569121000399 

Nunn, P. D., Kumar, L., Eliot, I. and McLean, R. F. (2016) Classifying Pacific islands. 

Geoscience Letters, 3, 7.  https://doi.org/10.1186/s40562-016-0041-8 

O'Neill, B. C. and Oppenheimer, M. (2004) Climate change impacts are sensitive to the 

concentration stabilization path. Proceedings of the National Academy of Sciences, 101, 

16411-16416.  https://www.pnas.org/doi/abs/10.1073/pnas.0405522101 

Ocello, C., Petrucci, A., Testa, M. R. and Vignoli, D. (2015) Environmental aspects of internal 

migration in Tanzania. Population and Environment, 37, 99-108.  

https://doi.org/10.1007/s11111-014-0229-9 

Ohenhen, L. O., Shirzaei, M., Ojha, C. and Kirwan, M. L. (2023) Hidden vulnerability of US 

Atlantic coast to sea-level rise due to vertical land motion. Nature Communications, 14, 

2038.  https://doi.org/10.1038/s41467-023-37853-7 

Oliveira, J. and Pereda, P. (2020) The impact of climate change on internal migration in 

Brazil. Journal of Environmental Economics and Management, 103, 102340.  

https://www.sciencedirect.com/science/article/pii/S0095069620300632 

Oppenheimer, M., B.C. Glavovic, B. C., J. Hinkel, J., R. van de Wal, R. et al. (2019) Sea 

Level Rise and Implications for Low-Lying Islands, Coasts and Communities. In H.-O. 

Pörtner, D. C. Roberts, V. Masson-Delmotte, P. Zhai et al. (eds.) IPCC Special Report on 

the Ocean and Cryosphere in a Changing Climate. Cambridge, UK and New York: 

Cambridge University Press, 321–445.  https://doi.org/10.1017/9781009157964.006 

https://doi.org/10.1098/rsta.2010.0291
https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1002/2017GL076159
https://www.sciencedirect.com/science/article/pii/S0964569121000399
https://doi.org/10.1186/s40562-016-0041-8
https://www.pnas.org/doi/abs/10.1073/pnas.0405522101
https://doi.org/10.1007/s11111-014-0229-9
https://doi.org/10.1038/s41467-023-37853-7
https://www.sciencedirect.com/science/article/pii/S0095069620300632
https://doi.org/10.1017/9781009157964.006


 

References | 203 

Opperman, J., Oyare, E., Baleta, H., Fahrbach, S. and Camargo., R. (2021) Waterways to 

Resilience: Nature-based Solutions for Adaptation in Africa. Switzerland.  

https://wwfint.awsassets.panda.org/downloads/wwf_report_waterways_to_resilience_f_we

b.pdf 

Owain, E. L. and Maslin, M. A. (2018) Assessing the relative contribution of economic, 

political and environmental factors on past conflict and the displacement of people in East 

Africa. Palgrave Communications, 4, 47.  https://doi.org/10.1057/s41599-018-0096-6 

Pachauri, S., Poblete-Cazenave, M., Aktas, A. and Gidden, M. J. (2021) Access to clean 

cooking services in energy and emission scenarios after COVID-19. Nature Energy, 6, 1067-

1076.  https://doi.org/10.1038/s41560-021-00911-9 

Palmer, P. I., Wainwright, C. M., Dong, B., Maidment, R. I. et al. (2023) Drivers and impacts 

of Eastern African rainfall variability. Nature Reviews Earth & Environment, 4, 254-270.  

https://doi.org/10.1038/s43017-023-00397-x 

Palter, J. B., Frölicher, T. L., Paynter, D. and John, J. G. (2018) Climate, ocean circulation, 

and sea level changes under stabilization and overshoot pathways to 1.5 K warming. Earth 

System Dynamics, 9, 817-828.  

Parikh, P., Diep, L., Hofmann, P., Tomei, J. et al. (2021) Synergies and trade-offs between 

sanitation and the sustainable development goals. UCL Open Environ, 3, e016.  

Parkinson, R. W. and Ogurcak, D. E. (2018) Beach nourishment is not a sustainable strategy 

to mitigate climate change. Estuarine, Coastal and Shelf Science, 212, 203-209.  

https://www.sciencedirect.com/science/article/pii/S0272771418300982 

Parmesan, C., Morecroft, M., Trisurat, Y., Adrian, R. et al. (2022) Terrestrial and Freshwater 

Ecosystems and Their Services. Cambridge, UK and New York, NY, USA: C. U. Press.  

https://www.ipcc.ch/report/ar6/wg2/chapter/chapter-2/ 

Parry, M., Arnell, N., Berry, P., Dodman, D. et al. (2009) Report On Reports: Adaptation to 

Climate Change: Assessing the Costs. Environment: Science and Policy for Sustainable 

Development, 51, 29-36.  https://doi.org/10.1080/00139150903337423 

https://wwfint.awsassets.panda.org/downloads/wwf_report_waterways_to_resilience_f_web.pdf
https://wwfint.awsassets.panda.org/downloads/wwf_report_waterways_to_resilience_f_web.pdf
https://doi.org/10.1057/s41599-018-0096-6
https://doi.org/10.1038/s41560-021-00911-9
https://doi.org/10.1038/s43017-023-00397-x
https://www.sciencedirect.com/science/article/pii/S0272771418300982
https://www.ipcc.ch/report/ar6/wg2/chapter/chapter-2/
https://doi.org/10.1080/00139150903337423


 

References | 204 

Pascale, S., Kapnick, S. B., Delworth, T. L. and Cooke, W. F. (2020) Increasing risk of 

another Cape Town "Day Zero" drought in the 21st century. Proc Natl Acad Sci U S A, 117, 

29495-29503.  

Pattanaik, D. R., Mohapatra, M., Srivastava, A. K. and Kumar, A. (2017) Heat wave over 

India during summer 2015: an assessment of real time extended range forecast. 

Meteorology and Atmospheric Physics, 129, 375-393.  https://doi.org/10.1007/s00703-016-

0469-6 

Pavanello, F., De Cian, E., Davide, M., Mistry, M. et al. (2021) Air-conditioning and the 

adaptation cooling deficit in emerging economies. Nature Communications, 12, 6460.  

https://doi.org/10.1038/s41467-021-26592-2 

Peltier, W. R., Argus, D. F. and Drummond, R. (2015) Space geodesy constrains ice age 

terminal deglaciation: The global ICE-6G_C (VM5a) model. Journal of Geophysical 

Research: Solid Earth, 120, 450-487.  

https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1002/2014JB011176 

Perry, C. T., Alvarez-Filip, L., Graham, N. A. J., Mumby, P. J. et al. (2018) Loss of coral reef 

growth capacity to track future increases in sea level. Nature, 558, 396-400.  

https://doi.org/10.1038/s41586-018-0194-z 

Peters, J. C. (2016) The GTAP-Power Data Base: Disaggregating the Electricity Sector in 

the GTAP Data Base. Journal of Global Economic Analysis, 1, 209-250.  

https://jgea.org/ojs/index.php/jgea/article/view/15 

Philipsborn, R., Ahmed, S. M., Brosi, B. J. and Levy, K. (2016) Climatic Drivers of 

Diarrheagenic Escherichia coli Incidence: A Systematic Review and Meta-analysis. J Infect 

Dis, 214, 6-15.  

