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Foreword

This IPCC Special Report on Global Warming of 1.5°C was formally approved by the world's governments in 2018
— the year of IPCC's 30" anniversary celebrations.

During its three decades of existence, the IPCC has shed light on climate change, contributing to the understanding
of its causes and consequences and the options for risk management through adaptation and mitigation. In
these three decades, global warming has continued unabated and we have witnessed an acceleration in sea-
level rise. Emissions of greenhouse gases due to human activities, the root cause of global warming, continue
to increase, year after year.

Five years ago, the IPCC's Fifth Assessment Report provided the scientific input into the Paris Agreement, which
aims to strengthen the global response to the threat of climate change by holding the increase in the global
average temperature to well below 2°C above pre-industrial levels and to pursue efforts to limit the temperature
increase to 1.5°C above pre-industrial levels.

Many countries considered that a level of global warming close to 2°C would not be safe and, at that time, there
was only limited knowledge about the implications of a level of 1.5°C of warming for climate-related risks and
in terms of the scale of mitigation ambition and its feasibility. Parties to the Paris Agreement therefore invited
the IPCC to assess the impacts of global warming of 1.5°C above pre-industrial levels and the related emissions
pathways that would achieve this enhanced global ambition.

At the start of the Sixth Assessment cycle, governments, in a plenary IPCC session, decided to prepare three
special reports, including this one, and expanded the scope of this special report by framing the assessment in
the context of sustainable development and efforts to eradicate poverty.

Sustainable development goals provide a new framework to consider climate action within the multiple
dimensions of sustainability. This report is innovative in multiple ways. It shows the importance of integration
across the traditional IPCC working groups and across disciplines within each chapter. Transitions, integrating
adaptation and mitigation for each sector, are explored within six dimensions of feasibility, showing both low
hanging fruits and barriers to overcome. It also provides scientific guidance on strategies to embed climate action
within development strategies, and how to optimize choices that maximize benefits for multiple sustainable
development dimensions and implement ethical and just transitions.

In his address to the UN General Assembly in 2018, Secretary-General Anténio Guterres quoted World
Meteorological Organization (WMO) data showing that the past two decades have included eighteen of the
twenty warmest years since record-keeping began in 1850.

“Climate change is moving faster than we are,” said Secretary-General Guterres. “We must listen to the Earth’s
best scientists,” he added.

One month later the IPCC presented the Special Report on Global Warming of 1.5°C, based on the assessment
of around 6,000 peer-review publications, most of them published in the last few years. This Special Report
confirms that climate change is already affecting people, ecosystems and livelihoods all around the world. It
shows that limiting warming to 1.5°C is possible within the laws of chemistry and physics but would require
unprecedented transitions in all aspects of society. It finds that there are clear benefits to keeping warming to
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1.5°C rather than 2°C or higher. Every bit of warming matters. And it shows that limiting warming to 1.5°C can
go hand in hand with achieving other global goals such as the Sustainable Development Agenda. Every year
matters and every choice matters.

This Special Report also shows that recent trends in emissions and the level of international ambition indicated
by nationally determined contributions, within the Paris Agreement, deviate from a track consistent with limiting
warming to well below 2°C. Without increased and urgent mitigation ambition in the coming years, leading to a
sharp decline in greenhouse gas emissions by 2030, global warming will surpass 1.5°C in the following decades,
leading to irreversible loss of the most fragile ecosystems, and crisis after crisis for the most vulnerable people
and societies.
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The Special Report on Global Warming of 1.5°C supports efforts by the WMO and United Nations Environment
Programme for a comprehensive assessment of our understanding of climate change to help step up action to
respond to climate change, achieve climate-resilient development and foster an integrated approach to the
provision of climate services at all scales of governance.

The IPCC worked in record time to deliver this report for the 24% Conference of Parties (COP24) to the United
Nations Framework Convention on Climate Change (UNFCCC) and the Talanoa Dialogue. We would like to thank
Hoesung Lee, Chair of the IPCC, for his leadership and guidance in the preparation of this Special Report. We
commend the work undertaken by the authors of this Special Report and the many contributing authors and
reviewers within a timeline of unprecedented severity; the leadership of the Co-Chairs of Working Groups |, 1l
and Ill: Valérie Masson-Delmotte, Panmao Zhai, Hans-Otto Pértner, Debra Roberts, Jim Skea and Priyadarshi R.
Shukla; the oversight by the Bureau members of Working Groups |, Il and IlI; and the implementation by the
Technical Support Unit of Working Group I, supported by the Technical Support Units of Working Groups Il and
[Il. We are also grateful for the responsiveness of the international research community, who produced the
knowledge assessed in the report, and thank the reviewers of the report for the thousands of comments that
helped the authors strengthen the assessment.

Every bit of warming matters, every year matters, every choice matters

«‘"/f

Petteri Taalas Joyce Msuya

Secretary-General Acting Executive Director

World Meteorological Organization United Nations Environment Programme
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Preface

This Special Report on Global Warming of 1.5°C, an IPCC Special
Report on the impacts of global warming of 1.5°C above pre-
industrial levels and related global greenhouse gas emission
pathways, in the context of strengthening the global response
to the threat of climate change, sustainable development,
and efforts to eradicate poverty, is the first publication in
the Intergovernmental Panel on Climate Change (IPCC) Sixth
Assessment Report (AR6). The Report was jointly prepared by
Working Groups I, Il and Ill. It is the first IPCC Report to be
collectively produced by all three Working Groups, symbolizing
the new level of integration sought between Working Groups
during AR6. The Working Group | Technical Support Unit has
been responsible for the logistical and technical support for
the preparation of the Special Report. The Special Report
builds upon the IPCC's Fifth Assessment Report (AR5)
released in 2013-2014 and on relevant research subsequently
published in the scientific, technical and socio-economic
literature. It has been prepared following IPCC principles and
procedures, following AR5 guidance on calibrated language
for communicating the degree of certainty in key findings.
This Special Report is the first of three cross-Working Group
Special Reports to be published in AR6, accompanying the
three main Working Group Reports, the Synthesis Report
and a Refinement to the 2006 IPCC Guidelines for National
Greenhouse Gas Inventories.

Scope of the Report

In its decision on the adoption of the Paris Agreement, the
Conference of Parties (COP) to the United Nations Framework
Convention on Climate Change (UNFCCC) at its 21st Session
in Paris, France (30 November to 11 December 2015), invited
the IPCC to provide a special report in 2018 on the impacts
of global warming of 1.5°C above pre-industrial levels and
related global greenhouse gas emission pathways. The Panel
accepted the invitation and placed the Report in the context
of strengthening the global response to the threat of climate
change, sustainable development, and efforts to eradicate
poverty.

The broad scientific community has also responded to the
UNFCCC invitation. New knowledge and literature relevant to
the topics of this report have been produced and published
worldwide. The Special Report is an assessment of the relevant
state of knowledge, based on the scientific and technical
literature available and accepted for publication up to
15 May 2018. The Report draws on the findings of more than
6,000 published articles.

Preface

Structure of the Report

This report consists of a short Summary for Policymakers, a
Technical Summary, five Chapters, and Annexes, as well as
online chapter Supplementary Material.

Chapter 1 frames the context, knowledge base and assessment
approaches used to understand the impacts of 1.5°C global
warming above pre-industrial levels and related global
greenhouse gas emission pathways, building on AR5, in the
context of strengthening the global response to the threat
of climate change, sustainable development, and efforts to
eradicate poverty. The chapter provides an update on the
current state of the climate system including the current level
of warming.

Chapter 2 assesses the literature on mitigation pathways
that limit or return global mean warming to 1.5°C (relative
to the pre-industrial base period 1850-1900). Key questions
addressed are: What types of mitigation pathways have been
developed that could be consistent with 1.5°C? What changes
in emissions, energy and land use do they entail? What do
they imply for climate policy and implementation, and what
impacts do they have on sustainable development? This
chapter focuses on geophysical dimensions of feasibility and
the technological and economic enabling conditions.

Chapter 3 builds on findings of AR5 and assesses new scientific
evidence of changes in the climate system and the associated
impacts on natural and human systems, with a specific focus
on the magnitude and pattern of risks for global warming
of 1.5°C above the pre-industrial period. It explores impacts
and risks for a range of natural and human systems, including
adaptation options, with a focus on how risk levels change
between today and worlds where global mean temperature
increases by 1.5°C and 2°C above pre-industrial levels. The
chapter also revisits major categories of risk (Reasons for
Concern) based on the assessment of the new knowledge
available since ARS.

Chapter 4 discusses how the global economy and socio-
technical and socio-ecological systems can transition to
1.5°C-consistent pathways and adapt to global warming of
1.5°C. In the context of systemic transitions across energy,
land, urban and industrial systems, the chapter assesses
adaptation and mitigation options, including carbon dioxide
removal (CDR) measures, as well as the enabling conditions
that would facilitate implementing the rapid and far-reaching
global response.

Finally, Chapter 5 takes sustainable development, poverty

eradication and reducing inequalities as the starting point and
focus for analysis. It considers the complex interplay between
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sustainable development, including Sustainable Development
Goals (SDGs) and climate actions related to a 1.5°C warmer
world. The chapter also examines synergies and trade-
offs of adaptation and mitigation options with sustainable
development and the SDGs and offers insights into possible
pathways, especially climate-resilient development pathways
toward a 1.5°C warmer world.

The Process

The Special Report on 1.5°C of the IPCC AR6 has been prepared
in accordance with the principles and procedures established
by the IPCC and represents the combined efforts of leading
experts in the field of climate change. A scoping meeting for
the SR1.5°C was held in Geneva, Switzerland, in August 2016,
and the final outline was approved by the Panel at its 44th
Session in October 2016 in Bangkok, Thailand. Governments
and IPCC observer organizations nominated 541 experts for
the author team. The team of 74 Coordinating Lead Authors
and Lead Authors plus 17 Review Editors were selected
by the Working Group I, Il and Ill Bureaux. In addition, 133
Contributing Authors were invited by chapter teams to provide
technical information in the form of text, graphs or data for
assessment. Report drafts prepared by the authors were
subject to two rounds of formal review and revision followed
by a final round of government comments on the Summary for
Policymakers. The enthusiastic participation of the scientific
community and governments to the review process resulted in
42,001 written review comments submitted by 796 individual
expert reviewers and 65 governments.

The 17 Review Editors monitored the review process to ensure
that all substantive review comments received appropriate
consideration. The Summary for Policymakers was approved
line-by-line at the joint meeting of Working Groups 1, Il and
[Il; it and the underlying chapters were then accepted at the
48th Session of the IPCC from 01-06 October 2018 in Incheon,
Republic of Korea.
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« Pour ce qui est de I'avenir, il ne s’agit pas de le prévoir, mais de le rendre possible. »
Antoine de Saint Exupéry, Citadelle, 1948
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Summary for Policymakers

Introduction

This Report responds to the invitation for IPCC ... to provide a Special Report in 2018 on the impacts of global warming of 1.5°C
above pre-industrial levels and related global greenhouse gas emission pathways' contained in the Decision of the 21st Conference
of Parties of the United Nations Framework Convention on Climate Change to adopt the Paris Agreement."

The IPCC accepted the invitation in April 2016, deciding to prepare this Special Report on the impacts of global warming of
1.5°C above pre-industrial levels and related global greenhouse gas emission pathways, in the context of strengthening the global
response to the threat of climate change, sustainable development, and efforts to eradicate poverty.

This Summary for Policymakers (SPM) presents the key findings of the Special Report, based on the assessment of the available
scientific, technical and socio-economic literature? relevant to global warming of 1.5°C and for the comparison between global
warming of 1.5°C and 2°C above pre-industrial levels. The level of confidence associated with each key finding is reported using
the IPCC calibrated language.? The underlying scientific basis of each key finding is indicated by references provided to chapter
elements. In the SPM, knowledge gaps are identified associated with the underlying chapters of the Report.

A. Understanding Global Warming of 1.5°C’

A.1  Human activities are estimated to have caused approximately 1.0°C of global warming® above
pre-industrial levels, with a likely range of 0.8°C to 1.2°C. Global warming is likely to reach 1.5°C
between 2030 and 2052 if it continues to increase at the current rate. (high confidence) (Figure
SPM.1) {1.2}

A.1.1  Reflecting the long-term warming trend since pre-industrial times, observed global mean surface temperature (GMST) for
the decade 2006-2015 was 0.87°C (/ikely between 0.75°C and 0.99°C)¢ higher than the average over the 1850-1900
period (very high confidence). Estimated anthropogenic global warming matches the level of observed warming to within
+20% (likely range). Estimated anthropogenic global warming is currently increasing at 0.2°C (/ikely between 0.1°C and
0.3°C) per decade due to past and ongoing emissions (high confidence). {1.2.1, Table 1.1, 1.2.4}

A.1.2  Warming greater than the global annual average is being experienced in many land regions and seasons, including two to
three times higher in the Arctic. Warming is generally higher over land than over the ocean. (high confidence) {1.2.1,1.2.2,
Figure 1.1, Figure 1.3, 3.3.1,3.3.2}

A.1.3  Trends in intensity and frequency of some climate and weather extremes have been detected over time spans during which
about 0.5°C of global warming occurred (medium confidence). This assessment is based on several lines of evidence,
including attribution studies for changes in extremes since 1950. {3.3.1, 3.3.2, 3.3.3}

Decision 1/CP.21, paragraph 21.

2 The assessment covers literature accepted for publication by 15 May 2018.

3 Each finding is grounded in an evaluation of underlying evidence and agreement. A level of confidence is expressed using five qualifiers: very low, low, medium, high and very high, and
typeset in italics, for example, medium confidence. The following terms have been used to indicate the assessed likelihood of an outcome or a result: virtually certain 99-100%
probability, very likely 90—100%, likely 66—100%, about as likely as not 33-66%, unlikely 0-33%, very unlikely 0—10%, exceptionally unlikely 0—1%. Additional terms (extremely likely
95-100%, more likely than not >50-100%, more unlikely than likely 0-<50%, extremely unlikely 0-5%) may also be used when appropriate. Assessed likelihood is typeset in italics,
for example, very likely. This is consistent with AR5.

4 See also Box SPM.1: Core Concepts Central to this Special Report.

%]

Present level of global warming is defined as the average of a 30-year period centred on 2017 assuming the recent rate of warming continues.

6 This range spans the four available peer-reviewed estimates of the observed GMST change and also accounts for additional uncertainty due to possible short-term natural variability.
{1.2.1, Table 1.1}
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A.2  Warming from anthropogenic emissions from the pre-industrial period to the present will persist for
centuries to millennia and will continue to cause further long-term changes in the climate system,
such as sea level rise, with associated impacts (high confidence), but these emissions alone are
unlikely to cause global warming of 1.5°C (medium confidence). (Figure SPM.1) {1.2, 3.3, Figure 1.5}

A.2.1  Anthropogenic emissions (including greenhouse gases, aerosols and their precursors) up to the present are unlikely to
cause further warming of more than 0.5°C over the next two to three decades (high confidence) or on a century time scale
(medium confidence). {1.2.4, Figure 1.5}

A.2.2  Reaching and sustaining net zero global anthropogenic CO, emissions and declining net non-CO, radiative forcing would
halt anthropogenic global warming on multi-decadal time scales (high confidence). The maximum temperature reached is
then determined by cumulative net global anthropogenic CO, emissions up to the time of net zero CO, emissions (high
confidence) and the level of non-CO, radiative forcing in the decades prior to the time that maximum temperatures are
reached (medium confidence). On longer time scales, sustained net negative global anthropogenic CO, emissions and/
or further reductions in non-CO, radiative forcing may still be required to prevent further warming due to Earth system
feedbacks and to reverse ocean acidification (medium confidence) and will be required to minimize sea level rise (high
confidence). {Cross-Chapter Box 2 in Chapter 1, 1.2.3, 1.2.4, Figure 1.4,2.2.1,2.2.2,3.4.4.8,3.4.5.1, 3.6.3.2}

A.3  Climate-related risks for natural and human systems are higher for global warming of 1.5°C than
at present, but lower than at 2°C (high confidence). These risks depend on the magnitude and rate
of warming, geographic location, levels of development and vulnerability, and on the choices and
implementation of adaptation and mitigation options (high confidence). (Figure SPM.2) {1.3, 3.3,
3.4, 5.6}

A.3.1 Impacts on natural and human systems from global warming have already been observed (high confidence). Many land and
ocean ecosystems and some of the services they provide have already changed due to global warming (high confidence).
(Figure SPM.2) {1.4, 3.4, 3.5}

A3.2  Future climate-related risks depend on the rate, peak and duration of warming. In the aggregate, they are larger if global
warming exceeds 1.5°C before returning to that level by 2100 than if global warming gradually stabilizes at 1.5°C, especially
if the peak temperature is high (e.g., about 2°C) (high confidence). Some impacts may be long-lasting or irreversible, such
as the loss of some ecosystems (high confidence). {3.2, 3.4.4, 3.6.3, Cross-Chapter Box 8 in Chapter 3}

A.3.3 Adaptation and mitigation are already occurring (high confidence). Future climate-related risks would be reduced by the
upscaling and acceleration of far-reaching, multilevel and cross-sectoral climate mitigation and by both incremental and
transformational adaptation (high confidence). {1.2, 1.3, Table 3.5, 4.2.2, Cross-Chapter Box 9 in Chapter 4, Box 4.2, Box
4.3,Box 4.6,4.3.1,43.2,433,43.4,435,4.4.1,4.4.4,445,45.3}
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Cumulative emissions of CO2 and future non-CO: radiative forcing determine
the probability of limiting warming to 1.5°C

a) Observed global temperature change and modeled
responses to stylized anthropogenic emission and forcing pathways

Global warming relative to 1850-1900 (°C)
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[IGlobal CO2 emissions reach net zero in 2055 while net

non-CO2 radiative forcing is reduced after 2030 (grey in b, c & d)
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Figure SPM.1| Panel a: Observed monthly global mean surface temperature (GMST, grey line up to 2017, from the HadCRUT4, GISTEMP, Cowtan—Way, and
NOAA datasets) change and estimated anthropogenic global warming (solid orange line up to 2017, with orange shading indicating assessed /ikely range). Orange
dashed arrow and horizontal orange error bar show respectively the central estimate and /ikely range of the time at which 1.5°C is reached if the current rate
of warming continues. The grey plume on the right of panel a shows the /ikely range of warming responses, computed with a simple climate model, to a stylized
pathway (hypothetical future) in which net CO, emissions (grey line in panels b and c) decline in a straight line from 2020 to reach net zero in 2055 and net non-
CO, radiative forcing (grey line in panel d) increases to 2030 and then declines. The blue plume in panel a) shows the response to faster CO, emissions reductions
(blue line in panel b), reaching net zero in 2040, reducing cumulative CO, emissions (panel c). The purple plume shows the response to net CO, emissions declining
to zero in 2055, with net non-CO, forcing remaining constant after 2030. The vertical error bars on right of panel a) show the /ikely ranges (thin lines) and central
terciles (33rd — 66th percentiles, thick lines) of the estimated distribution of warming in 2100 under these three stylized pathways. Vertical dotted error bars in
panels b, c and d show the likely range of historical annual and cumulative global net CO, emissions in 2017 (data from the Global Carbon Project) and of net
non-CO, radiative forcing in 2011 from AR5, respectively. Vertical axes in panels c and d are scaled to represent approximately equal effects on GMST. {1.2.1, 1.2.3,
1.2.4, 2.3, Figure 1.2 and Chapter 1 Supplementary Material, Cross-Chapter Box 2 in Chapter 1}
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B. Projected Climate Change, Potential Impacts and Associated Risks

B.1  Climate models project robust’ differences in regional climate characteristics between present-day
and global warming of 1.5°C,® and between 1.5°C and 2°C.2 These differences include increases
in: mean temperature in most land and ocean regions (high confidence), hot extremes in most
inhabited regions (high confidence), heavy precipitation in several regions (medium confidence),
and the probability of drought and precipitation deficits in some regions (medium confidence).
{3.3}

B.1.1  Evidence from attributed changes in some climate and weather extremes for a global warming of about 0.5°C supports
the assessment that an additional 0.5°C of warming compared to present is associated with further detectable changes in
these extremes (medium confidence). Several regional changes in climate are assessed to occur with global warming up
to 1.5°C compared to pre-industrial levels, including warming of extreme temperatures in many regions (high confidence),
increases in frequency, intensity, and/or amount of heavy precipitation in several regions (high confidence), and an increase
in intensity or frequency of droughts in some regions (medium confidence). {3.2,3.3.1, 3.3.2, 3.3.3, 3.3.4, Table 3.2}

B.1.2  Temperature extremes on land are projected to warm more than GMST (high confidence): extreme hot days in mid-latitudes
warm by up to about 3°C at global warming of 1.5°C and about 4°C at 2°C, and extreme cold nights in high latitudes warm
by up to about 4.5°C at 1.5°C and about 6°C at 2°C (high confidence). The number of hot days is projected to increase in
most land regions, with highest increases in the tropics (high confidence). {3.3.1, 3.3.2, Cross-Chapter Box 8 in Chapter 3}

B.1.3  Risks from droughts and precipitation deficits are projected to be higher at 2°C compared to 1.5°C of global warming in
some regions (medium confidence). Risks from heavy precipitation events are projected to be higher at 2°C compared to
1.5°C of global warming in several northern hemisphere high-latitude and/or high-elevation regions, eastern Asia and
eastern North America (medium confidence). Heavy precipitation associated with tropical cyclones is projected to be
higher at 2°C compared to 1.5°C global warming (medium confidence). There is generally low confidence in projected
changes in heavy precipitation at 2°C compared to 1.5°C in other regions. Heavy precipitation when aggregated at global
scale is projected to be higher at 2°C than at 1.5°C of global warming (medium confidence). As a consequence of heavy
precipitation, the fraction of the global land area affected by flood hazards is projected to be larger at 2°C compared to
1.5°C of global warming (medium confidence). {3.3.1, 3.3.3, 3.3.4, 3.3.5, 3.3.6}

B.2 By 2100, global mean sea level rise is projected to be around 0.1 metre lower with global warming
of 1.5°C compared to 2°C (medium confidence). Sea level will continue to rise well beyond 2100
(high confidence), and the magnitude and rate of this rise depend on future emission pathways.
A slower rate of sea level rise enables greater opportunities for adaptation in the human and
ecological systems of small islands, low-lying coastal areas and deltas (medium confidence).
{3.3, 3.4, 3.6}

B.2.1  Model-based projections of global mean sea level rise (relative to 1986—2005) suggest an indicative range of 0.26 to 0.77
m by 2100 for 1.5°C of global warming, 0.1 m (0.04-0.16 m) less than for a global warming of 2°C (medium confidence).
A reduction of 0.1 m in global sea level rise implies that up to 10 million fewer people would be exposed to related risks,
based on population in the year 2010 and assuming no adaptation (medium confidence). {3.4.4,3.4.5, 4.3.2}

B.2.2  Sea level rise will continue beyond 2100 even if global warming is limited to 1.5°C in the 21st century (high confidence).
Marine ice sheet instability in Antarctica and/or irreversible loss of the Greenland ice sheet could result in multi-metre rise
in sea level over hundreds to thousands of years. These instabilities could be triggered at around 1.5°C to 2°C of global
warming (medium confidence). (Figure SPM.2) {3.3.9, 3.4.5, 3.5.2, 3.6.3, Box 3.3}

7 Robust is here used to mean that at least two thirds of climate models show the same sign of changes at the grid point scale, and that differences in large regions are statistically
significant.

