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A Scientific Overview of Climate Change

Sarah Connors, Elvira Poloczanska, Shreya
Some, Minal Pathak, and Joeri Rogelj*

KEY MESSAGES

This chapter provides an overview of the science behind, the impacts of, and the
adaptation and mitigation actions available to limit further changes to the climatic
system. All messages come from reports of the latest (sixth) assessment cycle of the
Intergovernmental Panel on Climate Change (IPCC).

After more than thirty years of the IPCC conducting assessments, the evidence
that human activities have changed the climate is undisputable. Each assessment
has significantly enhanced the scientific understanding and certainty regarding the
causes and impacts of climate change. The [IPCC’s most recent assessment stipulates
that human activities since 1850-1900 have ‘unequivocally” caused global warm-
ing, with global surface temperature reaching 1.1°C (2°F) in the decade 20112020
(1.09 [0.95 to 1.20]°C). Greenhouse gas emissions over this period, predominantly
from fossil fuel burning followed by land-use change, would have warmed the Earth
even more than what has been observed but their total warming effect has been
partly counteracted by air pollutant emissions, which have an overall cooling effect.
Carbon dioxide is the greenhouse gas that contributes the most to the warming
(~0.8°C), followed by methane (~0.5°C), nitrous oxide (~0.1°C), and fluorinated
gases (~0.1°C). Natural climate variability, such as solar or volcanic activity, has had
a negligible effect on global warming over this period.

The IPCC'’s assessments also provide increasingly detailed insight into the conse-
quences of anthropogenic climate change. These consequences have propelled the
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Farth’s climate into uncharted territory. Many of the climatic changes being felt
across the globe are unprecedented in over hundreds, thousands, and even millions
of years. Atmospheric carbon dioxide concentrations are at their highest in over
two million years, for example. Anthropogenic or human-induced climate change,
including more frequent and intense extreme events, has already caused widespread
adverse impacts and related losses and damages to nature and people, beyond nat-
ural climate variability. The adverse effects of human-induced climate change are
already felt in every region of the world. Risks of adverse impacts and related losses
and damages escalate as global warming continues to rise, the risks being higher
than present for global warming of 1.5°C, and even higher at 2°C.

The regional contributions of greenhouse gas emissions have been, and still are,
vastly unequal. Countries that have contributed the least greenhouse gas emissions
are disproportionately affected by these changes, as they are often more vulnerable
and more at risk to these changes. They also have the least capacity to adapt to the
adverse climate impacts. As of 2019, North America contributed the highest share of
historical cumulative carbon dioxide emissions (23%) followed by Europe (16%) and
East Asia (12%). Per capita emissions in 2019 show that Least Developed Countries
(LDCs) and Small Island Developing States (SIDS) have much lower emissions
than the global average. Globally, the top 10 per cent of households with the highest
per capita emissions account for up to 45 per cent of global greenhouse gas emis-
sions,' whereas the bottom 50 per cent of households only contribute up to 15 per
cent of emissions.

Despite an overall slower growth between 2010-2019, global greenhouse gas emis-
sions over this decade were higher than any other previous decade. Greenhouse gas
emissions need to be reduced immediately and drastically in order to meet the long-
term temperature goal of the Paris Agreement. To prevent further increases in tem-
peratures, we need to either stop all carbon dioxide emissions from human activities
or reach a point where any remaining emissions of carbon dioxide are balanced by
activities that remove carbon dioxide from the atmosphere permanently — or at least
for many centuries. We need to achieve net-zero carbon dioxide emissions by around
2050 to have about a 50 per cent chance that global temperatures will be limited to 1.5°C
global warming. Near-term CO, emissions reductions over the coming years and until
2030 are critical to achieve a transformation in line with limiting warming to 1.5°C.
Strong, rapid, and sustained reductions in other greenhouse gas emissions such as
methane are also needed, which would also improve air quality. However, stabilising
temperatures does not mean that global warming would go back down to previous
levels, unless global net-negative carbon dioxide emissions can be achieved through
which carbon dioxide is actively removed from the atmosphere. Many changes that
are already observed cannot be reversed — only stopped, slowed, or stabilised.

Consumption-based emissions, emissions released to the atmosphere in order to generate the goods
and services consumed by a certain entity (e.g. a person, firm, country, or region).
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Many climate changes and associated impacts respond roughly linearly to rising
carbon emissions. This means that every increment of emissions leads to notice-
able and discernible climate changes and impacts on nature and society. Adding
further urgency to the call for action is that global temperatures will continue to
increase until at least mid century under all emissions scenarios considered, even
under strong mitigation scenarios. In addition, because some aspects of the climate
respond very slowly to temperature changes, they will continue long after global
temperature has stabilised: sea level rise, for example, is projected to still rise 2—3
metres (7-10 feet) over the coming 2,000 years even if global warming is stabilised at
1.5°C. The faster and the more greenhouse gas emissions are reduced, the more the
world can avoid negative impacts and losses and damages.

Large gaps remain between the climate action needed, the action pledged,
and the action being taken. The 2023 edition of the United Nations Environment
Programme (UNEP) Emissions Gap Report indicated that Nationally Determined
Contributions (NDCs), which report efforts by each country to reduce national
emissions and adapt to climate change, available at that point in time would only
hold global warming to 2.5-2.9°C over the course of the twenty-first century (with 66
per cent likelihood). Moreover, domestic climate policies are falling short of achiev-
ing the insufficient NDCs and would, without further strengthening, result in global
warming of 3.0°C, with catastrophic consequences for people and ecosystems.*

Adaptation gaps also exist, between current levels of adaptation and levels
needed to respond to impacts and reduce climate risks. Adaptation options, includ-
ing ecosystem-based and most water-related options, become less effective with
increasing warming and require long-term planning to maximise their efficiency.
Moreover, there are limits to adaptation, some of which have already been crossed.
This means that adaptation, while essential and in need of strengthening, cannot
be the only response to tackle climate change; mitigation must be done as well. In
addition, action and support are needed to address losses and damages.

The good news is that viable options exist for achieving rapid and dramatic
decreases in greenhouse gas emissions. Ensuring that global emissions peak before
2025 and are reduced by at least 40—50 per cent by 2030 is consistent with pathways
that limit global warming to 1.5°C with little or no overshoot.

Climate change is a global issue, and everyone has a role to play in halting further
changes. Yet, historical contributions to climate change and current capabilities to
address it vary significantly within and across regions. To reflect these differences and
achieve a just transition, the regional contribution towards reducing global green-
house gas emissions to achieve net-zero emissions will need to differ too. The [PCC
assesses and reports on the literature discussing historical emissions, regional differen-
tiation of efforts, and States’ ‘fair shares’. However, the IPCC does not recommend one

* UNEP, ‘The Emissions Gap Report 2023" (UNEP, 2023) <www.unep.org/resources/emissions-gap-

report-2023> accessed 15 April 2024 (UNEP Emissions Gap Report 2023).
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specific way of how mitigation efforts can be distributed fairly. The onus is on other
various actors to develop mechanisms that address these critical issues around equity.
National and regional courts are increasingly being asked to determine such ques-
tions relating to climate change and equity, including if the climate actions pledged
by States are adequate in relation to their ‘fair share” of what is globally required. This
is important as it is only in relation to such a ‘fair share’ that the adequacy of a State’s
contribution can be assessed in the context of a global collective action problem.

Humanity stands at a crossroads. The scientific evidence is unequivocal: climate
change has already caused severe harm to nature and people. The threats it poses to
human societies and planetary health are unprecedented in scale and severity. Any
further delay in concerted anticipatory global action on adaptation and mitigation
will miss a brief and rapidly closing window of opportunity to secure a liveable and
sustainable future for all.

2.1 INTRODUCTION

Described as the ‘biggest threat modern humans have ever faced” by the UN
Secretary General Anténio Guterres in 2021, climate change is a complex problem
with widespread impacts that are already being felt across the world. These impacts
will continue to be felt for millennia — and they are a result of human actions. The
extent to which climate change can be limited or stopped depends on the actions
taken now and in the coming decades.

This chapter serves as an introduction to the scientific understanding of climate
change. It provides an overview of the science behind, the impacts of, and the adapta-
tion and mitigation actions available to limit further changes. It offers a holistic under-
standing of the complex issue of climate change and its implications for society and the
environment. The chapter is based on findings from the Sixth Assessment Report of
the IPCC,* which was released in 2021-2022, and all key messages have traceable refer-
ences to specific locations in the relevant reports, for readers who wish to learn more.

As the United Nations body for assessing the science related to climate change,
the IPCC has produced reports on climate change for over thirty years. The [PCC
contains three main working groups that cover different aspects of climate change:
Working Group I'looks at the physical climate changes, Working Group II considers
the impacts these changes have on people and ecosystems, as well as how we can
adapt to our changing climate, and Working Group III examines how climate change
can be reduced or stopped (mitigation). The IPCC does not do its own research but
bases its reports on the published scientific evidence (scientific literature, data, etc.).

3 ‘Climate Change “Biggest Threat Modern Humans Have Ever Faced”, World-Renowned Naturalist
Tells Security Council, Calls for Greater Global Cooperation” (UN, 2021) <https://press.un.org/
en/2021/sc14445.doc.htm> accessed 15 April 2024.

4 See TPCC” <www.ipcc.ch/> accessed 15 April 2024.
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Tens of thousands of scientific papers were assessed across the three working groups
in its latest (sixth) assessment cycle by almost 1,000 scientists from across the world.
Thousands more scientists contributed to the process by reviewing the report drafts.

Since the creation of the IPCC, each assessment cycle has provided input that has
underpinned international climate policymaking. The First Assessment Report in 1990,
for example, provided evidence thatled to the creation of the United Nations Framework
Convention on Climate Change (UNFCCC) and the Fifth Assessment Report contrib-
uted to the scientific foundation upon which the Paris Agreement was signed.

Each IPCC assessment cycle lasts approximately eight years, within which a set of
reports are released. lts sixth cycle, completed in 2023, was the most comprehensive to
date, releasing seven assessment reports on climate change and a methodological update
to the IPCC Guidelines for National Greenhouse Gas Inventories. These reports are:

e The Special Report on Global Warming of 1.5°C (SRu.5, 2018)

e The Special Report on Climate Change and Land (SRCCL, 2019)

® The Special Report on the Ocean and Cryosphere in a Changing Climate
(SROCC, 2019)

® 2019 Refinement to the 2006 IPCC Guidelines for National Greenhouse Gas
Inventories (TFI, 2019)

¢ Working Group I: The Physical Science Basis (WGI, 2021)

¢ Working Group II: Impacts, Adaptation and Vulnerability (WGII, 2022)

¢ Working Group III: Mitigation of Climate Change (WGIII, 2022)

* The Synthesis Report (SYR, 2023)

The first IPCC report (1990)> concluded that human-caused climate change would
soon become apparent but could not yet confirm that it was already happening. With
more data and better models, scientists now understand much more about how the
atmosphere interacts with the ocean, ice, snow, ecosystems, and land surfaces of the
Earth. Computer climate simulations have also improved dramatically, incorporating
many more natural processes and providing projections at much higher resolutions.
Now, the evidence is overwhelming that human activities have changed the climate.®

This introductory section of the chapter continues with an overview of the com-
ponents of the climate system, the carbon cycle, and the greenhouse gas effect, and
exemplifies the natural and manmade causes of climate change. Section 2.2, “The
Scientific Consensus on Anthropogenic Climate Change’, looks backwards to show
the influence that humans have had on climate change to date — covering green-
house gas emissions sources and trends, and the attribution of observed climate

5 John Houghton, Geoffrey Jenkins, and John Ephraums (eds), IPCC (Cambridge University Press
1990).

Frequently Asked Question 1.1, Delian Chen and others, ‘Chapter 1: Framing, Context, and Methods’
in Valerie Masson-Delmotte and others (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 2021) 147-286.

6
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change and extreme weather events to human influence, as well as the impacts of
these changes. Section 2.3, ‘Anthropogenic Climate Changes and Impacts’, looks at
the present situation. It focuses on the current impacts of climate change, highlight-
ing the widespread and unprecedented climate changes and their resulting impacts
on ecosystems and societies. Section 2.4, ‘Future Climate Change’, then looks for-
ward and presents future emissions scenarios and projected warming and impacts,
highlighting both fast and slow onset climate changes. This section also discusses the
increasing risks associated with climate change, regional variations, and the impli-
cations of overshooting a global warming of 1.5°C. Section 2.5, ‘Mitigating Climate
Change’, evaluates progress toward the goals set in the Paris Agreement and explores
strategies for stabilising global temperatures, including the concept of net-zero emis-
sions and carbon budgets. Section 2.6, ‘Adaptation and Resilience’, delves into strat-
egies for adapting to climate change and building resilience against its impacts.

2.1.1 The Major Components of the Climate System

The Earth’s climate system is made up of several major components that are com-
plex and interacting.” Together, they govern the Earth’s climate patterns and condi-
tions, changing over time.

The atmosphere is a protective layer of gases that surround the Earth’s surface,
which provides the air we breathe, regulates heat to keep the planet warm, and
shields us from harmful UV radiation from the sun. The sun’s heat and the FEarth’s
rotation create movement in the atmosphere; these circulation patterns redistribute
heat and moisture across the planet, influencing weather and climate.

The biosphere comprises all living organisms on Earth. It interacts with other
climate components through processes like photosynthesis, respiration, and the car-
bon and nitrogen cycles, which can affect climate through altering greenhouse gas
concentrations and the land surface. Together with the ocean, the land absorbs over
half of the carbon dioxide emissions emitted by human activities.

The hydrosphere includes the liquid surface and subterranean water, such as in
oceans, seas, rivers, freshwater lakes, underground water, wetlands, etc. Covering
70 per cent of the world’s surface, the ocean has a huge capacity to absorb and hold
heat, energy, and carbon dioxide. The ocean stores and transfers heat across the
globe through its ocean currents and deepwater circulations, which in turn affects
climate and weather patterns.

The cryosphere consists of the frozen parts of the Farth such as glaciers, sea ice,
ice sheets, and snow. Cryospheric changes can affect other climate components

7 JB Robin Matthews and others (eds), TPCC 2021: Annex VII: Glossary’ in Valerie Masson-Delmotte
and others (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 2021) 2215—2256.
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A Scientific Overview of Climate Change 19

through processes like glacier and ice-sheet melt (impacting sea levels and ocean
circulation) or through snow cover melt (impacting the Earth’s energy budget by
modifying its albedo — the amount of the sunlight reflected off the Earth’s surface).

Finally, the lithosphere is the upper layer of the solid Earth (continental and oce-
anic). It can influence the climate through changes in albedo (how much heat a
surface absorbs), through the effects of landforms on atmospheric circulation, and
through the weathering of rocks that can affect greenhouse gases concentrations
such as carbon dioxide.

The climate system is constantly changing with its components interacting with
each other. Many other processes — both inside and outside the Earth — affect the
climate system, and these are covered later in this chapter.

2.1.2 Different Types of Scientific Evidence

Scientific understanding of the climate system’s features is robust and well estab-
lished, based on multiple lines of scientific evidence. For centuries, scientists have
been measuring and monitoring aspects of the climate system in order to understand
how it works, what drives its changes, and to predict future weather. Weather obser-
vations of temperature and pressure have been made since the seventeenth century
and the first published study that argued carbon dioxide could raise the Earth’s tem-
perature was published in the nineteenth century.® Observed evidence for carbon
dioxide raising global temperatures was first reported in the early twentieth century.?
The use of weather and climate observational evidence has steadily grown through-
out the centuries. By the twentieth century, systematic and wide-ranging measure-
ments were being made, particularly from the 1970s when satellite-based observations
were established, offering near global coverage for many climate variables.