Porter, J. R., L. Xie, A.J. Challinor, K. Cochrane, S.M. Howden, M.M. Iqbal, D.B. Lobell, and 

M.I. Travasso (2014) Food security and food production systems. In C. B. Field, 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 (ed.) Climate Change 2014: Impacts, Adaptation, and Vulnerability. Part A: Global 

and Sectoral Aspects. Contribution of Working Group II to the Fifth Assessment Report of 

https://doi.org/10.1007/s00703-016-0469-6
https://doi.org/10.1007/s00703-016-0469-6
https://doi.org/10.1038/s41467-021-26592-2
https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1002/2014JB011176
https://doi.org/10.1038/s41586-018-0194-z
https://jgea.org/ojs/index.php/jgea/article/view/15


 

References | 205 

the Intergovernmental Panel on Climate Change. Cambridge, United Kingdom and New 

York, NY, USA: Cambridge University Press, 485-533.  

Priti Parikh, L. D. P. H. J. T. L. C. C. T.-H. T. Y. M. B. M. M. L. (2021) Synergies and trade-

offs between sanitation and the sustainable development goals. UCL Open Environment, 3.  

https://journals.uclpress.co.uk/ucloe/article/id/194/ 

Prüss-Ustün, A., Wolf, J., Bartram, J., Clasen, T. et al. (2019) Burden of disease from 

inadequate water, sanitation and hygiene for selected adverse health outcomes: An updated 

analysis with a focus on low- and middle-income countries. Int J Hyg Environ Health, 222, 

765-777.  

Radel, C., Schmook, B., Carte, L. and Mardero, S. (2018) Toward a Political Ecology of 

Migration: Land, Labor Migration, and Climate Change in Northwestern Nicaragua. World 

Development, 108, 263-273.  

https://www.sciencedirect.com/science/article/pii/S0305750X17301341 

Raoul, K. (2015) Can glacial retreat lead to migration? A critical discussion of the impact of 

glacier shrinkage upon population mobility in the Bolivian Andes. Population and 

Environment, 36, 480-496.  https://doi.org/10.1007/s11111-014-0226-z 

Rashid, M. M., Wahl, T. and Chambers, D. P. (2021) Extreme sea level variability dominates 

coastal flood risk changes at decadal time scales. Environmental Research Letters, 16, 

024026.  

Rasmessen, D. J., Bittermann, K., Buchanan, M. K., Kulp, S. et al. (2018) Extreme sea level 

implications of 1.5 °C, 2.0 °C, and 2.5 °C temperature stabilization targets in the 21st and 

22nd centuries. Environmental Research Letters, 13, 034040.  

Reimann, L., Vafeidis, A. T. and Honsel, L. E. (2023) Population development as a driver of 

coastal risk: Current trends and future pathways. Cambridge Prisms: Coastal Futures, 1, 

e14.  https://www.cambridge.org/core/article/population-development-as-a-driver-of-

coastal-risk-current-trends-and-future-

pathways/8261D3B34F6114EA0999FAA597D5F2E2 

https://journals.uclpress.co.uk/ucloe/article/id/194/
https://www.sciencedirect.com/science/article/pii/S0305750X17301341
https://doi.org/10.1007/s11111-014-0226-z
https://www.cambridge.org/core/article/population-development-as-a-driver-of-coastal-risk-current-trends-and-future-pathways/8261D3B34F6114EA0999FAA597D5F2E2
https://www.cambridge.org/core/article/population-development-as-a-driver-of-coastal-risk-current-trends-and-future-pathways/8261D3B34F6114EA0999FAA597D5F2E2
https://www.cambridge.org/core/article/population-development-as-a-driver-of-coastal-risk-current-trends-and-future-pathways/8261D3B34F6114EA0999FAA597D5F2E2


 

References | 206 

Ren, Z., Wang, D., Ma, A., Hwang, J. et al. (2016) Predicting malaria vector distribution 

under climate change scenarios in China: Challenges for malaria elimination. Scientific 

Reports, 6, 20604.  https://doi.org/10.1038/srep20604 

Restrepo-Ángel, J. D., Mora-Páez, H., Díaz, F., Govorcin, M. et al. (2021) Coastal 

subsidence increases vulnerability to sea level rise over twenty first century in Cartagena, 

Caribbean Colombia. Scientific Reports, 11, 18873.  https://doi.org/10.1038/s41598-021-

98428-4 

Richardson, K., Calow, R., Pichon, F., New, S. and Osborne, R. (2022) Climate risk report 

for the East Africa region.  https://www.metoffice.gov.uk/services/government/international-

development/climate-risk-reports 

Richardson, K., Docherty, A., Osborne, R., Mayhew, L., Lewis, K., Jobbins, G., Fox, C., 

Griffith, H. and El Tarabouls-McCarthy, S. (2021) Climate risk report for the Middle East and 

North Africa region.  https://www.metoffice.gov.uk/services/government/international-

development/climate-risk-reports  

Rigaud, K. K., de Sherbinin, A., Jones, B., Bergmann, J. et al. (2018) Groundswell: 

Preparing for Internal Climate Migration.  http://hdl.handle.net/10986/29461 

Ritchie, P. D. L., Clarke, J. J., Cox, P. M. and Huntingford, C. (2021) Overshooting 

tipping point thresholds in a changing climate. Nature, 592, 517-523.  

https://doi.org/10.1038/s41586-021-03263-2 

Robinson, A., Calov, R. and Ganopolski, A. (2012) Multistability and critical thresholds of the 

Greenland ice sheet. Nature Climate Change, 2, 429-432.  

https://doi.org/10.1038/nclimate1449 

Rocklöv, J. and Dubrow, R. (2020) Climate change: an enduring challenge for vector-borne 

disease prevention and control. Nature Immunology, 21, 479-483.  

https://doi.org/10.1038/s41590-020-0648-y 

Rogers, C. S. and Ramos-Scharrón, C. E. (2022) Assessing Effects of Sediment Delivery to 

Coral Reefs: A Caribbean Watershed Perspective. Frontiers in Marine Science, 8.  

https://www.frontiersin.org/articles/10.3389/fmars.2021.773968 

https://doi.org/10.1038/srep20604
https://doi.org/10.1038/s41598-021-98428-4
https://doi.org/10.1038/s41598-021-98428-4
https://www.metoffice.gov.uk/services/government/international-development/climate-risk-reports
https://www.metoffice.gov.uk/services/government/international-development/climate-risk-reports
https://www.metoffice.gov.uk/services/government/international-development/climate-risk-reports
https://www.metoffice.gov.uk/services/government/international-development/climate-risk-reports
http://hdl.handle.net/10986/29461
https://doi.org/10.1038/s41586-021-03263-2
https://doi.org/10.1038/nclimate1449
https://doi.org/10.1038/s41590-020-0648-y
https://www.frontiersin.org/articles/10.3389/fmars.2021.773968


 

References | 207 

Rojas, O., Mardones, M., Martínez, C., Flores, L. et al. (2018) Flooding in Central Chile: 

Implications of Tides and Sea Level Increase in the 21st Century. Sustainability, 10, 4335.  

https://www.mdpi.com/2071-1050/10/12/4335 

Roncal-Jimenez, C., Lanaspa, M. A., Jensen, T., Sanchez-Lozada, L. G. and Johnson, R. 