8 Projected changes in impacts between different levels of global warming are determined with respect to changes in global mean surface air temperature.
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B.2.3

B.3

B.3.1

B.3.2

B33

B.4

B.4.1

B.4.2

Increasing warming amplifies the exposure of small islands, low-lying coastal areas and deltas to the risks associated with
sea level rise for many human and ecological systems, including increased saltwater intrusion, flooding and damage to
infrastructure (high confidence). Risks associated with sea level rise are higher at 2°C compared to 1.5°C. The slower rate
of sea level rise at global warming of 1.5°C reduces these risks, enabling greater opportunities for adaptation including
managing and restoring natural coastal ecosystems and infrastructure reinforcement (medium confidence). (Figure SPM.2)
{3.4.5, Box 3.5}

On land, impacts on biodiversity and ecosystems, including species loss and extinction, are
projected to be lower at 1.5°C of global warming compared to 2°C. Limiting global warming to
1.5°C compared to 2°C is projected to lower the impacts on terrestrial, freshwater and coastal
ecosystems and to retain more of their services to humans (high confidence). (Figure SPM.2)
{3.4, 3.5, Box 3.4, Box 4.2, Cross-Chapter Box 8 in Chapter 3}

0Of 105,000 species studied,® 6% of insects, 8% of plants and 4% of vertebrates are projected to lose over half of their
climatically determined geographic range for global warming of 1.5°C, compared with 18% of insects, 16% of plants and
8% of vertebrates for global warming of 2°C (medium confidence). Impacts associated with other biodiversity-related
risks such as forest fires and the spread of invasive species are lower at 1.5°C compared to 2°C of global warming (high
confidence). {3.4.3, 3.5.2}

Approximately 4% (interquartile range 2—7%) of the global terrestrial land area is projected to undergo a transformation
of ecosystems from one type to another at 1°C of global warming, compared with 13% (interquartile range 8-20%) at 2°C
(medium confidence). This indicates that the area at risk is projected to be approximately 50% lower at 1.5°C compared to
2°C (medium confidence). {3.4.3.1, 3.4.3.5}

High-latitude tundra and boreal forests are particularly at risk of climate change-induced degradation and loss, with woody
shrubs already encroaching into the tundra (high confidence) and this will proceed with further warming. Limiting global
warming to 1.5°C rather than 2°C is projected to prevent the thawing over centuries of a permafrost area in the range of
1.5 to 2.5 million km? (medium confidence). {3.3.2, 3.4.3, 3.5.5}

Limiting global warming to 1.5°C compared to 2°C is projected to reduce increases in ocean
temperature as well as associated increases in ocean acidity and decreases in ocean oxygen levels
(high confidence). Consequently, limiting global warming to 1.5°C is projected to reduce risks
to marine biodiversity, fisheries, and ecosystems, and their functions and services to humans,
as illustrated by recent changes to Arctic sea ice and warm-water coral reef ecosystems (high
confidence). {3.3, 3.4, 3.5, Box 3.4, Box 3.5}

There is high confidence that the probability of a sea ice-free Arctic Ocean during summer is substantially lower at global
warming of 1.5°C when compared to 2°C. With 1.5°C of global warming, one sea ice-free Arctic summer is projected per
century. This likelihood is increased to at least one per decade with 2°C global warming. Effects of a temperature overshoot
are reversible for Arctic sea ice cover on decadal time scales (high confidence). {3.3.8, 3.4.4.7}

Global warming of 1.5°C is projected to shift the ranges of many marine species to higher latitudes as well as increase the
amount of damage to many ecosystems. It is also expected to drive the loss of coastal resources and reduce the productivity of
fisheries and aquaculture (especially at low latitudes). The risks of climate-induced impacts are projected to be higher at 2°C
than those at global warming of 1.5°C (high confidence). Coral reefs, for example, are projected to decline by a further 70-90%
at 1.5°C (high confidence) with larger losses (>99%) at 2°C (very high confidence). The risk of irreversible loss of many marine
and coastal ecosystems increases with global warming, especially at 2°C or more (high confidence). {3.4.4, Box 3.4}

9 Consistent with earlier studies, illustrative numbers were adopted from one recent meta-study.
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B.4.3  The level of ocean acidification due to increasing CO, concentrations associated with global warming of 1.5°C is projected to
amplify the adverse effects of warming, and even further at 2°C, impacting the growth, development, calcification, survival,
and thus abundance of a broad range of species, for example, from algae to fish (high confidence). {3.3.10, 3.4.4}

B.4.4 Impacts of climate change in the ocean are increasing risks to fisheries and aquaculture via impacts on the physiology,
survivorship, habitat, reproduction, disease incidence, and risk of invasive species (medium confidence) but are projected to
be less at 1.5°C of global warming than at 2°C. One global fishery model, for example, projected a decrease in global annual
catch for marine fisheries of about 1.5 million tonnes for 1.5°C of global warming compared to a loss of more than 3 million
tonnes for 2°C of global warming (medium confidence). {3.4.4, Box 3.4}

B.5 Climate-related risks to health, livelihoods, food security, water supply, human security, and
economic growth are projected to increase with global warming of 1.5°C and increase further with
2°C. (Figure SPM.2) {3.4, 3.5, 5.2, Box 3.2, Box 3.3, Box 3.5, Box 3.6, Cross-Chapter Box 6 in Chapter
3, Cross-Chapter Box 9 in Chapter 4, Cross-Chapter Box 12 in Chapter 5, 5.2}

B.5.1  Populations at disproportionately higher risk of adverse consequences with global warming of 1.5°C and beyond include
disadvantaged and vulnerable populations, some indigenous peoples, and local communities dependent on agricultural or
coastal livelihoods (high confidence). Regions at disproportionately higher risk include Arctic ecosystems, dryland regions,
small island developing states, and Least Developed Countries (high confidence). Poverty and disadvantage are expected
to increase in some populations as global warming increases; limiting global warming to 1.5°C, compared with 2°C, could
reduce the number of people both exposed to climate-related risks and susceptible to poverty by up to several hundred
million by 2050 (medium confidence). {3.4.10, 3.4.11, Box 3.5, Cross-Chapter Box 6 in Chapter 3, Cross-Chapter Box 9 in
Chapter 4, Cross-Chapter Box 12 in Chapter 5,4.2.2.2,5.2.1,5.2.2,5.2.3,5.6.3}

B.5.2  Anyincrease in global warming is projected to affect human health, with primarily negative consequences (high confidence).
Lower risks are projected at 1.5°C than at 2°C for heat-related morbidity and mortality (very high confidence) and for
ozone-related mortality if emissions needed for ozone formation remain high (high confidence). Urban heat islands often
amplify the impacts of heatwaves in cities (high confidence). Risks from some vector-borne diseases, such as malaria and
dengue fever, are projected to increase with warming from 1.5°C to 2°C, including potential shifts in their geographic range
(high confidence). {3.4.7, 3.4.8, 3.5.5.8}

B.5.3  Limiting warming to 1.5°C compared with 2°C is projected to result in smaller net reductions in yields of maize, rice, wheat,
and potentially other cereal crops, particularly in sub-Saharan Africa, Southeast Asia, and Central and South America, and
in the CO,-dependent nutritional quality of rice and wheat (high confidence). Reductions in projected food availability are
larger at 2°C than at 1.5°C of global warming in the Sahel, southern Africa, the Mediterranean, central Europe, and the
Amazon (medium confidence). Livestock are projected to be adversely affected with rising temperatures, depending on the
extent of changes in feed quality, spread of diseases, and water resource availability (high confidence). {3.4.6, 3.5.4, 3.5.5,
Box 3.1, Cross-Chapter Box 6 in Chapter 3, Cross-Chapter Box 9 in Chapter 4}

B.5.4 Depending on future socio-economic conditions, limiting global warming to 1.5°C compared to 2°C may reduce the
proportion of the world population exposed to a climate change-induced increase in water stress by up to 50%, although
there is considerable variability between regions (medium confidence). Many small island developing states could
experience lower water stress as a result of projected changes in aridity when global warming is limited to 1.5°C, as
compared to 2°C (medium confidence). {3.3.5, 3.4.2, 3.4.8, 3.5.5, Box 3.2, Box 3.5, Cross-Chapter Box 9 in Chapter 4}

B.5.5 Risks to global aggregated economic growth due to climate change impacts are projected to be lower at 1.5°C than at
2°C by the end of this century'® (medium confidence). This excludes the costs of mitigation, adaptation investments and
the benefits of adaptation. Countries in the tropics and Southern Hemisphere subtropics are projected to experience the
largest impacts on economic growth due to climate change should global warming increase from 1.5°C to 2°C (medium
confidence). {3.5.2, 3.5.3}

10 Here, impacts on economic growth refer to changes in gross domestic product (GDP). Many impacts, such as loss of human lives, cultural heritage and ecosystem services, are difficult
to value and monetize.




Summary for Policymakers

10

B.5.6

B.5.7

B.6

B.6.1

B.6.2

B.6.3

Exposure to multiple and compound climate-related risks increases between 1.5°C and 2°C of global warming, with greater
proportions of people both so exposed and susceptible to poverty in Africa and Asia (high confidence). For global warming
from 1.5°C to 2°C, risks across energy, food, and water sectors could overlap spatially and temporally, creating new and
exacerbating current hazards, exposures, and vulnerabilities that could affect increasing numbers of people and regions
(medium confidence). {Box 3.5, 3.3.1, 3.4.5.3, 3.4.5.6, 3.4.11, 3.5.4.9}

There are multiple lines of evidence that since AR5 the assessed levels of risk increased for four of the five Reasons for
Concern (RFCs) for global warming to 2°C (high confidence). The risk transitions by degrees of global warming are now:
from high to very high risk between 1.5°C and 2°C for RFC1 (Unique and threatened systems) (high confidence); from
moderate to high risk between 1°C and 1.5°C for RFC2 (Extreme weather events) (medium confidence); from moderate to
high risk between 1.5°C and 2°C for RFC3 (Distribution of impacts) (high confidence); from moderate to high risk between
1.5°C and 2.5°C for RFC4 (Global aggregate impacts) (medium confidence); and from moderate to high risk between 1°C
and 2.5°C for RFC5 (Large-scale singular events) (medium confidence). (Figure SPM.2) {3.4.13; 3.5, 3.5.2}

Most adaptation needs will be lower for global warming of 1.5°C compared to 2°C (high confidence).
There are a wide range of adaptation options that can reduce the risks of climate change (high
confidence). There are limits to adaptation and adaptive capacity for some human and natural
systems at global warming of 1.5°C, with associated losses (medium confidence). The number and
availability of adaptation options vary by sector (medium confidence). {Table 3.5, 4.3, 4.5, Cross-
Chapter Box 9 in Chapter 4, Cross-Chapter Box 12 in Chapter 5}

A wide range of adaptation options are available to reduce the risks to natural and managed ecosystems (e.g., ecosystem-
based adaptation, ecosystem restoration and avoided degradation and deforestation, biodiversity management,
sustainable aquaculture, and local knowledge and indigenous knowledge), the risks of sea level rise (e.g., coastal defence
and hardening), and the risks to health, livelihoods, food, water, and economic growth, especially in rural landscapes
(e.g., efficient irrigation, social safety nets, disaster risk management, risk spreading and sharing, and community-
based adaptation) and urban areas (e.g., green infrastructure, sustainable land use and planning, and sustainable water
management) (medium confidence). {4.3.1, 4.3.2, 4.3.3,4.3.5,4.5.3, 4.5.4, 5.3.2, Box 4.2, Box 4.3, Box 4.6, Cross-Chapter
Box 9 in Chapter 4}.

Adaptation is expected to be more challenging for ecosystems, food and health systems at 2°C of global warming than for
1.5°C (medium confidence). Some vulnerable regions, including small islands and Least Developed Countries, are projected
to experience high multiple interrelated climate risks even at global warming of 1.5°C (high confidence). {3.3.1, 3.4.5,
Box 3.5, Table 3.5, Cross-Chapter Box 9 in Chapter 4, 5.6, Cross-Chapter Box 12 in Chapter 5, Box 5.3}

Limits to adaptive capacity exist at 1.5°C of global warming, become more pronounced at higher levels of warming and
vary by sector, with site-specific implications for vulnerable regions, ecosystems and human health (medium confidence).
{Cross-Chapter Box 12 in Chapter 5, Box 3.5, Table 3.5}
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How the level of global warming affects impacts and/or risks associated with
the Reasons for Concern (RFCs) and selected natural, managed and human
systems

Five Reasons For Concern (RFCs) illustrate the impacts and risks of
different levels of global warming for people, economies and ecosystems p - .
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Figure SPM.2 |  Five integrative reasons for concern (RFCs) provide a framework for summarizing key impacts and risks across sectors and regions, and were
introduced in the IPCC Third Assessment Report. RFCs illustrate the implications of global warming for people, economies and ecosystems. Impacts and/or risks
for each RFC are based on assessment of the new literature that has appeared. As in AR5, this literature was used to make expert judgments to assess the levels
of global warming at which levels of impact and/or risk are undetectable, moderate, high or very high. The selection of impacts and risks to natural, managed and
human systems in the lower panel is illustrative and is not intended to be fully comprehensive. {3.4, 3.5, 3.5.2.1, 3.5.2.2,3.5.2.3,3.5.2.4, 3.5.2.5,5.4.1,5.5.3,
5.6.1, Box 3.4}

RFC1 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 people, mountain glaciers and biodiversity hotspots.
RFC2 Extreme weather events: risks/impacts to human health, livelihoods, assets and ecosystems from extreme weather events such as heat waves, heavy rain,
drought and associated wildfires, and coastal flooding.

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

RFC4 Global aggregate impacts: global monetary damage, global-scale degradation and loss of ecosystems and biodiversity.

RFC5 Large-scale singular events: are relatively large, abrupt and sometimes irreversible changes in systems that are caused by global warming. Examples
include disintegration of the Greenland and Antarctic ice sheets.

1
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C.

C1

C1.4

Emission Pathways and System Transitions Consistent with 1.5°C
Global Warming

In model pathways with no or limited overshoot of 1.5°C, global net anthropogenic CO, emissions
decline by about 45% from 2010 levels by 2030 (40-60% interquartile range), reaching net zero
around 2050 (2045-2055 interquartile range). For limiting global warming to below 2°C" CO,
emissions are projected to decline by about 25% by 2030 in most pathways (10-30% interquartile
range) and reach net zero around 2070 (2065-2080 interquartile range). Non-CO, emissions in
pathways that limit global warming to 1.5°C show deep reductions that are similar to those in
pathways limiting warming to 2°C. (high confidence) (Figure SPM.3a) {2.1, 2.3, Table 2.4}

CO, emissions reductions that limit global warming to 1.5°C with no or limited overshoot can involve different portfolios of
mitigation measures, striking different balances between lowering energy and resource intensity, rate of decarbonization,
and the reliance on carbon dioxide removal. Different portfolios face different implementation challenges and potential
synergies and trade-offs with sustainable development. (high confidence) (Figure SPM.3b) {2.3.2,2.3.4, 2.4, 2.5.3}

Modelled pathways that limit global warming to 1.5°C with no or limited overshoot involve deep reductions in emissions
of methane and black carbon (35% or more of both by 2050 relative to 2010). These pathways also reduce most of the
cooling aerosols, which partially offsets mitigation effects for two to three decades. Non-CO, emissions' can be reduced
as a result of broad mitigation measures in the energy sector. In addition, targeted non-CO, mitigation measures can
reduce nitrous oxide and methane from agriculture, methane from the waste sector, some sources of black carbon, and
hydrofluorocarbons. High bioenergy demand can increase emissions of nitrous oxide in some 1.5°C pathways, highlighting
the importance of appropriate management approaches. Improved air quality resulting from projected reductions in many
non-CO, emissions provide direct and immediate population health benefits in all 1.5°C model pathways. (high confidence)
(Figure SPM.3a) {2.2.1,2.3.3,2.4.4,2.5.3,4.3.6, 5.4.2}

Limiting global warming requires limiting the total cumulative global anthropogenic emissions of CO, since the pre-
industrial period, that is, staying within a total carbon budget (high confidence).” By the end of 2017, anthropogenic CO,
emissions since the pre-industrial period are estimated to have reduced the total carbon budget for 1.5°C by approximately
2200 + 320 GtCO, (medium confidence). The associated remaining budget is being depleted by current emissions of
42 + 3 GtCO, per year (high confidence). The choice of the measure of global temperature affects the estimated remaining
carbon budget. Using global mean surface air temperature, as in AR5, gives an estimate of the remaining carbon budget of
580 GtCO, for a 50% probability of limiting warming to 1.5°C, and 420 GtCO, for a 66% probability (medium confidence).'*
Alternatively, using GMST gives estimates of 770 and 570 GtCO,, for 50% and 66% probabilities, respectively (medium
confidence). Uncertainties in the size of these estimated remaining carbon budgets are substantial and depend on several
factors. Uncertainties in the climate response to CO, and non-CO, emissions contribute +400 GtCO, and the level of historic
warming contributes +250 GtCO, (medium confidence). Potential additional carbon release from future permafrost thawing
and methane release from wetlands would reduce budgets by up to 100 GtCO, over the course of this century and more
thereafter (medium confidence). In addition, the level of non-CO, mitigation in the future could alter the remaining carbon
budget by 250 GtCO, in either direction (medium confidence). {1.2.4, 2.2.2, 2.6.1, Table 2.2, Chapter 2 Supplementary
Material}

Solar radiation modification (SRM) measures are not included in any of the available assessed pathways. Although some
SRM measures may be theoretically effective in reducing an overshoot, they face large uncertainties and knowledge gaps

11 References to pathways limiting global warming to 2°C are based on a 66% probability of staying below 2°C.

12 Non-CO, emissions included in this Report are all anthropogenic emissions other than CO, that result in radiative forcing. These include short-lived climate forcers, such as methane,
some fluorinated gases, ozone precursors, aerosols or aerosol precursors, such as black carbon and sulphur dioxide, respectively, as well as long-lived greenhouse gases, such as nitrous
oxide or some fluorinated gases. The radiative forcing associated with non-CO, emissions and changes in surface albedo is referred to as non-CO, radiative forcing. {2.2.1}

13 There is a clear scientific basis for a total carbon budget consistent with limiting global warming to 1.5°C. However, neither this total carbon budget nor the fraction of this budget
taken up by past emissions were assessed in this Report.

14 Irrespective of the measure of global temperature used, updated understanding and further advances in methods have led to an increase in the estimated remaining carbon budget of
about 300 GtCO, compared to ARS. (medium confidence) {2.2.2}

15 These estimates use observed GMST to 2006—2015 and estimate future temperature changes using near surface air temperatures.
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as well as substantial risks and institutional and social constraints to deployment related to governance, ethics, and impacts
on sustainable development. They also do not mitigate ocean acidification. (medium confidence) {4.3.8, Cross-Chapter
Box 10 in Chapter 4}

Global emissions pathway characteristics

General characteristics of the evolution of anthropogenic net emissions of CO2, and total emissions of
methane, black carbon, and nitrous oxide in model pathways that limit global warming to 1.5°C with no or
limited overshoot. Net emissions are defined as anthropogenic emissions reduced by anthropogenic
removals. Reductions in net emissions can be achieved through different portfolios of mitigation measures
illustrated in Figure SPM.3b.

Non-CO, emissions relative to 2010
Global total net CO2 emissions Emissions of non-CO2 forcers are also reduced

or limited in pathways limiting global warming
to 1.5°C with no or limited overshoot, but
50 they do not reach zero globally.

Billion tonnes of CO,/yr

Methane emissions

In pathways limiting global warming to 1.5°C 1
with no or limited overshoot as well as in

pathways with a higher overshoot, CO2 emissions

are reduced to net zero globally around 2050.
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percent!le and the 2.5'75th _— 0 Pathways limiting global warming below 2°C
percenti le of scenarios (Not shown above)

Figure SPM.3a | Global emissions pathway characteristics. The main panel shows global net anthropogenic CO, emissions in pathways limiting global warming
to 1.5°C with no or limited (less than 0.1°C) overshoot and pathways with higher overshoot. The shaded area shows the full range for pathways analysed in this
Report. The panels on the right show non-CO, emissions ranges for three compounds with large historical forcing and a substantial portion of emissions coming
from sources distinct from those central to CO, mitigation. Shaded areas in these panels show the 5-95% (light shading) and interquartile (dark shading) ranges
of pathways limiting global warming to 1.5°C with no or limited overshoot. Box and whiskers at the bottom of the figure show the timing of pathways reaching
global net zero CO, emission levels, and a comparison with pathways limiting global warming to 2°C with at least 66% probability. Four illustrative model pathways
are highlighted in the main panel and are labelled P1, P2, P3 and P4, corresponding to the LED, S1, S2, and S5 pathways assessed in Chapter 2. Descriptions and
characteristics of these pathways are available in Figure SPM.3b. {2.1, 2.2, 2.3, Figure 2.5, Figure 2.10, Figure 2.11}
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Characteristics of four illustrative model pathways

Different mitigation strategies can achieve the net emissions reductions that would be required to follow a
pathway that limits global warming to 1.5°C with no or limited overshoot. All pathways use Carbon Dioxide
Removal (CDR), but the amount varies across pathways, as do the relative contributions of Bioenergy with
Carbon Capture and Storage (BECCS) and removals in the Agriculture, Forestry and Other Land Use (AFOLU)

14

sector. This has implications for emissions and several other pathway characteristics.

Breakdown of contributions to global net CO2 emissions in four illustrative model pathways

Fossil fuel and industry

Billion tonnes CO, per year (GtCO2/yr)

A AL A_B_

AFOLU

BECCS

Billion tonnes CO, per year (GtCO2/yr)

Billion tonnes CO, per year (GtCO2/yr)

Billion tonnes CO, per year (GtCO2/yr)

-20 -20

2020 2060 2100

P1: Ascenarioin which social,
business and technological innovations
result in lower energy demand up to
2050 while living standards rise,
especially in the global South. A
downsized energy system enables
rapid decarbonization of energy supply.
Afforestation is the only CDR option
considered; neither fossil fuels with CCS
nor BECCS are used.

2020 2060 2100

P2: Ascenario with a broad focus on
sustainability including energy
intensity, human development,
economic convergence and
international cooperation, as well as
shifts towards sustainable and healthy
consumption patterns, low-carbon
technology innovation, and
well-managed land systems with
limited societal acceptability for BECCS.

-20

2020 2060

P3: Amiddle-of-the-road scenario in
which societal as well as technological
development follows historical
patterns. Emissions reductions are
mainly achieved by changing the way in
which energy and products are
produced, and to a lesser degree by
reductions in demand.

2100

-20

2020 2060 2100

P4: Aresource- and energy-intensive
scenario in which economic growth and
globalization lead to widespread
adoption of greenhouse-gas-intensive
lifestyles, including high demand for
transportation fuels and livestock
products. Emissions reductions are
mainly achieved through technological
means, making strong use of CDR
through the deployment of BECCS.

P4 ] Interquartlle range

Globalindicators P2 P3
Pathway classification No or limited overshoot  No or limited overshoot | No or limited overshoot Higher overshoot | No or limited overshoot
CO:z emission change in 2030 (% rel to 2010) -58 -47 -41 4 (-58,-40)
in 2050 (% rel to 2010) -93 -95 91 -97 (-107,-94)
Kyoto-GHG emissions* in 2030 (% rel to 2010) -50 -49 -35 -2 (-51,-39)
in 2050 (% rel to 2010) -82 -89 -78 -80 (-93,-81)
Final energy demand™** in 2030 (% rel to 2010) -15 -5 17 39 (-12,7)
Lin 2050 (% rel to 2010) =32 2 21 44 (-11,22)
Renewable share in electricity in 2030 (%) 60 58 48 25 (47,65)
in 2050 (%) 7 81 63 70 (69,86)
Primary energy from coal in 2030 (% rel to 2010) -78 -61 -75 -59 (-78,-59)
L. in 2050 (% rel to 2010) 97 77 73 97 (-95,-74)
from oil in 2030 (% rel to 2010) -37 -13 -3 86 (-34,3)
= in 2050 (% rel to 2010) -87 -50 -81 -32 (-78,-31)
from gas in 2030 (% rel to 2010) -25 -20 33 37 (-26,21)
L in 2050 (% rel to 2010) -74 -53 21 -48 (-56,6)
from nuclear in 2030 (% rel to 2010) 59 83 98 106 (44,102)
L in 2050 (% rel to 2010) 150 98 501 468 (91,190)
from biomass in 2030 (% rel to 2010) -11 0 36 -1 (29,80)
L in 2050 (% rel to 2010) -16 49 121 418 (123,261)
from non-biomass renewables in 2030 (% rel to 2010) 430 470 315 110 (245,436)
L in 2050 (% rel to 2010) 833 1327 878 1137 (576,1299)
Cumulative CCS until 2100 (GtCO-) 0 348 687 1218 (550,1017)
L of which BECCS (GtCO2) 0 151 414 1191 (364,662)
Land area of bioenergy crops in 2050 (million km?) 0.2 0.9 2.8 7.2 (1.5,3.2)
Agricultural CHa emissions in 2030 (% rel to 2010) -24 -48 1 14 (-30,-11)
in 2050 (% rel to 2010) -33 -69 -23 2 (-47,-24)
Agricultural N20 emissions in 2030 (% rel to 2010) 5 -26 15 3 (-21,3)
in 2050 (% rel to 2010) 6 -26 0 39 (-26,1)

NOTE: Indicators have been selected to show global trends identified by the Chapter 2 assessment.
National and sectoral characteristics can differ substantially from the global trends shown above.