This observational evidence offers a powerful understanding of our climate — how-
ever, it is just one line of evidence that scientists use to understand the climate system.
Using paleoclimate evidence,” scientists have reconstructed the Earth’s past climate,
dating back hundreds of millions of years into the past. For example, the frozen bub-
bles taken from ice cores hold information on past temperatures and atmospheric
gas concentrations from hundreds of thousands of years ago. Similarly, marine sedi-
ment from rock cores can provide information on past temperature, ice volume, and
sea level over millions of years. As well as giving relative comparisons for today’s cli-
mate changes, these data tell us that the Earth in the past has experienced prolonged

Eunice Newton Foote, ‘Circumstances Affecting the Heat of the Sun’s Rays’ (1865) 22(65) American
Journal of Science and Arts 382—383.

9 Guy Stewart Callendar, “The Artificial Production of Carbon Dioxide and Its Influence on
Temperature’ (1938) 64(275) Quarterly Journal of the Royal Meteorological Society 223-240.
Climate during periods prior to the development of measuring instruments, including historic and
geologic time, for which only proxy climate records are available.
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periods of elevated greenhouse gas concentrations that caused global temperatures
and sea levels to rise. Studying past climate can therefore help us understand future
consequences of increasing greenhouse gases in the atmosphere.

A third line of evidence comes from climate models, which are essential tools
for scientists to simulate the Farth’s complex climate system. Climate models are
computer programs that simulate the Earth’s climate, based on fundamental laws
of physics, chemistry, and biology of the atmosphere, ocean, ice, and land. Some
models include more processes, complexity, and detail than others, giving them dif-
ferent strengths and weaknesses, but their results can be tested by comparing them
with past observations and paleo evidence. Climate models can be used to identify
what has caused these past changes, and also to explore how the climate could
change in the future under scenarios (see Section 2.4). Climate model complexity
and the methods for projecting future changes have matured over the decades, but
the IPCC concluded that the projections from even the early, simple climate mod-
els quite accurately projected what was subsequently observed.

Finally, scientific understanding of physical, chemical, biological, and geological
processes that underpin how the climate works complement evidence from obser-
vations, paleoclimatology, and modelling. Ocean and atmospheric circulation,
ice-sheet dynamics, radiative forcing (how substances alter the balance of energy
entering and leaving the Earth’s atmosphere), cycles such as the carbon or nitrogen
cycles, and climate feedbacks (processes that lead to an amplification or a dampen-
ing of further climate changes) are all examples of climate processes.

Used together, these multiple lines of evidence provide the backbone of the sci-
entific understanding of climate change. They enable scientists to test hypotheses,
attribute the causes of climate change, and inform adaptation and mitigation deci-
sion making." Other sources of knowledge, including Indigenous knowledge, can
also provide important insight into climate change and its drivers, impacts, and pos-
sible responses.”

2.1.3 Natural Variability of the Climate

Today, the climate is warming almost everywhere across the globe. While global sur-
face temperature has varied over millennia, the reason for recent warming is different.

Constructed using the lines of evidence described earlier, Figure 2.1 shows how atmo-
spheric carbon dioxide levels (upper panel) and global surface temperature (lower panel)
have varied over the past 60 million years and how they could evolve into the future, to
the year 2300. Temperature changes are all relative to a baseline period just before the
industrial revolution (1850-1900). There has always been a close relationship between

1

Section 1.3.3, Chen and others (n 6).
 For example, Intergovernmental Panel on Climate Change, AR6 Synthesis Report: Climate Change
2023 107 <www.ipcc.ch/report/sixth-assessmentreport-cycle/> accessed 15 April 2024.
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FIGURE 2.1 Historical records of global carbon dioxide concentration levels (parts
per million, ppm) and temperature (°C) over the past 60 million years. For context,
humans developed around 250,000 years ago, and agriculture only developed 10,000
years ago with a more stable and warmer climate.”

carbon dioxide and global temperature but the causes of these changes that are happen-
ing now are very different compared to the changes that have occurred in the past.
Natural causes of climate change refer to variations in climate that can be either
externally driven by natural changes or internally generated within the climate sys-
tem. Figure 2.1 shows how some external natural variability can operate on very long
time scales (see the 8oo,000-0 years axis in Figure 2.1). These temperature and car-
bon dioxide changes result from changes in the Earth’s orbit around the sun. These
orbital changes alter the amount of energy absorbed by the Earth from the sun and
operate over (very long) time scales of tens-to-hundreds of thousands of years."* These
orbital shifts alone are not enough to explain the large changes in temperature seen
in the past ice ages — global average temperature then was around 4°C cooler than
it is today — but they kick-start other processes that further amplify the changes to

3 Figure TS.1, Paola A Arias and others ‘2021: Technical Summary’ in Valerie Masson-Delmotte and
others (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 2021).

' Frequently Asked Question 3.2, Veronika Eyring and others, ‘Chapter 3: Human Influence on the
Climate System’” in Valerie Masson-Delmotte and others (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 2021) 423-552.
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temperature and carbon dioxide levels. More ice on the Farth’s surface causes more
of the sun’s energy to be reflected back to space, therefore further cooling the Earth.
This is one example of what is referred to as climate feedback. More ice in colder
temperatures also means lower sea levels, which results in more land area and more
growing vegetation that absorb carbon dioxide, thus lowering atmospheric levels.
Volcanic eruptions are another example of external natural variability, as volcanoes
are not part of the climate system but can still cause changes. Large volcanic erup-
tions can cool the Earth through the particles that they emit, acting as a shield to the
sun’s rays and reflecting back some incoming radiation. This effect is short-lived: the
effect on surface temperature typically fades within a decade after the eruption.

Much like the effects of volcanic eruptions, effects of internal natural variability
also span over shorter time frames of years to decades. Internal natural variabil-
ity refers to when energy within the climate system redistributes among the differ-
ent climate components (atmosphere, hydrosphere, etc.). These changes are more
clearly observed regionally compared to on the global scale. One example of inter-
nal natural variability is El Nifio—Southern Oscillation (ENSO), a climate pattern
in the tropical Pacific that oscillates between two phases over a period of two to
seven years. The ENSO phase influences a variety of weather phenomena around
the world, intensifying heat extremes during the El Nifio phase, for example.

Natural variability causes major year-to-year or even decadal changes in global surface
climate, but over the longer term, it plays a smaller role. Over multiple decades or longer,
the oscillations caused by natural variability are clearly discernible from long-term trends
caused by human influence. When combined with human-caused climate changes, the
consequences of natural variability can be either larger or smaller than initially projected.
For those regions affected by ENSO, for example, the human-caused changes to rainfall
and wildfires can be a bit larger, or smaller, for that short period of time. There is always a
chance that future changes could be a bit stronger (or a bit weaker) than projected — but
these natural factors will have little effect on long-term trends.”

By comparing today’s temperature and carbon dioxide levels with past changes to
the climate, it is clear that the recent warming is different from before. Carbon diox-
ide levels are already their highest in at least two million years. Global temperatures
are their highest in atleast 100,000 years. The speed of warming over the last 5o years
was faster than any other so-year period over the past 2,000 years. Recent warming
reverses a long-term global cooling trend. After the last ice age, global surface tem-
perature peaked around 6,500 years ago, then started to slowly decline. It was not
until the mid nineteenth century that the long-term cooling trend started to reverse
with now persistent and prominent warming. Today the climate is warming almost
everywhere across the globe. Over the past 2,000 years, some regions have always
experienced periods of more or less warming than the global average. For example,
the North Atlantic region warmed more than many other regions during the tenth

5 ibid.
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and thirteenth centuries, but almost every region of the world is now experiencing
sustained warming since the industrial revolution.™®

The right-hand side of Figure 2.1 shows how global temperatures and carbon diox-
ide levels could evolve in the coming centuries depending on the choices made by
society. Some projected global temperature changes would be larger than the Earth
has experienced for over three million years. This is discussed further in Section 2.4.1.

2.1.4 The Greenhouse Effect

The Earth’s energy budget describes the flow of energy within the climate system.
Our planet receives vast amounts of energy every day in the form of sunlight. Around
a third of the sunlight is reflected back to space by clouds, by tiny particles called
aerosols, and by bright surfaces such as snow and ice. The rest is absorbed by the
ocean, land, ice, and atmosphere. The planet then emits energy back out to space
in the form of thermal radiation. In a world that was not warming or cooling, these
energy flows would balance. Some gases in the atmosphere — such as carbon dioxide,
methane, and nitrous oxide — warm the Earth by absorbing and then re-radiating
some of the energy emitted by the planet as heat. These gases make it harder for heat
to be released into outer space. Instead, it is transferred into the climate system."”
This effect is called the greenhouse effect, as the same mechanism occurs in a green-
house, with walls of the greenhouse trapping warmer air inside, making it warmer than
its surroundings. Facilitated by greenhouse gases occurring naturally in the atmo-
sphere, the greenhouse effect is a natural process that makes the Earth liveable for
humans: without the natural greenhouse effect, the global average temperature would
be about 33°C (59°F) colder. However, human activities since the industrial revolution
have led to additional, anthropogenic greenhouse gases accumulating in the atmo-
sphere. These emissions result mostly from burning fossil fuels (coal, oil, and gas) but
also from agriculture and cutting down forests. These actions have boosted the green-
house effect, causing global warming and disruption of the climate system. The excess
energy is taken up by different parts of the Earth: g1 per cent is absorbed by the oceans,
5 per cent is absorbed by the land, 3 per cent is absorbed by the ice. Only 1 per cent of

Frequently Asked Question 2.1, Sergey K Gulev and others, 2021: Changing State of the Climate
System” in Valerie Masson-Delmotte and others (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 2021). See also Sections A.2 & B.1, TPCC,
2021: Summary for Policymakers’ in Valerie Masson-Delmotte and others (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 2021) (IPCC, 2021:
Summary for Policymakers).

Frequently Asked Question 7.1, Piers Forster and others 2021: The Earth’s Energy Budget, Climate
Feedbacks, and Climate Sensitivity’ in Valerie Masson-Delmotte and others (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 2021).
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the extra heat is absorbed by the atmosphere. Although the mechanism of the green-
house effect is relatively simple, the causal mechanisms through which this imbalance
in energy manifests itself throughout the climate system, and how these modifications
impact societies and ecosystems across the globe, are more complex. The remainder
of this chapter will delve into these complexities and unpack a wealth of scientific evi-
dence demonstrating that the impacts of a changing climate have been and will con-
tinue to be profound and widespread.”

2.2 THE SCIENTIFIC CONSENSUS ON
ANTHROPOGENIC CLIMATE CHANGE

This section introduces the science which shows that it is now unequivocal that
human activities have caused global warming. It presents the sources and trends
associated with global warming and shows how we can link that warming and other
changes in the climate system to human influence.

2.2.1 Greenhouse Gas Emissions Sources and Trends

Since 1850, emissions of greenhouse gases into the atmosphere have steadily increased,
totalling 2,400 + 240 GtCO," until the year 2019. Despite the growth rate slowing in
the 20102019 decade, the average greenhouse gas emissions over this decade were
higher than any other previously recorded. Figure 2.2 shows how the net emissions
of the major anthropogenic greenhouse gases have changed for the years 199o—2019.
The largest amount of net emissions are of carbon dioxide. Emission totals for the year
2019 were calculated to be 59 = 6.6 GtCO,~eq,* which is 12 per cent higher than 2010
levels and 54 per cent higher than 19go levels. The largest share and growth in green-
house gas emissions comes from carbon dioxide emissions resulting from fossil fuels
combustion and industrial processes (64% of 2019 emissions), followed by methane
(18% of 2019 emissions). Of the 2019 emission total, 11 per cent was carbon dioxide
emissions associated with land use and land-use change (e.g. deforestation).™

Both historically and at present, the regional distribution of emissions across the globe
has been very unequal. Figure 2.3 shows the historical contribution (1850-2019) of carbon
dioxide per region. Fossil fuel and industry and land use, land-use change, and forestry
emissions are shown in panel (a). North America has contributed the highest share of
historical carbon dioxide emissions (23%) followed by Europe (16%) and East Asia (12%).

Section A.4, IPCC, 2021: Summary for Policymakers (n 16).

9 Gt = gigatons. 1 Gt is 1 billion metric tonnes. 2400 GtCO, = 2,400,000,000,000,000 tonnes of CO,.
CO,-equivalents (CO,-eq) are calculated to compare different greenhouse gas emissions across a
common scale. This calculation can vary depending on which greenhouse gas ‘metric’ is used. The
IPCC report calculated the CO,-eq for each greenhouse gas using the global warming potential with
a time horizon of 100 years, or GWP-100.

* Section B.1, IPCC, 2021: Summary for Policymakers (n 16).
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Global net anthropogenic emissions have continued to rise across all major groups of greenhouse gases.

Global net anthropogenic GHG emissions 1990-2019 ®

386Gt 426t 53Gt 59Gt 59 +6.6 Gt [ Fluorinated
+0.7% yr +21%yr! +1.3%yr!

gases (F-gases)

I Nitrous
oxide (N;0)

I VMethane (CH,)

I Net CO, from land
use, land use
change, forestry
(CO,LULUCF)

I CO: from fossil

fuel and industry
(COFFI)

GHG emissions (GtCO-eq yr)

1990 2000 2010 2019 2019

FIGURE 2.2 Global net anthropogenic GHG emissions (GtCO,~eq yr™') 1990—2019.
Global net anthropogenic GHG emissions include CO, from fossil fuel combustion
and industrial processes (CO,~FFI); net CO, from land use, land-use change, and
forestry (CO,-LULUCF); methane (CH,); nitrous oxide (N,O); and fluorinated gases
(HFCs, PFCs, SFg, NF,). At the right side of the panel, associated uncertainties for
each of the components for 2019 are shown.*

Panel (b) compliments the historical contributions by showing the 2019 contributions,
including other major greenhouse gases, and is weighted by population across the regions,
showing the per capita distributions. Taller, narrower rectangles represent regions with
lower populations but larger emissions. North America still remains the region with the
highest contribution to emissions on a per capita and total population basis.”

The global average emissions per person is 6.9 tCO,—eq for the year 2019 (not
including land-use-related emissions). Around 35 per cent of the global population
live in countries emitting more than g tCO,~eq per capita while 41 per cent live in
countries emitting less than 3 tCO,—eq per capita, and, of the latter, a substantial share
lacks access to modern energy services. LDCs and SIDS have much lower per capita
emissions than the global average (1.7 tCO,~eq and 4.6 tCO,—eq, respectively).*

Globally, the 10 per cent of households with the highest per capita emissions con-
tribute 34—45 per cent of consumption-based household greenhouse gas emissions,
while the bottom 50 per cent contribute 13-15 per cent.

22

Figure SPM.1, ‘IPCC, 2022: Summary for Policymakers’ in Priyadarshi Shukla and others (eds),

Climate Change 2022: Mitigation of Climate Change. Contribution of Working Group 111 to the Sixth

Assessment Report of the Intergovernmental Panel on Climate Change (Cambridge University Press

2022) (IPCC, 2022: Summary for Policymakers WG3).

» Section A1, TPCC, 2023: Summary for Policymakers” in Hoesung Lee and others (eds), Climate
Change 2023: Synthesis Report. Contribution of Working Groups I, 11 and 111 to the Sixth Assessment
Report of the Intergovernmental Panel on Climate Change (Cambridge University Press 2023) (IPCC,
2023: Summary for Policymakers).

* ibid.

2!

M

ibid. In the IPCC, consumption-based emissions are defined as emissions released to the atmosphere
in order to generate the goods and services consumed by a certain entity (e.g. a person, firm, country,
or region).