J. (2015) Mechanisms by Which Dehydration May Lead to Chronic Kidney Disease. Annals 

of Nutrition and Metabolism, 66, 10-13.  https://doi.org/10.1159/000381239 

Roson, R. and Sartori, M. (2010) The ENVironmental Impact and Sustainability Applied 

General Equilibrium (ENVISAGE) Model–Introducing Climate Change Impacts and 

Adaptation. The World Bank, mimeo.  

Roson, R. and Sartori, M. (2016) Estimation of Climate Change Damage Functions for 140 

Regions in the GTAP 9 Data Base. Journal of Global Economic Analysis, 1, 78-115.  

Ross, I., Scott, R. and Joseph, R. (2016) Fecal Sludge Management: Diagnostics for Service 

Delivery in Urban Areas - Summary Report. Washington D.C.  

https://documents1.worldbank.org/curated/en/577961468343135688/pdf/106809-

REVISED-05b-FSM-Diagnostics-Urban-Case-Study-Dhaka.pdf 

Rückamp, M., Falk, U., Frieler, K., Lange, S. and Humbert, A. (2018) The effect of 

overshooting 1.5 °C global warming on the mass loss of the Greenland ice sheet. Earth 

System Dynamics, 9, 1169-1189.  

Rudd, A. C., Kay, A. L. and Sayers, P. B. (2023) Climate change impacts on flood peaks in 

Britain for a range of global mean surface temperature changes. Journal of Flood Risk 

Management, 16, e12863.  https://onlinelibrary.wiley.com/doi/abs/10.1111/jfr3.12863 

Ruest, B., Neumeier, U., Dumont, D., Bismuth, E. et al. (2016) Recent wave climate and 

expected future changes in the seasonally ice-infested waters of the Gulf of St. Lawrence, 

Canada. Climate Dynamics, 46, 449-466.  https://doi.org/10.1007/s00382-015-2592-3 

Ruffato-Ferreira, V., da Costa Barreto, R., Oscar Júnior, A., Silva, W. L. et al. (2017) A 

foundation for the strategic long-term planning of the renewable energy sector in Brazil: 

Hydroelectricity and wind energy in the face of climate change scenarios. Renewable and 

Sustainable Energy Reviews, 72, 1124-1137.  

https://www.sciencedirect.com/science/article/pii/S1364032116306748 

https://www.mdpi.com/2071-1050/10/12/4335
https://doi.org/10.1159/000381239
https://documents1.worldbank.org/curated/en/577961468343135688/pdf/106809-REVISED-05b-FSM-Diagnostics-Urban-Case-Study-Dhaka.pdf
https://documents1.worldbank.org/curated/en/577961468343135688/pdf/106809-REVISED-05b-FSM-Diagnostics-Urban-Case-Study-Dhaka.pdf
https://onlinelibrary.wiley.com/doi/abs/10.1111/jfr3.12863
https://doi.org/10.1007/s00382-015-2592-3
https://www.sciencedirect.com/science/article/pii/S1364032116306748


 

References | 208 

Russo, M. A., Carvalho, D., Martins, N. and Monteiro, A. (2022) Forecasting the inevitable: 

A review on the impacts of climate change on renewable energy resources. Sustainable 

Energy Technologies and Assessments, 52, 102283.  

https://www.sciencedirect.com/science/article/pii/S2213138822003356 

Ryan, P. C., Stewart, M. G., Spencer, N. and Li, Y. (2016) Probabilistic analysis of climate 

change impacts on timber power pole networks. International Journal of Electrical Power & 

Energy Systems, 78, 513-523.  

https://www.sciencedirect.com/science/article/pii/S0142061515004925 

Salvador, C., Gullón, P., Franco, M. and Vicedo-Cabrera, A. M. (2023) Heat-related first 

cardiovascular event incidence in the city of Madrid (Spain): Vulnerability assessment by 

demographic, socioeconomic, and health indicators. Environmental Research, 226, 115698.  

https://www.sciencedirect.com/science/article/pii/S0013935123004905 

Sanchez-Guevara, C., Núñez Peiró, M., Taylor, J., Mavrogianni, A. and Neila González, J. 

(2019) Assessing population vulnerability towards summer energy poverty: Case studies of 

Madrid and London. Energy and Buildings, 190, 132-143.  

https://www.sciencedirect.com/science/article/pii/S0378778818321327 

Sanderson, B. M., Xu, Y., Tebaldi, C., Wehner, M. et al. (2017) Community climate 

simulations to assess avoided impacts in 1.5 and 2  °C futures. Earth Syst. Dynam., 8, 827-

847.  https://esd.copernicus.org/articles/8/827/2017/ 

Scanlon, B. R., Fakhreddine, S., Rateb, A., de Graaf, I. et al. (2023) Global water resources 

and the role of groundwater in a resilient water future. Nature Reviews Earth & Environment, 

4, 87-101.  https://doi.org/10.1038/s43017-022-00378-6 

Scanlon, B. R., Rateb, A., Anyamba, A., Kebede, S. et al. (2022) Linkages between GRACE 

water storage, hydrologic extremes, and climate teleconnections in major African aquifers. 

Environmental Research Letters, 17, 014046.  https://dx.doi.org/10.1088/1748-9326/ac3bfc 

Schaeffer, M., Hare, W., Rahmstorf, S. and Vermeer, M. (2012) Long-term sea-level rise 

implied by 1.5 °C and 2 °C warming levels. Nature Climate Change, 2, 867-870.  

https://doi.org/10.1038/nclimate1584 

https://www.sciencedirect.com/science/article/pii/S2213138822003356
https://www.sciencedirect.com/science/article/pii/S0142061515004925
https://www.sciencedirect.com/science/article/pii/S0013935123004905
https://www.sciencedirect.com/science/article/pii/S0378778818321327
https://esd.copernicus.org/articles/8/827/2017/
https://doi.org/10.1038/s43017-022-00378-6
https://dx.doi.org/10.1088/1748-9326/ac3bfc
https://doi.org/10.1038/nclimate1584


 

References | 209 

Schernewski, G., Schumacher, J., Weisner, E. and Donges, L. (2018) A combined coastal 

protection, realignment and wetland restoration scheme in the southern Baltic: planning 

process, public information and participation. Journal of Coastal Conservation, 22, 533-547.  

https://doi.org/10.1007/s11852-017-0542-4 

Schewe, J., Levermann, A. and Meinshausen, M. (2011) Climate change under a scenario 

near 1.5 °C of global warming: monsoon intensification, ocean warming and steric sea level 

rise. Earth System Dynamics Discussions, 2, 25-35.  

https://esd.copernicus.org/articles/2/25/2011/esd-2-25-2011.pdf 

Schlenker, W. and Roberts, M. J. (2009) Nonlinear temperature effects indicate severe 

damages to US crop yields under climate change. Proceedings of the National Academy of 

sciences, 106, 15594-15598.  

Schleussner, C.-F., Rogelj, J., Schaeffer, M., Lissner, T. et al. (2016) Science and policy 

characteristics of the Paris Agreement temperature goal. Nature Climate Change, 6, 827-

835.  https://doi.org/10.1038/nclimate3096 

Schwinger, J., Asaadi, A., Steinert, N. J. and Lee, H. (2022) Emit now, mitigate later? Earth 

system reversibility under overshoots of different magnitudes and durations. Earth Syst. 

Dynam., 13, 1641-1665.  https://esd.copernicus.org/articles/13/1641/2022/ 

Scott, D. (2021) Sustainable Tourism and the Grand Challenge of Climate Change. 