* Kyoto-gas emissions are based on IPCC Second Assessment Report GWP-100
**Changes in energy demand are associated with improvements in energy

efficiency and behaviour change
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Figure SPM.3b | Characteristics of four illustrative model pathways in relation to global warming of 1.5°C introduced in Figure SPM.3a. These pathways were
selected to show a range of potential mitigation approaches and vary widely in their projected energy and land use, as well as their assumptions about future
socio-economic developments, including economic and population growth, equity and sustainability. A breakdown of the global net anthropogenic CO, emissions
into the contributions in terms of CO, emissions from fossil fuel and industry; agriculture, forestry and other land use (AFOLU); and bioenergy with carbon capture
and storage (BECCS) is shown. AFOLU estimates reported here are not necessarily comparable with countries” estimates. Further characteristics for each of these
pathways are listed below each pathway. These pathways illustrate relative global differences in mitigation strategies, but do not represent central estimates,
national strategies, and do not indicate requirements. For comparison, the right-most column shows the interquartile ranges across pathways with no or limited
overshoot of 1.5°C. Pathways P1, P2, P3 and P4 correspond to the LED, S1, S2 and S5 pathways assessed in Chapter 2 (Figure SPM.3a). {2.2.1, 2.3.1, 2.3.2,
2.3.3,2.34,24.1,2.4.2,2.4.4,2.5.3, Figure 2.5, Figure 2.6, Figure 2.9, Figure 2.10, Figure 2.11, Figure 2.14, Figure 2.15, Figure 2.16, Figure 2.17, Figure 2.24,
Figure 2.25, Table 2.4, Table 2.6, Table 2.7, Table 2.9, Table 4.1}

C.2  Pathways limiting global warming to 1.5°C with no or limited overshoot would require rapid
and far-reaching transitions in energy, land, urban and infrastructure (including transport and
buildings), and industrial systems (high confidence). These systems transitions are unprecedented
in terms of scale, but not necessarily in terms of speed, and imply deep emissions reductions in all
sectors, a wide portfolio of mitigation options and a significant upscaling of investments in those
options (medium confidence). {2.3, 2.4, 2.5, 4.2, 4.3, 4.4, 4.5}

C.2.1  Pathways that limit global warming to 1.5°C with no or limited overshoot show system changes that are more rapid and
pronounced over the next two decades than in 2°C pathways (high confidence). The rates of system changes associated
with limiting global warming to 1.5°C with no or limited overshoot have occurred in the past within specific sectors,
technologies and spatial contexts, but there is no documented historic precedent for their scale (medium confidence).
{2.3.3,2.3.4,2.4,2.5,4.2.1,4.2.2, Cross-Chapter Box 11 in Chapter 4}

C.2.2  In energy systems, modelled global pathways (considered in the literature) limiting global warming to 1.5°C with no or
limited overshoot (for more details see Figure SPM.3b) generally meet energy service demand with lower energy use,
including through enhanced energy efficiency, and show faster electrification of energy end use compared to 2°C (high
confidence). In 1.5°C pathways with no or limited overshoot, low-emission energy sources are projected to have a higher
share, compared with 2°C pathways, particularly before 2050 (high confidence). In 1.5°C pathways with no or limited
overshoot, renewables are projected to supply 70-85% (interquartile range) of electricity in 2050 (high confidence). In
electricity generation, shares of nuclear and fossil fuels with carbon dioxide capture and storage (CCS) are modelled to
increase in most 1.5°C pathways with no or limited overshoot. In modelled 1.5°C pathways with limited or no overshoot,
the use of CCS would allow the electricity generation share of gas to be approximately 8% (3—11% interquartile range)
of global electricity in 2050, while the use of coal shows a steep reduction in all pathways and would be reduced to close
to 0% (0-2% interquartile range) of electricity (high confidence). While acknowledging the challenges, and differences
between the options and national circumstances, political, economic, social and technical feasibility of solar energy, wind
energy and electricity storage technologies have substantially improved over the past few years (high confidence). These
improvements signal a potential system transition in electricity generation. (Figure SPM.3b) {2.4.1, 2.4.2, Figure 2.1, Table
2.6, Table 2.7, Cross-Chapter Box 6 in Chapter 3, 4.2.1, 4.3.1, 4.3.3, 4.5.2}

C.2.3  CO, emissions from industry in pathways limiting global warming to 1.5°C with no or limited overshoot are projected to
be about 65-90% (interquartile range) lower in 2050 relative to 2010, as compared to 50-80% for global warming of
2°C (medium confidence). Such reductions can be achieved through combinations of new and existing technologies and
practices, including electrification, hydrogen, sustainable bio-based feedstocks, product substitution, and carbon capture,
utilization and storage (CCUS). These options are technically proven at various scales but their large-scale deployment
may be limited by economic, financial, human capacity and institutional constraints in specific contexts, and specific
characteristics of large-scale industrial installations. In industry, emissions reductions by energy and process efficiency
by themselves are insufficient for limiting warming to 1.5°C with no or limited overshoot (high confidence). {2.4.3, 4.2.1,
Table 4.1, Table 4.3, 4.3.3,4.3.4,4.5.2}

C.2.4  The urban and infrastructure system transition consistent with limiting global warming to 1.5°C with no or limited overshoot
would imply, for example, changes in land and urban planning practices, as well as deeper emissions reductions in transport
and buildings compared to pathways that limit global warming below 2°C (medium confidence). Technical measures
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C.25

C2.6

c2.7

and practices enabling deep emissions reductions include various energy efficiency options. In pathways limiting global
warming to 1.5°C with no or limited overshoot, the electricity share of energy demand in buildings would be about 55-75%
in 2050 compared to 50-70% in 2050 for 2°C global warming (medium confidence). In the transport sector, the share of
low-emission final energy would rise from less than 5% in 2020 to about 35-65% in 2050 compared to 25-45% for 2°C
of global warming (medium confidence). Economic, institutional and socio-cultural barriers may inhibit these urban and
infrastructure system transitions, depending on national, regional and local circumstances, capabilities and the availability
of capital (high confidence). {2.3.4,2.4.3,4.2.1, Table 4.1, 4.3.3, 4.5.2}

Transitions in global and regional land use are found in all pathways limiting global warming to 1.5°C with no or limited
overshoot, but their scale depends on the pursued mitigation portfolio. Model pathways that limit global warming to 1.5°C
with no or limited overshoot project a 4 million km? reduction to a 2.5 million km? increase of non-pasture agricultural land
for food and feed crops and a 0.5-11 million km? reduction of pasture land, to be converted into a 0—6 million km? increase
of agricultural land for energy crops and a 2 million km? reduction to 9.5 million km? increase in forests by 2050 relative
to 2010 (medium confidence).'® Land-use transitions of similar magnitude can be observed in modelled 2°C pathways
(medium confidence). Such large transitions pose profound challenges for sustainable management of the various demands
on land for human settlements, food, livestock feed, fibre, bioenergy, carbon storage, biodiversity and other ecosystem
services (high confidence). Mitigation options limiting the demand for land include sustainable intensification of land-use
practices, ecosystem restoration and changes towards less resource-intensive diets (high confidence). The implementation
of land-based mitigation options would require overcoming socio-economic, institutional, technological, financing and
environmental barriers that differ across regions (high confidence). {2.4.4, Figure 2.24, 4.3.2, 4.3.7, 4.5.2, Cross-Chapter
Box 7 in Chapter 3}

Additional annual average energy-related investments for the period 2016 to 2050 in pathways limiting warming to
1.5°C compared to pathways without new climate policies beyond those in place today are estimated to be around 830
billion USD2010 (range of 150 billion to 1700 billion USD2010 across six models'’). This compares to total annual average
energy supply investments in 1.5°C pathways of 1460 to 3510 billion USD2010 and total annual average energy demand
investments of 640 to 910 billion USD2010 for the period 2016 to 2050. Total energy-related investments increase by
about 12% (range of 3% to 24%) in 1.5°C pathways relative to 2°C pathways. Annual investments in low-carbon energy
technologies and energy efficiency are upscaled by roughly a factor of six (range of factor of 4 to 10) by 2050 compared to
2015 (medium confidence). {2.5.2, Box 4.8, Figure 2.27}

Modelled pathways limiting global warming to 1.5°C with no or limited overshoot project a wide range of global average
discounted marginal abatement costs over the 21st century. They are roughly 3-4 times higher than in pathways limiting
global warming to below 2°C (high confidence). The economic literature distinguishes marginal abatement costs from total
mitigation costs in the economy. The literature on total mitigation costs of 1.5°C mitigation pathways is limited and was
not assessed in this Report. Knowledge gaps remain in the integrated assessment of the economy-wide costs and benefits
of mitigation in line with pathways limiting warming to 1.5°C. {2.5.2; 2.6; Figure 2.26}

16 The projected land-use changes presented are not deployed to their upper limits simultaneously in a single pathway.

17 Including two pathways limiting warming to 1.5°C with no or limited overshoot and four pathways with higher overshoot.
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C.3  All pathways that limit global warming to 1.5°C with limited or no overshoot project the use of
carbon dioxide removal (CDR) on the order of 100-1000 GtCO, over the 21st century. CDR would
be used to compensate for residual emissions and, in most cases, achieve net negative emissions
to return global warming to 1.5°C following a peak (high confidence). CDR deployment of several
hundreds of GtCO, is subject to multiple feasibility and sustainability constraints (high confidence).
Significant near-term emissions reductions and measures to lower energy and land demand can
limit CDR deployment to a few hundred GtCO, without reliance on bioenergy with carbon capture
and storage (BECCS) (high confidence). {2.3, 2.4, 3.6.2, 4.3, 5.4}

C.3.1  Existing and potential CDR measures include afforestation and reforestation, land restoration and soil carbon sequestration,
BECCS, direct air carbon capture and storage (DACCS), enhanced weathering and ocean alkalinization. These differ widely
in terms of maturity, potentials, costs, risks, co-benefits and trade-offs (high confidence). To date, only a few published
pathways include CDR measures other than afforestation and BECCS. {2.3.4, 3.6.2, 4.3.2, 4.3.7}

C.3.2  In pathways limiting global warming to 1.5°C with limited or no overshoot, BECCS deployment is projected to range from
0-1, 0-8, and 0-16 GtCO, yr-' in 2030, 2050, and 2100, respectively, while agriculture, forestry and land-use (AFOLU)
related CDR measures are projected to remove 0-5, 1-11, and 1-5 GtCO, yr-" in these years (medium confidence). The
upper end of these deployment ranges by mid-century exceeds the BECCS potential of up to 5 GtCO, yr-' and afforestation
potential of up to 3.6 GtCO, yr-' assessed based on recent literature (medium confidence). Some pathways avoid BECCS
deployment completely through demand-side measures and greater reliance on AFOLU-related CDR measures (medium
confidence). The use of bioenergy can be as high or even higher when BECCS is excluded compared to when it is included
due to its potential for replacing fossil fuels across sectors (high confidence). (Figure SPM.3b) {2.3.3, 2.3.4, 2.4.2, 3.6.2,
43.1,4.2.3,43.2,43.7,4.4.3,Table 2.4}

C.3.3 Pathways that overshoot 1.5°C of global warming rely on CDR exceeding residual CO, emissions later in the century to
return to below 1.5°C by 2100, with larger overshoots requiring greater amounts of CDR (Figure SPM.3b) (high confidence).
Limitations on the speed, scale, and societal acceptability of CDR deployment hence determine the ability to return global
warming to below 1.5°C following an overshoot. Carbon cycle and climate system understanding is still limited about the
effectiveness of net negative emissions to reduce temperatures after they peak (high confidence). {2.2, 2.3.4, 2.3.5, 2.6,
4.3.7,4.5.2, Table 4.11}

C.3.4 Most current and potential CDR measures could have significant impacts on land, energy, water or nutrients if deployed
at large scale (high confidence). Afforestation and bioenergy may compete with other land uses and may have significant
impacts on agricultural and food systems, biodiversity, and other ecosystem functions and services (high confidence).
Effective governance is needed to limit such trade-offs and ensure permanence of carbon removal in terrestrial, geological
and ocean reservoirs (high confidence). Feasibility and sustainability of CDR use could be enhanced by a portfolio of options
deployed at substantial, but lesser scales, rather than a single option at very large scale (high confidence). (Figure SPM.3b)
{2.3.4,2.4.4,253,2.6,3.6.2,4.3.2,43.7,4.5.2,5.4.1, 5.4.2; Cross-Chapter Boxes 7 and 8 in Chapter 3, Table 4.11, Table
5.3, Figure 5.3}

C.3.5 Some AFOLU-related CDR measures such as restoration of natural ecosystems and soil carbon sequestration could provide
co-benefits such as improved biodiversity, soil quality, and local food security. If deployed at large scale, they would
require governance systems enabling sustainable land management to conserve and protect land carbon stocks and other
ecosystem functions and services (medium confidence). (Figure SPM.4) {2.3.3,2.3.4,2.4.2,2.4.4,3.6.2,5.4.1, Cross-Chapter
Boxes 3 in Chapter 1 and 7 in Chapter 3,4.3.2,4.3.7,4.4.1,4.5.2, Table 2.4}
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D.1

D.1.2

D.1.3

D.2

D.2.1

D.2.2

D.2.3

Strengthening the Global Response in the Context of Sustainable
Development and Efforts to Eradicate Poverty

Estimates of the global emissions outcome of current nationally stated mitigation ambitions as
submitted under the Paris Agreement would lead to global greenhouse gas emissions'® in 2030
of 52-58 GtCO,eq yr-' (medium confidence). Pathways reflecting these ambitions would not limit
global warming to 1.5°C, even if supplemented by very challenging increases in the scale and
ambition of emissions reductions after 2030 (high confidence). Avoiding overshoot and reliance
on future large-scale deployment of carbon dioxide removal (CDR) can only be achieved if global
CO, emissions start to decline well before 2030 (high confidence). {1.2, 2.3, 3.3, 3.4, 4.2, 4.4, Cross-
Chapter Box 11 in Chapter 4}

Pathways that limit global warming to 1.5°C with no or limited overshoot show clear emission reductions by 2030 (high
confidence). All but one show a decline in global greenhouse gas emissions to below 35 GtCO,eq yr-' in 2030, and half of
available pathways fall within the 25-30 GtCO,eq yr-' range (interquartile range), a 40-50% reduction from 2010 levels
(high confidence). Pathways reflecting current nationally stated mitigation ambition until 2030 are broadly consistent
with cost-effective pathways that result in a global warming of about 3°C by 2100, with warming continuing afterwards
(medium confidence). {2.3.3, 2.3.5, Cross-Chapter Box 11 in Chapter 4, 5.5.3.2}

Overshoot trajectories result in higher impacts and associated challenges compared to pathways that limit global warming
to 1.5°C with no or limited overshoot (high confidence). Reversing warming after an overshoot of 0.2°C or larger during
this century would require upscaling and deployment of CDR at rates and volumes that might not be achievable given
considerable implementation challenges (medium confidence). {1.3.3,2.3.4,2.3.5, 2.5.1, 3.3, 4.3.7, Cross-Chapter Box 8 in
Chapter 3, Cross-Chapter Box 11 in Chapter 4}

The lower the emissions in 2030, the lower the challenge in limiting global warming to 1.5°C after 2030 with no or limited
overshoot (high confidence). The challenges from delayed actions to reduce greenhouse gas emissions include the risk of
cost escalation, lock-in in carbon-emitting infrastructure, stranded assets, and reduced flexibility in future response options
in the medium to long term (high confidence). These may increase uneven distributional impacts between countries at
different stages of development (medium confidence). {2.3.5, 4.4.5, 5.4.2}

The avoided climate change impacts on sustainable development, eradication of poverty and reducing
inequalities would be greater if global warming were limited to 1.5°C rather than 2°C, if mitigation
and adaptation synergies are maximized while trade-offs are minimized (high confidence). {1.1, 1.4,
2.5, 3.3, 3.4, 5.2, Table 5.1}

Climate change impacts and responses are closely linked to sustainable development which balances social well-being,
economic prosperity and environmental protection. The United Nations Sustainable Development Goals (SDGs), adopted in
2015, provide an established framework for assessing the links between global warming of 1.5°C or 2°C and development
goals that include poverty eradication, reducing inequalities, and climate action. (high confidence) {Cross-Chapter Box 4 in
Chapter 1, 1.4, 5.1}

The consideration of ethics and equity can help address the uneven distribution of adverse impacts associated with
1.5°C and higher levels of global warming, as well as those from mitigation and adaptation, particularly for poor and
disadvantaged populations, in all societies (high confidence). {1.1.1, 1.1.2, 1.4.3, 2.5.3, 3.4.10, 5.1, 5.2, 5.3. 5.4, Cross-
Chapter Box 4 in Chapter 1, Cross-Chapter Boxes 6 and 8 in Chapter 3, and Cross-Chapter Box 12 in Chapter 5}

Mitigation and adaptation consistent with limiting global warming to 1.5°C are underpinned by enabling conditions, assessed
in this Report across the geophysical, environmental-ecological, technological, economic, socio-cultural and institutional

18 GHG emissions have been aggregated with 100-year GWP values as introduced in the IPCC Second Assessment Report.
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dimensions of feasibility. Strengthened multilevel governance, institutional capacity, policy instruments, technological
innovation and transfer and mobilization of finance, and changes in human behaviour and lifestyles are enabling conditions
that enhance the feasibility of mitigation and adaptation options for 1.5°C-consistent systems transitions. (high confidence)
{1.4, Cross-Chapter Box 3 in Chapter 1, 2.5.1, 4.4, 4.5, 5.6}

D.3 Adaptation options specific to national contexts, if carefully selected together with enabling
conditions, will have benefits for sustainable development and poverty reduction with global
warming of 1.5°C, although trade-offs are possible (high confidence). {1.4, 4.3, 4.5}

D.3.1 Adaptation options that reduce the vulnerability of human and natural systems have many synergies with sustainable
development, if well managed, such as ensuring food and water security, reducing disaster risks, improving health
conditions, maintaining ecosystem services and reducing poverty and inequality (high confidence). Increasing investment
in physical and social infrastructure is a key enabling condition to enhance the resilience and the adaptive capacities
of societies. These benefits can occur in most regions with adaptation to 1.5°C of global warming (high confidence).
{1.43,42.2,43.1,43.2,433,435,4.4.1,443,453,53.1,5.3.2}

D.3.2  Adaptation to 1.5°C global warming can also result in trade-offs or maladaptations with adverse impacts for sustainable
development. For example, if poorly designed or implemented, adaptation projects in a range of sectors can increase
greenhouse gas emissions and water use, increase gender and social inequality, undermine health conditions, and encroach
on natural ecosystems (high confidence). These trade-offs can be reduced by adaptations that include attention to poverty
and sustainable development (high confidence). {4.3.2, 4.3.3, 4.5.4, 5.3.2; Cross-Chapter Boxes 6 and 7 in Chapter 3}

D.3.3 A mix of adaptation and mitigation options to limit global warming to 1.5°C, implemented in a participatory and integrated
manner, can enable rapid, systemic transitions in urban and rural areas (high confidence). These are most effective when
aligned with economic and sustainable development, and when local and regional governments and decision makers are
supported by national governments (medium confidence). {4.3.2, 4.3.3,4.4.1, 4.4.2}

D.3.4 Adaptation options that also mitigate emissions can provide synergies and cost savings in most sectors and system
transitions, such as when land management reduces emissions and disaster risk, or when low-carbon buildings are also
designed for efficient cooling. Trade-offs between mitigation and adaptation, when limiting global warming to 1.5°C,
such as when bioenergy crops, reforestation or afforestation encroach on land needed for agricultural adaptation, can
undermine food security, livelihoods, ecosystem functions and services and other aspects of sustainable development. (high
confidence) {3.4.3,4.3.2,4.3.4,4.4.1,45.2,45.3,4.5.4}

D.4 Mitigation options consistent with 1.5°C pathways are associated with multiple synergies and trade-
offs across the Sustainable Development Goals (SDGs). While the total number of possible synergies
exceeds the number of trade-offs, their net effect will depend on the pace and magnitude of changes,
the composition of the mitigation portfolio and the management of the transition. (high confidence)
(Figure SPM.4) {2.5, 4.5, 5.4}

D.4.1  1.5°C pathways have robust synergies particularly for the SDGs 3 (health), 7 (clean energy), 11 (cities and communities), 12
(responsible consumption and production) and 14 (oceans) (very high confidence). Some 1.5°C pathways show potential
trade-offs with mitigation for SDGs 1 (poverty), 2 (hunger), 6 (water) and 7 (energy access), if not managed carefully (high
confidence). (Figure SPM.4) {5.4.2; Figure 5.4, Cross-Chapter Boxes 7 and 8 in Chapter 3}

D.4.2  1.5°C pathways that include low energy demand (e.g., see P1 in Figure SPM.3a and SPM.3b), low material consumption,
and low GHG-intensive food consumption have the most pronounced synergies and the lowest number of trade-offs with
respect to sustainable development and the SDGs (high confidence). Such pathways would reduce dependence on CDR. In
modelled pathways, sustainable development, eradicating poverty and reducing inequality can support limiting warming to
1.5°C (high confidence). (Figure SPM.3b, Figure SPM.4) {2.4.3, 2.5.1, 2.5.3, Figure 2.4, Figure 2.28, 5.4.1, 5.4.2, Figure 5.4}
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Indicative linkages between mitigation options and sustainable
development using SDGs (The linkages do not show costs and benefits)

Mitigation options deployed in each sector can be associated with potential positive effects (synergies) or
negative effects (trade-offs) with the Sustainable Development Goals (SDGs). The degree to which this
potential is realized will depend on the selected portfolio of mitigation options, mitigation policy design,
and local circumstances and context. Particularly in the energy-demand sector, the potential for synergies is
larger than for trade-offs. The bars group individually assessed options by level of confidence and take into
account the relative strength of the assessed mitigation-SDG connections.

Length shows strength of connection Shades show level of confidence
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Figure SPM.4 | Potential synergies and trade-offs between the sectoral portfolio of climate change mitigation options and the Sustainable Development Goals
(SDGs). The SDGs serve as an analytical framework for the assessment of the different sustainable development dimensions, which extend beyond the time frame
of the 2030 SDG targets. The assessment is based on literature on mitigation options that are considered relevant for 1.5°C. The assessed strength of the SDG
interactions is based on the qualitative and quantitative assessment of individual mitigation options listed in Table 5.2. For each mitigation option, the strength of
the SDG-connection as well as the associated confidence of the underlying literature (shades of green and red) was assessed. The strength of positive connections
(synergies) and negative connections (trade-offs) across all individual options within a sector (see Table 5.2) are aggregated into sectoral potentials for the whole
mitigation portfolio. The (white) areas outside the bars, which indicate no interactions, have low confidence due to the uncertainty and limited number of studies
exploring indirect effects. The strength of the connection considers only the effect of mitigation and does not include benefits of avoided impacts. SDG 13 (climate
action) is not listed because mitigation is being considered in terms of interactions with SDGs and not vice versa. The bars denote the strength of the connection,
and do not consider the strength of the impact on the SDGs. The energy demand sector comprises behavioural responses, fuel switching and efficiency options in
the transport, industry and building sector as well as carbon capture options in the industry sector. Options assessed in the energy supply sector comprise biomass
and non-biomass renewables, nuclear, carbon capture and storage (CCS) with bioenergy, and CCS with fossil fuels. Options in the land sector comprise agricultural
and forest options, sustainable diets and reduced food waste, soil sequestration, livestock and manure management, reduced deforestation, afforestation and
reforestation, and responsible sourcing. In addition to this figure, options in the ocean sector are discussed in the underlying report. {5.4, Table 5.2, Figure 5.2}

Information about the net impacts of mitigation on sustainable development in 1.5°C pathways is available only for a limited number of SDGs and mitigation
options. Only a limited number of studies have assessed the benefits of avoided climate change impacts of 1.5°C pathways for the SDGs, and the co-effects
of adaptation for mitigation and the SDGs. The assessment of the indicative mitigation potentials in Figure SPM.4 is a step further from AR5 towards a more
comprehensive and integrated assessment in the future.

D.4.3 1.5°C and 2°C modelled pathways often rely on the deployment of large-scale land-related measures like afforestation
and bioenergy supply, which, if poorly managed, can compete with food production and hence raise food security concerns
(high confidence). The impacts of carbon dioxide removal (CDR) options on SDGs depend on the type of options and the
scale of deployment (high confidence). If poorly implemented, CDR options such as BECCS and AFOLU options would lead
to trade-offs. Context-relevant design and implementation requires considering people’s needs, biodiversity, and other
sustainable development dimensions (very high confidence). (Figure SPM.4) {5.4.1.3, Cross-Chapter Box 7 in Chapter 3}

D.4.4 Mitigation consistent with 1.5°C pathways creates risks for sustainable development in regions with high dependency on
fossil fuels for revenue and employment generation (high confidence). Policies that promote diversification of the economy
and the energy sector can address the associated challenges (high confidence). {5.4.1.2, Box 5.2}

D.4.5 Redistributive policies across sectors and populations that shield the poor and vulnerable can resolve trade-offs for a range
of SDGs, particularly hunger, poverty and energy access. Investment needs for such complementary policies are only a small
fraction of the overall mitigation investments in 1.5°C pathways. (high confidence) {2.4.3, 5.4.2, Figure 5.5}

D.5 Limiting the risks from global warming of 1.5°C in the context of sustainable development and
poverty eradication implies system transitions that can be enabled by an increase of adaptation
and mitigation investments, policy instruments, the acceleration of technological innovation and
behaviour changes (high confidence). {2.3, 2.4, 2.5, 3.2, 4.2, 4.4, 4.5, 5.2, 5.5, 5.6}

D.5.1 Directing finance towards investment in infrastructure for mitigation and adaptation could provide additional resources.
This could involve the mobilization of private funds by institutional investors, asset managers and development or
investment banks, as well as the provision of public funds. Government policies that lower the risk of low-emission and
adaptation investments can facilitate the mobilization of private funds and enhance the effectiveness of other public
policies. Studies indicate a number of challenges, including access to finance and mobilization of funds. (high confidence)
{2.5.1,2.5.2,4.4.5}

D.5.2  Adaptation finance consistent with global warming of 1.5°C is difficult to quantify and compare with 2°C. Knowledge
gaps include insufficient data to calculate specific climate resilience-enhancing investments from the provision of currently
underinvested basic infrastructure. Estimates of the costs of adaptation might be lower at global warming of 1.5°C than for
2°C. Adaptation needs have typically been supported by public sector sources such as national and subnational government
budgets, and in developing countries together with support from development assistance, multilateral development banks,
and United Nations Framework Convention on Climate Change channels (medium confidence). More recently there is a
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D.5.3

D.5.4

D.5.5

D.5.6

D.6

D.6.1

D.6.2

D.6.3

growing understanding of the scale and increase in non-governmental organizations and private funding in some regions
(medium confidence). Barriers include the scale of adaptation financing, limited capacity and access to adaptation finance
(medium confidence).{4.4.5, 4.6}

Global model pathways limiting global warming to 1.5°C are projected to involve the annual average investment needs
in the energy system of around 2.4 trillion USD2010 between 2016 and 2035, representing about 2.5% of the world GDP
(medium confidence). {4.4.5, Box 4.8}

Policy tools can help mobilize incremental resources, including through shifting global investments and savings and
through market and non-market based instruments as well as accompanying measures to secure the equity of the
transition, acknowledging the challenges related with implementation, including those of energy costs, depreciation of
assets and impacts on international competition, and utilizing the opportunities to maximize co-benefits (high confidence).
{1.3.3,2.3.4,2.3.5,2.5.1, 2.5.2, Cross-Chapter Box 8 in Chapter 3, Cross-Chapter Box 11 in Chapter 4, 4.4.5, 5.5.2}

The systems transitions consistent with adapting to and limiting global warming to 1.5°C include the widespread adoption
of new and possibly disruptive technologies and practices and enhanced climate-driven innovation. These imply enhanced
technological innovation capabilities, including in industry and finance. Both national innovation policies and international
cooperation can contribute to the development, commercialization and widespread adoption of mitigation and adaptation
technologies. Innovation policies may be more effective when they combine public support for research and development
with policy mixes that provide incentives for technology diffusion. (high confidence) {4.4.4, 4.4.5}.