Downloaded from https://www.cambridge.org/core. DTU Library - Technical University of Denmark, on 11 Jun 2025 at 10:16:20, subject to the
Cambridge Core terms of use, available at https://www.cambridge.org/core/terms. https://doi.org/10.1017/9781009409155.003


https://www.cambridge.org/core/terms
https://doi.org/10.1017/9781009409155.003
https://www.cambridge.org/core

26 Connors, Poloczanska, Some, Pathak, and Rogelj

a. Historical ¢ lative net anthropogenic CO, emissi b. Net anthropogenic GHG emissions per capita
per region (1850-2019) and for total population, per region (2019)
North America
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FIGURE 2.3 Regional differentiations of greenhouse gas emissions. Panel (a):
Cumulative regional carbon dioxide emissions from 1850 to 2019. Panel (b): Regional
GHG emissions in tonnes CO,—eq per capita by region in 2019. Note that emissions from
international aviation and shipping are not included. Key: Black = CO, from fossil fuel
combustion and industrial processes (CO,~FFI); Dark grey = net CO, from land use,
land-use change, and forestry (CO,~LULUCF); Light grey = Other GHG emissions.>°

In 2015, countries adopted the Paris Agreement, which set a goal of holding ‘the
increase in the global average temperature to well below 2°C above pre-industrial
levels” and pursuing efforts ‘to limit the temperature increase to 1.5°C above pre-
industrial levels’?” In order to achieve this longtemperature goal, immediate and
drastic reductions of greenhouse gas emissions are needed. Regional contributions to
these reductions should reflect the principles of ‘equity” and ‘common but differenti-
ated responsibilities and respective capabilities’, to enable a just transition.>® In contrast
to previous reports, the IPCC’s Sixth Assessment Report does not provide quantitative
indications of how these regional differences could be reflected in mitigation targets.
The onus is therefore on other mechanisms and actors to specify equity principles and
quantify their implications. National and regional courts are increasingly being asked
to determine questions relating to climate change and equity, including if the climate
actions pledged by States are adequate in relation to their fair share of what is globally
required, as it is only in relation to such a ‘fair share’ that the adequacy of a State’s
contribution can be assessed in the context of a global collective action problem.*

Figure SPM.2, IPCC, 2022: Summary for Policymakers WG3 (n 22).

*7 Paris Agreement (entered into force 4 November 2016) 3156 UNTS 79 (Paris Agreement) art 2(1)(a).
Box T'S.4, Minal Pathak and others, 2022: Technical Summary” in Priyadarshi Shukla and others
(eds), 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 University
Press 2022).

9 This is discussed further in Chapter 13 on common but differentiated responsibilities and respective
capabilities.
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2.2.2 Attributing Human Influence on the Climate

Using the multiple lines of evidence described in this chapter’s introduction (Section
2.1), the level of human influence on global warming and many other aspects of
changes in the climate system are now known. Attributing the causes of climate
change largely refers to three main concepts: the attribution of observed climate
change to human influence, the attribution of weather and climate extreme events
to human influence, and the attribution of impacts on ecosystems and human sys-
tems to changing climate and to human influence. This section provides an over-
view of the current evidence using attribution methods.>* The following chapter on
attribution science dives deeper into this topic.

2.2.2.1 Attribution of Human Influence to Observed
Climate Change

Since 1850-1900, human activities have unequivocally caused global warming,
with global surface temperature reaching 1.1°C (2°F) in the decade 2011—2020
(1.09 [0.95 to 1.20]°C). All of the observed global surface temperature increase
can be attributed to human activities, as Figure 2.4 shows. This figure uses evi-
dence from ‘fingerprint’ attribution studies, which synthesise and compare infor-
mation from climate models and observations. Panel (a) compares observations
with climate simulations that take into account only natural drivers or natural
and human drivers. It is only when climate model simulations include human-
caused greenhouse gases that they can recreate temperature observations. By com-
paring the total observed warming (panel (b)) with the warming amount from
different contributors (panel (c)), it can be seen that greenhouse gas emissions
from human activities would have in fact warmed the Earth even more than what
has been observed, by about 1.5°C (2.7°F) in total. Their total warming effect has
been partly counteracted by emissions of air pollutants called aerosols, which have
an overall cooling effect. Carbon dioxide is the greenhouse gas that contributes
the most to the warming (~0.8°C), followed by methane (~0.5°C), nitrous oxide
(~0.1°C), and fluorinated gases (~0.1°C). Solar and volcanic drivers of the climate
changed temperatures by —0.1°C to 0.1°C, and internal variability changed it
by —0.2°C to 0.2°C .3

Human influence on multiple other changes occurring in the climate system
has also been attributed. The IPCC assessment attributes human influence as the
‘main driver’ (contributing more than so per cent) of, or as a contributor to, the
following changes. The level that human influence is attributable as the main
driver is expressed using a likelihood phrasing that has a probabilistic definition or

3° Cross-Working Group Box on Attribution in Chen and others (n 6).
3 Section A.1, IPCC, 2023: Summary for Policymakers (n 23).
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Human influence has warmed the climate

(a) Change in global surface temperature (annual average) relative to 1850-1900  (b) Observed g ©@C t02010-2019
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FIGURE 2.4 Observed warming is caused by emissions from human activities, with
greenhouse gas warming partly masked by aerosol cooling. Panel (a): Changes in global
surface temperature over the past 170 years (thick black line) relative to 1850-1900 and
annually averaged, compared to climate model simulations (CMIP6) of the temperature
response to both human and natural drivers (dark grey line and shading), and to only
natural drivers (solar and volcanic activity) (light grey line and shading). Solid lines
show the multi-model average, and shading shows the very likely range of simulations.
Panel (b): The bar shows the observed increase of global surface temperature in
2010-2019 relative to 1850-19o0 and its uncertainty range (black error bar line). Panel
(c): Temperature change in 20102019 relative to 1850-1900 attributed to total human
influence, change in well-mixed greenhouse gases concentrations, other human drivers
(aerosols, ozone, and land-use change), natural drivers (solar and volcanic), and internal
climate variability. Whiskers show uncertainty ranges (black error bar lines).3*

a qualitative phrasing of confidence. Note that if no confidence or likelihood term
is stated in the list then the change has only been observed and not fully attributed.
Confidence and likelihood terms are defined using the IPCC guidelines.

3 Figure adapted from Figures SPM.1 and SPM.2, IPCC, 2021: Summary for Policymakers (n 16).

33 All IPCC Sixth Assessment Reports use two variables to communicate the degree of certainty asso-
ciated with a specific finding: confidence (a qualitative measure based on the amount of evidence
and the degree of agreement) and likelihood (a quantitative measure expressed probabilistically). A
level of confidence is expressed using five qualifiers: very low, low, medium, high, and very high. The
following terms are used to indicate the assessed likelihood of an outcome or result: virtually cer-
tain 99—100% probability; extremely likely 95—100%; very likely go—100%; likely 66—100%; more likely
than not >50-100%; about as likely as not 33-66%; unlikely 0-33%; very unlikely 0o-10%; extremely
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® 'The global retreat of glaciers (very likely main driver of, since the 19gos).

® 'The decrease in Arctic sea-ice area (very likely main driver of, since the late
twentieth century).

® Decreased northern hemisphere spring snow cover (very likely main driver of,
since 1950).

¢ The surface melting of the Greenland Ice Sheet (very likely main driver of, over
the past two decades).

e Global mean sea level rise (very likely main driver of, at least since the 1970s),
the rate of which has since been accelerating, as ice-sheet and glacier mass loss
are now the dominant contributors to rising global mean sea level.

® The warming of the global upper ocean (extremely likely main driver of, since
the 1970s).

o Global acidification of the surface open ocean (virtually certain main driver of).

¢ Reduced oxygen levels in many upper ocean regions (medium confidence con-
tributed to, since the mid twentieth century).

® Changes in near-surface ocean salinity (extremely likely contributed to).

* Increased globally averaged precipitation over land (likely contributed to, since
1950), with a faster rate of increase since the 198os.

e 'The shift of mid-latitude storm tracks polewards in both hemispheres (since
the 1980s).

¢ 'The poleward shift of the southern hemisphere extratropical jet in austral sum-
mer (very likely contributed to, since the 1980s).

e A shift polewards of climate biosphere zones in both hemispheres (since the
1970s), and the growing season has on average lengthened in the Northern
Hemisphere extratropics (since the 1950s).

2.2.2.2 Attribution of Weather and Climate Extreme Events to Human Influence

It is also now possible to attribute the change in likelihood or characteristics of spe-
cific regional weather or climate events or classes of events to underlying drivers,
including human influence. Extreme events where an attributable human influence
have been identified include hot and cold temperature extremes (including some
with widespread impacts), heavy precipitation events, certain types of droughts, and
tropical cyclones.3*

Human-induced climate change is already affecting many weather and climate
extremes. In previous IPCC reports, it was not possible to say if or how much human-
caused climate change contributed to individual extreme events, but this is now

unlikely 0—5%; and exceptionally unlikely o-1%. See ‘Guidance Note for Lead Authors of the IPCC
Fifth Assessment Report on Consistent Treatment of Uncertainties’ <www.ipce.ch/site/assets/
uploads/z018/o5/uncertainty-guidance-note.pdf> accessed 15 April 2024.

34 Cross-Working Group Box on Attribution in Chen and others (n 6).
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possible with the development of new scientific methods. For most of these extremes,
the extent to which human influence is the main driver of or has contributed to these
climate changes can be described using a likelihood or confidence phrasing.

e Hot extremes have become more frequent and more intense across most land
regions (high confidence main driver of, since the 1950s). The occurrence
of some hot extremes would have been extremely unlikely to occur without
human influence over the past decade. On a global scale, hot extreme events
that used to have a one-in-fifty-year likelihood during the pre-industrial period
have now become approximately five times more probable due to human activ-
ities. Similarly, events with a one-in-ten-year probability have become almost
three times more likely.

® Cold extremes have become less frequent and less severe (high confidence
main driver of, since the 1950s).

¢ Increased marine heatwaves (very likely contributed to, since at least 20006).
Marine heatwaves have approximately doubled in frequency since the 198os.

e Increased frequency and intensity of heavy precipitation over land where data
allows for analysis (likely contributed to, since the 1950s).

* Increased agricultural and ecological droughts in some regions due to increased
land evapotranspiration (medium confidence contributed to, since the 1950s).

e Increased occurrences of the major (Category 3—5) tropical cyclones (since the
19708).

e Although there has been no overall increase in the annual number of tropical
cyclones, they are now likely stronger (the proportion of Category 3—5 tropical
cyclones has increased since the 1970s) and this cannot be explained by only
natural variability.

¢ Increased heavy precipitation associated with tropical cyclones (supported by
attribution studies and physical process understanding but not observed on the
global scale due to data limitations).

® Increased chance of compound extreme events (since the 1950s). Compound
extreme events are the combination of multiple drivers and/or hazards that
contribute to societal or environmental risk and include concurrent heatwaves
and droughts, fire weather in some regions of all inhabited continents, and
compound flooding.

® Human activities have impacted the global monsoon system, although in this
case there is a complex interplay between the influence of climate-warming
greenhouse gases and other types of air pollution.

Figure 2.5 is a synthesis of assessed observed and attributable regional changes. It shows
that human-caused climate change has already affected all inhabited regions around

35 Section A.3, IPCC, 2021: Summary for Policymakers (n 16).
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Climate change is already affecting every inhabited region across the globe,
with human influence contributing to many observed changes in weather
and climate extremes

(a) Synthesis of assessment of observed change in hot extremes and

confidence in human contribution to the observed changes in the world’s regions
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in hot extremes

America
‘ Increase (41)
‘ Decrease (0)

O Low agreement in the type of change (2)

O Limited data and/or literature (2) Pl ‘

Confidence in human contribution
to the observed change

eee High
o Medium

small
Islands

@ Low due to limited agreement
© Low due to limited evidence
Type of observed change since the 19505

(b) Synthesis of assessment of observed change in heavy precipitation and
confidence in human contribution to the observed changes in the world’s regions
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(c) Synthesis of assessment of observed change in agricultural and ecological drought
and confidence in human contribution to the observed changes in the world’s regions
Type of observed change
in agricultural and ecological drought
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Each hexagon corresponds  IPCC AR6 WG reference regions: North America: NWN (North-Western North America, NEN (North-Eastern North America), WNA
to one of the IPCC ARS (Western North America), CNA (Central North America), ENA (Eastern North America), Central America: NCA (Northern Central America),
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FIGURE 2.5 Synthesis of assessed observed and attributable regional changes for (a)
hot extremes (b) heavy precipitation and (c) agricultural and ecological drought.

The inhabited regions as defined in the IPCC Working Group I Sixth Assessment
Report are displayed as hexagons with identical size in their approximate geographical
location. The shading of each hexagon corresponds to observed changes. The dots
within each hexagon indicate the level of confidence in the human contribution to
these changes. All assessments are made for the 1950s to the present. White and light-
grey striped hexagons are used where there is low agreement in the type of change for
the region as a whole, and light grey hexagons are used when there is limited data and/
or literature that prevents an assessment of the region as a whole.3®

3% Figure SPM.3, IPCC, 2021: Summary for Policymakers (n 16).
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the world through occurrences of hot extremes, heavy precipitation events, and agricul-
tural and ecological droughts. When the IPCC was first established, it was not possible
to confirm that climate change was already happening, but now we are able to actually
observe and attribute changes all across the world of human-caused climate change.

2.3 ANTHROPOGENIC CLIMATE CHANGES AND IMPACTS

This section highlights the widespread and unprecedented climate changes already
being experienced worldwide and the corresponding present-day impacts on ecosys-
tems and societies.

2.3.1 Widespread, Unprecedented Climate Changes

The influence of human activities is propelling the Earth’s climate into uncharted
territory. Many of the climate changes being felt across the globe are unprecedented
in over hundreds, if not thousands, or even millions, of years. Continued increases
in atmospheric greenhouse gas concentrations reached annual averages of 410 parts
per million (ppm) for carbon dioxide, 1,866 parts per billion (ppb) for methane, and
332 ppb for nitrous oxide in 2019. These levels were higher than any time in at least
two million years for carbon dioxide and 800,000 years for methane and nitrous
oxide. Global surface temperatures have increased faster since 1970 than in any
other so-year period over at least the last 2,000 years. Each of the last four decades
has been warmer than any previous decade since 1850 and the years 2011—2020 were
the warmest decade the world has experienced in at least the last 100,000 years.
The area of the Arctic Ocean covered by sea ice in the summer is now 40 per cent
smaller than in the 1980s. It is the smallest it has been for at least 1,000 years. The
near global retreat of all glaciers since the 1950s is unprecedented in at least the last
2,000 years. By absorbing carbon dioxide from the atmosphere, the ocean is becom-
ing more acidic. The surface water of the ocean is now unusually acidic compared
with the last two million years. Global mean sea level has risen ~o.2om between
1901 and 2018. This increase was faster than in any preceding century over the last
3,000 years. The global ocean has warmed faster in the past century than during the
end of the last deglacial transition around 11,000 years ago.3’

2.3.2 Resulting Impacts on Ecosystems and Societies

Human-induced climate change, including more frequent and intense extreme
events, has caused widespread adverse impacts and related losses and damages to
nature and people, beyond natural climate variability (Figure 2.6). They manifest as

37 Section A.2, IPCC, 2021: Summary for Policymakers (n 16).

Downloaded from https://www.cambridge.org/core. DTU Library - Technical University of Denmark, on 11 Jun 2025 at 10:16:20, subject to the
Cambridge Core terms of use, available at https://www.cambridge.org/core/terms. https://doi.org/10.1017/9781009409155.003


https://www.cambridge.org/core/terms
https://doi.org/10.1017/9781009409155.003
https://www.cambridge.org/core

A Scientific Overview of Climate Change 33

Impacts of climate change are observed in many ecosystems and human systems worldwide

(a) Observed impacts of climate change on ecosystems
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FIGURE 2.6 Observed global and regional impacts on (a) ecosystems and (b) human
systerns attributed to climate change at global and regional scales. Confidence levels in the
attribution of the observed impacts to climate change are given. Global assessments focus
on large studies, multi-species, meta-analyses, and large reviews. For that reason, they can
often be assessed with higher confidence than regional studies, which often rely on smaller
studies that have more limited data. Regional assessments consider evidence on impacts
across an entire region. For human systems (b), the + and — symbols indicate the direction
of observed impacts, with a — denoting an increasing adverse impact and a + denoting that,
within a region or globally, both adverse and positive impacts have been observed.®

3 Figure SPM.2, ‘IPCC, 2022: Summary for Policymakers’ in Hans O Portner and others (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 University Press
2022) (IPCC, 2022: Summary for Policymakers WGz2).
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the consequence of a spectrum of climatic events, ranging from the sudden inten-
sity of extreme occurrences like heatwaves, floods, storm surges, hurricanes, and
cyclones to the gradual onset of phenomena such as increasing temperatures, gla-
cial retreat, prolonged droughts, ocean acidification, and rising sea levels. Impacts
on terrestrial, freshwater, and ocean ecosystems include species losses and changes
in timing such as flowering and growing seasons.