Sustainability, 13, 1966.  https://www.mdpi.com/2071-1050/13/4/1966 

Screen, J. A. (2018) Arctic sea ice at 1.5 and 2 °C. Nature Climate Change, 8, 362-363.  

https://doi.org/10.1038/s41558-018-0137-6 

Sedova, B. and Kalkuhl, M. (2020) Who are the climate migrants and where do they go? 

Evidence from rural India. World Development, 129, 104848.  

https://www.sciencedirect.com/science/article/pii/S0305750X19304978 

Selby, J. and Daoust, G. (2021) Rapid evidence assessment on the impacts of climate 

change on migration patterns. . London.  https://www.gov.uk/research-for-development-

outputs/rapid-evidence-assessment-on-the-impacts-of-climate-change-on-migration-

patterns#contents 

https://doi.org/10.1007/s11852-017-0542-4
https://esd.copernicus.org/articles/2/25/2011/esd-2-25-2011.pdf
https://doi.org/10.1038/nclimate3096
https://esd.copernicus.org/articles/13/1641/2022/
https://www.mdpi.com/2071-1050/13/4/1966
https://doi.org/10.1038/s41558-018-0137-6
https://www.sciencedirect.com/science/article/pii/S0305750X19304978
https://www.gov.uk/research-for-development-outputs/rapid-evidence-assessment-on-the-impacts-of-climate-change-on-migration-patterns#contents
https://www.gov.uk/research-for-development-outputs/rapid-evidence-assessment-on-the-impacts-of-climate-change-on-migration-patterns#contents
https://www.gov.uk/research-for-development-outputs/rapid-evidence-assessment-on-the-impacts-of-climate-change-on-migration-patterns#contents


 

References | 210 

Semakula, H. M., Song, G., Achuu, S. P., Shen, M. et al. (2017) Prediction of future malaria 

hotspots under climate change in sub-Saharan Africa. Climatic Change, 143, 415-428.  

https://doi.org/10.1007/s10584-017-1996-y 

Sera, F., Hashizume, M., Honda, Y., Lavigne, E. et al. (2020) Air Conditioning and Heat-

related Mortality: A Multi-country Longitudinal Study. Epidemiology, 31, 779-787.  

https://journals.lww.com/epidem/Fulltext/2020/11000/Air_Conditioning_and_Heat_related_

Mortality__A.5.aspx 

Shaw, R., Luo, Y., Cheong, T. S., Abdul Halim, S. et al. (2022) Asia. In H.-O. Pörtner, D. C. 

Roberts, M. Tignor, E. S. Poloczanska et al. (eds.) Climate Change 2022: Impacts, 

Adaptation and Vulnerability. Contribution of Working Group II to the Sixth Assessment 

Report of the Intergovernmental Panel on Climate Change. Cambridge, UK and New York, 

NY, USA: Cambridge University Press, 1457-1579.  

Shaw, R., Y. Luo, T.S. Cheong, S. Abdul Halim, S. Chaturvedi, M. Hashizume, G.E. Insarov, 

Y. Ishikawa, M. Jafari, A. Kitoh, J. Pulhin, C. Singh, K. Vasant, and Z. Zhang (2022) Asia. 

In: Climate Change 2022: Impacts, Adaptation and Vulnerability. Contribution of Working 

Group II to the Sixth Assessment Report of the Intergovernmental Panel on Climate Change. 

Cambridge, UK and New York, NY, USA: C. U. Press.  

https://www.ipcc.ch/report/ar6/wg2/downloads/report/IPCC_AR6_WGII_Chapter10.pdf 

Shen, S. and Gemenne, F. (2011) Contrasted Views on Environmental Change and 

Migration: the Case of Tuvaluan Migration to New Zealand. International Migration, 49, 

e224-e242.  https://doi.org/10.1111/j.1468-2435.2010.00635.x 

Sherman, P., Lin, H. and McElroy, M. (2022) Projected global demand for air conditioning 

associated with extreme heat and implications for electricity grids in poorer countries. 

Energy and Buildings, 268, 112198.  

https://www.sciencedirect.com/science/article/pii/S0378778822003693 

Simmonds, I. and Keay, K. (2009) Extraordinary September Arctic sea ice reductions and 

their relationships with storm behavior over 1979–2008. Geophysical Research Letters, 36.  

https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1029/2009GL039810 

https://doi.org/10.1007/s10584-017-1996-y
https://journals.lww.com/epidem/Fulltext/2020/11000/Air_Conditioning_and_Heat_related_Mortality__A.5.aspx
https://journals.lww.com/epidem/Fulltext/2020/11000/Air_Conditioning_and_Heat_related_Mortality__A.5.aspx
https://www.ipcc.ch/report/ar6/wg2/downloads/report/IPCC_AR6_WGII_Chapter10.pdf
https://doi.org/10.1111/j.1468-2435.2010.00635.x
https://www.sciencedirect.com/science/article/pii/S0378778822003693
https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1029/2009GL039810


 

References | 211 

Simpson, N. P., Shearing, C. D. and Dupont, B. (2019) Climate gating: A case study of 

emerging responses to Anthropocene Risks. Climate Risk Management, 26, 100196.  

https://www.sciencedirect.com/science/article/pii/S2212096319300786 

Skoplaki, E. and Palyvos, J. A. (2009) On the temperature dependence of photovoltaic 

module electrical performance: A review of efficiency/power correlations. Solar Energy, 83, 

614-624.  https://www.sciencedirect.com/science/article/pii/S0038092X08002788 

Slater, L., Villarini, G., Archfield, S., Faulkner, D. et al. (2021) Global Changes in 20-Year, 

50-Year, and 100-Year River Floods. Geophysical Research Letters, 48, e2020GL091824.  

<Go to ISI>://WOS:000635209100005 

Smajgl, A., Toan, T. Q., Nhan, D. K., Ward, J. et al. (2015) Responding to rising sea levels 

in the Mekong Delta. Nature Climate Change, 5, 167-174.  

https://doi.org/10.1038/nclimate2469 

Smith, C. S., Gittman, R. K., Neylan, I. P., Scyphers, S. B. et al. (2017) Hurricane damage 

along natural and hardened estuarine shorelines: Using homeowner experiences to promote 

nature-based coastal protection. Marine Policy, 81, 350-358.  

https://www.sciencedirect.com/science/article/pii/S0308597X17300477 

Sohail, H., Kollanus, V., Tiittanen, P., Schneider, A. and Lanki, T. (2020) Heat, Heatwaves 

and Cardiorespiratory Hospital Admissions in Helsinki, Finland. International Journal of 

Environmental Research and Public Health, 17, 7892.  https://www.mdpi.com/1660-

4601/17/21/7892 

Spencer, N. and Urquhart, M.-A. (2018) Hurricane Strikes and Migration: Evidence from 

Storms in Central America and the Caribbean. Weather, Climate, and Society, 10, 569-577.  

https://journals.ametsoc.org/view/journals/wcas/10/3/wcas-d-17-0057_1.xml 

Springmann, M., Mason-D'Croz, D., Robinson, S., Garnett, T. et al. (2016) Global and 

regional health effects of future food production under climate change: a modelling study. 