Education, information, and community approaches, including those that are informed by indigenous knowledge and local
knowledge, can accelerate the wide-scale behaviour changes consistent with adapting to and limiting global warming to
1.5°C. These approaches are more effective when combined with other policies and tailored to the motivations, capabilities
and resources of specific actors and contexts (high confidence). Public acceptability can enable or inhibit the implementation
of policies and measures to limit global warming to 1.5°C and to adapt to the consequences. Public acceptability depends
on the individual's evaluation of expected policy consequences, the perceived fairness of the distribution of these
consequences, and perceived fairess of decision procedures (high confidence).{1.1,1.5,4.3.5,4.4.1, 4.4.3, Box 4.3,5.5.3,
5.6.5}

Sustainable development supports, and often enables, the fundamental societal and systems
transitions and transformations that help limit global warming to 1.5°C. Such changes facilitate the
pursuit of climate-resilient development pathways that achieve ambitious mitigation and adaptation
in conjunction with poverty eradication and efforts to reduce inequalities (high confidence). {Box 1.1,
1.4.3, Figure 5.1, 5.5.3, Box 5.3}

Social justice and equity are core aspects of climate-resilient development pathways that aim to limit global warming to
1.5°C as they address challenges and inevitable trade-offs, widen opportunities, and ensure that options, visions, and values
are deliberated, between and within countries and communities, without making the poor and disadvantaged worse off
(high confidence). {5.5.2, 5.5.3, Box 5.3, Figure 5.1, Figure 5.6, Cross-Chapter Boxes 12 and 13 in Chapter 5}

The potential for climate-resilient development pathways differs between and within regions and nations, due to different
development contexts and systemic vulnerabilities (very high confidence). Efforts along such pathways to date have been
limited (medium confidence) and enhanced efforts would involve strengthened and timely action from all countries and
non-state actors (high confidence). {5.5.1, 5.5.3, Figure 5.1}

Pathways that are consistent with sustainable development show fewer mitigation and adaptation challenges and are
associated with lower mitigation costs. The large majority of modelling studies could not construct pathways characterized
by lack of international cooperation, inequality and poverty that were able to limit global warming to 1.5°C. (high
confidence) {2.3.1, 2.5.1, 2.5.3, 5.5.2}
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D.7  Strengthening the capacities for climate action of national and sub-national authorities, civil society,
the private sector, indigenous peoples and local communities can support the implementation of
ambitious actions implied by limiting global warming to 1.5°C (high confidence). International
cooperation can provide an enabling environment for this to be achieved in all countries and for all
people, in the context of sustainable development. International cooperation is a critical enabler for
developing countries and vulnerable regions (high confidence). {1.4, 2.3, 2.5,4.2,4.4,4.5, 5.3, 5.4, 5.5,
5.6, 5, Box 4.1, Box 4.2, Box 4.7, Box 5.3, Cross-Chapter Box 9 in Chapter 4, Cross-Chapter Box 13 in
Chapter 5}

D.7.1  Partnerships involving non-state public and private actors, institutional investors, the banking system, civil society and
scientific institutions would facilitate actions and responses consistent with limiting global warming to 1.5°C (very high
confidence).{1.4,4.4.1,4.2.2,4.4.3,4.4.5,45.3,5.4.1,5.6.2, Box 5.3}.

D.7.2  Cooperation on strengthened accountable multilevel governance that includes non-state actors such as industry, civil
society and scientific institutions, coordinated sectoral and cross-sectoral policies at various governance levels, gender-
sensitive policies, finance including innovative financing, and cooperation on technology development and transfer can
ensure participation, transparency, capacity building and learning among different players (high confidence). {2.5.1, 2.5.2,
422,44.1,44.2,4.43,4.4.4,4.45,4.5.3, Cross-Chapter Box 9 in Chapter 4, 5.3.1, 5.5.3, Cross-Chapter Box 13 in Chapter
5,5.6.1,5.6.3}

D.7.3 International cooperation is a critical enabler for developing countries and vulnerable regions to strengthen their action for
the implementation of 1.5°C-consistent climate responses, including through enhancing access to finance and technology
and enhancing domestic capacities, taking into account national and local circumstances and needs (high confidence).
{2.3.1,2.5.1,4.4.1,4.4.2,4.4.4,445,5.4.155.3,5.6.1, Box 4.1, Box 4.2, Box 4.7}.

D.7.4  Collective efforts at all levels, in ways that reflect different circumstances and capabilities, in the pursuit of limiting global
warming to 1.5°C, taking into account equity as well as effectiveness, can facilitate strengthening the global response to
climate change, achieving sustainable development and eradicating poverty (high confidence). {1.4.2, 2.3.1, 2.5.1, 2.5.2,
253,422,44.1,442,443,44.4,445,453,53.1,54.1,553,5.6.1,5.6.2, 5.6.3}
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Box SPM.1: Core Concepts Central to this Special Report

Global mean surface temperature (GMST): Estimated global average of near-surface air temperatures over land and
sea ice, and sea surface temperatures over ice-free ocean regions, with changes normally expressed as departures from a
value over a specified reference period. When estimating changes in GMST, near-surface air temperature over both land
and oceans are also used.' {1.2.1.1}

Pre-industrial: The multi-century period prior to the onset of large-scale industrial activity around 1750. The reference
period 1850-1900 is used to approximate pre-industrial GMST. {1.2.1.2}

Global warming: The estimated increase in GMST averaged over a 30-year period, or the 30-year period centred on a
particular year or decade, expressed relative to pre-industrial levels unless otherwise specified. For 30-year periods that
span past and future years, the current multi-decadal warming trend is assumed to continue. {1.2.1}

Net zero CO, emissions: Net zero carbon dioxide (CO,) emissions are achieved when anthropogenic CO, emissions are
balanced globally by anthropogenic CO, removals over a specified period.

Carbon dioxide removal (CDR): Anthropogenic activities removing CO, from the atmosphere and durably storing it in
geological, terrestrial, or ocean reservoirs, or in products. It includes existing and potential anthropogenic enhancement of
biological or geochemical sinks and direct air capture and storage, but excludes natural CO, uptake not directly caused by
human activities.

Total carbon budget: Estimated cumulative net global anthropogenic CO, emissions from the pre-industrial period
to the time that anthropogenic CO, emissions reach net zero that would result, at some probability, in limiting global
warming to a given level, accounting for the impact of other anthropogenic emissions. {2.2.2}

Remaining carbon budget: Estimated cumulative net global anthropogenic CO, emissions from a given start date to the
time that anthropogenic CO, emissions reach net zero that would result, at some probability, in limiting global warming
to a given level, accounting for the impact of other anthropogenic emissions. {2.2.2}

Temperature overshoot: The temporary exceedance of a specified level of global warming.

Emission pathways: In this Summary for Policymakers, the modelled trajectories of global anthropogenic emissions over
the 21st century are termed emission pathways. Emission pathways are classified by their temperature trajectory over
the 21st century: pathways giving at least 50% probability based on current knowledge of limiting global warming to
below 1.5°C are classified as ‘'no overshoot'; those limiting warming to below 1.6°C and returning to 1.5°C by 2100 are
classified as 1.5°C limited-overshoot'; while those exceeding 1.6°C but still returning to 1.5°C by 2100 are classified as
‘higher-overshoot'.

Impacts: Effects of climate change on human and natural systems. Impacts can have beneficial or adverse outcomes
for livelihoods, health and well-being, ecosystems and species, services, infrastructure, and economic, social and cultural
assets.

Risk: The potential for adverse consequences from a climate-related hazard for human and natural systems, resulting
from the interactions between the hazard and the vulnerability and exposure of the affected system. Risk integrates
the likelihood of exposure to a hazard and the magnitude of its impact. Risk also can describe the potential for adverse
consequences of adaptation or mitigation responses to climate change.

Climate-resilient development pathways (CRDPs): Trajectories that strengthen sustainable development at multiple
scales and efforts to eradicate poverty through equitable societal and systems transitions and transformations while
reducing the threat of climate change through ambitious mitigation, adaptation and climate resilience.

19 Past IPCC reports, reflecting the literature, have used a variety of approximately equivalent metrics of GMST change.
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TS.1  Framing and Context

This chapter frames the context, knowledge-base and assessment
approaches used to understand the impacts of 1.5°C global warming
above pre-industrial levels and related global greenhouse gas
emission pathways, building on the IPCC Fifth Assessment Report
(AR5), in the context of strengthening the global response to the
threat of climate change, sustainable development and efforts to
eradicate poverty.

Human-induced warming reached approximately 1°C (likely)
between 0.8°C and 1.2°C) above pre-industrial levels in 2017,
increasing at 0.2°C (likely between 0.1°C and 0.3°C) per
decade (high confidence). Global warming is defined in this report
as an increase in combined surface air and sea surface temperatures
averaged over the globe and over a 30-year period. Unless otherwise
specified, warming is expressed relative to the period 1850-1900,
used as an approximation of pre-industrial temperatures in AR5.
For periods shorter than 30 years, warming refers to the estimated
average temperature over the 30 years centred on that shorter
period, accounting for the impact of any temperature fluctuations
or trend within those 30 years. Accordingly, warming from pre-
industrial levels to the decade 2006-2015 is assessed to be 0.87°C
(likely between 0.75°C and 0.99°C). Since 2000, the estimated level
of human-induced warming has been equal to the level of observed
warming with a likely range of +20% accounting for uncertainty due
to contributions from solar and volcanic activity over the historical
period (high confidence). {1.2.1}

Warming greater than the global average has already been
experienced in many regions and seasons, with higher average
warming over land than over the ocean (high confidence). Most
land regions are experiencing greater warming than the global average,
while most ocean regions are warming at a slower rate. Depending
on the temperature dataset considered, 20-40% of the global human
population live in regions that, by the decade 2006-2015, had already
experienced warming of more than 1.5°C above pre-industrial in at
least one season (medium confidence).{1.2.1,1.2.2}

Past emissions alone are unlikely to raise global-mean
temperature to 1.5°C above pre-industrial levels (medium
confidence), but past emissions do commit to other changes,
such as further sea level rise (high confidence). If all
anthropogenic emissions (including aerosol-related) were reduced
to zero immediately, any further warming beyond the 1°C already
experienced would likely be less than 0.5°C over the next two to
three decades (high confidence), and likely less than 0.5°C on a
century time scale (medium confidence), due to the opposing effects
of different climate processes and drivers. A warming greater than
1.5°C is therefore not geophysically unavoidable: whether it will
occur depends on future rates of emission reductions. {1.2.3, 1.2.4}

1.5°C emission pathways are defined as those that, given
current knowledge of the climate response, provide a one-
in-two to two-in-three chance of warming either remaining
below 1.5°C or returning to 1.5°C by around 2100 following
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an overshoot. Overshoot pathways are characterized by the peak
magnitude of the overshoot, which may have implications for
impacts. All 1.5°C pathways involve limiting cumulative emissions
of long-lived greenhouse gases, including carbon dioxide and nitrous
oxide, and substantial reductions in other climate forcers (high
confidence). Limiting cumulative emissions requires either reducing
net global emissions of long-lived greenhouse gases to zero before
the cumulative limit is reached, or net negative global emissions
(anthropogenic removals) after the limit is exceeded. {1.2.3, 1.2.4,
Cross-Chapter Boxes 1 and 2}

This report assesses projected impacts at a global average
warming of 1.5°C and higher levels of warming. Global warming
of 1.5°C is associated with global average surface temperatures
fluctuating naturally on either side of 1.5°C, together with warming
substantially greater than 1.5°C in many regions and seasons (high
confidence), all of which must be considered in the assessment of
impacts. Impacts at 1.5°C of warming also depend on the emission
pathway to 1.5°C. Very different impacts result from pathways
that remain below 1.5°C versus pathways that return to 1.5°C
after a substantial overshoot, and when temperatures stabilize at
1.5°C versus a transient warming past 1.5°C (medium confidence).
{1.2.3,1.3}

Ethical considerations, and the principle of equity in particular,
are central to this report, recognizing that many of the impacts
of warming up to and beyond 1.5°C, and some potential
impacts of mitigation actions required to limit warming to
1.5°C, fall disproportionately on the poor and vulnerable (high
confidence). Equity has procedural and distributive dimensions and
requires fairness in burden sharing both between generations and
between and within nations. In framing the objective of holding the
increase in the global average temperature rise to well below 2°C
above pre-industrial levels, and to pursue efforts to limit warming to
1.5°C, the Paris Agreement associates the principle of equity with the
broader goals of poverty eradication and sustainable development,
recognising that effective responses to climate change require a
global collective effort that may be guided by the 2015 United
Nations Sustainable Development Goals. {1.1.1}

Climate adaptation refers to the actions taken to manage
impacts of climate change by reducing vulnerability and
exposure to its harmful effects and exploiting any potential
benefits. Adaptation takes place at international, national and
local levels. Subnational jurisdictions and entities, including urban
and rural municipalities, are key to developing and reinforcing
measures for reducing weather- and climate-related risks. Adaptation
implementation faces several barriers including lack of up-to-date and
locally relevant information, lack of finance and technology, social
values and attitudes, and institutional constraints (high confidence).
Adaptation is more likely to contribute to sustainable development
when policies align with mitigation and poverty eradication goals
(medium confidence).{1.1, 1.4}

Ambitious mitigation actions are indispensable to limit

warming to 1.5°C while achieving sustainable development
and poverty eradication (high confidence). ll-designed responses,
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however, could pose challenges especially — but not exclusively — for
countries and regions contending with poverty and those requiring
significant transformation of their energy systems. This report focuses
on ‘climate-resilient development pathways', which aim to meet the
goals of sustainable development, including climate adaptation and
mitigation, poverty eradication and reducing inequalities. But any
feasible pathway that remains within 1.5°C involves synergies and
trade-offs (high confidence). Significant uncertainty remains as to
which pathways are more consistent with the principle of equity.
{1.1.1,1.4}

Multiple forms of knowledge, including scientific evidence,
narrative scenarios and prospective pathways, inform the
understanding of 1.5°C. This report is informed by traditional
evidence of the physical climate system and associated impacts and
vulnerabilities of climate change, together with knowledge drawn
from the perceptions of risk and the experiences of climate impacts
and governance systems. Scenarios and pathways are used to
explore conditions enabling goal-oriented futures while recognizing
the significance of ethical considerations, the principle of equity, and
the societal transformation needed. {1.2.3, 1.5.2}

There is no single answer to the question of whether it
is feasible to limit warming to 1.5°C and adapt to the
consequences. Feasibility is considered in this report as the
capacity of a system as a whole to achieve a specific outcome. The
global transformation that would be needed to limit warming to
1.5°C requires enabling conditions that reflect the links, synergies
and trade-offs between mitigation, adaptation and sustainable
development. These enabling conditions are assessed across many
dimensions of feasibility — geophysical, environmental-ecological,
technological, economic, socio-cultural and institutional — that
may be considered through the unifying lens of the Anthropocene,
acknowledging profound, differential but increasingly geologically
significant human influences on the Earth system as a whole. This
framing also emphasises the global interconnectivity of past, present
and future human—environment relations, highlighting the need and
opportunities for integrated responses to achieve the goals of the
Paris Agreement. {1.1, Cross-Chapter Box 1}
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TS.2  Mitigation Pathways Compatible
with 1.5°C in the Context of

Sustainable Development

This chapter assesses mitigation pathways consistent with limiting
warming to 1.5°C above pre-industrial levels. In doing so, it explores
the following key questions: What role do CO, and non-CO, emissions
play? {2.2, 2.3, 2.4, 2.6} To what extent do 1.5°C pathways involve
overshooting and returning below 1.5°C during the 21st century? {2.2,
2.3} What are the implications for transitions in energy, land use and
sustainable development? {2.3, 2.4, 2.5} How do policy frameworks
affect the ability to limit warming to 1.5°C? {2.3, 2.5} What are the
associated knowledge gaps? {2.6}

The assessed pathways describe integrated, quantitative
evolutions of all emissions over the 21st century associated
with global energy and land use and the world economy. The
assessment is contingent upon available integrated assessment
literature and model assumptions, and is complemented by other
studies with different scope, for example, those focusing on individual
sectors. In recent years, integrated mitigation studies have improved
the characterizations of mitigation pathways. However, limitations
remain, as climate damages, avoided impacts, or societal co-benefits
of the modelled transformations remain largely unaccounted for, while
concurrent rapid technological changes, behavioural aspects, and
uncertainties about input data present continuous challenges. (high
confidence) {2.1.3, 2.3, 2.5.1, 2.6, Technical Annex 2}

The Chances of Limiting Warming to 1.5°C
and the Requirements for Urgent Action

Pathways consistent with 1.5°C of warming above pre-industrial
levels can be identified under a range of assumptions about
economic growth, technology developments and lifestyles.
However, lack of global cooperation, lack of governance of the required
energy and land transformation, and increases in resource-intensive
consumption are key impediments to achieving 1.5°C pathways.
Governance challenges have been related to scenarios with high
inequality and high population growth in the 1.5°C pathway literature.
{2.3.1,2.3.2,2.5

Under emissions in line with current pledges under the Paris
Agreement (known as Nationally Determined Contributions,
or NDCs), global warming is expected to surpass 1.5°C above
pre-industrial levels, even if these pledges are supplemented
with very challenging increases in the scale and ambition of
mitigation after 2030 (high confidence). This increased action
would need to achieve net zero CO, emissions in less than 15 years.
Even if this is achieved, temperatures would only be expected to remain
below the 1.5°C threshold if the actual geophysical response ends up
being towards the low end of the currently estimated uncertainty range.
Transition challenges as well as identified trade-offs can be reduced if
global emissions peak before 2030 and marked emissions reductions
compared to today are already achieved by 2030. {2.2, 2.3.5, Cross-
Chapter Box 11 in Chapter 4}



Limiting warming to 1.5°C depends on greenhouse gas (GHG)
emissions over the next decades, where lower GHG emissions in
2030 lead to a higher chance of keeping peak warming to 1.5°C
(high confidence). Available pathways that aim for no or limited (less
than 0.1°C) overshoot of 1.5°C keep GHG emissions in 2030 to 25-30
GtCO2e yr' in 2030 (interquartile range). This contrasts with median
estimates for current unconditional NDCs of 52-58 GtCO,e yr' in
2030. Pathways that aim for limiting warming to 1.5°C by 2100 after
a temporary temperature overshoot rely on large-scale deployment
of carbon dioxide removal (CDR) measures, which are uncertain and
entail clear risks. In model pathways with no or limited overshoot of
1.5°C, global net anthropogenic CO, emissions decline by about 45%
from 2010 levels by 2030 (40-60% interquartile range), reaching net
zero around 2050 (20452055 interquartile range). For limiting global
warming to below 2°C with at least 66% probability CO, emissions
are projected to decline by about 25% by 2030 in most pathways (10—
30% interquartile range) and reach net zero around 2070 (2065-2080
interquartile range).' {2.2, 2.3.3, 2.3.5, 2.5.3, Cross-Chapter Boxes 6 in
Chapter 3 and 9 in Chapter 4, 4.3.7}

Limiting warming to 1.5°C implies reaching net zero CO,
emissions globally around 2050 and concurrent deep reductions
in emissions of non-CO, forcers, particularly methane (high
confidence). Such mitigation pathways are characterized by energy-
demand reductions, decarbonization of electricity and other fuels,
electrification of energy end use, deep reductions in agricultural
emissions, and some form of CDR with carbon storage on land or
sequestration in geological reservoirs. Low energy demand and low
demand for land- and GHG-intensive consumption goods facilitate
limiting warming to as close as possible to 1.5°C. {2.2.2, 2.3.1, 2.3.5,
2.5.1, Cross-Chapter Box 9 in Chapter 4}.