Climate change has resulted in a wide array of detrimental impacts on human
systems, spanning from water security and food production to health and overall
well-being, as well as impacts on urban areas, communities, infrastructure, and
economies. The most vulnerable countries and communities, which historically are
those that have contributed the least to current climate change, are disproportion-
ately impacted with devastating consequences on their lives and livelihoods. Some
examples of impacts, detailed in the IPCC WGII report, are given later.

2.3.2.1 Impacts on Ecosystems

Climate change has altered terrestrial, freshwater, and ocean ecosystems. Observed
impacts include local species losses and shifts in ecosystem composition, alterations
in the geographical distribution of species, pests, and diseases, and changes in the
timing of seasonal events (phenology) such as animal migration or plant flowering.
Of the thousands of species assessed around the world, approximately half show
shifts in geographical distributions towards the poles or to higher elevations on land.
At higher latitudes, warming has expanded the available habitable areas but has also
altered the timing of biological events such as flowering, breeding, and migrations.
This can result in potential mismatches between, for example, plant flowering and
pollinator appearance, insect availability, and bird breeding, or plankton blooms
and the appearance of young fish.

Losses of local plant and animal populations have been widespread and many are
associated with large increases in hottest yearly temperatures and heatwaves on land
and in the ocean. Examples of such events include large-scale coral reef bleaching
and death, mass mortalities of wildlife such as fruit bats on land and fish in lakes and
coastal waters, death of mangroves along tropical coastlines, and increases in forest
and grassland area burned by wildfires. Some of these losses are already becoming
irreversible as species and ecosystems, such as coral reefs, are pushed beyond their
natural abilities to adapt. Species extinctions are an irreversible impact; there is now
evidence of two species extinctions driven by climate change.

The close interlinkages between climate, nature, and people mean that
climate-driven impacts on ecosystems have consequences for food and water sup-
ply, human health, livelihoods, well-being, and other essential aspects of human
life. Human communities, particularly Indigenous Peoples and those dependent
on the environment for their subsistence and well-being, are already being nega-
tively impacted. In addition, climate change impacts interact with other societal
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and environmental challenges such as biodiversity loss from overexploitation and
habitat destruction, unsustainable land-use change, unsustainable consumption
and production, socioeconomic development patterns, and historical and ongo-
ing patterns of inequity; these can reinforce and intensify the impacts of climate
change ¥

2.3.2.2 Impacts on Humanity

2.3.2.2.1 FOOD AND WATER SECURITY Many millions of people are experiencing
climate change through impacts on food and water security. Changes in the
hydrological cycle have exposed more people to the hazards of floods and droughts
exacerbating existing water-related vulnerabilities caused by socioeconomic factors.
Mortality rates from floods, droughts, and storms were fifteen times higher in highly
vulnerable countries compared to less vulnerable ones over 2010-2020. Currently,
nearly half of the world’s population experiences severe water scarcity for at least
one month each year due to climatic and other factors. Approximately half a billion
people now reside in areas where precipitation levels have increased to historically
unfamiliar levels, mainly in the mid and high latitudes, while around 163 million
people live in areas that have become unusually dry.

Droughts, floods, heatwaves including marine heatwaves, and variable rainfall
have contributed to reduced food availability and higher food prices, posing signif-
icant threats to food and nutrition security and the livelihoods of millions globally.
For instance, human-induced global warming has slowed agricultural productivity
growth in mid and low latitudes over the past five decades. It has also negatively
impacted crop and grassland quality, as well as the stability of harvests. In many
regions, direct and indirect impacts of climate change, compounded by overfishing,
has resulted in declines in fishery catches. It is estimated that ocean warming has
reduced the global sustainable potential catches of several fish populations by 4.1
per cent between 1930 and 2010. The detrimental effects of climate-related extremes
on water and food security, nutrition, and livelihoods are particularly severe in sub-
Saharan Africa, Asia, small islands, Central and South America, the Arctic, and
among small-scale food producers globally.+

2.3.2.2.2 DISEASE, ILLNESS, AND DEATH Climate change is causing the expansion
of disease-carrying vectors such as ticks, flies, and mosquitoes to new areas, leading
to the spread of diseases. Climate-related food-borne and water-borne diseases are
rising in some regions. Factors like higher temperatures, heavy rainfall, and flooding
are linked to the increased occurrences of diarrheal illnesses such as cholera and
other gastrointestinal infections. Increased exposure to wildfire smoke in various

39 Sections B1 and Bz, IPCC, 2022: Summary for Policymakers WGz (n 38).
4 ibid.
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regions is associated with climate-sensitive cardiovascular and respiratory diseases.
Although not well assessed in many regions, there is evidence of impacts on mental
health arising from impacts on lives, livelihoods, and culture.

Rising temperatures and heatwaves are causing higher rates of human mortality
and morbidity with some regions already experiencing heat stress conditions at
or approaching the upper limits for human survival. Impacts vary by age, gender,
and socioeconomic factors. A significant proportion of warm-season heat-related
mortality in temperate regions is attributed to observed human-induced climate
change. However, data limitations make it challenging to establish such attribution
in tropical areas. Groups highly vulnerable to heat stress include anyone work-
ing outdoors and, especially, those doing outdoor manual labour (e.g. construc-
tion and outdoor workers, farming), leading to lost productivity with economic
consequences.

2.3.2.2.3 VULNERABILITY AND MIGRATION The most vulnerable and thus the
hardest hit by climate change include marginalised groups, Indigenous Peoples, and
those living in poverty. About 3.3-3.6 billion people are living in contexts that are
highly vulnerable to climate change. Global hotspots of high human vulnerability
are found particularly in West, Central, and Fast Africa; South Asia; Central and
South America; SIDS; and the Arctic. There is also increased evidence that extreme
events and climate variability act as and compound drivers of involuntary migration
and displacement and as indirect drivers through deteriorating climate-sensitive
livelihoods. Since 2008, on average, over 20 million people a year have been
internally displaced (within national boundaries) by extreme events, in particular
storms and floods, with the largest numbers of displaced people in Asia and sub-
Saharan Africa. Small island States in the Caribbean and Pacific are highly affected
relative to their small population sizes.#

2.3.2.2.4 ATTRIBUTING HUMAN-INDUCED CLIMATE CHANGE TO SOCIETAL
IMPACTS Attributing human-induced climate change to societal impacts is
an accounting of the causes of impacts on human or environmental systems. It
encompasses a wide range of methods, both qualitative and quantitative, that connect
a change in a natural or human system (e.g. crop yields, species populations, human
health) to changes in climate — or environmental - related systems (i.e. temperature
change, ocean acidification, sea level rise). It requires accounting for other
potential drivers of change. For example, changes in human population patterns,
or technological and economic changes in agriculture affecting crop production.
Impact attribution does not always involve attribution to human-induced climate
change; however, a growing number of studies now include this aspect. Assessment

4 ibid.
+# ibid.
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of multiple independent lines of evidence, taken together, can provide rigorous
attribution when more quantitative approaches are not available.#3

2.4 FUTURE CLIMATE CHANGE

This section looks ahead and presents the various ways that climate change may
evolve in the future.

2.4.1 Climate Scenarios and Future Global Temperatures

The climate we and the young generations will experience depends on future
emissions. Reducing emissions rapidly will limit further changes, but continued
emissions will trigger larger changes that will increasingly affect all regions. Many
changes will persist for hundreds or thousands of years, so today’s choices will have
long-lasting consequences.

To study how climate change can evolve into the future, the scientific commu-
nity often uses scenarios. The IPCC defines scenarios as ‘plausible description(s]
of how the future may develop based on a coherent and internally consistent set of
assumptions about key driving forces and relationships’. In addition, the IPCC notes
that scenarios ‘are neither predictions nor forecasts, but are used to provide a view
of the implications of developments and actions”.# The driving forces in the IPCC’s
definition of scenarios can refer to assumptions about economic and population
growth, inequality, technological innovation and costs, or dietary or other societal
preferences, amongst many other things.# The relationships referred to in the def-
inition indicate that not any combination of assumptions is possible. For example,
it is highly unlikely that an unequal world with low educational attainment or low
levels of female education would see the highest rates of technological innovation.

Climate change scenarios are created and assessed by different types of scien-
tific models. A first type of model known as Integrated Assessment Models (IAMs)
creates emissions scenarios. Emissions scenarios describe how society can meet its
future energy, food, and other demands while limiting climate change, and report
the implied resulting greenhouse gas emissions. These emissions scenarios are sub-
sequently used by a different type of model, typically referred as climate models, to
estimate how these emissions would affect future climate change. These climate
models report how temperature, precipitation, or humidity might change in the
future, when a specific emissions scenario is followed. Socioeconomic or ecological

# Renée van Diemen and others (eds), IPCC, 2022: Annex I: Glossary’ in Priyadarshi Shukla and others
(eds), 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 University
Press 2022).

+# ibid.

+ ibid.
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impacts are then explored by a last type of model, known as impact models. Using
climate change scenario information from IAMs and climate models, these special-
ised models estimate the climate change impact of an emissions scenario for a spe-
cific sector or system, be it agriculture, flood risks, human health, and many more.

Because the range of possible futures is large, the scientific community has devel-
oped a framework to explore scenarios in a more systematic way. This is known as
the framework of the Shared Socioeconomic Pathways or SSPs. The SSPs describe
five distinct future socioeconomic contexts (SSP1to SSPs) that differ between them
in the degree to which mitigation and adaptation efforts experience challenges.
For example, SSP1, called Sustainability, sketches a future socioeconomic context
with reducing inequalities, increasing international collaboration and innovation,
and a switch to healthy and environmentally conscious lifestyles. In an SSP1 world,
implementing adaptation and mitigation measures is considered to encounter only
low challenges. On the contrary, SSP3, called Regional Rivalry, describes a world
with resurgent nationalism, exacerbating inequalities both within and between
countries, and consequently low levels of technological innovation. Such an SSP3
world reflects a context with high challenges to effectively implement adaptation
and mitigation measures. Other SSPs describe other socioeconomic futures with
SSP2 covering a middle-of-the-road scenario that continues historical dynamics. For
each of these SSP futures, the scientific community then explores how low global
warming can be kept or what the implications of global warming are for adapta-
tion and impacts.#® Despite their usefulness, the SSPs do not exhaustively cover the
space of future socioeconomic possibilities. Both the scientific literature and the
IPCC therefore make use of scenarios that are entirely independent of the SSPs, for
example, exploring strong improvements in energy efficiency and reducing energy
demand.#7

The IPCC also makes use of scenarios to integrate insights across chapters and
reports. For example, the Physical Science report (Working Group I) of the IPCC
Sixth Assessment uses a selection of five emissions scenarios, discussed later on
(see also Figure 2.7). These span a range from very high to very low future green-
house gas emissions and allow climate change projections from climate models
to be easily compared and assessed. In contrast, the Mitigation report (Working
Group IlI) of the IPCC Sixth Assessment is tasked with the assessment of the entire
climate scenario literature. They therefore take a different approach. On the one
hand, they collect as many emissions scenarios as possible from the published liter-
ature in a centralised database that underpins the broader IPCC assessment.#* The
large set of emissions scenarios that is included in this database helps to explore

# Box SPM.1, IPCC, 2021: Summary for Policymakers (n 16).

47 ibid.

# Fdward Byers and others, ‘ARG Scenarios Database’ available at <https:/doi.org/0.5281/
zenodo.5886912> accessed 15 April 2024.
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the many potential strategies that can be pursued for limiting global warming to a
specific level. To showcase this variety even more clearly, the IPCC also selected
a small set of seven ‘illustrative mitigation pathways” which illustrate the diverse
strategies that can be followed while reducing greenhouse gas emissions. Finally,
IPCC scenario databases are also made freely available online for further use and
analysis by others.#

Five scenarios showing how carbon dioxide emissions could change in the future
are shown in Figure 2.7. These scenarios are based on the five core SSP scenarios
referred to earlier. The lower part of Figure 2.7 (panel (a)) depicts the projected
warming for each of these emissions scenarios. It shows that global warming con-
tinues to rise until at least around 2050 in all of the five scenarios. This is because
the human activities that cause greenhouse gas emissions cannot stop immediately.
Even with ambitious action, it will take time to implement actions to reduce green-
house gas emissions, resulting in a continued increase in temperatures before stabi-
lising. Nevertheless, strong reductions in greenhouse gases starting now would slow
and reduce the total amount of warming. Projected temperatures look very different
after the 2050s, depending on the actions we take now and in the near future. For
example, if carbon dioxide emissions are strongly and rapidly reduced starting now
and throughout the twenty-first century, warming would be halted by around the
middle of the century, reaching around 1.5°C (2.7°F) or 2°C (3.6°F) by the end of
the century. On the other hand, if emissions remain the same or increase, temper-
atures will continue to rise. In scenarios that look at very high levels of greenhouse
gas emissions, warming reaches around 4.5°C (8°F) by the end of the century.

These climate scenarios show that the world will most likely reach 1.5°C (2.7°F)
global warming within the period 2021—2040.5° Unless there are rapid, strong, and
sustained reductions in greenhouse gas emissions, limiting warming to 1.5°C (2.7°F)
or even 2°C (3.6°F) will be impossible.> The following section assesses the proj-
ected warming associated with countries’ current NDCs and climate policies.

2.4.2 Fast and Slow Onset Climate Changes

Looking ahead, many aspects of climate change will continue to increase or inten-
sify as the Earth becomes warmer. Extremes such as heatwaves, heavy rainfall, and
droughts will continue to become more severe and more frequent. Rising tempera-
tures and worsening extreme events are examples of so-called climate change ‘fast’
responses because they react relatively quickly to rising atmospheric greenhouse

49 ‘ARG Scenario Explorer and Database hosted by ITASA” available at <https://data.ene.iiasa.ac.at/ar6/>
accessed 15 April 2024.

5 In the IPCC’s reports, a level of global warming is defined as the 20-year average global surface tem-
perature change relative to 1850-1900.

5 Section B.1, IPCC, 2023: Summary for Policymakers (n 23). See also Section 2.5.1.

Downloaded from https://www.cambridge.org/core. DTU Library - Technical University of Denmark, on 11 Jun 2025 at 10:16:20, subject to the
Cambridge Core terms of use, available at https://www.cambridge.org/core/terms. https://doi.org/10.1017/9781009409155.003


https://data.ene.iiasa.ac.at/ar6
https://www.cambridge.org/core/terms
https://doi.org/10.1017/9781009409155.003
https://www.cambridge.org/core

40 Connors, Poloczanska, Some, Pathak, and Rogelj

Climate futures Climate futures
The climate change that people will experience this century and beyond depends on our

greenhouse gases emissions, how much global warming this will cause and the

response of the climate system to this warming.