The Lancet, 387, 1937-1946.  https://doi.org/10.1016/S0140-6736(15)01156-3 

Stephenson, D. B., Pavan, V. and Bojariu, R. (2000) Is the North Atlantic Oscillation a 

random walk? International Journal of Climatology, 20, 1-18.  

https://www.sciencedirect.com/science/article/pii/S2212096319300786
https://www.sciencedirect.com/science/article/pii/S0038092X08002788
https://doi.org/10.1038/nclimate2469
https://www.sciencedirect.com/science/article/pii/S0308597X17300477
https://www.mdpi.com/1660-4601/17/21/7892
https://www.mdpi.com/1660-4601/17/21/7892
https://journals.ametsoc.org/view/journals/wcas/10/3/wcas-d-17-0057_1.xml
https://doi.org/10.1016/S0140-6736(15)01156-3


 

References | 212 

https://rmets.onlinelibrary.wiley.com/doi/abs/10.1002/%28SICI%291097-

0088%28200001%2920%3A1%3C1%3A%3AAID-JOC456%3E3.0.CO%3B2-P 

Stone, B., Jr., Gronlund, C. J., Mallen, E., Hondula, D. et al. (2023) How Blackouts during 

Heat Waves Amplify Mortality and Morbidity Risk. Environmental Science & Technology, 57, 

8245-8255.  https://doi.org/10.1021/acs.est.2c09588 

Tabari, H. (2020) Climate change impact on flood and extreme precipitation increases with 

water availability. Scientific Reports, 10, 13768.  https://doi.org/10.1038/s41598-020-70816-

2 

Tachiiri, K., Herran, D. S., Su, X. and Kawamiya, M. (2019) Effect on the Earth system of 

realizing a 1.5 °C warming climate target after overshooting to the 2 °C level. Environmental 

Research Letters, 14, 124063.  

Tack, J., Barkley, A. and Nalley, L. L. (2015) Effect of warming temperatures on US wheat 

yields. Proceedings of the National Academy of Sciences of the United States of America, 

112, 6931-6.  https://www.ncbi.nlm.nih.gov/pubmed/25964323 

Taylor, C. M., Belušić, D., Guichard, F., Parker, D. J. et al. (2017) Frequency of extreme 

Sahelian storms tripled since 1982 in satellite observations. Nature, 544, 475-478.  

https://doi.org/10.1038/nature22069 

Tebaldi, C., Ranasinghe, R., Vousdoukas, M., Rasmussen, D. J. et al. (2021) Extreme sea 

levels at different global warming levels. Nature Climate Change, 11, 746-751.  

https://doi.org/10.1038/s41558-021-01127-1 

Tellman, B., Sullivan, J. A., Kuhn, C., Kettner, A. J. et al. (2021) Satellite imaging reveals 

increased proportion of population exposed to floods. Nature, 596, 80-86.  

https://doi.org/10.1038/s41586-021-03695-w 

The Nature Conservatory (2019) Greater Cape Town Water Fund Business Case: 

Assessing the Return on Investment for Ecological Infrastructure Restoration.  

https://www.nature.org/content/dam/tnc/nature/en/documents/GCTWF-Business-Case-

April-2019.pdf 

https://rmets.onlinelibrary.wiley.com/doi/abs/10.1002/%28SICI%291097-0088%28200001%2920%3A1%3C1%3A%3AAID-JOC456%3E3.0.CO%3B2-P
https://rmets.onlinelibrary.wiley.com/doi/abs/10.1002/%28SICI%291097-0088%28200001%2920%3A1%3C1%3A%3AAID-JOC456%3E3.0.CO%3B2-P
https://doi.org/10.1021/acs.est.2c09588
https://doi.org/10.1038/s41598-020-70816-2
https://doi.org/10.1038/s41598-020-70816-2
https://www.ncbi.nlm.nih.gov/pubmed/25964323
https://doi.org/10.1038/nature22069
https://doi.org/10.1038/s41558-021-01127-1
https://doi.org/10.1038/s41586-021-03695-w
https://www.nature.org/content/dam/tnc/nature/en/documents/GCTWF-Business-Case-April-2019.pdf
https://www.nature.org/content/dam/tnc/nature/en/documents/GCTWF-Business-Case-April-2019.pdf


 

References | 213 

Thober, S., Kumar, R., Wanders, N., Marx, A. et al. (2018) Multi-model ensemble projections 

of European river floods and high flows at 1.5, 2, and 3 degrees global warming. 

Environmental Research Letters, 13, 014003.  https://dx.doi.org/10.1088/1748-

9326/aa9e35 

Thomas, A. and Benjamin, L. (2018) Policies and mechanisms to address climate-induced 

migration and displacement in Pacific and Caribbean small island developing states. 

International Journal of Climate Change Strategies and Management, 10, 86-104.  

https://doi.org/10.1108/IJCCSM-03-2017-0055 

Tiggeloven, T., de Moel, H., Winsemius, H. C., Eilander, D. et al. (2020) Global-scale 

benefit–cost analysis of coastal flood adaptation to different flood risk drivers using structural 

measures. Nat. Hazards Earth Syst. Sci, 20, 1025-2044.  

Tittensor, D. P., Novaglio, C., Harrison, C. S., Heneghan, R. F. et al. (2021) Next-generation 

ensemble projections reveal higher climate risks for marine ecosystems. Nature Climate 

Change, 11, 973-981.  https://doi.org/10.1038/s41558-021-01173-9 

Tobin, I., Greuell, W., Jerez, S., Ludwig, F. et al. (2018) Vulnerabilities and resilience of 

European power generation to 1.5 °C, 2 °C and 3 °C warming. Environmental Research 

Letters, 13, 044024.  https://dx.doi.org/10.1088/1748-9326/aab211 

Tramblay, Y., Villarini, G., Saidi, M. E., Massari, C. and Stein, L. (2022) Classification of 

flood-generating processes in Africa. Scientific Reports, 12, 18920.  

https://doi.org/10.1038/s41598-022-23725-5 

Trenberth, K. E. (2011) Changes in precipitation with climate change. Climate Research, 47, 

123-138.  https://www.int-res.com/abstracts/cr/v47/n1-2/p123-138/ 

Trenberth, K. E., Cheng, L., Jacobs, P., Zhang, Y. and Fasullo, J. (2018) Hurricane Harvey 

Links to Ocean Heat Content and Climate Change Adaptation. Earth's Future, 6, 730-744.  

https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1029/2018EF000825 

Trisos, C. H., Adelekan, I. O., Totin, E., Ayanlade, A. et al. (2022) Africa. In H.-O. Pörtner, 

D. C. Roberts, M. Tignor, E. S. Poloczanska et al. (eds.) Climate Change 2022: Impacts, 

Adaptation and Vulnerability. Contribution of Working Group II to the Sixth Assessment 

https://dx.doi.org/10.1088/1748-9326/aa9e35
https://dx.doi.org/10.1088/1748-9326/aa9e35
https://doi.org/10.1108/IJCCSM-03-2017-0055
https://doi.org/10.1038/s41558-021-01173-9
https://dx.doi.org/10.1088/1748-9326/aab211
https://doi.org/10.1038/s41598-022-23725-5
https://www.int-res.com/abstracts/cr/v47/n1-2/p123-138/
https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1029/2018EF000825


 

References | 214 

Report of the Intergovernmental Panel on Climate Change. Cambridge, UK and New York, 

NY, USA: Cambridge University Press, 1285–1455.  