In comparison to a 2°Climit, the transformations required to limit
warming to 1.5°C are qualitatively similar but more pronounced
and rapid over the next decades (high confidence). 1.5°C implies
very ambitious, internationally cooperative policy environments that
transform both supply and demand (high confidence). {2.3, 2.4, 2.5}

Policies reflecting a high price on emissions are necessary
in models to achieve cost-effective 1.5°C pathways (high
confidence). Other things being equal, modelling studies suggest
the global average discounted marginal abatement costs for limiting
warming to 1.5°C being about 3—4 times higher compared to 2°C
over the 21st century, with large variations across models and socio-
economic and policy assumptions. Carbon pricing can be imposed
directly or implicitly by regulatory policies. Policy instruments, like
technology policies or performance standards, can complement explicit
carbon pricing in specific areas. {2.5.1, 2.5.2, 4.4.5}

Limiting warming to 1.5°C requires a marked shift in investment
patterns (medium confidence). Additional annual average energy-
related investments for the period 2016 to 2050 in pathways limiting
warming to 1.5°C compared to pathways without new climate policies
beyond those in place today (i.e., baseline) are estimated to be around
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830 billion USD2010 (range of 150 billion to 1700 billion USD2010
across six models). Total energy-related investments increase by about
12% (range of 3% to 24%) in 1.5°C pathways relative to 2°C pathways.
Average annual investment in low-carbon energy technologies and
energy efficiency are upscaled by roughly a factor of six (range of factor
of 4 to 10) by 2050 compared to 2015, overtaking fossil investments
globally by around 2025 (medium confidence). Uncertainties and
strategic mitigation portfolio choices affect the magnitude and focus
of required investments. {2.5.2}

Future Emissions in 1.5°C Pathways

Mitigation requirements can be quantified using carbon budget
approaches that relate cumulative CO, emissions to global mean
temperature increase. Robust physical understanding underpins
this relationship, but uncertainties become increasingly relevant as a
specific temperature limit is approached. These uncertainties relate to
the transient climate response to cumulative carbon emissions (TCRE),
non-CO, emissions, radiative forcing and response, potential additional
Earth system feedbacks (such as permafrost thawing), and historical
emissions and temperature. {2.2.2, 2.6.1}

Cumulative CO, emissions are kept within a budget by reducing
global annual CO, emissions to net zero. This assessment
suggests a remaining budget of about 420 GtCO, for a two-
thirds chance of limiting warming to 1.5°C, and of about 580
GtCO, for an even chance (medium confidence). The remaining
carbon budget is defined here as cumulative CO, emissions from the
start of 2018 until the time of net zero global emissions for global
warming defined as a change in global near-surface air temperatures.
Remaining budgets applicable to 2100 would be approximately
100 GtCO, lower than this to account for permafrost thawing and
potential methane release from wetlands in the future, and more
thereafter. These estimates come with an additional geophysical
uncertainty of at least +400 GtCO,, related to non-CO, response
and TCRE distribution. Uncertainties in the level of historic warming
contribute +250 GtCO,. In addition, these estimates can vary by
+250 GtCO, depending on non-CO, mitigation strategies as found in
available pathways. {2.2.2, 2.6.1}

Staying within a remaining carbon budget of 580 GtCO, implies
that CO, emissions reach carbon neutrality in about 30 years,
reduced to 20 years for a 420 GtCO, remaining carbon budget
(high confidence). The +400 GtCO, geophysical uncertainty range
surrounding a carbon budget translates into a variation of this timing
of carbon neutrality of roughly +15-20 years. If emissions do not start
declining in the next decade, the point of carbon neutrality would need
to be reached at least two decades earlier to remain within the same
carbon budget. {2.2.2, 2.3.5}

Non-CO, emissions contribute to peak warming and thus
affect the remaining carbon budget. The evolution of
methane and sulphur dioxide emissions strongly influences
the chances of limiting warming to 1.5°C. In the near-term, a

" Kyoto-GHG emissions in this statement are aggregated with GWP-100 values of the IPCC Second Assessment Report.
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weakening of aerosol cooling would add to future warming,
but can be tempered by reductions in methane emissions (high
confidence). Uncertainty in radiative forcing estimates (particularly
aerosol) affects carbon budgets and the certainty of pathway
categorizations. Some non-CO, forcers are emitted alongside CO,,
particularly in the energy and transport sectors, and can be largely
addressed through CO, mitigation. Others require specific measures,
for example, to target agricultural nitrous oxide (N,0) and methane
(CH4), some sources of black carbon, or hydrofluorocarbons (high
confidence). In many cases, non-CO2 emissions reductions are similar
in 2°C pathways, indicating reductions near their assumed maximum
potential by integrated assessment models. Emissions of N,O and
NH, increase in some pathways with strongly increased bioenergy
demand. {2.2.2,2.3.1,2.4.2,2.5.3}

The Role of Carbon Dioxide Removal (CDR)

All analysed pathways limiting warming to 1.5°C with no
or limited overshoot use CDR to some extent to neutralize
emissions from sources for which no mitigation measures
have been identified and, in most cases, also to achieve
net negative emissions to return global warming to 1.5°C
following a peak (high confidence). The longer the delay in
reducing CO, emissions towards zero, the larger the likelihood
of exceeding 1.5°C, and the heavier the implied reliance on
net negative emissions after mid-century to return warming to
1.5°C (high confidence). The faster reduction of net CO, emissions
in 1.5°C compared to 2°C pathways is predominantly achieved by
measures that result in less CO, being produced and emitted, and
only to a smaller degree through additional CDR. Limitations on
the speed, scale and societal acceptability of CDR deployment also
limit the conceivable extent of temperature overshoot. Limits to our
understanding of how the carbon cycle responds to net negative
emissions increase the uncertainty about the effectiveness of CDR to
decline temperatures after a peak. {2.2, 2.3, 2.6, 4.3.7}

CDR deployed at scale is unproven, and reliance on such
technology is a major risk in the ability to limit warming to
1.5°C. CDR is needed less in pathways with particularly strong
emphasis on energy efficiency and low demand. The scale and
type of CDR deployment varies widely across 1.5°C pathways,
with different consequences for achieving sustainable
development objectives (high confidence). Some pathways rely
more on bioenergy with carbon capture and storage (BECCS), while
others rely more on afforestation, which are the two CDR methods
most often included in integrated pathways. Trade-offs with other
sustainability objectives occur predominantly through increased land,
energy, water and investment demand. Bioenergy use is substantial
in 1.5°C pathways with or without BECCS due to its multiple roles in
decarbonizing energy use. {2.3.1, 2.5.3, 2.6.3, 4.3.7}

Properties of Energy and Land Transitions in 1.5°C Pathways
The share of primary energy from renewables increases while
coal usage decreases across pathways limiting warming to

1.5°C with no or limited overshoot (high confidence). By 2050,
renewables (including bioenergy, hydro, wind, and solar, with direct-
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equivalence method) supply a share of 52—-67% (interquartile range)
of primary energy in 1.5°C pathways with no or limited overshoot;
while the share from coal decreases to 1-7% (interquartile range),
with a large fraction of this coal use combined with carbon capture
and storage (CCS). From 2020 to 2050 the primary energy supplied
by oil declines in most pathways (-39 to —77% interquartile range).
Natural gas changes by —13% to —62% (interquartile range), but
some pathways show a marked increase albeit with widespread
deployment of CCS. The overall deployment of CCS varies widely
across 1.5°C pathways with no or limited overshoot, with cumulative
CO, stored through 2050 ranging from zero up to 300 GtCO,
(minimum-maximum range), of which zero up to 140 GtCO, is stored
from biomass. Primary energy supplied by bioenergy ranges from
40-310 EJ yr~" in 2050 (minimum-maximum range), and nuclear from
3-66 EJ yr' (minimum—maximum range). These ranges reflect both
uncertainties in technological development and strategic mitigation
portfolio choices. {2.4.2}

1.5°C pathways with no or limited overshoot include a rapid
decline in the carbon intensity of electricity and an increase
in electrification of energy end use (high confidence). By 2050,
the carbon intensity of electricity decreases to —92 to +11 gC0O, MJ-'
(minimum-maximum range) from about 140 gCO, MJ™" in 2020,
and electricity covers 34-71% (minimum-maximum range) of final
energy across 1.5°C pathways with no or limited overshoot from
about 20% in 2020. By 2050, the share of electricity supplied by
renewables increases to 59—-97% (minimum-maximum range) across
1.5°C pathways with no or limited overshoot. Pathways with higher
chances of holding warming to below 1.5°C generally show a faster
decline in the carbon intensity of electricity by 2030 than pathways
that temporarily overshoot 1.5°C.{2.4.1,2.4.2,2.4.3}

Transitions in global and regional land use are found in all
pathways limiting global warming to 1.5°C with no or limited
overshoot, but their scale depends on the pursued mitigation
portfolio (high confidence). Pathways that limit global warming to
1.5°C with no or limited overshoot project a 4 million km? reduction
to a 2.5 million km2 increase of non-pasture agricultural land for food
and feed crops and a 0.5-11 million km? reduction of pasture land,
to be converted into 0-6 million km? of agricultural land for energy
crops and a 2 million km? reduction to 9.5 million km? increase in
forests by 2050 relative to 2010 (medium confidence). Land-use
transitions of similar magnitude can be observed in modelled 2°C
pathways (medium confidence). Such large transitions pose profound
challenges for sustainable management of the various demands on
land for human settlements, food, livestock feed, fibre, bioenergy,
carbon storage, biodiversity and other ecosystem services (high
confidence). {2.3.4, 2.4.4}

Demand-Side Mitigation and Behavioural Changes

Demand-side measures are key elements of 1.5°C pathways.
Lifestyle choices lowering energy demand and the land- and
GHG-intensity of food consumption can further support
achievement of 1.5°C pathways (high confidence). By 2030 and
2050, all end-use sectors (including building, transport, and industry)
show marked energy demand reductions in modelled 1.5°C pathways,



comparable and beyond those projected in 2°C pathways. Sectoral
models support the scale of these reductions. {2.3.4,2.4.3,2.5.1}

Links between 1.5°C Pathways and Sustainable Development

Choices about mitigation portfolios for limiting warming to
1.5°C can positively or negatively impact the achievement of
other societal objectives, such as sustainable development
(high confidence). In particular, demand-side and efficiency
measures, and lifestyle choices that limit energy, resource, and
GHG-intensive food demand support sustainable development
(medium confidence). Limiting warming to 1.5°C can be achieved
synergistically with poverty alleviation and improved energy security
and can provide large public health benefits through improved air
quality, preventing millions of premature deaths. However, specific
mitigation measures, such as bioenergy, may result in trade-offs that
require consideration. {2.5.1,2.5.2, 2.5.3}
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TS.3  Impacts of 1.5°C Global Warming

on Natural and Human Systems

This chapter builds on findings of AR5 and assesses new scientific
evidence of changes in the climate system and the associated impacts
on natural and human systems, with a specific focus on the magnitude
and pattern of risks linked for global warming of 1.5°C above
temperatures in the pre-industrial period. Chapter 3 explores observed
impacts and projected risks to a range of natural and human systems,
with a focus on how risk levels change from 1.5°C to 2°C of global
warming. The chapter also revisits major categories of risk (Reasons for
Concern, RFC) based on the assessment of new knowledge that has
become available since ARS.

1.5°C and 2°C Warmer Worlds

The global climate has changed relative to the pre-industrial
period, and there are multiple lines of evidence that these
changes have had impacts on organisms and ecosystems, as
well as on human systems and well-being (high confidence). The
increase in global mean surface temperature (GMST), which reached
0.87°C in 2006-2015 relative to 1850-1900, has increased the
frequency and magnitude of impacts (high confidence), strengthening
evidence of how an increase in GMST of 1.5°C or more could impact
natural and human systems (1.5°C versus 2°C). {3.3, 3.4, 3.5, 3.6,
Cross-Chapter Boxes 6, 7 and 8 in this chapter}

Human-induced global warming has already caused multiple
observed changes in the climate system (high confidence).
Changes include increases in both land and ocean temperatures, as well
as more frequent heatwaves in most land regions (high confidence).
There is also high confidence that global warming has resulted in an
increase in the frequency and duration of marine heatwaves. Further,
there is substantial evidence that human-induced global warming has
led to an increase in the frequency, intensity and/or amount of heavy
precipitation events at the global scale (medium confidence), as well
as an increased risk of drought in the Mediterranean region (medium
confidence). {3.3.1, 3.3.2, 3.3.3, 3.3.4, Box 3.4}

Trends in intensity and frequency of some climate and weather
extremes have been detected over time spans during which
about 0.5°C of global warming occurred (medium confidence).
This assessment is based on several lines of evidence, including
attribution studies for changes in extremes since 1950. {3.2, 3.3.1,
33.2,33.3,33.4}

Several regional changes in climate are assessed to occur with
global warming up to 1.5°C as compared to pre-industrial
levels, including warming of extreme temperatures in many
regions (high confidence), increases in frequency, intensity and/or
amount of heavy precipitation in several regions (high confidence),
and an increase in intensity or frequency of droughts in some regions
(medium confidence). {3.3.1, 3.3.2, 3.3.3, 3.3.4, Table 3.2}

There is no single “1.5°C warmer world’ (high confidence). In
addition to the overall increase in GMST, it is important to consider the
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size and duration of potential overshoots in temperature. Furthermore,
there are questions on how the stabilization of an increase in GMST of
1.5°C can be achieved, and how policies might be able to influence the
resilience of human and natural systems, and the nature of regional
and subregional risks. Overshooting poses large risks for natural and
human systems, especially if the temperature at peak warming is
high, because some risks may be long-lasting and irreversible, such
as the loss of some ecosystems (high confidence). The rate of change
for several types of risks may also have relevance, with potentially
large risks in the case of a rapid rise to overshooting temperatures,
even if a decrease to 1.5°C can be achieved at the end of the 21st
century or later (medium confidence). If overshoot is to be minimized,
the remaining equivalent CO, budget available for emissions is very
small, which implies that large, inmediate and unprecedented global
efforts to mitigate greenhouse gases are required (high confidence).
{3.2, 3.6.2, Cross-Chapter Box 8 in this chapter}

Robust' global differences in temperature means and extremes
are expected if global warming reaches 1.5°C versus 2°C above
the pre-industrial levels (high confidence). For oceans, regional
surface temperature means and extremes are projected to be higher
at 2°C compared to 1.5°C of global warming (high confidence).
Temperature means and extremes are also projected to be higher at
2°C compared to 1.5°C in most land regions, with increases being
2-3 times greater than the increase in GMST projected for some
regions (high confidence). Robust increases in temperature means and
extremes are also projected at 1.5°C compared to present-day values
(high confidence) {3.3.1, 3.3.2}. There are decreases in the occurrence
of cold extremes, but substantial increases in their temperature, in
particular in regions with snow or ice cover (high confidence) {3.3.1}.

Climate models project robust’ differences in regional climate
between present-day and global warming up to 1.5°C3, and
between 1.5°C and 2°C (high confidence), depending on the
variable and region in question (high confidence). Large, robust
and widespread differences are expected for temperature
extremes (high confidence). Regarding hot extremes, the strongest
warming is expected to occur at mid-latitudes in the warm season (with
increases of up to 3°C for 1.5°C of global warming, i.e., a factor of two)
and at high latitudes in the cold season (with increases of up to 4.5°C
at 1.5°C of global warming, i.e., a factor of three) (high confidence).
The strongest warming of hot extremes is projected to occur in
central and eastern North America, central and southern Europe, the
Mediterranean region (including southern Europe, northern Africa and
the Near East), western and central Asia, and southern Africa (medium
confidence). The number of exceptionally hot days are expected to
increase the most in the tropics, where interannual temperature
variability is lowest; extreme heatwaves are thus projected to emerge
earliest in these regions, and they are expected to already become
widespread there at 1.5°C global warming (high confidence). Limiting
global warming to 1.5°C instead of 2°C could result in around 420
million fewer people being frequently exposed to extreme heatwaves,

and about 65 million fewer people being exposed to exceptional
heatwaves, assuming constant vulnerability (medium confidence).
{3.3.1, 3.3.2, Cross-Chapter Box 8 in this chapter}

Limiting global warming to 1.5°C would limit risks of increases
in heavy precipitation events on a global scale and in several
regions compared to conditions at 2°C global warming
(medium confidence). The regions with the largest increases in heavy
precipitation events for 1.5°C to 2°C global warming include: several
high-latitude regions (e.g. Alaska/western Canada, eastern Canada/
Greenland/Iceland, northern Europe and northern Asia); mountainous
regions (e.g., Tibetan Plateau); eastern Asia (including China and Japan);
and eastern North America (medium confidence). Tropical cyclones are
projected to decrease in frequency but with an increase in the number
of very intense cyclones (limited evidence, low confidence). Heavy
precipitation associated with tropical cyclones is projected to be higher
at 2°C compared to 1.5°C of global warming (medium confidence).
Heavy precipitation, when aggregated at a global scale, is projected to
be higher at 2°C than at 1.5°C of global warming (medium confidence)
{3.3.3,3.3.6}

Limiting global warming to 1.5°C is expected to substantially
reduce the probability of extreme drought, precipitation deficits,
and risks associated with water availability (i.e., water stress) in
some regions (medium confidence). In particular, risks associated
with increases in drought frequency and magnitude are projected to be
substantially larger at 2°C than at 1.5°C in the Mediterranean region
(including southern Europe, northern Africa and the Near East) and
southern Africa (medium confidence). {3.3.3, 3.3.4, Box 3.1, Box 3.2}

Risks to natural and human systems are expected to be lower
at 1.5°C than at 2°C of global warming (high confidence). This
difference is due to the smaller rates and magnitudes of climate
change associated with a 1.5°C temperature increase, including lower
frequencies and intensities of temperature-related extremes. Lower
rates of change enhance the ability of natural and human systems
to adapt, with substantial benefits for a wide range of terrestrial,
freshwater, wetland, coastal and ocean ecosystems (including coral
reefs) (high confidence), as well as food production systems, human
health, and tourism (medium confidence), together with energy
systems and transportation (low confidence). {3.3.1, 3.4}

Exposure to multiple and compound climate-related risks is
projected to increase between 1.5°C and 2°C of global warming
with greater proportions of people both exposed and susceptible to
poverty in Africa and Asia (high confidence). For global warming from
1.5°C to 2°C, risks across energy, food, and water sectors could overlap
spatially and temporally, creating new — and exacerbating current —
hazards, exposures, and vulnerabilities that could affect increasing
numbers of people and regions (medium confidence). Small island
states and economically disadvantaged populations are particularly at
risk (high confidence).{3.3.1,3.4.5.3,3.4.5.6, 3.4.11, 3.5.4.9, Box 3.5}

2 Robust is used here to mean that at least two thirds of climate models show the same sign of changes at the grid point scale, and that differences in large regions are

statistically significant.

3 Projected changes in impacts between different levels of global warming are determined with respect to changes in global mean near-surface air temperature.
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Global warming of 2°C would lead to an expansion of areas with
significant increases in runoff, as well as those affected by flood
hazard, compared to conditions at 1.5°C (medium confidence).
Global warming of 1.5°C would also lead to an expansion of the global
land area with significant increases in runoff (medium confidence) and
an increase in flood hazard in some regions (medium confidence)
compared to present-day conditions. {3.3.5}

The probability of a sea-ice-free Arctic Ocean® during summer
is substantially higher at 2°C compared to 1.5°C of global
warming (medium confidence). Model simulations suggest that
at least one sea-ice-free Arctic summer is expected every 10 years
for global warming of 2°C, with the frequency decreasing to one
sea-ice-free Arctic summer every 100 years under 1.5°C (medium
confidence). An intermediate temperature overshoot will have no long-
term consequences for Arctic sea ice coverage, and hysteresis is not
expected (high confidence). {3.3.8, 3.4.4.7}

Global mean sea level rise (GMSLR) is projected to be around
0.1 m (0.04 — 0.16 m) less by the end of the 21st century in a
1.5°C warmer world compared to a 2°C warmer world (medium
confidence). Projected GMSLR for 1.5°C of global warming has an
indicative range of 0.26 — 0.77m, relative to 1986-2005, (medium
confidence). A smaller sea level rise could mean that up to 10.4 million
fewer people (based on the 2010 global population and assuming no
adaptation) would be exposed to the impacts of sea level rise globally
in 2100 at 1.5°C compared to at 2°C. A slower rate of sea level rise
enables greater opportunities for adaptation (medium confidence).
There is high confidence that sea level rise will continue beyond 2100.
Instabilities exist for both the Greenland and Antarctic ice sheets, which
could result in multi-meter rises in sea level on time scales of century
to millennia. There is medium confidence that these instabilities could
be triggered at around 1.5°C to 2°C of global warming. {3.3.9, 3.4.5,
3.6.3}

The ocean has absorbed about 30% of the anthropogenic
carbon dioxide, resulting in ocean acidification and changes to
carbonate chemistry that are unprecedented for at least the
last 65 million years (high confidence). Risks have been identified
for the survival, calcification, growth, development and abundance of
a broad range of marine taxonomic groups, ranging from algae to fish,
with substantial evidence of predictable trait-based sensitivities (high
confidence). There are multiple lines of evidence that ocean warming
and acidification corresponding to 1.5°C of global warming would
impact a wide range of marine organisms and ecosystems, as well as
sectors such as aquaculture and fisheries (high confidence). {3.3.10,
3.4.4}

Larger risks are expected for many regions and systems for
global warming at 1.5°C, as compared to today, with adaptation
required now and up to 1.5°C. However, risks would be larger at 2°C of
warming and an even greater effort would be needed for adaptation to
a temperature increase of that magnitude (high confidence). {3.4, Box
3.4, Box 3.5, Cross-Chapter Box 6 in this chapter}
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Future risks at 1.5°C of global warming will depend on the
mitigation pathway and on the possible occurrence of a
transient overshoot (high confidence). The impacts on natural
and human systems would be greater if mitigation pathways
temporarily overshoot 1.5°C and return to 1.5°C later in the century,
as compared to pathways that stabilize at 1.5°C without an overshoot
(high confidence). The size and duration of an overshoot would also
affect future impacts (e.g., irreversible loss of some ecosystems) (high
confidence). Changes in land use resulting from mitigation choices
could have impacts on food production and ecosystem diversity. {3.6.1,
3.6.2, Cross-Chapter Boxes 7 and 8 in this chapter}

Climate Change Risks for Natural and Human systems
Terrestrial and Wetland Ecosystems

Risks of local species losses and, consequently, risks of
extinction are much less in a 1.5°C versus a 2°C warmer world
(high confidence). The number of species projected to lose over
half of their climatically determined geographic range at 2°C global
warming (18% of insects, 16% of plants, 8% of vertebrates) is
projected to be reduced to 6% of insects, 8% of plants and 4% of
vertebrates at 1.5°C warming (medium confidence). Risks associated
with other biodiversity-related factors, such as forest fires, extreme
weather events, and the spread of invasive species, pests and
diseases, would also be lower at 1.5°C than at 2°C of warming (high
confidence), supporting a greater persistence of ecosystem services.
{3.4.3,3.5.2}

Constraining global warming to 1.5°C, rather than to 2°C
and higher, is projected to have many benefits for terrestrial
and wetland ecosystems and for the preservation of their
services to humans (high confidence). Risks for natural and
managed ecosystems are higher on drylands compared to humid
lands. The global terrestrial land area projected to be affected by
ecosystem transformations (13%, interquartile range 8-20%) at 2°C
is approximately halved at 1.5°C global warming to 4% (interquartile
range 2-7%) (medium confidence). Above 1.5°C, an expansion of
desert terrain and vegetation would occur in the Mediterranean
biome (medium confidence), causing changes unparalleled in the last
10,000 years (medium confidence). {3.3.2.2,3.4.3.2,3.4.3.5,3.4.6.1,
3.5.5.10, Box 4.2}

Many impacts are projected to be larger at higher latitudes,
owing to mean and cold-season warming rates above the
global average (medium confidence). High-latitude tundra and
boreal forest are particularly at risk, and woody shrubs are already
encroaching into tundra (high confidence) and will proceed with
further warming. Constraining warming to 1.5°C would prevent the
thawing of an estimated permafrost area of 1.5 to 2.5 million km?
over centuries compared to thawing under 2°C (medium confidence).
{3.3.2,3.4.3,3.4.4}

4 lce free is defined for the Special Report as when the sea ice extent is less than 106 km?. Ice coverage less than this is considered to be equivalent to an ice-free Arctic Ocean

for practical purposes in all recent studies.
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Ocean Ecosystems

Ocean ecosystems are already experiencing large-scale
changes, and critical thresholds are expected to be reached at
1.5°C and higher levels of global warming (high confidence).
In the transition to 1.5°C of warming, changes to water temperatures
are expected to drive some species (e.g., plankton, fish) to relocate
to higher latitudes and cause novel ecosystems to assemble (high
confidence). Other ecosystems (e.g., kelp forests, coral reefs) are
relatively less able to move, however, and are projected to experience
high rates of mortality and loss (very high confidence). For example,
multiple lines of evidence indicate that the majority (70-90%) of
warm water (tropical) coral reefs that exist today will disappear even
if global warming is constrained to 1.5°C (very high confidence).
{3.4.4, Box 3.4}

Current ecosystem services from the ocean are expected to be
reduced at 1.5°C of global warming, with losses being even
greater at 2°C of global warming (high confidence). The risks
of declining ocean productivity, shifts of species to higher latitudes,
damage to ecosystems (e.g., coral reefs, and mangroves, seagrass
and other wetland ecosystems), loss of fisheries productivity (at
low latitudes), and changes to ocean chemistry (e.g., acidification,
hypoxia and dead zones) are projected to be substantially lower
when global warming is limited to 1.5°C (high confidence). {3.4.4,
Box 3.4}

Water Resources

The projected frequency and magnitude of floods and droughts
in some regions are smaller under 1.5°C than under 2°C of
warming (medium confidence). Human exposure to increased
flooding is projected to be substantially lower at 1.5°C compared to
2°C of global warming, although projected changes create regionally
differentiated risks (medium confidence). The differences in the risks
among regions are strongly influenced by local socio-economic
conditions (medium confidence). {3.3.4, 3.3.5, 3.4.2}

Risks of water scarcity are projected to be greater at 2°C than at
1.5°C of global warming in some regions (medium confidence).
Depending on future socio-economic conditions, limiting global
warming to 1.5°C, compared to 2°C, may reduce the proportion of
the world population exposed to a climate change-induced increase
in water stress by up to 50%, although there is considerable variability
between regions (medium confidence). Regions with particularly
large benefits could include the Mediterranean and the Caribbean
(medium confidence). Socio-economic drivers, however, are expected
to have a greater influence on these risks than the changes in climate
(medium confidence). {3.3.5, 3.4.2, Box 3.5}

Land Use, Food Security and Food Production Systems

Limiting global warming to 1.5°C, compared with 2°C, is
projected to result in smaller net reductions in yields of maize,
rice, wheat, and potentially other cereal crops, particularly in
sub-Saharan Africa, Southeast Asia, and Central and South America;
and in the CO,-dependent nutritional quality of rice and wheat
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(high confidence). A loss of 7-10% of rangeland livestock globally
is projected for approximately 2°C of warming, with considerable
economic consequences for many communities and regions (medium
confidence). {3.4.6, 3.6, Box 3.1, Cross-Chapter Box 6 in this chapter}

Reductions in projected food availability are larger at 2°C
than at 1.5°C of global warming in the Sahel, southern Africa,
the Mediterranean, central Europe and the Amazon (medium
confidence). This suggests a transition from medium to high risk of
regionally differentiated impacts on food security between 1.5°C and
2°C (medium confidence). Future economic and trade environments
and their response to changing food availability (medium confidence)
are important potential adaptation options for reducing hunger risk
in low- and middle-income countries. {Cross-Chapter Box 6 in this
chapter}

Fisheries and aquaculture are important to global food security
but are already facing increasing risks from ocean warming
and acidification (medium confidence). These risks are
projected to increase at 1.5°C of global warming and impact
key organisms such as fin fish and bivalves (e.g., oysters),
especially at low latitudes (medium confidence). Small-scale
fisheries in tropical regions, which are very dependent on habitat
provided by coastal ecosystems such as coral reefs, mangroves,
seagrass and kelp forests, are expected to face growing risks at 1.5°C
of warming because of loss of habitat (medium confidence). Risks
of impacts and decreasing food security are projected to become
greater as global warming reaches beyond 1.5°C and both ocean
warming and acidification increase, with substantial losses likely for
coastal livelihoods and industries (e.g., fisheries and aquaculture)
(medium to high confidence). {3.4.4, 3.4.5, 3.4.6, Box 3.1, Box 3.4,
Box 3.5, Cross-Chapter Box 6 in this chapter}