Emissions pathways Response of the climate system relative to 1850-1900
Different social and economic developments can lead to substantially diferent future emissions of p Many aspects of the ciimate system react quickly to temperature changes.
carbon dioxide (CO), other greenhouse gases and air pollutants for the rest of the century. ¥\ At progressively higher levels of global warming there are greater consequences
Today f
g  Today | e — € R
0. Today
Very high Temperature e @) ¢
26 N\
et
CO, doubled
i Drought = i
ig ‘ x x
w, | €@ €@
oy
Precipiation
iy
COFpeek Snow
Hedium B % % L0 2%
g ,| CX B
Low
" Verylow Tropical cyclones .
2000 2020 2040 2060 2080 2100 o 3% +30%
Effect on surface temperature Long-term consequences: Sea level rise
For temperalure o stabilize, CO, emissions need o reach net zero. 3 3 =3
Global warming since 1850-1300 (C) Todsy sealevs| hes akedy, Nete s et s et e
. a— increased by 20 cm and e foe Notese. oo
N 0051152 3 4 willncrease an addtional
30 cmto 1 m or more by 2100
I s ] Vevhah - gapancing o o emissions
] . .
B o .23
I fa—— | Medium Sealevel eacts very slowly to .
T T T TP T Low global warming so, once started o
oncestarted, | s 55 %
I — Velon thorisocontnues fortovends | s NN | | EZEEE -
1980 2000 220 240 2060 2080 of years. ol et e oot
Today
{Toiz/ The future...

o The climate we and the young generations will experience depends on future emissions.
Short-term effect: Natural variability Reducing emissions rapidly will limit further changes, but continued emissions will rigger larger,
Over short time scales (typically a decade), natural variability can temporarily dampen or accentuate global warming trends faster changes that will increasingly affect all regions. Some changes will persist for hundreds or
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FIGURE 2.7 Linking carbon dioxide emissions, global warming, and effects on the
climate systems. Panel (a): Top — Annual emissions of carbon dioxide for the five core
Shared Socioeconomic Pathway (SSP) scenarios (very low: SSP1-1.9, low: SSP1-2.6,
medium: SSP2—4.5, high: SSP3—7.0, very high SSP5-8.5). These scenarios are
illustrative, meaning that they are not intended to be predictions of what will happen
in the future; instead they serve an informative purpose to see how the Earth will
respond to different situations. Bottom — Projected warming for each of these emissions
scenarios. This figure is sourced from the Technical Summary Infographic. Panel (b):
Top — How temperature extremes, droughts, heavy rainfall (precipitation) events, snow
cover, and tropical cyclones change at different levels of global warming compared
with the late nineteenth century (1850-1900). Today, here is the average over 2011-
2020. Bottom — Long term (2,000 and 10,000 years) committed sea level rise for global
warming of 1.5°C, 2°C, and 4°C).>?

gas concentrations. All of these examples respond roughly linearly to rising carbon
emissions, meaning that every increment of global warming leads to noticeable and
discernible changes and impacts on ecosystems and society. An extreme heatwave
that used to happen once in every ten years in the pre-industrial era is now 2.8 times
as likely to occur, and this will become 5.5 times as likely to occur in a 2°C warmer
world. Similarly, a heavy precipitation event that used to happen once in every ten
years in the pre-industrial era is era is now 1.3 times as likely to occur, and this will
become 1.7 times as likely to occur in a 2°C warmer world. Globally, the intensity of
precipitation increases ~7 per cent on average for every degree of global warming.
An extreme agricultural and ecological drought that used to happen once in every

5 Infographic TS.1, Arias and others (n 13).
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ten years in the pre-industrial era is now 1.7 times as likely to occur, becoming 2.5
times as likely to occur in a 2°C warmer world.>

The water cycle will intensify and be more variable although not always linearly
due to the complex interaction with pollution aerosols as described earlier in this
chapter. Rainfall over land, including monsoon rainfalls, will become more variable
and intense: some areas will get drier, others will get wetter. Further warming will
also amplify the thawing (defrosting) and melting of many frozen parts of the world,
such as snow cover, glaciers, frozen ground, and Arctic sea ice. For instance, it is
estimated that the Arctic Ocean will be effectively free of sea ice at its lowest point in
summer (September) at least once before 2050. Tropical cyclones will get stronger.
The differences in severity of some climate changes at 1.5°C (2.7°F), 2°C (3.6°F),
and 4°C (7.2°F) global warming are illustrated in Figure 2.7 (panel (b)).>*

Compound extreme events are the combination of multiple drivers and/or hazards
over space and time that contribute to societal or environmental risk. Their probability
of occurrence is projected to increase with global warming. They can occur on various
spatial scales from sub-national to global and can often impact ecosystems and socie-
ties more strongly than when such events occur in isolation. Examples are concurrent
heatwaves and droughts in multiple locations, compound flooding (e.g. a storm surge
in combination with extreme rainfall and/or river flow), compound fire weather condi-
tions (i.e. a combination of hot, dry, and windy conditions), or concurrent extremes at
different locations such as in multiple crop-producing regions. Compound extremes
at multiple locations, including in crop-producing areas, become more frequent at
2°C and above compared to 1.5°C global warming.5

There are many changes that will continue for hundreds or thousands of years
as they react very slowly to rising greenhouse gas emissions and a warming world.
Changes like deep ocean warming, Greenland and Antarctica ice-sheet melting,
carbon lost from thawing permafrost, and sea level rise are slow to respond to the
atmosphere warming but will continue to change for centuries, if not millennia.
These changes are deemed irreversible because they would continue to change
on these time scales even if greenhouse gases or global temperatures were stabi-
lised or brought back down again. The bottom of panel (a) in Figures 2.7 and 2.8
illustrate the long-term committed changes of sea level rise as a result of climate
change: even if global warming can be stabilised at 1.5°C (2.7°F), sea level would
still rise 2—3 metres (7-10 feet) over the coming 2,000 years and 6—7 metres (20-23
feet) over the coming 10,000 years. Stabilising at higher levels of global warming will
result in increased committed changes and will increase the rate of these changes
compared to stabilising at global warming levels like 1.5°C (2.7°F).5° Figure 2.8

w

3 Figure SPM.6, IPCC, 2021: Summary for Policymakers (n 16).
5t Section B.2, IPCC, 2021: Summary for Policymakers (n 16).
5 Section C.2, IPCC, 2021: Summary for Policymakers (n 16).
% Section B.5, IPCC, 2021: Summary for Policymakers (n 16).

wown
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FIGURE 2.8 Observed and projected global mean sea level change and its impacts, and
time scales of coastal risk management. Panel (a): Global mean sea level change in
metres relative to 19oo. The historical observed changes (black line) are recorded by
tide gauges before 1992 and altimeters afterwards. The future changes from 2020 to 2100
and for 2150 are assessed consistently with observational constraints based on emulation
of CMIP, ice-sheet, and glacier models, and median values and likely ranges are shown
for the considered scenarios. Relative to 1995—2014, the likely global mean sea level rise
by 2050 is between 0.15 to 0.23 m in the very low GHG emissions scenario (SSP1-1.9)
and 0.20 to 0.29 m in the very high GHG emissions scenario (SSP5-8.5); by 2100
between 0.28 to 0.55 m under SSP1-1.9 and 0.63 to 1.01 m under SSP5-8.5; and by 2150
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shows how these committed sea level changes compare to timelines of imple-
menting various adaptation options.

2.4.3 Irreversibility, Tipping Points, and Abrupt Changes

As stated earlier, it is virtually certain that irreversible, committed change is already
underway for the slow-to-respond processes as they come into adjustment for past and
present emissions. So-called ‘tipping points’ exist in the climate system where pro-
cesses undergo sudden shifts, becoming more or less sensitive to change. They are
characterised by abrupt changes once a threshold is crossed. Even a return to pre-
threshold surface temperatures or to lower atmospheric carbon dioxide concentra-
tions would not guarantee that the tipping elements return to their pre-threshold state.
An example would be a major deglaciation, where 1°C range of temperature change
might correspond to a large or small ice-sheet mass loss during different stages.

The current levels of scientific understanding around tipping points is limited
but scientists cannot rule them out and the likelihood of abrupt and/or irrevers-
ible changes increases with higher global warming levels. If they were to occur,
the consequences would be extremely serious. Events that are currently termed as
low-likelihood, high-impact outcomes include the collapse of the Earth’s ice sheets

FIGURE 2.8 (cont.)
between 0.37 to 0.86 m under SSP1-1.9 and 0.98 to 1.88 m under SSP5-8.5 (medium
confidence). Changes relative to 19oo are calculated by adding 0.158 m (observed global
mean sea level rise from 19oo to 1995—2014) to simulated changes relative to 1995—2014.
The future changes to 2300 (bars) are based on literature assessment, representing the
17th-83rd percentile range for SSP1—2.6 (0.3 to 3.1 m) and SSP5-8.5 (1.7 to 6.8 m).
Dashed lines are showing a low-likelihood, high-impact storyline including ice-sheet
instability processes. These indicate the potential impact of deeply uncertain processes
and show the 83rd percentile of SSP5-8.5 projections that include low-likelihood,
high-impact processes that cannot be ruled out; because of uncertainty surrounding
these processes in the projections, this is not included as part of a likely range. IPCC
ARG global and regional sea level projections are hosted at https://scalevel.nasa.gov/
ipcc—arb-sea—level—projection—tool. The low-lying coastal zone is currently home to
around 896 million people (nearly 11% of the 2020 global population), projected to
reach more than one billion by 2050 across all five SSPs. Panel (b): Typical time scales
for the planning, implementation (dashed white and grey bars), and operational lifetime
of current coastal risk-management measures (fully grey bars). Higher rates of sea level
rise demand earlier and stronger responses and reduce the lifetime of measures (inset).
As the scale and pace of sea level rise accelerates beyond 2050, long-term adjustments
may in some locations be beyond the limits of current adaptation options and could be
an existential risk for some small islands and low-lying coasts.>”

57 Figure 3.4, Hoesung Lee and others (eds), Climate Change 2023: Synthesis Report. Contribution of
Working Groups I, I and 111 to the Sixth Assessment Report of the Intergovernmental Panel on Climate
Change (Cambridge University Press 2023).
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(resulting in a much larger, quicker rise in sea levels) or extensive forest dieback
(which would lead to the release of a significant amount of carbon dioxide into the
atmosphere and a reduction in the amount being absorbed by nature).

At the regional scale, abrupt responses, tipping points, and even reversals in the
direction of change also cannot be excluded. Some regional abrupt changes and
tipping points could have severe local impacts, such as unprecedented weather,
extreme temperatures, and increased frequency of droughts and forest fires.s®

2.4.4 Increasing Risks and Limits

Risks® of adverse impacts and related losses and damages® escalate as global warm-
ing continues to rise, being higher for global warming of 1.5°C than at present, and
even higher at 2°C. Expected elevated risks include:

e an increase in heatrelated human mortality and morbidity

e food-borne, water-borne, and vector-borne diseases

e mental health challenges

¢ flooding in coastal and other low-lying cities and regions

® species extinctions and biodiversity loss in land, freshwater, and ocean ecosystems

e adecrease in food production in some regions

e an increase in local flooding impacts from an increased frequency and inten-
sity of heavy precipitation

All these risks are expected to increase within the near term (defined as before 2040)
but the extent to which these risks manifest is dependent on the region, the ecosys-
tems, and human systems affected, and the capacity to adapt to already committed
climate changes (as well as the capacity to mitigate against future climate changes
not yet committed). Hard and soft limits to adaptation have already been reached
in some ecosystems and regions and, with increasing global warming, this will con-
tinue for both human and natural systems (see Section 2.6 for more information).®*

Looking beyond 2040, risks will become more widespread and damaging but
will depend on the level of global warming reached. For example, in an assess-
ment of tens of thousands of land-based species, 3-14 per cent of them were
assessed to likely face a very high risk of extinction at global warming levels of
1.5°C. This increases up to 3-18 per cent at 2°C, 3-29 per cent at 3°C, and 3-39

58 Section C.3, IPCC, 2021: Summary for Policymakers (n 16). See also Box T'S.9, Arias and others (n 13).

59 Risk is defined as the potential for adverse consequences for human or ecological systems, recog-
nising the diversity of values and objectives associated with such systems. In the context of climate
change, risks can arise from potential impacts of climate change as well as human responses to cli-
mate change.

Losses and damages (lowercase letters) in [IPCC reports refer broadly to harm from (observed) impacts
and (projected) risks and can be economic or non-economic.

8t Section B.3, IPCC, 2022: Summary for Policymakers WGz (n 38).
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per cent at 4°C. Similarly, the global aggregated net economic damages are
expected to increase non-linearly with higher global warming levels, with signifi-
cant regional variations in those economic damages. It is estimated that per capita
economic damages will be higher in developing countries as a fraction of income
compared to in developed countries. Although presently the connection between
climate change and forced migration and conflict is relatively weak compared to
other driving socioeconomic factors, involuntary migration from regions with high
exposure and low adaptive capacity would occur at progressive levels of warming.
Displacement, which already occurs today after extreme events, would increase in
the mid to long term.®

Many other non-climatic drivers of change will interact with the ‘physical’ climate
changes often exacerbating vulnerabilities and risks felt by ecosystems and society.
Compound and cascading risks are more complex and difficult to manage. Many are
also climate feedbacks, that is, processes that lead to an amplification or a dampening
of further climate changes. Positive climate feedbacks (that amplify/further increase
global warming) include the destruction of forests — a vital carbon sink — after the
result of a combination of climate change and unsustainable human development.
Unsustainable agricultural expansion is another. While agricultural development
contributes to food security, unsustainable agricultural expansion, driven in part
by unbalanced diets, increases greenhouse gas emissions, thereby increasing eco-
system and human vulnerability and leading to competition for land and/or water
resources.”

By organising the many risks of climate change into five broad categories, the
IPCC’s Reasons for Concern (RFCs) were created for its Third Assessment Report
(released in 2001).% They have since become fundamental graphics for many of the
report summaries. The RFCs comprise:

1. RFCu: Unique and threatened systems: ecological and human systems that
have restricted geographic ranges constrained by climate-related conditions
and have high endemism or other distinctive properties. Examples include
coral reefs, the Arctic and its Indigenous Peoples, mountain glaciers, and bio-
diversity hotspots.

2. RFCaz: Extreme weather events: risks/impacts to human health, livelihoods,
assets, and ecosystems from extreme weather events such as heatwaves, heavy
rain, drought and associated wildfires, and coastal flooding.

3. RFC3: Distribution of impacts: risks/impacts that disproportionately affect
particular groups due to uneven distribution of physical climate change haz-
ards, exposure, or vulnerability.

62 ibid Section B.4.

8 Section A.2, IPCC, 2023: Summary for Policymakers (n 23).
%4 James ] McCarthy and others (eds), Climate Change 2o001: Impacts, Adaptation, and Vulnerability,
Full Report (Cambridge University Press 2001).
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4. RFCy4: Global aggregate impacts: impacts to socio-ecological systems that
can be aggregated globally into a single metric, such as monetary damages,
lives affected, species lost, or ecosystem degradation at a global scale.

5. RFCs: Large-scale singular events: relatively large, abrupt, and sometimes
irreversible changes in systems caused by global warming, such as ice-sheet
disintegration or thermohaline circulation slowing.

While the RFCs represent global risk levels for aggregated concerns about ‘dan-
gerous anthropogenic interference with the climate system’, they represent a great
diversity of risks and, in reality, there is not one single dangerous climate threshold
across sectors and regions.