Tsutsui, J., Yoshida, Y., Kim, D.-H., Kitabata, H. et al. (2007) Long-term climate response 

to stabilized and overshoot anthropogenic forcings beyond the twenty-first century. Climate 

Dynamics, 28, 199-214.  https://doi.org/10.1007/s00382-006-0176-y 

Tuck, M. E., Ford, M. R., Kench, P. S. and Masselink, G. (2021) Sediment supply dampens 

the erosive effects of sea-level rise on reef islands. Scientific Reports, 11, 5523.  

https://doi.org/10.1038/s41598-021-85076-x 

Tucker, J., MacDonald, A., Coulter, L. and Calow, R. C. (2014) Household water use, 

poverty and seasonality: Wealth effects, labour constraints, and minimal consumption in 

Ethiopia. Water Resources and Rural Development, 3, 27-47.  

https://www.sciencedirect.com/science/article/pii/S2212608214000035 

Tuninetti, M., Tamea, S., D'Odorico, P., Laio, F. and Ridolfi, L. (2015) Global sensitivity of 

high-resolution estimates of crop water footprint. Water Resources Research, 51, 8257-

8272.  https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1002/2015WR017148 

Uhe, P. F., Mitchell, D. M., Bates, P. D., Sampson, C. C. et al. (2019) Enhanced flood risk 

with 1.5 °C global warming in the Ganges–Brahmaputra–Meghna basin. Environmental 

Research Letters, 14, 074031.  https://dx.doi.org/10.1088/1748-9326/ab10ee 

UN-ESCAP (2017) The relationship of SDG 6 with other SDGs. United Nations Economic 

and Social Commission for Asia and Pacific https://www.grida.no/resources/13730 

UN Water (2021) Summary Progress Update 2021: SDG 6 — water and sanitation for all. 

Geneva, Switzerland.  https://www.unwater.org/publications/summary-progress-update-

2021-sdg-6-water-and-sanitation-all 

UNESCO (2020) United Nations World Water Development Report 2020: Water and Climate 

Change. Paris.  https://www.unwater.org/publications/un-world-water-development-report-

2020  

UNICEF and GWP (2022) WASH Climate-Resilient Development: Climate-Resilient 

Sanitation in Practice.  

https://doi.org/10.1007/s00382-006-0176-y
https://doi.org/10.1038/s41598-021-85076-x
https://www.sciencedirect.com/science/article/pii/S2212608214000035
https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1002/2015WR017148
https://dx.doi.org/10.1088/1748-9326/ab10ee
https://www.grida.no/resources/13730
https://www.unwater.org/publications/summary-progress-update-2021-sdg-6-water-and-sanitation-all
https://www.unwater.org/publications/summary-progress-update-2021-sdg-6-water-and-sanitation-all
https://www.unwater.org/publications/un-world-water-development-report-2020
https://www.unwater.org/publications/un-world-water-development-report-2020


 

References | 215 

https://www.unicef.org/media/131196/file/Technical%20Brief%20Climate%20Resilient%20

Sanitation%20in%20Practice.pdf  

United Nations (2015) Monitoring of Graduating Countries from the Least Developed 

Country Category: Vanuatu. New York.  https://www.un.org/development/desa/dpad/wp-

content/uploads/sites/45/CDP-PL-2015-7b.pdf 

Vafeidis, A. T., Nicholls, R. J., McFadden, L., Tol, R. S. J. et al. (2008) A New Global Coastal 

Database for Impact and Vulnerability Analysis to Sea-Level Rise. Journal of Coastal 

Research, 24, 917-924.  

van Daalen, K. R., Romanello, M., Rocklöv, J., Semenza, J. C. et al. (2022) The 2022 

Europe report of the <em>Lancet</em> Countdown on health and climate change: towards 

a climate resilient future. The Lancet Public Health, 7, e942-e965.  

https://doi.org/10.1016/S2468-2667(22)00197-9 

van Hooidonk, R., Maynard, J., Tamelander, J., Gove, J. et al. (2016) Local-scale projections 

of coral reef futures and implications of the Paris Agreement. Scientific Reports, 6, 39666.  

https://doi.org/10.1038/srep39666 

van Vliet, M. T. H., van Beek, L. P. H., Eisner, S., Flörke, M. et al. (2016a) Multi-model 

assessment of global hydropower and cooling water discharge potential under climate 

change. Global Environmental Change, 40, 156-170.  

https://www.sciencedirect.com/science/article/pii/S0959378016301236 

van Vliet, M. T. H., Wiberg, D., Leduc, S. and Riahi, K. (2016b) Power-generation system 

vulnerability and adaptation to changes in climate and water resources. Nature Climate 

Change, 6, 375-380.  https://doi.org/10.1038/nclimate2903 

Vicedo-Cabrera, A. M., Scovronick, N., Sera, F., Royé, D. et al. (2021) The burden of heat-

related mortality attributable to recent human-induced climate change. Nature Climate 

Change, 11, 492-500.  https://doi.org/10.1038/s41558-021-01058-x 

Vicedo-Cabrera, A. M., Sera, F., Guo, Y., Chung, Y. et al. (2018) A multi-country analysis 

on potential adaptive mechanisms to cold and heat in a changing climate. Environment 

International, 111, 239-246.  

https://www.sciencedirect.com/science/article/pii/S0160412017310346 

https://www.unicef.org/media/131196/file/Technical%20Brief%20Climate%20Resilient%20Sanitation%20in%20Practice.pdf
https://www.unicef.org/media/131196/file/Technical%20Brief%20Climate%20Resilient%20Sanitation%20in%20Practice.pdf
https://www.un.org/development/desa/dpad/wp-content/uploads/sites/45/CDP-PL-2015-7b.pdf
https://www.un.org/development/desa/dpad/wp-content/uploads/sites/45/CDP-PL-2015-7b.pdf
https://doi.org/10.1016/S2468-2667(22)00197-9
https://doi.org/10.1038/srep39666
https://www.sciencedirect.com/science/article/pii/S0959378016301236
https://doi.org/10.1038/nclimate2903
https://doi.org/10.1038/s41558-021-01058-x
https://www.sciencedirect.com/science/article/pii/S0160412017310346


 

References | 216 

Villamizar, A., Gutiérrez, M. E., Nagy, G. J., Caffera, R. M. and Leal Filho, W. (2017) Climate 

adaptation in South America with emphasis in coastal areas: the state-of-the-art and case 

studies from Venezuela and Uruguay. Climate and Development, 9, 364-382.  

https://doi.org/10.1080/17565529.2016.1146120 

Vosper, E. L., Mitchell, D. M. and Emanuel, K. (2020) Extreme hurricane rainfall affecting 

the Caribbean mitigated by the paris agreement goals. Environmental Research Letters, 15, 

104053.  

Wang, G., Cai, W., Gan, B., Wu, L. et al. (2017) Continued increase of extreme El Niño 

frequency long after 1.5 °C warming stabilization. Nature Climate Change, 7, 568-572.  

https://doi.org/10.1038/nclimate3351 

Ward, P. J., Jongman, B., Kummu, M., Dettinger, M. D. et al. (2014) Strong influence of El 

Niño Southern Oscillation on flood risk around the world. Proceedings of the National 

Academy of Sciences, 111, 15659-15664.  

https://www.pnas.org/doi/abs/10.1073/pnas.1409822111 

Warren, R., Jenkins, K., Price, J., Jenkins, R. et al. (2022) Literature review: climate impacts 

at the global, regional and country scale. Climate services for a net zero resilient world. . 