Land use and land-use change emerge as critical features of
virtually all mitigation pathways that seek to limit global
warming to 1.5°C (high confidence). Most least-cost mitigation
pathways to limit peak or end-of-century warming to 1.5°C make
use of carbon dioxide removal (CDR), predominantly employing
significant levels of bioenergy with carbon capture and storage
(BECCS) and/or afforestation and reforestation (AR) in their portfolio
of mitigation measures (high confidence). {Cross-Chapter Box 7 in
this chapter}

Large-scale deployment of BECCS and/or AR would have
a farreaching land and water footprint (high confidence).
Whether this footprint would result in adverse impacts, for example
on biodiversity or food production, depends on the existence and
effectiveness of measures to conserve land carbon stocks, measures
to limit agricultural expansion in order to protect natural ecosystems,
and the potential to increase agricultural productivity (medium
agreement). In addition, BECCS and/or AR would have substantial
direct effects on regional climate through biophysical feedbacks,
which are generally not included in Integrated Assessments Models
(high confidence). {3.6.2, Cross-Chapter Boxes 7 and 8 in this chapter}

The impacts of large-scale CDR deployment could be greatly
reduced if a wider portfolio of CDR options were deployed, if a



holistic policy for sustainable land management were adopted,
and if increased mitigation efforts were employed to strongly
limit the demand for land, energy and material resources,
including through lifestyle and dietary changes (medium
confidence). In particular, reforestation could be associated with
significant co-benefits if implemented in a manner than helps restore
natural ecosystems (high confidence). {Cross-Chapter Box 7 in this
chapter}

Human Health, Well-Being, Cities and Poverty

Any increase in global temperature (e.g., +0.5°C) is projected
to affect human health, with primarily negative consequences
(high confidence). Lower risks are projected at 1.5°C than at 2°C
for heat-related morbidity and mortality (very high confidence), and
for ozone-related mortality if emissions needed for ozone formation
remain high (high confidence). Urban heat islands often amplify the
impacts of heatwaves in cities (high confidence). Risks for some
vector-borne diseases, such as malaria and dengue fever are projected
to increase with warming from 1.5°C to 2°C, including potential
shifts in their geographic range (high confidence). Overall for vector-
borne diseases, whether projections are positive or negative depends
on the disease, region and extent of change (high confidence). Lower
risks of undernutrition are projected at 1.5°C than at 2°C (medium
confidence). Incorporating estimates of adaptation into projections
reduces the magnitude of risks (high confidence). {3.4.7, 3.4.7.1,
3.4.8,3.5.5.8

Global warming of 2°C is expected to pose greater risks to urban
areas than global warming of 1.5°C (medium confidence). The
extent of risk depends on human vulnerability and the effectiveness
of adaptation for regions (coastal and non-coastal), informal
settlements and infrastructure sectors (such as energy, water and
transport) (high confidence). {3.4.5, 3.4.8}

Poverty and disadvantage have increased with recent warming
(about 1°C) and are expected to increase for many populations
as average global temperatures increase from 1°C to 1.5°C
and higher (medium confidence). Outmigration in agricultural-
dependent communities is positively and statistically significantly
associated with global temperature (medium confidence). Our
understanding of the links of 1.5°C and 2°C of global warming to
human migration are limited and represent an important knowledge
gap. {3.4.10, 3.4.11, 5.2.2, Table 3.5}

Key Economic Sectors and Services

Risks to global aggregated economic growth due to climate
change impacts are projected to be lower at 1.5°C than at 2°C
by the end of this century (medium confidence). {3.5.2, 3.5.3}

The largest reductions in economic growth at 2°C compared
to 1.5°C of warming are projected for low- and middle-income
countries and regions (the African continent, Southeast Asia,
India, Brazil and Mexico) (low to medium confidence). Countries
in the tropics and Southern Hemisphere subtropics are projected to
experience the largest impacts on economic growth due to climate
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change should global warming increase from 1.5°C to 2°C (medium
confidence). {3.5}

Global warming has already affected tourism, with increased
risks projected under 1.5°C of warming in specific geographic
regions and for seasonal tourism including sun, beach and
snow sports destinations (very high confidence). Risks will be
lower for tourism markets that are less climate sensitive, such as
gaming and large hotel-based activities (high confidence). Risks for
coastal tourism, particularly in subtropical and tropical regions, will
increase with temperature-related degradation (e.g., heat extremes,
storms) or loss of beach and coral reef assets (high confidence).
{3.3.6,3.4.4.12,3.4.9.1, Box 3.4}

Small Islands, and Coastal and Low-lying areas

Small islands are projected to experience multiple inter-
related risks at 1.5°C of global warming that will increase with
warming of 2°C and higher levels (high confidence). Climate
hazards at 1.5°C are projected to be lower compared to those at 2°C
(high confidence). Long-term risks of coastal flooding and impacts on
populations, infrastructures and assets (high confidence), freshwater
stress (medium confidence), and risks across marine ecosystems (high
confidence) and critical sectors (medium confidence) are projected to
increase at 1.5°C compared to present-day levels and increase further
at 2°C, limiting adaptation opportunities and increasing loss and
damage (medium confidence). Migration in small islands (internally
and internationally) occurs for multiple reasons and purposes, mostly
for better livelihood opportunities (high confidence) and increasingly
owing to sea level rise (medium confidence). {3.3.2.2, 3.3.6-9,
3.4.3.2,34.42,34.45,344.12,3.453,3.4.7.1,3.4.9.1, 3549,
Box 3.4, Box 3.5}

Impacts associated with sea level rise and changes to the
salinity of coastal groundwater, increased flooding and damage
to infrastructure, are projected to be critically important in
vulnerable environments, such as small islands, low-lying
coasts and deltas, at global warming of 1.5°C and 2°C (high
confidence). Localized subsidence and changes to river discharge can
potentially exacerbate these effects. Adaptation is already happening
(high confidence) and will remain important over multi-centennial
time scales. {3.4.5.3, 3.4.5.4, 3.4.5.7, 5.4.5.4, Box 3.5}

Existing and restored natural coastal ecosystems may be
effective in reducing the adverse impacts of rising sea levels
and intensifying storms by protecting coastal and deltaic
regions (medium confidence). Natural sedimentation rates are
expected to be able to offset the effect of rising sea levels, given
the slower rates of sea level rise associated with 1.5°C of warming
(medium confidence). Other feedbacks, such as landward migration
of wetlands and the adaptation of infrastructure, remain important
(medium confidence). {3.4.4.12,3.4.5.4,3.4.5.7}

Increased Reasons for Concern

There are multiple lines of evidence that since AR5 the assessed
levels of risk increased for four of the five Reasons for Concern
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(RFCs) for global warming levels of up to 2°C (high confidence).
The risk transitions by degrees of global warming are now: from high
to very high between 1.5°C and 2°C for RFC1 (Unique and threatened
systems) (high confidence); from moderate to high risk between 1°Cand
1.5°C for RFC2 (Extreme weather events) (medium confidence); from
moderate to high risk between 1.5°C and 2°C for RFC3 (Distribution of
impacts) (high confidence); from moderate to high risk between 1.5°C
and 2.5°C for RFC4 (Global aggregate impacts) (medium confidence);
and from moderate to high risk between 1°C and 2.5°C for RFC5
(Large-scale singular events) (medium confidence). {3.5.2}

1. The category ‘Unique and threatened systems’ (RFC1)
display a transition from high to very high risk which is
now located between 1.5°C and 2°C of global warming as
opposed to at 2.6°C of global warming in AR5, owing to new and
multiple lines of evidence for changing risks for coral reefs, the
Arctic and biodiversity in general (high confidence). {3.5.2.1}

2. In 'Extreme weather events’ (RFC2), the transition from
moderate to high risk is now located between 1.0°C and
1.5°C of global warming, which is very similar to the AR5
assessment but is projected with greater confidence (medium
confidence). The impact literature contains little information
about the potential for human society to adapt to extreme
weather events, and hence it has not been possible to locate
the transition from ‘high’ to ‘very high’ risk within the context of
assessing impacts at 1.5°C versus 2°C of global warming. There
is thus low confidence in the level at which global warming could
lead to very high risks associated with extreme weather events in
the context of this report. {3.5}

3. With respect to the ‘Distribution of impacts’ (RFC3) a
transition from moderate to high risk is now located
between 1.5°C and 2°C of global warming, compared with
between 1.6°C and 2.6°C global warming in AR5, owing to new
evidence about regionally differentiated risks to food security,
water resources, drought, heat exposure and coastal submergence
(high confidence). {3.5}

4. In ‘global aggregate impacts’ (RFC4) a transition from
moderate to high levels of risk is now located between
1.5°C and 2.5°C of global warming, as opposed to at 3.6°C of
warming in AR5, owing to new evidence about global aggregate
economic impacts and risks to Earth's biodiversity (medium
confidence). {3.5}

5. Finally, ‘large-scale singular events' (RFC5), moderate risk
is now located at 1°C of global warming and high risk is
located at 2.5°C of global warming, as opposed to at 1.6°C
(moderate risk) and around 4°C (high risk) in AR5, because of new
observations and models of the West Antarctic ice sheet (medium
confidence). {3.3.9, 3.5.2, 3.6.3}
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TS.4  Strengthening and Implementing

the Global Response

Limiting warming to 1.5°C above pre-industrial levels would
require transformative systemic change, integrated with
sustainable development. Such change would require the
upscaling and acceleration of the implementation of far-
reaching, multilevel and cross-sectoral climate mitigation
and addressing barriers. Such systemic change would need
to be linked to complementary adaptation actions, including
transformational adaptation, especially for pathways that
temporarily overshoot 1.5°C(medium evidence, high agreement)
{Chapter 2, Chapter 3, 4.2.1, 4.4.5, 4.5}. Current national pledges
on mitigation and adaptation are not enough to stay below the Paris
Agreement temperature limits and achieve its adaptation goals. While
transitions in energy efficiency, carbon intensity of fuels, electrification
and land-use change are underway in various countries, limiting
warming to 1.5°C will require a greater scale and pace of change to
transform energy, land, urban and industrial systems globally. {4.3, 4.4,
Cross-Chapter Box 9 in this Chapter}

Although multiple communities around the world are
demonstrating the possibility of implementation consistent with
1.5°C pathways {Boxes 4.1-4.10}, very few countries, regions,
cities, communities or businesses can currently make such
a claim (high confidence). To strengthen the global response,
almost all countries would need to significantly raise their level
of ambition. Implementation of this raised ambition would
require enhanced institutional capabilities in all countries,
including building the capability to utilize indigenous and
local knowledge (medium evidence, high agreement). In developing
countries and for poor and vulnerable people, implementing the
response would require financial, technological and other forms of
support to build capacity, for which additional local, national and
international resources would need to be mobilized (high confidence).
However, public, financial, institutional and innovation capabilities
currently fall short of implementing far-reaching measures at scale in
all countries (high confidence). Transnational networks that support
multilevel climate action are growing, but challenges in their scale-up
remain. {4.4.1,4.4.2,4.4.4,4.4.5, Box 4.1, Box 4.2, Box 4.7}

Adaptation needs will be lower in a 1.5°C world compared to
a 2°C world (high confidence) {Chapter 3; Cross-Chapter Box 11
in this chapter}. Learning from current adaptation practices and
strengthening them through adaptive governance {4.4.1}, lifestyle
and behavioural change {4.4.3} and innovative financing mechanisms
{4.4.5} can help their mainstreaming within sustainable development
practices. Preventing maladaptation, drawing on bottom-up approaches
{Box 4.6} and using indigenous knowledge {Box 4.3} would effectively
engage and protect vulnerable people and communities. While
adaptation finance has increased quantitatively, significant further
expansion would be needed to adapt to 1.5°C. Qualitative gaps in the
distribution of adaptation finance, readiness to absorb resources, and
monitoring mechanisms undermine the potential of adaptation finance
to reduce impacts. {Chapter 3, 4.4.2, 4.4.5, 4.6}



System Transitions

The energy system transition that would be required to limit
global warming to 1.5°C above pre-industrial conditions is
underway in many sectors and regions around the world
(medium evidence, high agreement). The political, economic, social
and technical feasibility of solar energy, wind energy and electricity
storage technologies has improved dramatically over the past few
years, while that of nuclear energy and carbon dioxide capture
and storage (CCS) in the electricity sector have not shown similar
improvements. {4.3.1}

Electrification, hydrogen, bio-based feedstocks and substitution,
and, in several cases, carbon dioxide capture, utilization and
storage (CCUS) would lead to the deep emissions reductions
required in energy-intensive industries to limit warming to
1.5°C. However, those options are limited by institutional, economic and
technical constraints, which increase financial risks to many incumbent
firms (medium evidence, high agreement). Energy efficiency in industry
is more economically feasible and helps enable industrial system
transitions but would have to be complemented with greenhouse gas
(GHG)-neutral processes or carbon dioxide removal (CDR) to make
energy-intensive industries consistent with 1.5°C (high confidence).
{4.3.1,4.3.4}

Global and regional land-use and ecosystems transitions and
associated changes in behaviour that would be required to
limit warming to 1.5°C can enhance future adaptation and
land-based agricultural and forestry mitigation potential. Such
transitions could, however, carry consequences for livelihoods
that depend on agriculture and natural resources {4.3.2, Cross-
Chapter Box 6 in Chapter 3}. Alterations of agriculture and forest
systems to achieve mitigation goals could affect current ecosystems
and their services and potentially threaten food, water and livelihood
security. While this could limit the social and environmental feasibility
of land-based mitigation options, careful design and implementation
could enhance their acceptability and support sustainable development
objectives (medium evidence, medium agreement). {4.3.2, 4.5.3}

Changing agricultural practices can be an effective climate
adaptation strategy. A diversity of adaptation options exists,
including mixed crop-livestock production systems which can be a
cost-effective adaptation strategy in many global agriculture systems
(robust evidence, medium agreement). Improving irrigation efficiency
could effectively deal with changing global water endowments,
especially if achieved via farmers adopting new behaviours and water-
efficient practices rather than through large-scale infrastructural
interventions (medium evidence, medium agreement). Well-designed
adaptation processes such as community-based adaptation can be
effective depending upon context and levels of vulnerability. {4.3.2,
4.5.3}

Improving the efficiency of food production and closing yield
gaps have the potential to reduce emissions from agriculture,
reduce pressure on land, and enhance food security and future
mitigation potential (high confidence). Improving productivity of
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existing agricultural systems generally reduces the emissions intensity
of food production and offers strong synergies with rural development,
poverty reduction and food security objectives, but options to reduce
absolute emissions are limited unless paired with demand-side
measures. Technological innovation including biotechnology, with
adequate safeguards, could contribute to resolving current feasibility
constraints and expand the future mitigation potential of agriculture.
{43.2,44.4}

Shifts in dietary choices towards foods with lower emissions
and requirements for land, along with reduced food loss and
waste, could reduce emissions and increase adaptation options
(high confidence). Decreasing food loss and waste and changing
dietary behaviour could result in mitigation and adaptation (high
confidence) by reducing both emissions and pressure on land, with
significant co-benefits for food security, human health and sustainable
development {4.3.2, 4.4.5, 4.5.2, 45.3, 5.4.2}, but evidence of
successful policies to modify dietary choices remains limited.

Mitigation and Adaptation Options and Other Measures

A mix of mitigation and adaptation options implemented in a
participatory and integrated manner can enable rapid, systemic
transitions —in urban and rural areas - that are necessary
elements of an accelerated transition consistent with limiting
warming to 1.5°C. Such options and changes are most effective
when aligned with economic and sustainable development,
and when local and regional governments are supported by
national governments {4.3.3, 4.4.1, 4.4.3}. Various mitigation
options are expanding rapidly across many geographies. Although
many have development synergies, not all income groups have so
far benefited from them. Electrification, end-use energy efficiency
and increased share of renewables, amongst other options, are
lowering energy use and decarbonizing energy supply in the built
environment, especially in buildings. Other rapid changes needed in
urban environments include demotorization and decarbonization of
transport, including the expansion of electric vehicles, and greater use
of energy-efficient appliances (medium evidence, high agreement).
Technological and social innovations can contribute to limiting
warming to 1.5°C, for example, by enabling the use of smart grids,
energy storage technologies and general-purpose technologies, such
as information and communication technology (ICT) that can be
deployed to help reduce emissions. Feasible adaptation options include
green infrastructure, resilient water and urban ecosystem services,
urban and peri-urban agriculture, and adapting buildings and land use
through regulation and planning (medium evidence, medium to high
agreement). {4.3.3,4.4.3, 4.4.4}

Synergies can be achieved across systemic transitions through
several overarching adaptation options in rural and urban areas.
Investments in health, social security and risk sharing and spreading
are cost-effective adaptation measures with high potential for scaling
up (medium evidence, medium to high agreement). Disaster risk
management and education-based adaptation have lower prospects of
scalability and cost-effectiveness (medium evidence, high agreement)
but are critical for building adaptive capacity. {4.3.5, 4.5.3}
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Converging adaptation and mitigation options can lead to
synergies and potentially increase cost-effectiveness, but
multiple trade-offs can limit the speed of and potential for
scaling up. Many examples of synergies and trade-offs exist in
all sectors and system transitions. For instance, sustainable water
management (high evidence, medium agreement) and investment in
green infrastructure (medium evidence, high agreement) to deliver
sustainable water and environmental services and to support urban
agriculture are less cost-effective than other adaptation options but
can help build climate resilience. Achieving the governance, finance
and social support required to enable these synergies and to avoid
trade-offs is often challenging, especially when addressing multiple
objectives, and attempting appropriate sequencing and timing of
interventions. {4.3.2,4.3.4,4.4.1,4.5.2,4.5.3,45.4}

Though CO, dominates long-term warming, the reduction of
warming short-lived climate forcers (SLCFs), such as methane
and black carbon, can in the short term contribute significantly to
limiting warming to 1.5°C above pre-industrial levels. Reductions
of black carbon and methane would have substantial co-benefits
(high confidence), including improved health due to reduced air
pollution. This, in turn, enhances the institutional and socio-
cultural feasibility of such actions. Reductions of several warming
SLCFs are constrained by economic and social feasibility (low evidence,
high agreement). As they are often co-emitted with CO,, achieving the
energy, land and urban transitions necessary to limit warming to 1.5°C
would see emissions of warming SLCFs greatly reduced. {2.3.3.2, 4.3.6}

Most CDR options face multiple feasibility constraints, which
differ between options, limiting the potential for any single
option to sustainably achieve the large-scale deployment
required in the 1.5°C-consistent pathways described in
Chapter 2 (high confidence). Those 1.5°C pathways typically rely
on bioenergy with carbon capture and storage (BECCS), afforestation
and reforestation (AR), or both, to neutralize emissions that are
expensive to avoid, or to draw down CO, emissions in excess of the
carbon budget {Chapter 2}. Though BECCS and AR may be technically
and geophysically feasible, they face partially overlapping yet different
constraints related to land use. The land footprint per tonne of CO,
removed is higher for AR than for BECCS, but given the low levels of
current deployment, the speed and scales required for limiting warming
to 1.5°C pose a considerable implementation challenge, even if the
issues of public acceptance and absence of economic incentives were
to be resolved (high agreement, medium evidence). The large potential
of afforestation and the co-benefits if implemented appropriately (e.g.,
on biodiversity and soil quality) will diminish over time, as forests
saturate (high confidence). The energy requirements and economic
costs of direct air carbon capture and storage (DACCS) and enhanced
weathering remain high (medium evidence, medium agreement). At the
local scale, soil carbon sequestration has co-benefits with agriculture
and is cost-effective even without climate policy (high confidence). Its
potential feasibility and cost-effectiveness at the global scale appears
to be more limited. {4.3.7}

Uncertainties surrounding solar radiation modification

(SRM) measures constrain their potential deployment. These
uncertainties include: technological immaturity; limited physical
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understanding about their effectiveness to limit global warming; and
a weak capacity to govern, legitimize, and scale such measures. Some
recent model-based analysis suggests SRM would be effective but that
it is too early to evaluate its feasibility. Even in the uncertain case that
the most adverse side-effects of SRM can be avoided, public resistance,
ethical concerns and potential impacts on sustainable development
could render SRM economically, socially and institutionally undesirable
(low agreement, medium evidence). {4.3.8, Cross-Chapter Box 10 in
this chapter}

Enabling Rapid and Far-Reaching Change

The speed of transitions and of technological change required
to limit warming to 1.5°C above pre-industrial levels has been
observed in the past within specific sectors and technologies
{4.2.2.1}. But the geographical and economic scales at which
the required rates of change in the energy, land, urban,
infrastructure and industrial systems would need to take place
are larger and have no documented historic precedent (limited
evidence, medium agreement). To reduce inequality and alleviate
poverty, such transformations would require more planning and
stronger institutions (including inclusive markets) than observed in the
past, as well as stronger coordination and disruptive innovation across
actors and scales of governance. {4.3, 4.4}

Governance consistent with limiting warming to 1.5°C and the
political economy of adaptation and mitigation can enable and
acceleratesystemstransitions,behavioural change,innovationand
technology deployment (medium evidence, medium agreement).
For 1.5°C-consistent actions, an effective governance framework
would include: accountable multilevel governance that includes non-
state actors, such as industry, civil society and scientific institutions;
coordinated sectoral and cross-sectoral policies that enable collaborative
multi-stakeholder partnerships; strengthened global-to-local financial
architecture that enables greater access to finance and technology;
addressing climate-related trade barriers; improved climate education
and greater public awareness; arrangements to enable accelerated
behaviour change; strengthened climate monitoring and evaluation
systems; and reciprocal international agreements that are sensitive
to equity and the Sustainable Development Goals (SDGs). System
transitions can be enabled by enhancing the capacities of public, private
and financial institutions to accelerate climate change policy planning
and implementation, along with accelerated technological innovation,
deployment and upkeep. {4.4.1,4.4.2, 4.4.3, 4.4.4}

Behaviour change and demand-side management can
significantly reduce emissions, substantially limiting the
reliance on CDR to limit warming to 1.5°C {Chapter 2, 4.4.3}.
Political and financial stakeholders may find climate actions more cost-
effective and socially acceptable if multiple factors affecting behaviour
are considered, including aligning these actions with people’s core
values (medium evidence, high agreement). Behaviour- and lifestyle-
related measures and demand-side management have already led
to emission reductions around the world and can enable significant
future reductions (high confidence). Social innovation through bottom-
up initiatives can result in greater participation in the governance of
systems transitions and increase support for technologies, practices



and policies that are part of the global response to limit warming to
1.5°C.. {Chapter 2, 4.4.1, 4.4.3, Figure 4.3}

This rapid and far-reaching response required to keep warming
below 1.5°C and enhance the capacity to adapt to climate risks
would require large increases of investments in low-emission
infrastructure and buildings, along with a redirection of financial
flows towards low-emission investments (robust evidence, high
agreement). An estimated mean annual incremental investment of
around 1.5% of global gross fixed capital formation (GFCF) for the
energy sector is indicated between 2016 and 2035, as well as about
2.5% of global GFCF for other development infrastructure that could
also address SDG implementation. Though quality policy design and
effective implementation may enhance efficiency, they cannot fully
substitute for these investments. {2.5.2, 4.2.1, 4.4.5}

Enabling this investment requires the mobilization and better
integration of a range of policy instruments that include the
reduction of socially inefficient fossil fuel subsidy regimes and innovative
price and non-price national and international policy instruments. These
would need to be complemented by de-risking financial instruments
and the emergence of long-term low-emission assets. These instruments
would aim to reduce the demand for carbon-intensive services and shift
market preferences away from fossil fuel-based technology. Evidence
and theory suggest that carbon pricing alone, in the absence of
sufficient transfers to compensate their unintended distributional cross-
sector, cross-nation effects, cannot reach the incentive levels needed
to trigger system transitions (robust evidence, medium agreement).
But, embedded in consistent policy packages, they can help mobilize
incremental resources and provide flexible mechanisms that help reduce
the social and economic costs of the triggering phase of the transition
(robust evidence, medium agreement). {4.4.3, 4.4.4, 4.4.5}

Increasing evidence suggests that a climate-sensitive
realignment of savings and expenditure towards low-emission,
climate-resilient infrastructure and services requires an
evolution of global and national financial systems. Estimates
suggest that, in addition to climate-friendly allocation of public
investments, a potential redirection of 5% to 10% of the annual
capital revenues® is necessary for limiting warming to 1.5°C {4.4.5,
Table 1 in Box 4.8}. This could be facilitated by a change of incentives
for private day-to-day expenditure and the redirection of savings
from speculative and precautionary investments towards long-
term productive low-emission assets and services. This implies the
mobilization of institutional investors and mainstreaming of climate
finance within financial and banking system regulation. Access by
developing countries to low-risk and low-interest finance through
multilateral and national development banks would have to be
facilitated (medium evidence, high agreement). New forms of public—
private partnerships may be needed with multilateral, sovereign and
sub-sovereign guarantees to de-risk climate-friendly investments,
support new business models for small-scale enterprises and help
households with limited access to capital. Ultimately, the aim is to
promote a portfolio shift towards long-term low-emission assets that

> Annual capital revenues are the paid interests plus the increase of the asset value.
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would help redirect capital away from potentially stranded assets
(medium evidence, medium agreement). {4.4.5}

Knowledge Gaps

Knowledge gaps around implementing and strengthening the
global response to climate change would need to be urgently
resolved if the transition to a 1.5°C world is to become reality.
Remaining questions include: how much can be realistically expected
from innovation and behavioural and systemic political and economic
changes in improving resilience, enhancing adaptation and reducing
GHG emissions? How can rates of changes be accelerated and scaled
up? What is the outcome of realistic assessments of mitigation and
adaptation land transitions that are compliant with sustainable
development, poverty eradication and addressing inequality? What are
life-cycle emissions and prospects of early-stage CDR options? How
can climate and sustainable development policies converge, and how
can they be organised within a global governance framework and
financial system, based on principles of justice and ethics (including
‘common but differentiated responsibilities and respective capabilities’
(CBDR-RQ)), reciprocity and partnership? To what extent would
limiting warming to 1.5°C require a harmonization of macro-financial
and fiscal policies, which could include financial regulators such as
central banks? How can different actors and processes in climate
governance reinforce each other, and hedge against the fragmentation
of initiatives? {4.1,4.3.7, 4.4.1, 4.4.5, 4.6}
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TS.5 Sustainable Development, Poverty

Eradication and Reducing Inequalities

This chapter takes sustainable development as the starting point and
focus for analysis. It considers the broad and multifaceted bi-directional
interplay between sustainable development, including its focus on
eradicating poverty and reducing inequality in their multidimensional
aspects, and climate actions in a 1.5°C warmer world. These fundamental
connections are embedded in the Sustainable Development Goals
(SDGs). The chapter also examines synergies and trade-offs of
adaptation and mitigation options with sustainable development and
the SDGs and offers insights into possible pathways, especially climate-
resilient development pathways towards a 1.5°C warmer world.