Projected global temperatures for the five different SSP scenarios (discussed ear-
lier) are shown in Figure 2.9 panel (a) with the corresponding risks for the RFCs (see
top right side of panel (a)). Known as the burning embers, these diagrams portray
four levels of additional risk from undetectable to very high.

e Undetectable Risk Level: This level indicates that no impacts can be detected
or attributed to climate change. In other words, there is no evidence of climate
change-related effects.

® Moderate Risk Level: This level signifies that impacts are noticeable and can
be linked to climate change with a moderate level of confidence. This assess-
ment takes into account specific criteria used to evaluate significant risks.

* High Risk Level: The high risk level points to severe and widespread impacts
that are deemed substantial according to one or more key risk assessment crite-
ria. This implies that the effects of climate change are extensive and significant.

® Very High Risk Level: This level represents a situation where there is a very
high likelihood of severe impacts resulting from climate change. These impacts
are accompanied by a notable degree of irreversibility or the persistence of
climate-related hazards. Additionally, the ability to adapt to these hazards or
risks is limited due to their nature or the resulting consequences.

All five RFCs are already at either moderate or high risk at today’s level of warm-
ing (1.1°C above 1850-1900 levels). The thinner burning ember placed beside each
RFC is a comparison to the state of knowledge in the previous IPCC assessment,
which was released in 2014. The risks for all REFCs have become higher since the last
assessment; risk reaching high or very high levels will occur at lower levels of warm-
ing than previously thought. This update in assessment is due to new observational
evidence, improved process understanding, and new knowledge on exposure and
vulnerability of human and natural systems. This means that limits to adaptation
for some aspects of the RFCs will be reached sooner, if global warming continues

to rise.%

8 Section B.2, IPCC, 2023: Summary for Policymakers (n 23).
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Burning embers for specific land-based or ocean/coastal-based systems are shown
in Figure 2.9 panel (b). Warm-water corals are already at high risk at 1.:°C global
warming. They are projected to reach very high risk at a global warming of 1.5°C,
declining by 70—go per cent. This rises to a decline of go per cent at 2°C global
warming. Moderate risk is given to wildfires at today’s level of warming. This tran-
sitions to very high risk at 3°C global warming. At over 4°C global warming, for
example, an extra 100 million more people will be exposed to wildfires compared
to present levels.%

Risks are increasing with every increment of warming

a) High risks are now assessed to occur at lower global warming levels

risk is the potential for
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FIGURE 2.9 Synthetic diagrams of global and sectoral assessments and examples of key
risks for global warming of 0—5°C global surface temperature change relative to pre-
industrial period (1850-1900). Panel (a): Left — Global surface temperature changes

in °C relative to 1850-1900. Very likely uncertainty ranges are shown for the low and
high GHG emissions scenarios (SSP1—2.6 and SSP3—7.0). Right — Global Reasons for
Concern (RFC), comparing AR6 (thick embers) and AR (thin embers) assessments.
Risk transitions have generally shifted towards lower temperatures with updated scientific
understanding. Diagrams are shown for each RFC, assuming low to no adaptation. Lines
connect the midpoints of the transitions from moderate to high risk across AR5 and

ARG. Panel (b): Selected global risks for land and ocean ecosystems, illustrating general
increase of risk with global warming levels with low to no adaptation. The horizontal line
denotes the present global warming of 1.09°C which is used to separate the observed, past
impacts below the line from the future projected risks above it.%7

66 Figure SPM.4, IPCC, 2023: Summary for Policymakers (n 23).
67 ibid.
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2.4.5 Regional Changes and Risks

Looking ahead, all regions of the world will experience further climate changes —
with changes ratcheting up with every increase in global temperatures.®® The IPCC
reports dedicate hundreds of pages towards assessing regional climate changes and
risks, which are insufficiently summarised in this chapter. Outreach material, such
as the Working Group I and II's Regional Factsheets® or the Reports’ Technical
Summaries provide a much more detailed analysis of regional changes and risks.
Additionally, the IPCC Interactive Atlas allows users to explore the different climate
changes in regions of their interest.””

Fach region is unique and affected by climate change in its own way, but every
region will increasingly experience multiple and concurrent climate changes: the
greater the warming, the larger and more widespread the changes. Changes will be
more widespread at 2°C compared to 1.5°C global warming and even more wide-
spread and/or pronounced for higher warming levels.”

Figure 2.10 shows projected changes in annual mean temperature (panel (b)),
precipitation (panel (c)), and total soil moisture (panel (d)) at 1.5°C, 2°C, and 4°C
global warming compared to 1850-1900 baseline levels. It shows that all regions
will experience increases in heat-related climate changes such as heatwaves and
decreases in cold-related changes such as cold snaps. Across warming levels, land
areas warm more than ocean areas, and the Arctic and Antarctica warm more
than the tropics. Precipitation is projected to increase over high latitudes, the
equatorial Pacific, and parts of the monsoon regions, but decrease over parts of
the subtropics and in limited areas of the tropics. A number of regions in North-
Western, Central, and Eastern North America, Arctic regions, North-Western
South America, Northern and Central Western Furope, Siberia, Central, South,
and East Asia, Southern Australia, and New Zealand will experience decreases in
snow and ice or increases in pluvial/river flooding. Across warming levels, changes
in soil moisture largely follow changes in precipitation but also show some differ-
ences due to the influence of evapotranspiration. Many regions in Southern Africa,
the Mediterranean, North Central America, Western North America, the Amazon
regions, South-Western South America, and Australia will experience increases
in drought, aridity, and weather conducive to triggering and sustaining wildfires.
This will affect a wide range of sectors, including agriculture, forestry, health, and
ecosystems. Currently, there is lower understanding of past and future changes

88 See Figure 2.6 for a list of all the IPCC-defined regions.

% For WGI, see <www.ipce.ch/report/ar6/wgi/resources/factsheets/> accessed 15 April 2024. For WGII,
see <www.ipce.ch/report/arb/wgz/about/factsheets> accessed 15 April 2024.

See <https://interactive-atlas.ipcc.ch/> accessed 15 April 2024.

' Figure SPM.5, IPCC, 2021: Summary for Policymakers (n 16).
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in some of the damaging hazards such as hail, ice storms, storms, sand and dust
storms, heavy snowfall, mudslides, and avalanches. This does not mean that they
will not be affected by climate change. Rather, it means that their impacts are not
currently able to be fully resolved by climate or impact models and do not benefit
from long and homogeneous observations.”

Figure 2.11 gives examples of regional key risks with sufficient data and understand-
ing to assess the risk with at least medium confidence (as characterised by IPCC). In
some cases, it is possible to apply a ‘burning ember” assessment.” Risks in Africa include

With every increment of global warming, changes get larger
in regional mean temperature, precipitation and soil moisture

(a) Annual mean temperature change (°C)
at 1°C global warming

‘Warming at 1°C affects all continents and
is generally larger over land than over the
oceans in both observations and models.
Across most regions, observed and
simulated patterns are consistent.

(b) Annual mean temperature change (°C) Across warming levels, land areas warm more than ocean areas, and the
relative to 1850-1900 Arctic and Antarctica warm more than the tropics.

Simulated change at 1.5°C global warming Simulated change at 2°C global warming Simulated change at 4°C global warming
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FIGURE 2.10 Changes in annual mean surface temperature, precipitation, and soil
moisture. Panel (a): Comparison of observed and simulated annual mean surface
temperature change. The left map shows the observed changes in annual mean
surface temperature in the period 18502020 per °C of global warming (°C). White
indicates areas where time coverage was 100 years or less and thereby too short to
calculate a reliable magnitude. The right map is based on model simulations and
shows change in annual multi-model mean simulated temperatures at a global
warming level of 1°C. Panel (b): Simulated annual mean temperature change (°C).
Panel (c): Precipitation change (%). Panel (d): Tootal column soil moisture change
at global warming levels of 1.5°C, 2°C, and 4°C.7

7 ibid.

73 Further detail on regional risks can be found in the WGII Regional chapters and cross-chapter papers.
In each region there are additional risks that are less well quantified or understood.

7 Figure SPM.s, IPCC, 2021: Summary for Policymakers (n 16).
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(c) Annual mean precipitation change (%) Precipitation is projected to increase over high latitudes, the equatorial
> -1900 Pacific and parts of the monsoon regions, but decrease over parts of the
relative to 1850-1 subtropics and in limited areas of the tropics.

Simulated change at 1.5°C global warming Simulated change at 2°C global warming Simulated change at 4°C global warming
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(d) Annual mean total column soil Across warming levels, changes in soil moisture largely follow changes in

precipitation but also show some differences due to the influence of

moisture change (standard deviation) evapotranspiration.
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FIGURE 2.10 (cont.)

species extinction, food security risks, marine ecosystem threats, health impacts, and
economic decline. Asia risks involve urban infrastructure damage, biodiversity loss,
coral bleaching, fishery declines, and food/water security challenges. North America
risks encompass health impacts, ecosystem degradation, water scarcity, food security
threats, and risks to coastal areas. Central and South America risks include water secu-
rity, health impacts, coral reef degradation, food security threats, and damages from
natural disasters. Australia risks encompass coral reef degradation, coastal loss, agricul-
ture decline, heat-related issues, and loss of alpine biodiversity. Small Islands risks will
be biodiversity loss, threats to lives and assets, economic decline, and water security
issues. Finally, in Europe, the risks involve flooding, health problems, disruptions to
ecosystems, water scarcity, and crop production losses.”

2.4.6 Risks Associated with Overshooting Global Warming of 1.5°C

Every increment of global warming increases climate changes and negative conse-
quences on ecosystems and society. Therefore, if global temperatures were to exceed

7> Figure SPM.2, IPCC, 2023: Summary for Policymakers (n 23).

Downloaded from https://www.cambridge.org/core. DTU Library - Technical University of Denmark, on 11 Jun 2025 at 10:16:20, subject to the
Cambridge Core terms of use, available at https://www.cambridge.org/core/terms. https://doi.org/10.1017/9781009409155.003


https://www.cambridge.org/core/terms
https://doi.org/10.1017/9781009409155.003
https://www.cambridge.org/core

(f) Examples of regional key risks

Absence of risk diagrams does not imply absence of risks within a
region. The development of synthetic diagrams for Small Islands, Asia and Central and
South America was limited due to the paucity of adequately downscaled climate projections,
with uncertainty in the direction of change, the diversity of climatologies and socioeconomic
contexts across countries within a region, and the resulting few numbers of impact and risk
projections for different warming levels.

The risks listed are of at least medium confidence level:

Small - Loss of terrestrial, marine and coastal biodiversity and ecosystem services
Islands - Loss of lives and assets, risk to food security and economic disruption due to
destruction of settlements and infrastructure
- Economic decline and livelihood failure of fisheries, agriculture, tourism and from
biodiversity loss from traditional agroecosystems
- Reduced habitability of reef and non-reef islands leading to increased displacement
- Risk to water security in almost every small island

- Climate-sensitive mental health outcomes, human mortality and morbidity due
N""_"‘ to increasing average temperature, weather and climate extremes, and

America  compound climate hazards

- Risk of degradation of marine, coastal and terrestrial ecosystems, including loss
of biodiversity, function, and protective services

- Risk to freshwater resources with consequences for ecosystems, reduced surface
water availability for irrigated agriculture, other human uses, and degraded
water quality

- Risk to food and nutritional security through changes in agriculture, livestock,
hunting, fisheries, and aquaculture productivity and access

- Risks to well-being, livelihoods and economic activities from cascading and
compounding climate hazards, including risks to coastal cities, settlements and
infrastructure from sea level rise

Europe - Risks to people, economies and infrastructures due to coastal and inland flooding
- Stress and mortality to people due to increasing temperatures and heat extremes
- Marine and terrestrial ecosystems disruptions
- Water scarcity to multiple interconnected sectors
- Losses in crop production, due to compound heat and dry conditions, and extreme
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Global surface temperature change (°C)

Food
roduction
rom crops,
fisheries and
livestock
in Africa

0
Waterquahty
avallablhry
Medlertanean

i

B\odwers\ty Mortality and ~ Delayed
morbicty - impacts of
ecosystems me heatand ~ $€a el
in Africa lr:’leclmus weinte
sease

in Africa

Healthand  Water scarcity ~ Coastal  Heat stress,
wellhemg to people in ﬂoodm? to  mortality
southeastern people and
Europe morbidity
infrastructures  to people
inEurope i Europe

Medl(enanean

El

weather

Central - Risk to water security
and - Severe health effects due to increasing epidemics, in particular vector-borne
South diseases
America - Coral reef ecosystems degradation due to coral bleaching
- Risk to food security due to frequent/extreme droughts
- Damages to life and infrastructure due to floods, landslides, sea level rise, storm
surges and coastal erosion

Aus- - Degradation of tropical shallow coral reefs and associated biodiversity and . |
ecosystem service values
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dependent human systems across freshwater, land, and ocean ecosystems

- More frequent, extensive coral bleaching and subsequent coral mortality
induced by ocean warming and acidification, sea level rise, marine heat waves
and resource extraction

- Decline in coastal fishery resources due to sea level rise, decrease in
precipitation in some parts and increase in temperature

- Risk to food and water security due to increased temperature extremes, rainfall
variability and drought

4
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FIGURE 2.11 Synthetic diagrams of regional key risks. Diagrams show the change in
the levels of impacts and risks assessed for global warming of o—5°C global surface
temperature change relative to pre-industrial period (1850-1900) over the range. Key
risks are identified based on the magnitude of adverse consequences (pervasiveness
of the consequences, degree of change, irreversibility of consequences, potential for
impact thresholds or tipping points, potential for cascading effects beyond system
boundaries); likelihood of adverse consequences; temporal characteristics of the risk;
and ability to respond to the risk, for example, by adaptation. The full set of 127 assessed
global and regional key risks is given in WGII Chapter 17 Supplementary Material
Section SM16.7. The development of synthetic diagrams for Small Islands, Asia, and
Central and South America were limited by the availability of adequately downscaled
climate projections, with uncertainty in the direction of change, the diversity of
climatologies and socioeconomic contexts across countries within a region, and the
resulting low number of impact and risk projections for different warming levels.
Absence of risks diagrams does not imply absence of risks within a region.”®

Figure SPM.3, IPCC, 2022: Summary for Policymakers WGz (n 38).
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a warming level, even if only temporarily, many human and natural systems would
face additional severe risks compared to a future where global temperatures always
remained below that warming level. A temporary overshoot of 1.5°C is a feature of the
most ambitious emission pathway (SSPi1-1.9, overshooting by ~0.1°C) discussed in
Section 2.5. The extent to which severe risks are increased depends on, among other
things, the magnitude and duration of a warming level being exceeded. The higher
the magnitude or the longer the duration of this ‘overshoot’, the more ecosystems
and societies are exposed to greater and more widespread climate changes, such as
higher risks to infrastructure, low-lying coastal settlements, and associated livelihoods.
Overshooting 1.5°C will result in severe risks and irreversible impacts in many ecosys-
tems with low resilience, such as polar, mountain, and coastal ecosystems. Affected
ecosystems will be impacted by temperature increase and extreme events, ice-sheet
melt, glacier melt, or accelerating and higher committed sea level rise. Irreversible
impacts include extinction of species, loss of coral reefs, and loss of human life.”?
Additionally, some of the adverse impacts that occur during a period of over-
shoot may cause additional warming via feedback mechanisms that would make the
return even more challenging. Such impacts and their feedback mechanism include
increased wildfires, mass mortality of trees, drying of peatlands, permafrost thawing,
weakening natural land carbon sinks, and increasing releases of greenhouses gases.”
Temporarily overshooting a global warming level is a relatively new area of
research and has limited model-based assessments on how the climate responds to
and the impacts of an overshoot. Observations and current understanding of climate
processes support the current understanding of the implications of an overshoot but
further research would allow assessments to be more robust and comprehensive.