London.  

Wasko, C. (2022) Floods differ in a warmer future. Nature Climate Change, 12, 1090-1091.  

https://doi.org/10.1038/s41558-022-01541-z 

Wasko, C., Sharma, A. and Lettenmaier, D. P. (2019) Increases in temperature do not 

translate to increased flooding. Nature Communications, 10, 5676.  

https://doi.org/10.1038/s41467-019-13612-5 

Wdowinski, S., Bray, R., Kirtman, B. P. and Wu, Z. (2016) Increasing flooding hazard in 

coastal communities due to rising sea level: Case study of Miami Beach, Florida. Ocean & 

Coastal Management, 126, 1-8.  

https://www.sciencedirect.com/science/article/pii/S0964569116300278 

Webb, A. P. and Kench, P. S. (2010) The dynamic response of reef islands to sea-level rise: 

Evidence from multi-decadal analysis of island change in the Central Pacific. Global and 

https://doi.org/10.1080/17565529.2016.1146120
https://doi.org/10.1038/nclimate3351
https://www.pnas.org/doi/abs/10.1073/pnas.1409822111
https://doi.org/10.1038/s41558-022-01541-z
https://doi.org/10.1038/s41467-019-13612-5
https://www.sciencedirect.com/science/article/pii/S0964569116300278


 

References | 217 

Planetary Change, 72, 234-246.  

https://www.sciencedirect.com/science/article/pii/S0921818110001013 

Wehner, M. F., Reed, K. A., Loring, B., Stone, D. and Krishnan, H. (2018) Changes in 

tropical cyclones under stabilized 1.5 and 2.0 °C global warming scenarios as simulated by 

the Community Atmospheric Model under the HAPPI protocols. Earth Syst. Dynam., 9, 187-

195.  

Westra, S., Alexander, L. V. and Zwiers, F. W. (2013) Global Increasing Trends in Annual 

Maximum Daily Precipitation. Journal of Climate, 26, 3904-3918.  

https://journals.ametsoc.org/view/journals/clim/26/11/jcli-d-12-00502.1.xml 

WHO and UNICEF (2021) Progress on household drinking water, sanitation and hygiene 

2000-2020: five years into the SDGs. Geneva.  https://data.unicef.org/resources/progress-

on-household-drinking-water-sanitation-and-hygiene-2000-2020/ 

Wigley, T. M. L. (2018) The Paris warming targets: emissions requirements and sea level 

consequences. Climatic Change, 147, 31-45.  https://doi.org/10.1007/s10584-017-2119-5 

Winning, M., Calzadilla, A., Bleischwitz, R. and Nechifor, V. (2017) Towards a circular 

economy: insights based on the development of the global ENGAGE-materials model and 

evidence for the iron and steel industry. International Economics and Economic Policy, 14, 

383-407.  https://doi.org/10.1007/s10368-017-0385-3 

Wolff, C., Bonatz, H. and Vafeidis, A. T. (2023) Setback zones can effectively reduce 

exposure to sea-level rise in Europe. Scientific Reports, 13, 5515.  

https://doi.org/10.1038/s41598-023-32059-9 

World Bank (2018a) Groundswell: Preparing for Internal Climate Migration.  

https://www.worldbank.org/en/news/infographic/2018/03/19/groundswell---preparing-for-

internal-climate-migration 

World Bank (2018b) Maintaining the Momentum while Addressing Service Quality and 

Equity: A Diagnostic of Water Supply, Sanitation, Hygiene and Poverty in Ethiopia.  

https://www.worldbank.org/en/topic/water/publication/wash-poverty-diagnostic 

https://www.sciencedirect.com/science/article/pii/S0921818110001013
https://journals.ametsoc.org/view/journals/clim/26/11/jcli-d-12-00502.1.xml
https://data.unicef.org/resources/progress-on-household-drinking-water-sanitation-and-hygiene-2000-2020/
https://data.unicef.org/resources/progress-on-household-drinking-water-sanitation-and-hygiene-2000-2020/
https://doi.org/10.1007/s10584-017-2119-5
https://doi.org/10.1007/s10368-017-0385-3
https://doi.org/10.1038/s41598-023-32059-9
https://www.worldbank.org/en/news/infographic/2018/03/19/groundswell---preparing-for-internal-climate-migration
https://www.worldbank.org/en/news/infographic/2018/03/19/groundswell---preparing-for-internal-climate-migration
https://www.worldbank.org/en/topic/water/publication/wash-poverty-diagnostic


 

References | 218 

World Bank (2018c) Promising Progress: A Diagnostic of Water Supply, Sanitation, Hygiene, 

and Poverty in Bangladesh. WASH Poverty Diagnostic. Washington D.C.  

http://hdl.handle.net/10986/29450 

World Bank (2021a) Poverty and Shared Prosperity 2022: Correcting Course.  

https://elibrary.worldbank.org/doi/abs/10.1596/978-1-4648-1893-6 

World Bank (2021b) Poverty and Shared Prosperity 2022: Correcting Course: The World 

Bank.  https://doi.org/10.1596/978-1-4648-1893-6 

World Bank (2022) Bangladesh Country Climate and Development Report. Washington 

D.C.  https://openknowledge.worldbank.org/entities/publication/1d6b85c3-4959-5f93-af88-

dda33f52ee37  

World Bank (2024) Poverty and Inequality Platform (PIP). Washington D.C., USA.  

https://pip.worldbank.org/home 

Wu, P., Wood, R., Ridley, J. and Lowe, J. (2010) Temporary acceleration of the hydrological 

cycle in response to a CO2 rampdown. Geophysical Research Letters, 37.  

https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1029/2010GL043730 

Xiong, J., Guo, S., Abhishek, Chen, J. and Yin, J. (2022) Global evaluation of the “dry gets 

drier, and wet gets wetter” paradigm from a terrestrial water storage change perspective. 

Hydrol. Earth Syst. Sci., 26, 6457-6476.  https://hess.copernicus.org/articles/26/6457/2022/ 

Xu, Y., Zhang, Y. and Chen, J. (2021) Migration under economic transition and changing 

climate in Mongolia. Journal of Arid Environments, 185, 104333.  

https://www.sciencedirect.com/science/article/pii/S0140196320302329 

Yao, T., Bolch, T., Chen, D., Gao, J. et al. (2022) The imbalance of the Asian water tower. 