Sustainable Development, Poverty and Inequality
in a 1.5°C Warmer World

Limiting global warming to 1.5°C rather than 2°C above pre-
industrial levels would make it markedly easier to achieve many
aspects of sustainable development, with greater potential to
eradicate poverty and reduce inequalities (medium evidence,
high agreement). Impacts avoided with the lower temperature
limit could reduce the number of people exposed to climate risks and
vulnerable to poverty by 62 to 457 million, and lessen the risks of
poor people to experience food and water insecurity, adverse health
impacts, and economic losses, particularly in regions that already face
development challenges (medium evidence, medium agreement).
{5.2.2, 5.2.3} Avoided impacts expected to occur between 1.5°C and
2°Cwarming would also make it easier to achieve certain SDGs, such as
those that relate to poverty, hunger, health, water and sanitation, cities
and ecosystems (SDGs 1, 2, 3, 6, 11, 14 and 15) (medium evidence,
high agreement). {5.2.3, Table 5.2 available at the end of the chapter}

Compared to current conditions, 1.5°C of global warming would
nonetheless pose heightened risks to eradicating poverty,
reducing inequalities and ensuring human and ecosystem well-
being (medium evidence, high agreement). Warming of 1.5°C is
not considered ‘safe’ for most nations, communities, ecosystems and
sectors and poses significant risks to natural and human systems as
compared to the current warming of 1°C (high confidence). {Cross-
Chapter Box 12 in Chapter 5} The impacts of 1.5°C of warming would
disproportionately affect disadvantaged and vulnerable populations
through food insecurity, higher food prices, income losses, lost
livelihood opportunities, adverse health impacts and population
displacements (medium evidence, high agreement). {5.2.1} Some of
the worst impacts on sustainable development are expected to be
felt among agricultural and coastal dependent livelihoods, indigenous
people, children and the elderly, poor labourers, poor urban dwellers in
African cities, and people and ecosystems in the Arctic and Small Island
Developing States (SIDS) (medium evidence, high agreement). {5.2.1,
Box 5.3, Chapter 3, Box 3.5, Cross-Chapter Box 9 in Chapter 4}

Climate Adaptation and Sustainable Development

Prioritization of sustainable development and meeting the
SDGs is consistent with efforts to adapt to climate change (high

44

confidence). Many strategies for sustainable development enable
transformational adaptation for a 1.5°C warmer world, provided
attention is paid to reducing poverty in all its forms and to promoting
equity and participation in decision-making (medium evidence, high
agreement). As such, sustainable development has the potential
to significantly reduce systemic vulnerability, enhance adaptive
capacity, and promote livelihood security for poor and disadvantaged
populations (high confidence). {5.3.1}

Synergies between adaptation strategies and the SDGs are
expected to hold true in a 1.5°C warmer world, across sectors
and contexts (medium evidence, medium agreement). Synergies
between adaptation and sustainable development are significant
for agriculture and health, advancing SDGs 1 (extreme poverty),
2 (hunger), 3 (healthy lives and well-being) and 6 (clean water) (robust
evidence, medium agreement). {5.3.2} Ecosystem- and community-
based adaptation, along with the incorporation of indigenous and
local knowledge, advances synergies with SDGs 5 (gender equality),
10 (reducing inequalities) and 16 (inclusive societies), as exemplified
in drylands and the Arctic (high evidence, medium agreement). {5.3.2,
Box 5.1, Cross-Chapter Box 10 in Chapter 4}

Adaptation strategies can result in trade-offs with and among
the SDGs (medium evidence, high agreement). Strategies that
advance one SDG may create negative consequences for other
SDGs, for instance SDGs 3 (health) versus 7 (energy consumption)
and agricultural adaptation and SDG 2 (food security) versus SDGs 3
(health), 5 (gender equality), 6 (clean water), 10 (reducing inequalities),
14 (life below water) and 15 (life on the land) (medium evidence
medium agreement). {5.3.2}

Pursuing place-specific adaptation pathways towards a 1.5°C
warmer world has the potential for significant positive outcomes
for well-being in countries at all levels of development (medium
evidence, high agreement). Positive outcomes emerge when
adaptation pathways (i) ensure a diversity of adaptation options based
on people’s values and the trade-offs they consider acceptable, (ii)
maximize synergies with sustainable development through inclusive,
participatory and deliberative processes, and (jii) facilitate equitable
transformation. Yet such pathways would be difficult to achieve
without redistributive measures to overcome path dependencies,
uneven power structures, and entrenched social inequalities (medium
evidence, high agreement). {5.3.3}

Mitigation and Sustainable Development

The deployment of mitigation options consistent with 1.5°C
pathways leads to multiple synergies across a range of
sustainable development dimensions. At the same time, the
rapid pace and magnitude of change that would be required
to limit warming to 1.5°C, if not carefully managed, would lead
to trade-offs with some sustainable development dimensions
(high confidence). The number of synergies between mitigation
response options and sustainable development exceeds the number
of trade-offs in energy demand and supply sectors; agriculture, forestry
and other land use (AFOLU); and for oceans (very high confidence).
{Figure 5.2, Table 5.2 available at the end of the chapter} The 1.5°C



pathways indicate robust synergies, particularly for the SDGs 3 (health),
7 (energy), 12 (responsible consumption and production) and 14
(oceans) (very high confidence).{5.4.2, Figure 5.3} For SDGs 1 (poverty),
2 (hunger), 6 (water) and 7 (energy), there is a risk of trade-offs or
negative side effects from stringent mitigation actions compatible with
1.5°C of warming (medium evidence, high agreement). {5.4.2}

Appropriately designed mitigation actions to reduce energy
demand can advance multiple SDGs simultaneously. Pathways
compatible with 1.5°C that feature low energy demand show the
most pronounced synergies and the lowest number of trade-offs
with respect to sustainable development and the SDGs (very high
confidence). Accelerating energy efficiency in all sectors has synergies
with SDGs 7 (energy), 9 (industry, innovation and infrastructure),
11 (sustainable cities and communities), 12 (responsible consumption
and production), 16 (peace, justice and strong institutions), and
17 (partnerships for the goals) (robust evidence, high agreement).
{5.4.1, Figure 5.2, Table 5.2} Low-demand pathways, which would
reduce or completely avoid the reliance on bioenergy with carbon
capture and storage (BECCS) in 1.5°C pathways, would result in
significantly reduced pressure on food security, lower food prices and
fewer people at risk of hunger (medium evidence, high agreement).
{5.4.2, Figure 5.3}

The impacts of carbon dioxide removal options on SDGs depend
on the type of options and the scale of deployment (high
confidence). If poorly implemented, carbon dioxide removal (CDR)
options such as bioenergy, BECCS and AFOLU would lead to trade-
offs. Appropriate design and implementation requires considering
local people’s needs, biodiversity and other sustainable development
dimensions (very high confidence). {5.4.1.3, Cross-Chapter Box 7 in
Chapter 3}

The design of the mitigation portfolios and policy instruments
to limit warming to 1.5°C will largely determine the overall
synergies and trade-offs between mitigation and sustainable
development (very high confidence). Redistributive policies
that shield the poor and vulnerable can resolve trade-offs for
a range of SDGs (medium evidence, high agreement). Individual
mitigation options are associated with both positive and negative
interactions with the SDGs (very high confidence). {5.4.1} However,
appropriate choices across the mitigation portfolio can help to
maximize positive side effects while minimizing negative side effects
(high confidence). {5.4.2, 5.5.2} Investment needs for complementary
policies resolving trade-offs with a range of SDGs are only a small
fraction of the overall mitigation investments in 1.5°C pathways
(medium evidence, high agreement). {5.4.2, Figure 5.4} Integration of
mitigation with adaptation and sustainable development compatible
with 1.5°C warming requires a systems perspective (high confidence).
{5.4.2,5.5.2}

Mitigation consistent with 1.5°C of warming create high risks
for sustainable development in countries with high dependency
on fossil fuels for revenue and employment generation (high
confidence). These risks are caused by the reduction of global demand
affecting mining activity and export revenues and challenges to rapidly
decrease high carbon intensity of the domestic economy (robust
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evidence, high agreement). {5.4.1.2, Box 5.2} Targeted policies that
promote diversification of the economy and the energy sector could
ease this transition (medium evidence, high agreement). {5.4.1.2,
Box 5.2}

Sustainable Development Pathways to 1.5°C

Sustainable development broadly supports and often enables
the fundamental societal and systems transformations that
would be required for limiting warming to 1.5°C above pre-
industrial levels (high confidence). Simulated pathways that
feature the most sustainable worlds (e.g., Shared Socio-Economic
Pathways (SSP) 1) are associated with relatively lower mitigation and
adaptation challenges and limit warming to 1.5°C at comparatively
lower mitigation costs. In contrast, development pathways with high
fragmentation, inequality and poverty (e.g., SSP3) are associated with
comparatively higher mitigation and adaptation challenges. In such
pathways, it is not possible to limit warming to 1.5°C for the vast
majority of the integrated assessment models (medium evidence,
high agreement). {5.5.2} In all SSPs, mitigation costs substantially
increase in 1.5°C pathways compared to 2°C pathways. No pathway
in the literature integrates or achieves all 17 SDGs (high confidence).
{5.5.2} Real-world experiences at the project level show that the
actual integration between adaptation, mitigation and sustainable
development is challenging as it requires reconciling trade-offs across
sectors and spatial scales (very high confidence). {5.5.1}

Without societal transformation and rapid implementation
of ambitious greenhouse gas reduction measures, pathways
to limiting warming to 1.5°C and achieving sustainable
development will be exceedingly difficult, if not impossible,
to achieve (high confidence). The potential for pursuing such
pathways differs between and within nations and regions, due to
different development trajectories, opportunities and challenges (very
high confidence). {5.5.3.2, Figure 5.1} Limiting warming to 1.5°C
would require all countries and non-state actors to strengthen their
contributions without delay. This could be achieved through sharing
efforts based on bolder and more committed cooperation, with support
for those with the least capacity to adapt, mitigate and transform
(medium evidence, high agreement). {5.5.3.1, 5.5.3.2} Current
efforts towards reconciling low-carbon trajectories and reducing
inequalities, including those that avoid difficult trade-offs associated
with transformation, are partially successful yet demonstrate notable
obstacles (medium evidence, medium agreement). {5.5.3.3, Box 5.3,
Cross-Chapter Box 13 in this chapter}

Social justice and equity are core aspects of climate-resilient
development pathways for transformational social change.
Addressing challenges and widening opportunities between
and within countries and communities would be necessary
to achieve sustainable development and limit warming to
1.5°C, without making the poor and disadvantaged worse off
(high confidence). Identifying and navigating inclusive and socially
acceptable pathways towards low-carbon, climate-resilient futures is a
challenging yet important endeavour, fraught with moral, practical and
political difficulties and inevitable trade-offs (very high confidence).
{5.5.2, 5.5.3.3, Box 5.3} It entails deliberation and problem-solving
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processes to negotiate societal values, well-being, risks and resilience
and to determine what is desirable and fair, and to whom (medium
evidence, high agreement). Pathways that encompass joint, iterative
planning and transformative visions, for instance in Pacific SIDS
like Vanuatu and in urban contexts, show potential for liveable and
sustainable futures (high confidence). {5.5.3.1, 5.5.3.3, Figure 5.5,
Box 5.3, Cross-Chapter Box 13 in this chapter}

The fundamental societal and systemic changes to achieve
sustainable development, eradicate poverty and reduce
inequalities while limiting warming to 1.5°C would require
meeting a set of institutional, social, cultural, economic and
technological conditions (high confidence). The coordination
and monitoring of policy actions across sectors and spatial scales
is essential to support sustainable development in 1.5°C warmer
conditions (very high confidence). {5.6.2, Box 5.3} External funding
and technology transfer better support these efforts when they
consider recipients’ context-specific needs (medium evidence, high
agreement). {5.6.1} Inclusive processes can facilitate transformations
by ensuring participation, transparency, capacity building and iterative
social learning (high confidence). {5.5.3.3, Cross-Chapter Box 13,
5.6.3} Attention to power asymmetries and unequal opportunities
for development, among and within countries, is key to adopting
1.5°C-compatible development pathways that benefit all populations
(high confidence). {5.5.3, 5.6.4, Box 5.3} Re-examining individual and
collective values could help spur urgent, ambitious and cooperative
change (medium evidence, high agreement). {5.5.3, 5.6.5}
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Framing and Context

Executive Summary

This chapter frames the context, knowledge-base and assessment
approaches used to understand the impacts of 1.5°C global warming
above pre-industrial levels and related global greenhouse gas
emission pathways, building on the IPCC Fifth Assessment Report
(AR5), in the context of strengthening the global response to the
threat of climate change, sustainable development and efforts to
eradicate poverty.

Human-induced warming reached approximately 1°C (likely
between 0.8°C and 1.2°C) above pre-industrial levels in 2017,
increasing at 0.2°C (likely between 0.1°C and 0.3°C) per
decade (high confidence). Global warming is defined in this report
as an increase in combined surface air and sea surface temperatures
averaged over the globe and over a 30-year period. Unless otherwise
specified, warming is expressed relative to the period 1850-1900,
used as an approximation of pre-industrial temperatures in AR5.
For periods shorter than 30 years, warming refers to the estimated
average temperature over the 30 years centred on that shorter
period, accounting for the impact of any temperature fluctuations
or trend within those 30 years. Accordingly, warming from pre-
industrial levels to the decade 2006-2015 is assessed to be 0.87°C
(likely between 0.75°C and 0.99°C). Since 2000, the estimated level
of human-induced warming has been equal to the level of observed
warming with a likely range of +20% accounting for uncertainty due
to contributions from solar and volcanic activity over the historical
period (high confidence). {1.2.1}

Warming greater than the global average has already been
experienced in many regions and seasons, with higher average
warming over land than over the ocean (high confidence). Most
land regions are experiencing greater warming than the global average,
while most ocean regions are warming at a slower rate. Depending
on the temperature dataset considered, 20-40% of the global human
population live in regions that, by the decade 2006-2015, had already
experienced warming of more than 1.5°C above pre-industrial in at
least one season (medium confidence).{1.2.1,1.2.2}

Past emissions alone are unlikely to raise global-mean
temperature to 1.5°C above pre-industrial levels (medium
confidence), but past emissions do commit to other changes,
such as further sea level rise (high confidence). If all
anthropogenic emissions (including aerosol-related) were reduced
to zero immediately, any further warming beyond the 1°C already
experienced would likely be less than 0.5°C over the next two to
three decades (high confidence), and likely less than 0.5°C on a
century time scale (medium confidence), due to the opposing effects
of different climate processes and drivers. A warming greater than
1.5°C is therefore not geophysically unavoidable: whether it will
occur depends on future rates of emission reductions. {1.2.3, 1.2.4}

1.5°C emission pathways are defined as those that, given
current knowledge of the climate response, provide a one-
in-two to two-in-three chance of warming either remaining
below 1.5°C or returning to 1.5°C by around 2100 following
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an overshoot. Overshoot pathways are characterized by the peak
magnitude of the overshoot, which may have implications for
impacts. All 1.5°C pathways involve limiting cumulative emissions
of long-lived greenhouse gases, including carbon dioxide and nitrous
oxide, and substantial reductions in other climate forcers (high
confidence). Limiting cumulative emissions requires either reducing
net global emissions of long-lived greenhouse gases to zero before
the cumulative limit is reached, or net negative global emissions
(anthropogenic removals) after the limit is exceeded. {1.2.3, 1.2.4,
Cross-Chapter Boxes 1 and 2}

This report assesses projected impacts at a global average
warming of 1.5°C and higher levels of warming. Global warming
of 1.5°C is associated with global average surface temperatures
fluctuating naturally on either side of 1.5°C, together with warming
substantially greater than 1.5°C in many regions and seasons (high
confidence), all of which must be considered in the assessment of
impacts. Impacts at 1.5°C of warming also depend on the emission
pathway to 1.5°C. Very different impacts result from pathways
that remain below 1.5°C versus pathways that return to 1.5°C
after a substantial overshoot, and when temperatures stabilize at
1.5°C versus a transient warming past 1.5°C (medium confidence).
{1.2.3,1.3}

Ethical considerations, and the principle of equity in particular,
are central to this report, recognizing that many of the impacts
of warming up to and beyond 1.5°C, and some potential
impacts of mitigation actions required to limit warming to
1.5°C, fall disproportionately on the poor and vulnerable (high
confidence). Equity has procedural and distributive dimensions and
requires fairness in burden sharing both between generations and
between and within nations. In framing the objective of holding the
increase in the global average temperature rise to well below 2°C
above pre-industrial levels, and to pursue efforts to limit warming to
1.5°C, the Paris Agreement associates the principle of equity with the
broader goals of poverty eradication and sustainable development,
recognising that effective responses to climate change require a
global collective effort that may be guided by the 2015 United
Nations Sustainable Development Goals. {1.1.1}

Climate adaptation refers to the actions taken to manage
impacts of climate change by reducing vulnerability and
exposure to its harmful effects and exploiting any potential
benefits. Adaptation takes place at international, national and
local levels. Subnational jurisdictions and entities, including urban
and rural municipalities, are key to developing and reinforcing
measures for reducing weather- and climate-related risks. Adaptation
implementation faces several barriers including lack of up-to-date and
locally relevant information, lack of finance and technology, social
values and attitudes, and institutional constraints (high confidence).
Adaptation is more Jikely to contribute to sustainable development
when policies align with mitigation and poverty eradication goals
(medium confidence).{1.1, 1.4}

Ambitious mitigation actions are indispensable to limit

warming to 1.5°C while achieving sustainable development
and poverty eradication (high confidence). ll-designed responses,
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however, could pose challenges especially — but not exclusively — for
countries and regions contending with poverty and those requiring
significant transformation of their energy systems. This report focuses
on ‘climate-resilient development pathways', which aim to meet the
goals of sustainable development, including climate adaptation and
mitigation, poverty eradication and reducing inequalities. But any
feasible pathway that remains within 1.5°C involves synergies and
trade-offs (high confidence). Significant uncertainty remains as to
which pathways are more consistent with the principle of equity.
{1.1.1,1.4}

Multiple forms of knowledge, including scientific evidence,
narrative scenarios and prospective pathways, inform the
understanding of 1.5°C. This report is informed by traditional
evidence of the physical climate system and associated impacts and
vulnerabilities of climate change, together with knowledge drawn
from the perceptions of risk and the experiences of climate impacts
and governance systems. Scenarios and pathways are used to
explore conditions enabling goal-oriented futures while recognizing
the significance of ethical considerations, the principle of equity, and
the societal transformation needed. {1.2.3, 1.5.2}

There is no single answer to the question of whether it
is feasible to limit warming to 1.5°C and adapt to the
consequences. Feasibility is considered in this report as the
capacity of a system as a whole to achieve a specific outcome. The
global transformation that would be needed to limit warming to
1.5°C requires enabling conditions that reflect the links, synergies
and trade-offs between mitigation, adaptation and sustainable
development. These enabling conditions are assessed across many
dimensions of feasibility — geophysical, environmental-ecological,
technological, economic, socio-cultural and institutional — that
may be considered through the unifying lens of the Anthropocene,
acknowledging profound, differential but increasingly geologically
significant human influences on the Earth system as a whole. This
framing also emphasises the global interconnectivity of past, present
and future human—environment relations, highlighting the need and
opportunities for integrated responses to achieve the goals of the
Paris Agreement. {1.1, Cross-Chapter Box 1}
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1.1 Assessing the Knowledge Base
for a 1.5°C Warmer World

Human influence on climate has been the dominant cause of observed
warming since the mid-20th century, while global average surface
temperature warmed by 0.85°C between 1880 and 2012, as reported
in the IPCC Fifth Assessment Report, or AR5 (IPCC, 2013b). Many
regions of the world have already greater regional-scale warming,
with 20-40% of the global population (depending on the temperature
dataset used) having experienced over 1.5°C of warming in at least
one season (Figure 1.1; Chapter 3 Section 3.3.2.1). Temperature rise
to date has already resulted in profound alterations to human and
natural systems, including increases in droughts, floods, and some
other types of extreme weather; sea level rise; and biodiversity loss —
these changes are causing unprecedented risks to vulnerable persons
and populations (IPCC, 2012a, 2014a; Mysiak et al., 2016; Chapter
3 Sections 3.4.5-3.4.13). The most affected people live in low and
middle income countries, some of which have experienced a decline
in food security, which in turn is partly linked to rising migration and
poverty (IPCC, 2012a). Small islands, megacities, coastal regions, and
high mountain ranges are likewise among the most affected (Albert
et al,, 2017). Worldwide, numerous ecosystems are at risk of severe
impacts, particularly warm-water tropical reefs and Arctic ecosystems
(IPCC, 2014a).

This report assesses current knowledge of the environmental, technical,
economic, financial, socio-cultural, and institutional dimensions of a
1.5°C warmer world (meaning, unless otherwise specified, a world
in which warming has been limited to 1.5°C relative to pre-industrial
levels). Differences in vulnerability and exposure arise from numerous
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non-climatic factors (IPCC, 2014a). Global economic growth has been
accompanied by increased life expectancy and income in much of
the world; however, in addition to environmental degradation and
pollution, many regions remain characterised by significant poverty
and severe inequality in income distribution and access to resources,
amplifying vulnerability to climate change (Dryzek, 2016; Pattberg
and Zelli, 2016; Backstrand et al., 2017; Lovbrand et al., 2017). World
population continues to rise, notably in hazard-prone small and
medium-sized cities in low- and moderate-income countries (Birkmann
et al., 2016). The spread of fossil-fuel-based material consumption and
changing lifestyles is a major driver of global resource use, and the
main contributor to rising greenhouse gas (GHG) emissions (Fleurbaey
etal, 2014).

The overarching context of this report is this: human influence has
become a principal agent of change on the planet, shifting the world
out of the relatively stable Holocene period into a new geological
era, often termed the Anthropocene (Box 1.1). Responding to climate
change in the Anthropocene will require approaches that integrate
multiple levels of interconnectivity across the global community.

This chapter is composed of seven sections linked to the remaining
four chapters of the report. This introductory Section 1.1 situates the
basic elements of the assessment within the context of sustainable
development; considerations of ethics, equity and human rights; and the
problem of poverty. Section 1.2 focuses on understanding 1.5°C, global
versus regional warming, 1.5°C pathways, and associated emissions.
Section 1.3 frames the impacts at 1.5°C and beyond on natural and
human systems. The section on strengthening the global response (1.4)
frames responses, governance and implementation, and trade-offs
and synergies between mitigation, adaptation, and the Sustainable
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Figure 1.1 | Human experience of present-day warming. Different shades of pink to purple indicated by the inset histogram show estimated warming for the season
that has warmed the most at a given location between the periods 1850—-1900 and 2006—-2015, during which global average temperatures rose by 0.91°C in this dataset
(Cowtan and Way, 2014) and 0.87°C in the multi-dataset average (Table 1.1 and Figure 1.3). The density of dots indicates the population (in 2010) in any 1° x 1° grid box.
The underlay shows national Sustainable Development Goal (SDG) Global Index Scores indicating performance across the 17 SDGs. Hatching indicates missing SDG index data
(e.g., Greenland). The histogram shows the population (in 2010) living in regions experiencing different levels of warming (at 0.25°C increments). See Supplementary Material

1.SM for further details.
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Development Goals (SDGs) under transformation, transformation and adaptation with sustainable development. Section 1.6 defines
pathways, and transition. Section 1.5 provides assessment frameworks  approaches used to communicate confidence, uncertainty and risk,
and emerging methodologies that integrate climate change mitigation ~ while 1.7 presents the storyline of the whole report.