2.4.7 The Role of the Land and Ocean Removing Atmospheric Carbon Dioxide

Finally, climate change affects the natural removal of carbon from the atmosphere,
predominantly by land vegetation and ocean, which removes roughly half of the
carbon dioxide that humans emit to the atmosphere. This fraction of carbon diox-
ide removal has remained relatively stable over the past sixty years (at roughly 56
per cent). While human activities emitted more and more carbon dioxide into the
atmosphere, the land vegetation and ocean also removed more carbon dioxide. This
has led to the oceans becoming more acidic, because when carbon dioxide dissolves
in water, it reacts to make the seawater more acidic. Climate modelling shows,
however, that if more and more carbon dioxide is emitted into the atmosphere, the
relative amount being naturally removed by the land vegetation and ocean would
decline. For example, the scenario where carbon dioxide emissions are ambitiously
mitigated and global temperatures are kept to below 1.5°C by the end of the century

77 Section B.7, IPCC, 2023: Summary for Policymakers (n 23).
7 ibid.
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(SSP1-1.9) shows a 70 per cent removal of carbon dioxide by the land and ocean.
Conversely, the scenario where carbon dioxide emissions remain relatively high in
the future (SSP3—7.0) shows that the land and ocean will only remove 44 per cent
from the atmosphere. The bottom line is that nature will ‘help’ less if more carbon
dioxide is emitted in the future compared to if emissions in the future are reduced.”

2.5 MITIGATING CLIMATE CHANGE

This section presents an overview of the mitigation action needed in the coming
decades to limit further global warming and its associated impacts.

2.5.1 Paris Agreement: Are We on Track?

Current emissions reduction pledges under the Paris Agreement, known as coun-
tries” NDCs, are ‘woefully insufficient’ to meet the treaty’s long-term temperature
goal % The IPCC highlighted in 2022 that NDCs announced before COP26 in 2021
would lead to warming exceeding 1.5°C in the twenty-first century. Unless com-
bined with a rapid acceleration of efforts to reduce emissions after 2030, they would
also result in 2°C of warming being exceeded ™

Estimating the alignment of NDCs or climate policies with temperature goals is
an inherently dynamic exercise, as countries are expected to regularly update their
NDC:s as part of the Paris Agreement’s five-yearly ratcheting cycles and the number
of national climate policies can change at any time. The snapshots provided by sci-
entific assessments such as those of the IPCC will therefore only be valid over a lim-
ited amount of time. Other authoritative initiatives provide more regular updates.
For example, UNEP publishes their Emissions Gap Report yearly,* providing a syn-
thesis of the most up-to-date information about where emissions are heading under
the NDCs and as a result of policies that countries are implementing domestically.

The 2023 edition of the UNEP Emissions Gap Report indicated that NDCs avail-
able at that point in time would only hold global warming to 2.5-2.9°C over the
course of the twenty-first century (with 66 per cent likelihood). Moreover, domestic
climate policies were falling short of achieving these insufficient NDCs and would,
without further strengthening, hold global warming to 3.0°C only.® This assessment
by UNEP is updated annually and is expected to change as new NDCs are submit-
ted, and domestic policies are taken up or rolled back.%

79 Section B.4, IPCC, 2021: Summary for Policymakers (n 16).

8o UNEP, ‘The Emissions Gap Report 2022” (UNEP, 2022) <www.unep.org/resources/emissions-gap-
report-2022> accessed 15 April 2024. The emissions gap remained largely unchanged in 2023.

Section B.6, IPCC, 2022: Summary for Policymakers WG3 (n 22).

See <www.unep.org/resources/emissions—gap—report>.

8 UNEP Emissions Gap Report 2023 (n 2).

84 See (n 82).
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2.5.2 How to Stabilise Global Temperature

2.5.2.1 Net Zero

Greenhouse gas emissions from human activities are the main driver of the global
warming our planet is currently experiencing. Carbon dioxide is contributing most
to current warming with methane coming second. Carbon dioxide remains in the
atmosphere for a very long time — some of it for centuries to millennia. That means
that carbon dioxide emissions accumulate in the atmosphere and every addition of
carbon dioxide to the atmosphere will cause further warming. There is a near-linear
relationship between cumulative anthropogenic carbon dioxide emissions and the
global warming they cause. Any continuation of carbon dioxide emissions will there-
fore result in further warming of the planet.%

To stop temperatures from increasing even more, we need to either stop all carbon
dioxide emissions from human activities or reach a point where any remaining emis-
sions of carbon dioxide are balanced by activities that remove carbon dioxide from the
atmosphere permanently — or at least for many centuries (see Section 2.4.1). This is a
direct consequence of the mentioned near-linear relationship between the total amount
of carbon dioxide emissions ever emitted by human activities and global warming.

The sum of carbon dioxide emissions and carbon dioxide removals in a given
year is referred to as net carbon dioxide emissions. A state where anthropogenic
emissions and removals are perfectly balanced is therefore referred to as reach-
ing net-zero carbon dioxide emissions. If net-zero anthropogenic carbon dioxide
emissions are achieved, global temperatures are projected to stabilise, although
this could be at a slightly higher or lower temperature than the level at which net-
zero carbon dioxide emissions were achieved.*® Stabilisation of global warming
means that climate change would not worsen, but not that past changes would be
reversed.

Carbon dioxide is only one of the human-emitted greenhouse gases that cause global
warming. Strong, rapid, and sustained reductions in other greenhouse gases like meth-
ane and nitrous oxide are also needed to limit climate change. Achieving netzero car-
bon dioxide emissions is different from achieving netzero greenhouse gas emissions,
where all remaining anthropogenic greenhouse gas emissions are balanced with anthro-
pogenic removals. To put different greenhouse gas emissions on a common scale,
the scientific community has developed conversion factors known as greenhouse gas
metrics. Changing the emissions metric used to calculate net emissions of different
greenhouse gases will affect what point in time greenhouse gas emissions are said to
reach net zero, and if global warming is projected to be halted by net-zero emissions.
Emissions pathways that reach and sustain net-zero greenhouse emissions as reported to

8 Section B.5, IPCC, 2023: Summary for Policymakers (n 23).
8 Section D1.8, IPCC, 2021: Summary for Policymakers (n 16).
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the UNFCCC are projected to result in a decline in surface temperature after an earlier
peak and therefore achieve more than merely a stabilisation of global temperatures.”?

2.5.2.2 Carbon Dioxide Removal

Global warming can be reversed if permanent anthropogenic removals of carbon
dioxide exceed emissions globally. Achieving such a state, however, is highly chal-
lenging and very uncertain. All pathways assessed by the IPCC that transition from
current emission levels to net-zero carbon dioxide emissions involve some degree of
carbon dioxide removal (CDR).

There are two main types of CDR: either enhancing existing natural processes that
remove carbon from the atmosphere (e.g. by increasing carbon uptake by trees, soil, or
other ‘carbon sinks’) or using chemical or engineering processes to, for example, capture
carbon dioxide directly from the ambient air and store it elsewhere (e.g. underground).
All CDR methods are at different stages of development, and some are more concep-
tual than others, as they have not been tested or proven at scale. The consideration and
required scale of CDR in future pathways depend on model assumptions about the
feasibility, desirability, and effectiveness of mitigation measures that reduce greenhouse
gas emissions and of large-scale CDR % Similar caution is also warranted in connection
with speculative technologies such as Solar Radiation Modification measures, which
face large uncertainties and knowledge gaps as well as substantial risks.% Against this
backdrop, it must be underscored that science does not foreclose the existence of 1.5°C
compliant pathways that do not rely on CDR, instead envisaging deeper forms of socio-
economic transformation than those envisaged in the IPCC pathways.

Clearly thus, depending on their mitigation choices, net-zero strategies can have
important differences in their side effects or risks. For example, pursuing deep car-
bon dioxide emission reductions combined with a limited amount of removals
would have significantly lower carbon leakage and sustainability risks than a strategy
that combines weak emissions reductions with very large quantities of removals.>

2.5.2.3 Carbon Budgets

The near-linear relationship between cumulative anthropogenic carbon dioxide
emissions and global warming implies that limiting global temperature increase to a
specific level requires limiting overall carbon dioxide emissions to within a carbon

87 ibid Sections D.1 and D.2.

8 IPCC, Global Warming of 1.5°C <www.ipce.ch/site/assets/uploads/sites/2/2022/06/SRi5_Full_Report_
HR.pdf> accessed 15 April 2024 (Global Warming 1.5°C). See also B.5.4, SPM-19, IPCC, 2022:
Summary for Policymakers WG3 (n 22). (Risks arise from some responses that are intended to reduce
the risks of climate change, including risks from maladaptation and adverse side effects of some emis-
sion reduction and carbon dioxide removal measures (high confidence).)

89 C.1.4, Global Warming 1.5°C (n 88).

9% Section C.11, IPCC, 2022: Summary for Policymakers WG3 (n 22).
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budget. Such carbon budgets have been estimated (Table 2.1) and are regularly
updated with more recent data.”" Carbon budget estimates depend critically on the
level of global warming that is to be avoided (e.g. 1.5°C, 1.7°C, or 2.0°C), the likeli-
hood with which this level of warming is to be avoided (50 per cent, 66 per cent, go
per cent, or higher), and assumptions about how deeply other greenhouse gases are

TABLE 2.1 Historical carbon dioxide emissions and estimates of remaining carbon
budgets. Estimated remaining carbon budgets are calculated from the beginning of
2020 and extend until global net-zero CO, emissions are reached. They refer to CO,
emissions, while accounting for the global warming effect of non-CO, emissions.
Global warming in this table refers to human-induced global surface temperature
increase, which excludes the impact of natural variability on global temperatures
in individual years.%*

Global warming between 1850-1900 Historical cumulative CO, emissions from
and 20102019 (°C) 1850 to 2019 (GtCO,)
1.07 (0.8-1.3; likely range) 2390 (+ 240; likely range)

Estimated remaining
carbon budgets from the
beginning of 2020

App]roljiinate . Addition.al gl()]lA)aIl (GICO,)
global warming warming relative = o
lati Likelihood of limiting L
relative to to 20102019 . Variations in
. ) global warming to Lo
1850-1900 until until ; rure it reductions in
temperature temperature emperature limi non-CO,
limit (°C)* limit (°C) 17% 33% 50% 67% 83%  emissions®
L5 0.43 goo 650 500 400 300 Higher or lower
17 0.63 1450 1050 850 700 550 reductions in
2.0 0.93 2300 1700 1350 1150 QOO  accompanying

non-CO, emissions
can increase or
decrease the values
on the left by 220
GtCO, or more

¢ Values at each 0.1°C increment of warming are available in Tables T'S.3 and 5.8.

b This likelihood is based on the uncertainty in transient climate response to cumulative CO,
emissions (TCRE) and additional Earth system feedbacks and provides the probability that global
warming will not exceed the temperature levels provided in the two left columns. Uncertainties related
to historical warming (+ 550 GtCO,) and non-CO, forcing and response (+ 220 GtCO,) are partially
addressed by the assessed uncertainty in TCRE, but uncertainties in recent emissions since 2015 (& 20
GtCO,) and the climate response after net-zero CO, emissions are reached (+ 420 GtCO,) are separate.
¢ Remaining carbon budget estimates consider the warming from non-CQO, drivers as implied by the
scenarios assessed in SR1.5. The Working Group Il Contribution to AR6 will assess mitigation of
non-CO, emissions.

9 See Indicators of Global Climate Change, <www.igcc.earth/> accessed 15 April 2024.
9% Table SPM.2, IPCC, 2021: Summary for Policymakers (n 16).

Downloaded from https://www.cambridge.org/core. DTU Library - Technical University of Denmark, on 11 Jun 2025 at 10:16:20, subject to the
Cambridge Core terms of use, available at https://www.cambridge.org/core/terms. https://doi.org/10.1017/9781009409155.003


www.igcc.earth/
https://www.cambridge.org/core/terms
https://doi.org/10.1017/9781009409155.003
https://www.cambridge.org/core

A Scientific Overview of Climate Change 57

Remaining carbon budgets to limit warming to 1.5°C could

soon be exhausted, and those for 2°C largely depleted

Remaining carbon budgets are similar to emissions from use of existing

and planned fossil fuel infrastructure, without additional abatement
Carbon budgets

a) Carbon budgets and emissions s o

& Cumulative CO; emissions (GtCO;) historical | since 2020 |
—_— =y,
0 1000 2000 0 500 11000 1500 2000

Historical emissions 1850-2019
this line indicates
maximum emlissions
to stay within 2°C
ofwarm!nggwlth
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carbon budgets
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FIGURE 2.12 Visual representation of historical carbon dioxide emissions and estimates of
remaining carbon budgets for keeping warming to 1.5°C and 2°C with different levels of
probability. The lower bars show how quickly the remaining carbon budgets are depleted
if global CO, emissions do not decline from current (in this case 2019) levels or if all
emissions embedded in current and planned fossil fuel infrastructure are considered.”

mitigated.%* Irrespective of the choices that can be made regarding the likelihood of
avoiding a given level of warming and the reductions in other greenhouse gas emis-
sions, the remaining carbon budgets for 1.5°C and 2°C are very small.

Figure 2.12 illustrates how a failure to reduce carbon dioxide emissions from today
until 2030 will exhaust the remaining carbon budget for keeping warming to 1.5°C
with 5o per cent chance entirely.

Carbon budgets describe geophysical limits to how much carbon dioxide society
can emit while keeping warming to a specified temperature level. To understand
how we can stay within these carbon budget limits, they are used as inputs into analy-
ses of how society can transform while meeting global energy, food, and other needs.
The models used to explore these transformations are called IAMs (see Section 2.4.1).
These models make assumptions about future socioeconomic developments (which
are often structured along a specific SSP) and the level of desired climate change
mitigation (often defined by a maximum carbon budget that can be emitted). The
socioeconomic assumptions include aspects of economic growth, inequality, and

9 Figure 3.5 from IPCC, 2023: Summary for Policymakers (n 23).

9 Joeri Rogelj and Robin D Lamboll, ‘Substantial Reductions in non-CO, Greenhouse Gas
Emissions Reductions Implied by IPCC Estimates of the Remaining Carbon Budget’ (2024) 5(35)
Communications Earth and Environment.
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availability and characteristics of technologies, as well as levels of education or pop-
ulation growth. Conditional on these assumptions, IAMs then create emissions sce-
narios that are consistent with limiting global warming to a specific level and that
are considered technically and economically feasible within the socioeconomic con-
text that was assumed. The IPCC provides further tools to understand the feasibility
of emissions scenarios, and highlights that this depends on geophysical, economic,
technological, socio-cultural, and institutional aspects.®> Geophysical, economic,
and technological aspects of the feasibility of mitigation scenarios are typically cov-
ered better by IAMs than aspects of socio-cultural and institutional feasibility which
are more subject to societal willingness and capacity for change.

Table 2.2 gives a detailed overview of the key characteristics of different modelled
pathways showing how the world could respond to climate change. The table cov-
ers projected carbon dioxide and greenhouse gas emission reductions and net-zero
timings. Scenarios are clustered into several categories including;

® Ci: Limit warming to 1.5°C (>50%) with no or limited overshoot (97 sce-
narios). This category refers to scenarios that reach or exceed 1.5°C during the
twenty-first century with a likelihood of <67%, and limit warming to 1.5°C in
2100 with a likelihood of >50%. Limited overshoot refers to exceeding 1.5°C
by up to about 0.1°C and for up to several decades. By limiting the maximum
likelihood of exceeding 1.5°C, scenarios in this category simultaneously have a
likelihood of close to and more than go per cent of limiting peak global warm-
ing to 2°C throughout the twenty-first century.