Nature Reviews Earth & Environment, 3, 618-632.  https://doi.org/10.1038/s43017-022-

00299-4 

Yu, W., Yang, Y.-C., Savitsky, A., Alford, D. et al. (2013) The Indus Basin of Pakistan: The 

Impacts of Climate Risks on Water and Agriculture Washington D.C.  

https://documents1.worldbank.org/curated/en/650851468288636753/pdf/Indus-basin-of-

Pakistan-impacts-of-climate-risks-on-water-and-agriculture.pdf 

http://hdl.handle.net/10986/29450
https://elibrary.worldbank.org/doi/abs/10.1596/978-1-4648-1893-6
https://doi.org/10.1596/978-1-4648-1893-6
https://openknowledge.worldbank.org/entities/publication/1d6b85c3-4959-5f93-af88-dda33f52ee37
https://openknowledge.worldbank.org/entities/publication/1d6b85c3-4959-5f93-af88-dda33f52ee37
https://pip.worldbank.org/home
https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1029/2010GL043730
https://hess.copernicus.org/articles/26/6457/2022/
https://www.sciencedirect.com/science/article/pii/S0140196320302329
https://doi.org/10.1038/s43017-022-00299-4
https://doi.org/10.1038/s43017-022-00299-4
https://documents1.worldbank.org/curated/en/650851468288636753/pdf/Indus-basin-of-Pakistan-impacts-of-climate-risks-on-water-and-agriculture.pdf
https://documents1.worldbank.org/curated/en/650851468288636753/pdf/Indus-basin-of-Pakistan-impacts-of-climate-risks-on-water-and-agriculture.pdf


 

References | 219 

Zeitoun, M., Lankford, B., Krueger, T., Forsyth, T. et al. (2016) Reductionist and integrative 

research approaches to complex water security policy challenges. Global Environmental 

Change, 39, 143-154.  

https://www.sciencedirect.com/science/article/pii/S0959378016300541 

Zhang, P., Zhang, J. and Chen, M. (2017a) Economic impacts of climate change on 

agriculture: The importance of additional climatic variables other than temperature and 

precipitation. Journal of Environmental Economics and Management, 83, 8-31.  

Zhang, S., Zhou, L., Zhang, L., Yang, Y. et al. (2022) Reconciling disagreement on global 

river flood changes in a warming climate. Nature Climate Change, 12, 1160-1167.  

https://doi.org/10.1038/s41558-022-01539-7 

Zhang, Y., Yu, C. and Wang, L. (2017b) Temperature exposure during pregnancy and birth 

outcomes: An updated systematic review of epidemiological evidence. Environmental 

Pollution, 225, 700-712.  

https://www.sciencedirect.com/science/article/pii/S026974911730074X 

 

  

https://www.sciencedirect.com/science/article/pii/S0959378016300541
https://doi.org/10.1038/s41558-022-01539-7
https://www.sciencedirect.com/science/article/pii/S026974911730074X


 

Quality assurance | 220 

11. Quality assurance Each part of the work was reviewed by a member of the 

CS-N0W consortium: 

• Coastal flooding impacts: Robert Nicholls (University of East Anglia). 

• Inland flooding impacts: Robert Nicholls (University of East Anglia). 

• Regional water stress impacts on agriculture: Paul Dodds (UCL). 

• Water stress and quality: Alison Kay (NERC CEH). 

• Clean water and sanitation: Luisa Campos (UCL). 

• Crop yields: Chrysanthi Rapti (UCL). 

• Impacts of overshoot on land food systems: Paul Dodds (UCL). 

• Impacts of overshoot on fisheries: Jeremy Blackford (NERC Plymouth Marine 

Laboratory). 

• Health impacts: Paul Dodds (UCL) 

• Impact on affordable and clean energy: Julia Tomei and Paul Dodds (both UCL) 

• Poverty: Paul Dodds (UCL). 

• Migration: Hamid Nejadghorban (UCL). 

 



 

 

 

 

 

 

 

 

 

 

 


	Acronyms
	Executive Summary
	Background and overarching methodology
	Coastal and inland flooding
	Water resources
	Food system
	Health
	Energy
	Poverty, inequality and migration

	1. Introduction
	1.1 Pathways examined in this report
	1.2 Overall methods
	1.3 Structure of this annex

	2. Impacts of coastal flooding
	2.1 Sea-level rise and the overshoot
	2.1.1 Background to sea-level rise
	2.1.2 Overshoot and global mean sea-level rise
	2.1.3 Overshoot and regional sea-level rise
	2.1.4 Global causes of extreme water level events
	2.1.5 Sea-level rise scenarios

	2.2 Regional impacts
	2.2.1 Methods
	2.2.2 Africa
	2.2.3 Asia
	2.2.4 Australasia
	2.2.5 Central and South America
	2.2.6 Europe
	2.2.7 North America
	2.2.8 Polar
	2.2.9 Small islands

	2.3 Adaptation
	2.4 Conclusions

	3. Inland flooding
	3.1 Overshoot and drivers of flooding
	3.2 Regional Impacts
	3.2.1 Africa
	3.2.2 Asia
	3.2.3 Australasia
	3.2.4 Central and South America
	3.2.5 North America
	3.2.6 Europe
	3.2.7 UK

	3.3 Adaptation
	3.4 Conclusions

	4. Impacts on water resources
	4.1 Overshoot and projections for 2  C
	4.2 Regional water stress impacts on agriculture
	4.2.1 Methods
	4.2.2 Insights

	4.3 Clean water and sanitation
	4.3.1 Links between SDG 6 and other SDGs beyond health
	4.3.2 Water Resources – Direct and Indirect Impacts

	4.4 Risks to WASH from climate change overshoot
	4.4.1 Aridity, drought and water scarcity
	4.4.2 Wetter conditions, heavy precipitation events

	4.5 Case Study 1: Learning lessons from the 2015-16 El Niño drought in Ethiopia
	4.6 Case Study 2: Cape Town’s Day Zero: climate change, drought and nature-based solutions in South Africa
	4.7 Case Study 3: Multiple risks to water and sanitation services in Bangladesh
	4.8 Case Study 4: Risks to water resources of the Indus and Ganges

	5. Food system impacts
	5.1 Impacts on crop yields
	5.1.1 Methodology
	5.1.2 Impact of local temperature changes on crop yields
	5.1.3 Projected impact of climate change on cereal yields
	5.1.4 Summary

	5.2 Impacts of overshoot on land food systems
	5.2.1 Overview of the ENGAGE model
	5.2.2 Modelling approach
	5.2.3 Limitations of the modelling approach
	5.2.4 Insights

	5.3 Impacts of overshoot on fisheries
	5.3.1 Methods
	5.3.2 Results
	5.3.3 Global impact on total biomass
	5.3.4 Impact on the different size classes
	5.3.5 Summary


	6. Health impacts
	6.1 Direct effects of overshoot on health
	6.2 Indirect effects of overshoot on health
	6.3 Lost co-benefits due to overshoot
	6.4 Economic consequences of heat stress
	6.4.1 Modelling approach
	6.4.2 Insights


	7. Impact on affordable and clean energy
	7.1 Methods
	7.2 Fossil fuel and biomass consumption
	7.3 Rate of energy system electrification
	7.4 Rate of renewable deployment
	7.5 Impacts of overshoot on electricity generation
	7.5.1 Thermal and nuclear power plants
	7.5.2 Hydropower
	7.5.3 Wind power
	7.5.4 Solar power

	7.6 Energy system resilience
	7.7 Energy access and affordability
	7.8 Clean cooking fuels and technologies
	7.9 Summary

	8. Climate impacts on poverty and migration
	8.1 Climate impacts on poverty
	8.1.1 Overview of the GlobPov model
	8.1.2 Modelling approach
	8.1.3 Insights

	8.2 Climate impacts on migration
	8.2.1 Principal drivers of migration
	8.2.2 Impact of climate shocks on migration
	8.2.3 Impact of climate shocks on the type of migration
	8.2.4 Impact of long-term climatic and related changes
	8.2.5 Projections of migration flows
	8.2.6 Conclusions


	9. Conclusions
	9.1 Water-related impacts
	9.2 Impacts on food, health and energy
	9.3 Poverty, inequality and migration
	9.4 Future research priorities

	10. References
	11. Quality assurance