® (Cz: Return warming to 1.5°C (>50%) after a high overshoot (133 scenarios).
This category refers to scenarios that exceed warming of 1.5°C during the twenty-
first century with a likelihood of >67%, and limit warming to 1.5°C in 2100 with
a likelihood of >50%. High overshoot refers to central warming estimates tempo-
rarily exceeding 1.5°C global warming by 0.1°C~0.3°C for up to several decades.

® Cj3: Limit warming to 2°C (>67%) (311 scenarios). This category refers to sce-
narios that limit peak warming to 2°C throughout the twenty-first century with

a likelihood of >67%.

As risks of global warming increase with every additional 0.1°C of warming and the
sustainable scale of CDR technologies needed to reverse warming after an over-
shoot is still speculative, it is clear that scenarios in the C1 category represent the
safest climate future. Even within the Ci category there are, however, scenarios that
might be undesirable as some of them rely strongly on mitigation measures which
might have other societal side effects, such as a reduction in biodiversity if a scenario

% Keywan Riahi and others, “2022: Mitigation Pathways Compatible with Long-Term Goals’™ in
Priyadarshi Shukla and others (eds), Climate Change z2022: Mitigation of Climate Change.
Contribution of Working Group III to the Sixth Assessment Report of the Intergovernmental Panel on
Climate Change (Cambridge University Press 2022).

9 Table 2, IPCC, 2022: Summary for Policymakers WG3 (n 22).
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relies excessively on biomass for energy production or types of afforestation with
poor biodiversity.

Based on global modelled pathways that limit warming to 1.5°C (>50%) with no or
limited overshoot and in those that limit warming to 2°C (>67%) and assume immedi-
ate action, greenhouse gas emissions will reach their peak sometime between 2020 and,
at the latest, before 2025. For these scenarios rapid and deep greenhouse gas emissions
reductions continue through 2030, 2040, and 2050. Table 2.2 highlights that net global
greenhouse gas emissions need to fall from 2019 levels by 27 per cent by 2030 and 63
per cent by 2050 for category C3a, that is, limit warming to 2°C (>67%) and assuming
immediate action. While for category Ci, it should reduce by 43 per cent by 2030 and
84 per cent by 2050. In pathways with larger overshoot — Cz2 — greenhouse gas emissions
are reduced by 23 per cent in 2030 and by 75 per cent in 2050. These reduction percent-
ages are median estimates surrounded by ranges that illustrate choices about the distri-
bution of emissions reductions over time (see Table 2.2). If weaker emissions reductions
are assumed by 2030, stronger emissions reductions will be required later to remain
within the same carbon budget and limit warming below the same temperature limit.

Global netzero greenhouse gas emissions, when measured in terms of their global
warming potential over a 100-year period (GWP-100), are expected to be achieved
sometime between 2095 and 2100 for C1. Pathways that reach net-zero greenhouse gas
emissions before 2100 (which also includes roughly go% of pathways that bring global
warming back down to 1.5°C after experiencing a high overshoot (>0.1°C) by 2100)
typically have a time gap of twelve to fourteen years (7-39) years, between reaching
net-zero carbon dioxide emissions and reaching net-zero greenhouse gas emissions.”

Global modelled emission pathways, including those based on cost effective
approaches, contain regionally differentiated assumptions and outcomes, and have
to be assessed with the careful recognition of these assumptions. Most do not make
explicit assumptions about global equity, environmental justice, or intra-regional
income distribution. See also Section 2.2.1.

2.5.3 Mitigation Actions

The IPCC defines mitigation as a human intervention to reduce emissions or
enhance the sinks of greenhouse gases. Mitigation measures include technolo-
gies, processes, or practices that reduce emissions.? Modelled pathways that limit
warming to 1.5°C with no or limited overshoot assume immediate and ambi-
tious mitigation action this decade. These actions fall broadly into the following
categories: deployment of low- or zero-emission technologies, reducing and
changing demand through infrastructure design and access, socio-cultural and
behavioural changes, and increased technological efficiency and adoption.'™

9 Section C.1, IPCC, 2022: Summary for Policymakers WG3 (n 22).
99 Section B.3, IPCC, 2022: Summary for Policymakers WG3 (n 22).
1°° Section C.3, IPCC, 2023: Summary for Policymakers (n 23).

Downloaded from https://www.cambridge.org/core. DTU Library - Technical University of Denmark, on 11 Jun 2025 at 10:16:20, subject to the
Cambridge Core terms of use, available at https://www.cambridge.org/core/terms. https://doi.org/10.1017/9781009409155.003


https://www.cambridge.org/core/terms
https://doi.org/10.1017/9781009409155.003
https://www.cambridge.org/core

A Scientific Overview of Climate Change 63

Figure 2.13 shows that multiple mitigation and adaptation options are already
available. These solutions span across a number of sectors, including energy sys-
tems, industry, transport, buildings, agriculture, forestry, and land-use, that have
been effectively implemented in many parts of the world (see Section 2.6 for more
information on adaptation).

Phasing out fossil fuels merits especially urgent attention, as current levels of fos-

101

sil fuel consumption and new investments in fossil fuels are inconsistent with 1.5°C
or even 2°C pathways (see Figure 2.12). Projections show that new investments in
fossil fuels are not consistent with meeting the goals of the Paris Agreement and
the achievement of Sustainable Development Goals, leading to substantial eco-
nomic losses from stranded assets while also delaying the development of low car-
bon sectors and infrastructure.”* Immediate action to phase out fossil fuels and
reduce emissions more broadly would: reduce and avoid the reliance on risky and
less known CDR methods; reduce or avoid climate damages from high-temperature
overshoot; and bring long-term gains for the economy, as well as earlier benefits of
avoided climate change impacts.

Many of the solutions aligned with 1.5°C pathways are transformative. For energy
systems, for example, this would imply an ambitious transformation from current
polluting systems towards electricity systems that emit no or very low carbon dioxide
emissions. This would involve moving away from fossil fuel use, increasing energy
conservation and energy efficiency, and increased use of renewable energy and
higher electrification.'** However, such a transition is complex and challenging and
may result in distributional consequences within and between countries. Such tran-
sitions need to be carefully managed.

Food systems, including agriculture, processing, transport, and consumption of
food also have a significant impact on the climate system, as well as on biodiversity,
soil quality, and human health. Diets that include high amounts of plant proteins
and have low meat and dairy are associated with lower greenhouse gas emissions
and bring higher benefits to human health and to the planet. Realising the full mit
igation potential from the food system requires change at all stages from producer
to consumer and waste management, which can be facilitated through integrated
policy packages.'>

In addition, there is a need to identify policies and actions that can reduce emis-
sions intensive consumption or what is referred to as status consumption. Choices
made by policymakers, citizens, the private sector, and other stakeholders all

influence societies” development pathways.'*®

! Figure SPM.7, IPCC, 2023: Summary for Policymakers (n 23).

192 Section C.4 and C.12, [PCC, 2022: Summary for Policymakers WG3 (n 22).

%3 ibid.

%4 Sections B.4, C.4 and C.6, IPCC, 2022: Summary for Policymakers WG3 (n 22).
195 Section C.g, IPCC, 2022: Summary for Policymakers WG3 (n 22).

190 Table TS.1 and Section T'S.6.2, Pathak and others (n 28).
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There are multiple opportunities for scaling up climate action
a) Feasibility of climate responses and adaptation, and potential of mitigation options in the near-term
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FIGURE 2.13 Multiple opportunities for scaling up climate action. Panel (a): presents
selected mitigation and adaptation options across different systems. Left — climate
responses and adaptation options assessed for their multidimensional feasibility
at global scale, in the near term and up to 1.5°C global warming. Six feasibility
dimensions (economic, technological, institutional, social, environmental, and
geophysical) were used to calculate the potential feasibility of climate responses
and adaptation options, along with their synergies with mitigation. For potential
feasibility and feasibility dimensions, the figure shows high, medium, or low
feasibility. Synergies with mitigation are identified as high, medium, and low.
Right — an overview of selected mitigation options and their estimated costs and
potentials in 2030. The potential (horizontal axis) is the quantity of net GHG
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2.5.4 Policies, Legislation, and Enabling Conditions

Many countries, both developed and developing, have announced plans to achieve
net-zero greenhouse gas (or carbon dioxide) emissions by or around mid century.
These targets now cover go per cent of global emissions, compared to 49 per cent
in 2010. Direct and indirect climate legislation has also steadily increased and this is
supported by a growing list of financial investors. But these targets often lack clear
definitions and roadmaps for achievement. The UNFCCC, Kyoto Protocol, and
Paris Agreement are supporting rising levels of national ambition and encouraging
development and implementation of climate policies, but large gaps remain.*”
Accelerated international financial cooperation is a critical enabler of low green-
house gas and just transitions but the current tracked financial flows to achieve mit-
igation goals across all sectors and regions fall short of the finance levels needed.
These gaps are largest in developing countries. Developing countries need increased
financial support from developed countries and other sources to enhance their miti-
gation actions and address financial inequities and impacts related to climate change.
Technology transfer and capacity building are also crucial for these countries to tran-

sition to low-emission systems.'®

2.6 ADAPTATION AND RESILIENCE

Adaptation is the process of adjustment to actual or expected climate and its effects,
in order to moderate harm or exploit beneficial opportunities. Adaptation actions

FIGURE 2.13 (cont.)

emission reduction that can be achieved by a given mitigation option relative to a
specified emission baseline. The baseline used consists of current policy (around
2019) reference scenarios from the AR6 scenarios database (25—75 percentile values).
Potentials are broken down into cost categories (see Net lifetime of cost options

in the bottom right of panel (a)). The uncertainty in the total potential is typically
25-50%. Panel (b): displays the indicative potential of demand-side mitigation
options for 2050. The left-pointing arrows represent the demand-side emissions
reductions potentials. The range in potential is shown by a line connecting dots
displaying the highest and the lowest potentials reported in the literature. The
bottom row shows how demand-side mitigation options in other sectors can
influence overall electricity demand. The dark grey bar shows the projected increase
in electricity demand above the 2050 baseline due to increasing electrification in
the other sectors. This projected increase in electricity demand can be avoided
through demand-side mitigation options in the domains of infrastructure use and
socio-cultural factors that influence electricity usage in industry, land transport, and
buildings (indicated by the left-pointing arrow).'*

1°7 Section E.3, IPCC, 2022: Summary for Policymakers WG3 (n 22).
198 Section E.5, IPCC, 2022: Summary for Policymakers WG3 (n 22).
199 Figure SPM.7, IPCC, 2023: Summary for Policymakers (n 23).
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aim to reduce risks from climate change by avoiding or moderating harm. The
Paris Agreement established a global goal on adaptation with a view to ‘enhancing
adaptative capacity, strengthening resilience and reducing vulnerability to climate
change’."® However, progress is needed to develop methodologies, indicators, data
and metrics, monitoring, and evaluation systems to strengthen planning and imple-
mentation of adaptation actions.™ Much adaptation reported to date is small-scale,
makes only gradual progress, and is unequally distributed. Adaptation challenges
are complicated by unsustainable land-use and land cover change, unsustainable
consumption, deforestation, loss of biodiversity, pollution, and rapid urbanisation,
among others. Adaptation can thus involve both trade-offs and synergies with mitiga-
tion and sustainable development and is closely intertwined with questions of equity
and climate justice.

Nature offers potential to reduce climate impacts and risks, deal with the
causes of climate change, and improve people’s lives and livelihoods. Risks to
ecosystems from climate change can be reduced by protection and restoration
of ecosystems, and also by a range of targeted actions to adapt conservation prac-
tices to take climate change into account. However, nature itself is vulnerable
to climate change. For example, coral reefs are already at high risk from ocean
warming and marine heatwaves (see Section 2.4.4)."* Evidence also indicates
that there are limits to adaptation, and some systems have already crossed or
are approaching limits to adaptation. Above 1.5°C global warming level, some
ecosystem-based adaptation measures will lose their effectiveness in providing
benefits to people.”

Adaptation limits can be ‘hard’ or ‘soft’. For so-called soft limits, adaptation options
may exist but are not currently available; however, options may become available in the
future by addressing a range of constraints — primarily financial, governance, institu-
tional, and policy. For hard limits, no adaptive actions are possible to avoid intolerable
risks. Losses and damages increase with increasing global warming and become more
difficult to avoid as additional adaptation limits are reached and are strongly concen-
trated among the most vulnerable ecosystems and human populations. For instance,
the effectiveness of most water-related adaptation options decreases with increasing tem-
perature — as an example, irrigation expansion in agriculture will face increasing limits
due to limitations in water availability beyond 1.5°C. For small islands and for regions
dependent on glacier and snow melt, beyond 1.5°C warming, reductions in freshwater
resources pose potential hard adaptation limits. Some ecosystems are already near hard
limits due to human-induced warming to date, such as warm-water coral reefs, coastal

1 https://unfccc.int/sites/default/files/resource/Global _goal _on_adaptation_o.pdf;  Paris  Agreement

(n 27) art 7(1).
' Sections A, C.1, C.4, and C.5, IPCC, 2022: Summary for Policymakers WGz (n 38).
' Section B.4, IPCC, 2018: Summary for Policymakers’ in Global Warming 1.5°C (n 88).
" Sections C.4 and C.5, IPCC, 2022: Summary for Policymakers WGz (n 38).
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wetlands, rainforests, and polar and mountain ecosystems, and will reach or surpass hard
limits at 1.5°C and beyond.™

Insufficient financing is a key driver of adaptation gaps. Current global financial
flows for adaptation are insufficient and constrain implementation of adaptation
options, especially in developing countries. Implementing actions can require large
upfront investments of human, financial, and technological resources, both for imme-
diate benefits and those that become visible in the next decade or beyond. Enhancing
climate change literacy on impacts and possible solutions is also necessary to ensure
widespread, sustained implementation of adaptation by State and non-State actors."

Adaptation actions may also result in unintended consequences or ‘maladap-
tation’, especially if poorly planned and implemented. Adaptation options can
become maladaptive due to their environmental impacts that constrain ecosystem
services and decrease biodiversity and ecosystem resilience to climate change, or
by causing adverse outcomes for different groups — thereby exacerbating ineq-
uity. Climate actions that focus on sectors and risks in isolation and on short-term
gains often lead to maladaptation."® Maladaptive responses to climate change can
create lock-ins of vulnerability, exposure, and risks that are difficult and expen-
sive to change and exacerbate existing inequalities. Maladaptation especially
affects marginalised and vulnerable groups adversely (e.g. Indigenous Peoples,
ethnic minorities, low-income households, people living in informal settlements).
Maladaptation can be avoided by flexible, multi-sectoral, inclusive, and long-term
planning and implementation of adaptation actions, building on local knowledge
and Indigenous knowledge."”

2.7 CONCLUSION

An overwhelming body of scientific evidence has provided insight into anthropo-
genic climate change, including its causes and impacts. It shows that the impacts of
climate change on ecosystems, societies, and planetary health are far-reaching and
unprecedented. The best available scientific evidence thus suggests that immediate,
robust, and sustained global action on both adaptation and mitigation is imperative.
The evidence also underscores the urgent need for action and support to address
losses and damages from climate change. The time for decisive action is now: every
year, choice and fraction of warming matters in shaping a sustainable and resilient
future for all.

1L

£

Section B.2, IPCC, 2023: Summary for Policymakers (n 23).

"5 ibid.

16 Maladaptation refers to actions that may lead to increased risk of adverse climate-related outcomes,
including via increased greenhouse gas emissions, increased or shifted vulnerability to climate
change, more inequitable outcomes, or diminished welfare, now or in the future. Most often, malad-
aptation is an unintended consequence.

Sections 2.3 and 3.2, IPCC, 2023: Summary for Policymakers (n 23).
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