Box 1.1 | The Anthropocene: Strengthening the Global Response to 1.5°C Global Warming

Introduction

The concept of the Anthropocene can be linked to the aspiration of the Paris Agreement. The abundant empirical evidence of the
unprecedented rate and global scale of impact of human influence on the Earth System (Steffen et al., 2016; Waters et al., 2016) has
led many scientists to call for an acknowledgement that the Earth has entered a new geological epoch: the Anthropocene (Crutzen
and Stoermer, 2000; Crutzen, 2002; Gradstein et al., 2012). Although rates of change in the Anthropocene are necessarily assessed
over much shorter periods than those used to calculate long-term baseline rates of change, and therefore present challenges for direct
comparison, they are nevertheless striking. The rise in global CO, concentration since 2000 is about 20 ppm per decade, which is up to
10 times faster than any sustained rise in CO, during the past 800,000 years (Lthi et al., 2008; Bereiter et al., 2015). AR5 found that
the last geological epoch with similar atmospheric CO, concentration was the Pliocene, 3.3 to 3.0 Ma (Masson-Delmotte et al., 2013).
Since 1970 the global average temperature has been rising at a rate of 1.7°C per century, compared to a long-term decline over the
past 7,000 years at a baseline rate of 0.01°C per century (NOAA, 2016; Marcott et al., 2013). These global-level rates of human-driven
change far exceed the rates of change driven by geophysical or biosphere forces that have altered the Earth System trajectory in the past
(e.g., Summerhayes, 2015; Foster et al.,, 2017); even abrupt geophysical events do not approach current rates of human-driven change.

The Geological Dimension of the Anthropocene and 1.5°C Global Warming

The process of formalising the Anthropocene is on-going (Zalasiewicz et al., 2017), but a strong majority of the Anthropocene Working
Group (AWG) established by the Subcommission on Quaternary Stratigraphy of the International Commission on Stratigraphy have
agreed that: (i) the Anthropocene has a geological merit; (ii) it should follow the Holocene as a formal epoch in the Geological Time
Scale; and, (iii) its onset should be defined as the mid-20th century. Potential markers in the stratigraphic record include an array of
novel manufactured materials of human origin, and “these combined signals render the Anthropocene stratigraphically distinct from
the Holocene and earlier epochs” (Waters et al., 2016). The Holocene period, which itself was formally adopted in 1885 by geological
science community, began 11,700 years ago with a more stable warm climate providing for emergence of human civilisation and
growing human-nature interactions that have expanded to give rise to the Anthropocene (Waters et al., 2016).

The Anthropocene and the Challenge of a 1.5° C Warmer World

The Anthropocene can be employed as a “boundary concept” (Brondizio et al., 2016) that frames critical insights into understanding the
drivers, dynamics and specific challenges in responding to the ambition of keeping global temperature well below 2°C while pursuing
efforts towards and adapting to a 1.5°C warmer world. The United Nations Framework Convention on Climate Change (UNFCCC) and
its Paris Agreement recognize the ability of humans to influence geophysical planetary processes (Chapter 2, Cross-Chapter Box 1 in this
chapter). The Anthropocene offers a structured understanding of the culmination of past and present human—environmental relations
and provides an opportunity to better visualize the future to minimize pitfalls (Pattberg and Zelli, 2016; Delanty and Mota, 2017), while
acknowledging the differentiated responsibility and opportunity to limit global warming and invest in prospects for climate-resilient
sustainable development (Harrington, 2016) (Chapter 5). The Anthropocene also provides an opportunity to raise questions regarding
the regional differences, social inequities, and uneven capacities and drivers of global social-environmental changes, which in turn
inform the search for solutions as explored in Chapter 4 of this report (Biermann et al., 2016). It links uneven influences of human
actions on planetary functions to an uneven distribution of impacts (assessed in Chapter 3) as well as the responsibility and response
capacity to, for example, limit global warming to no more than a 1.5°C rise above pre-industrial levels. Efforts to curtail greenhouse gas
emissions without incorporating the intrinsic interconnectivity and disparities associated with the Anthropocene world may themselves
negatively affect the development ambitions of some regions more than others and negate sustainable development efforts (see
Chapter 2 and Chapter 5).

1.1.1 Equity and a 1.5°C Warmer World 2014; Olsson et al., 2014; Porter et al., 2014; Stavins et al., 2014).

The aim of the Paris Agreement under the UNFCCC to ‘pursue
The AR5 suggested that equity, sustainable development, and efforts to limit' the rise in global temperatures to 1.5°C above pre-
poverty eradication are best understood as mutually supportive industrial levels raises ethical concerns that have long been central
and co-achievable within the context of climate action and are to climate debates (Fleurbaey et al, 2014; Kolstad et al., 2014).
underpinned by various other international hard and soft law The Paris Agreement makes particular reference to the principle
instruments (Denton et al., 2014; Fleurbaey et al., 2014; Klein et al,  of equity, within the context of broader international goals of
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sustainable development and poverty eradication. Equity is a long-
standing principle within international law and climate change law
in particular (Shelton, 2008; Bodansky et al., 2017).

The AR5 describes equity as having three dimensions:intergenerational
(fairess between generations), international (fairness between
states), and national (fairness between individuals) (Fleurbaey et al.,
2014). The principle is generally agreed to involve both procedural
justice (i.e., participation in decision making) and distributive justice
(i.e., how the costs and benefits of climate actions are distributed)
(Kolstad et al., 2014; Savaresi, 2016; Reckien et al., 2017). Concerns
regarding equity have frequently been central to debates around
mitigation, adaptation and climate governance (Caney, 2005;
Schroeder et al., 2012; Ajibade, 2016; Reckien et al., 2017; Shue,
2018). Hence, equity provides a framework for understanding the
asymmetries between the distributions of benefits and costs relevant
to climate action (Schleussner et al., 2016; Aaheim et al., 2017).

Four key framing asymmetries associated with the conditions of a
1.5°C warmer world have been noted (Okereke, 2010; Harlan et al.,
2015; Ajibade, 2016; Savaresi, 2016; Reckien et al., 2017) and are
reflected in the report’s assessment. The first concerns differential
contributions to the problem: the observation that the benefits from
industrialization have been unevenly distributed and those who
benefited most historically also have contributed most to the current
climate problem and so bear greater responsibility (Shue, 2013;
McKinnon, 2015; Otto et al., 2017; Skeie et al., 2017). The second
asymmetry concerns differential impact: the worst impacts tend to
fall on those least responsible for the problem, within states, between
states, and between generations (Fleurbaey et al., 2014; Shue, 2014;
lonesco et al., 2016). The third is the asymmetry in capacity to shape
solutions and response strategies, such that the worst-affected states,
groups, and individuals are not always well represented (Robinson
and Shine, 2018). Fourth, there is an asymmetry in future response
capacity: some states, groups, and places are at risk of being left
behind as the world progresses to a low-carbon economy (Fleurbaey
et al., 2014; Shue, 2014; Humphreys, 2017).

A sizeable and growing literature exists on how best to
operationalize climate equity considerations, drawing on other
concepts mentioned in the Paris Agreement, notably its explicit
reference to human rights (OHCHR, 2009; Caney, 2010; Adger et
al., 2014; Fleurbaey et al., 2014; IBA, 2014; Knox, 2015; Duyck
et al., 2018; Robinson and Shine, 2018). Human rights comprise
internationally agreed norms that align with the Paris ambitions of
poverty eradication, sustainable development, and the reduction of
vulnerability (Caney, 2010; Fleurbaey et al., 2014; OHCHR, 2015).
In addition to defining substantive rights (such as to life, health,
and shelter) and procedural rights (such as to information and
participation), human rights instruments prioritise the rights of
marginalized groups, children, vulnerable and indigenous persons,
and those discriminated against on grounds such as gender, race,
age or disability (OHCHR, 2017). Several international human
rights obligations are relevant to the implementation of climate
actions and consonant with UNFCCC undertakings in the areas
of mitigation, adaptation, finance, and technology transfer (Knox,
2015; OHCHR, 2015; Humphreys, 2017).
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Much of this literature is still new and evolving (Holz et al., 2017;
Dooley et al., 2018; Klinsky and Winkler, 2018), permitting the
present report to examine some broader equity concerns raised
both by possible failure to limit warming to 1.5°C and by the range
of ambitious mitigation efforts that may be undertaken to achieve
that limit. Any comparison between 1.5°C and higher levels of
warming implies risk assessments and value judgements and cannot
straightforwardly be reduced to a cost-benefit analysis (Kolstad et
al., 2014). However, different levels of warming can nevertheless be
understood in terms of their different implications for equity — that
is, in the comparative distribution of benefits and burdens for specific
states, persons, or generations, and in terms of their likely impacts
on sustainable development and poverty (see especially Sections
2.3.4.2,25, 3.45-3.4.13, 3.6, 5.4.1, 5.4.2, 5.6 and Cross-Chapter
boxes 6 in Chapter 3 and 12 in Chapter 5).

1.1.2  Eradication of Poverty

This report assesses the role of poverty and its eradication in the
context of strengthening the global response to the threat of
climate change and sustainable development. A wide range of
definitions for poverty exist. The AR5 discussed ‘poverty’ in terms
of its multidimensionality, referring to ‘material circumstances’
(e.g., needs, patterns of deprivation, or limited resources), as well
as to economic conditions (e.g., standard of living, inequality, or
economic position), and/or social relationships (e.g., social class,
dependency, lack of basic security, exclusion, or lack of entitlement;
Olsson et al., 2014). The UNDP now uses a Multidimensional Poverty
Index and estimates that about 1.5 billion people globally live in
multidimensional poverty, especially in rural areas of South Asia and
Sub-Saharan Africa, with an additional billion at risk of falling into
poverty (UNDP, 2016).

A large and rapidly growing body of knowledge explores the
connections between climate change and poverty. Climatic
variability and climate change are widely recognized as factors that
may exacerbate poverty, particularly in countries and regions where
poverty levels are high (Leichenko and Silva, 2014). The AR5 noted
that climate change-driven impacts often act as a threat multiplier
in that the impacts of climate change compound other drivers of
poverty (Olsson et al., 2014). Many vulnerable and poor people are
dependent on activities such as agriculture that are highly susceptible
to temperature increases and variability in precipitation patterns
(Shiferaw et al., 2014; Miyan, 2015). Even modest changes in rainfall
and temperature patterns can push marginalized people into poverty
as they lack the means to recover from associated impacts. Extreme
events, such as floods, droughts, and heat waves, especially when
they occur in series, can significantly erode poor people’s assets and
further undermine their livelihoods in terms of labour productivity,
housing, infrastructure and social networks (Olsson et al., 2014).
1.1.3  Sustainable Development and a 1.5°C
Warmer World

AR5 (IPCC, 2014c) noted with high confidence that ‘equity is an

integral dimension of sustainable development’ and that ‘mitigation
and adaptation measures can strongly affect broader sustainable
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development and equity objectives’ (Fleurbaey et al., 2014). Limiting
global warming to 1.5°C would require substantial societal and
technological transformations, dependent in turn on global and
regional sustainable development pathways. A range of pathways,
both sustainable and not, are explored in this report, including
implementation strategies to understand the enabling conditions and
challenges required for such a transformation. These pathways and
connected strategies are framed within the context of sustainable
development, and in particular the United Nations 2030 Agenda for
Sustainable Development (UN, 2015b) and Cross-Chapter Box 4 on
SDGs (in this chapter). The feasibility of staying within 1.5°C depends
upon a range of enabling conditions with geophysical, environmental—
ecological, technological, economic, socio-cultural, and institutional
dimensions. Limiting warming to 1.5°C also involves identifying
technology and policy levers to accelerate the pace of transformation
(see Chapter 4). Some pathways are more consistent than others with
the requirements for sustainable development (see Chapter 5). Overall,
the three-pronged emphasis on sustainable development, resilience,
and transformation provides Chapter 5 an opportunity to assess
the conditions of simultaneously reducing societal vulnerabilities,
addressing entrenched inequalities, and breaking the circle of poverty.

The feasibility of any global commitment to a 1.5°C pathway depends,
in part, on the cumulative influence of the nationally determined
contributions (NDCs), committing nation states to specific GHG
emission reductions. The current NDCs, extending only to 2030, do
not limit warming to 1.5°C. Depending on mitigation decisions after
2030, they cumulatively track toward a warming of 3°-4°C above
pre-industrial temperatures by 2100, with the potential for further
warming thereafter (Rogelj et al., 2016a; UNFCCC, 2016). The analysis
of pathways in this report reveals opportunities for greater decoupling
of economic growth from GHG emissions. Progress towards limiting
warming to 1.5°C requires a significant acceleration of this trend. AR5
concluded that climate change constrains possible development paths,
that synergies and trade-offs exist between climate responses and
socio-economic contexts, and that opportunities for effective climate
responses overlap with opportunities for sustainable development,
noting that many existing societal patterns of consumption are
intrinsically unsustainable (Fleurbaey et al., 2014).

1.2 Understanding 1.5°C: Reference
Levels, Probability, Transience,
Overshoot, and Stabilization

1.2.1  Working Definitions of 1.5°C and 2°C

Warming Relative to Pre-Industrial Levels

Whatis meant by ‘the increase in global average temperature. .. above
pre-industrial levels’ referred to in the Paris Agreement depends on
the choice of pre-industrial reference period, whether 1.5°C refers to
total warming or the human-induced component of that warming,
and which variables and geographical coverage are used to define
global average temperature change. The cumulative impact of these
definitional ambiguities (e.g., Hawkins et al., 2017; Pfleiderer et al.,
2018) is comparable to natural multi-decadal temperature variability
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on continental scales (Deser et al., 2012) and primarily affects the
historical period, particularly that prior to the early 20th century when
data is sparse and of less certain quality. Most practical mitigation
and adaptation decisions do not depend on quantifying historical
warming to this level of precision, but a consistent working definition
is necessary to ensure consistency across chapters and figures. We
adopt definitions that are as consistent as possible with key findings
of AR5 with respect to historical warming.

This report defines ‘warming’, unless otherwise qualified, as an
increase in multi-decade global mean surface temperature (GMST)
above pre-industrial levels. Specifically, warming at a given point
in time is defined as the global average of combined land surface
air and sea surface temperatures for a 30-year period centred on
that time, expressed relative to the reference period 1850-1900
(adopted for consistency with Box SPM.1 Figure 1 of IPCC (2014a))
‘as an approximation of pre-industrial levels’, excluding the impact of
natural climate fluctuations within that 30-year period and assuming
any secular trend continues throughout that period, extrapolating
into the future if necessary. There are multiple ways of accounting
for natural fluctuations and trends (e.g., Foster and Rahmstorf, 2011;
Haustein et al, 2017; Medhaug et al., 2017; Folland et al., 2018;
Visser et al., 2018), but all give similar results. A major volcanic
eruption might temporarily reduce observed global temperatures,
but would not reduce warming as defined here (Bethke et al., 2017).
Likewise, given that the level of warming is currently increasing at
0.3°C-0.7°C per 30 years (/ikely range quoted in Kirtman et al., 2013
and supported by Folland et al., 2018), the level of warming in 2017
was 0.15°C-0.35°C higher than average warming over the 30-year
period 1988-2017.

In summary, this report adopts a working definition of “1.5°C relative
to pre-industrial levels' that corresponds to global average combined
land surface air and sea surface temperatures either 1.5°C warmer
than the average of the 51-year period 1850-1900, 0.87°C warmer
than the 20-year period 1986-2005, or 0.63°C warmer than the
decade 2006-2015. These offsets are based on all available published
global datasets, combined and updated, which show that 1986-
2005 was 0.63°C warmer than 1850-1900 (with a 5-95% range
of 0.57°C-0.69°C based on observational uncertainties alone), and
2006-2015 was 0.87°C warmer than 1850—-1900 (with a likely range
of 0.75°C-0.99°C, also accounting for the possible impact of natural
fluctuations). Where possible, estimates of impacts and mitigation
pathways are evaluated relative to these more recent periods. Note
that the 5-95% intervals often quoted in square brackets in AR5
correspond to very likely ranges, while likely ranges correspond to
17-83%, or the central two-thirds, of the distribution of uncertainty.
1.2.1.1  Definition of global average temperature

The IPCC has traditionally defined changes in observed GMST as a
weighted average of near-surface air temperature (SAT) changes
over land and sea surface temperature (SST) changes over the oceans
(Morice et al., 2012; Hartmann et al., 2013), while modelling studies
have typically used a simple global average SAT. For ambitious
mitigation goals, and under conditions of rapid warming or declining
sea ice (Berger et al., 2017), the difference can be significant. Cowtan
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et al. (2015) and Richardson et al. (2016) show that the use of
blended SAT/SST data and incomplete coverage together can give
approximately 0.2°C less warming from the 19th century to the
present relative to the use of complete global-average SAT (Stocker
et al,, 2013, Figure TFE8.1 and Figure 1.2). However, Richardson et al.
(2018) show that this is primarily an issue for the interpretation of
the historical record to date, with less absolute impact on projections
of future changes, or estimated emissions budgets, under ambitious
mitigation scenarios.

The three GMST reconstructions used in AR5 differ in their treatment
of missing data. GISTEMP (Hansen et al., 2010) uses interpolation
to infer trends in poorly observed regions like the Arctic (although
even this product is spatially incomplete in the early record), while
NOAAGIobalTemp (Vose et al., 2012) and HadCRUT (Morice et al.,
2012) are progressively closer to a simple average of available
observations. Since the AR5, considerable effort has been devoted
to more sophisticated statistical modelling to account for the impact
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of incomplete observation coverage (Rohde et al., 2013; Cowtan and
Way, 2014; Jones, 2016). The main impact of statistical infilling is to
increase estimated warming to date by about 0.1°C (Richardson et
al., 2018 and Table 1.1).

We adopt a working definition of warming over the historical period
based on an average of the four available global datasets that are
supported by peer-reviewed publications: the three datasets used in the
AR5, updated (Karl et al., 2015), together with the Cowtan-Way infilled
dataset (Cowtan and Way, 2014). A further two datasets, Berkeley
Earth (Rohde et al., 2013) and that of the Japan Meteorological Agency
(JMA), are provided in Table 1.1. This working definition provides an
updated estimate of 0.86°C for the warming over the period 1880-
2012 based on a linear trend. This quantity was quoted as 0.85°C in
the ARS. Hence the inclusion of the Cowtan-Way dataset does not
introduce any inconsistency with the AR5, whereas redefining GMST
to represent global SAT could increase this figure by up to 20% (Table
1.1, blue lines in Figure 1.2 and Richardson et al., 2016).
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Figure 1.2 | Evolution of global mean surface temperature (GMST) over the period of instrumental observations. Grey shaded line shows monthly mean GMST
in the HadCRUT4, NOAAGIobalTemp, GISTEMP and Cowtan-Way datasets, expressed as departures from 1850—1900, with varying grey line thickness indicating inter-dataset
range. All observational datasets shown represent GMST as a weighted average of near surface air temperature over land and sea surface temperature over oceans. Human-
induced (yellow) and total (human- and naturally-forced, orange) contributions to these GMST changes are shown calculated following Otto et al. (2015) and Haustein et al.
(2017). Fractional uncertainty in the level of human-induced warming in 2017 is set equal to +20% based on multiple lines of evidence. Thin blue lines show the modelled
global mean surface air temperature (dashed) and blended surface air and sea surface temperature accounting for observational coverage (solid) from the CMIP5 historical
ensemble average extended with RCP8.5 forcing (Cowtan et al.,, 2015; Richardson et al., 2018). The pink shading indicates a range for temperature fluctuations over the
Holocene (Marcott et al,, 2013). Light green plume shows the AR5 prediction for average GMST over 2016—2035 (Kirtman et al., 2013). See Supplementary Material 1.SM for
further details.

1.2.1.2  Choice of reference period

Any choice of reference period used to approximate ‘pre-
industrial’ conditions is a compromise between data coverage
and representativeness of typical pre-industrial solar and volcanic
forcing conditions. This report adopts the 51-year reference period,
1850-1900 inclusive, assessed as an approximation of pre-industrial
levels in AR5 (Box TS.5, Figure 1 of Field et al., 2014). The years
1880-1900 are subject to strong but uncertain volcanic forcing, but

in the HadCRUT4 dataset, average temperatures over 1850-1879,
prior to the largest eruptions, are less than 0.01°C from the average
for 1850-1900. Temperatures rose by 0.0°C-0.2°C from 1720-
1800 to 1850-1900 (Hawkins et al., 2017), but the anthropogenic
contribution to this warming is uncertain (Abram et al., 2016; Schurer
et al,, 2017). The 18th century represents a relatively cool period in
the context of temperatures since the mid-Holocene (Marcott et al.,
2013; Liining and Vahrenholt, 2017; Marsicek et al., 2018), which is
indicated by the pink shaded region in Figure 1.2.
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Projections of responses to emission scenarios, and associated
impacts, may use a more recent reference period, offset by historical
observations, to avoid conflating uncertainty in past and future
changes (e.g., Hawkins et al., 2017; Millar et al., 2017b; Simmons
et al.,, 2017). Two recent reference periods are used in this report:
1986-2005 and 2006-2015. In the latter case, when using a single
decade to represent a 30-year average centred on that decade, it
is important to consider the potential impact of internal climate
variability. The years 2008-2013 were characterised by persistent
cool conditions in the Eastern Pacific (Kosaka and Xie, 2013; Medhaug
et al,, 2017), related to both the El Nifio-Southern Oscillation (ENSO)
and, potentially, multi-decadal Pacific variability (e.g., England et al.,
2014), but these were partially compensated for by El Nifio conditions
in 2006 and 2015. Likewise, volcanic activity depressed temperatures
in 19862005, partly offset by the very strong El Nifio event in 1998.
Figure 1.2 indicates that natural variability (internally generated and
externally driven) had little net impact on average temperatures
over 2006-2015, in that the average temperature of the decade
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is similar to the estimated externally driven warming. When solar,
volcanic and ENSO-related variability is taken into account following
the procedure of Foster and Rahmstorf (2011), there is no indication
of average temperatures in either 1986—-2005 or 2006-2015 being
substantially biased by short-term variability (see Supplementary
Material 1.SM.2). The temperature difference between these two
reference periods (0.21°C-0.27°C over 15 years across available
datasets) is also consistent with the AR5 assessment of the current
warming rate of 0.3°C-0.7°C over 30 years (Kirtman et al., 2013).

On the definition of warming used here, warming to the decade
2006-2015 comprises an estimate of the 30-year average centred
on this decade, or 1996-2025, assuming the current trend continues
and that any volcanic eruptions that might occur over the final seven
years are corrected for. Given this element of extrapolation, we use
the AR5 near-term projection to provide a conservative uncertainty
range. Combining the uncertainty in observed warming to 1986—
2005 (+0.06°C) with the likely range in the current warming trend as

Table 1.1 | Observed increase in global average surface temperature in various datasets.
Numbers in square brackets correspond to 5-95% uncertainty ranges from individual datasets, encompassing known sources of observational uncertainty only.

. . 1850-1900 1850-1900 1986-2005 1850-1900 1850-1900
Diagnostic Trend (6) Trend (6)
/ dataset i) 0 gl D gl 1880-2012 | 1880-2015
2006-2015 1986-2005 2006-2015 1981-2010 1998-2017
0.84 0.60 022 062 0.83 0.83 0.88
HadCRUT4.6 [0.79-0.89] [0.57-0.66] 0.21-0.23] [0.58-0.67] [0.78-0.88] [0.77-0.90] [0.83-0.95]
:‘;‘;AAGMbalTemp 0.86 0.62 0.22 0.63 0.85 0.85 0.91
GISTEMP (7) 0.89 0.65 023 0.6 0.88 0.89 0.94
CowtanWa 0.91 0.65 0.26 0.65 0.88 0.8 093
v [0.85-0.99] [0.60-0.72] 0.25-0.27] [0.60-0.72] [0.82-0.96] [0.79-0.98] [0.85-1.03]
Average (8) 0.87 063 023 0.64 0.86 0.86 0.92
Berkeley (9) 0.98 073 025 073 097 0.97 1.02
JMA (9) 0.82 0.59 0.7 0.60 0.81 0.82 0.87
ERA-Interim N/A /A 026 /A /A N/A /A
JRA-55 /A N/A 023 N/A /A N/A /A
CMIP5 global 0.99 062 038 062 0.89 0.81 0.86
SAT (10) [0.65-1.37] [0.38-0.94] 0.24-0.62] [0.34-0.93] [0.62-1.29] [0.58-1.31] [0.63-1.39]
CMIP5 SAT/SST 0.86 0.50 0.34 0.48 075 0.68 0.74
blend-masked [0.54-1.18] [0.31-0.79] [0.19-0.54] [0.26-0.79] [0.52-1.11] [0.45-1.08] [0.51-1.14]

Notes:

1) Most recent reference period used in this report.

2) Most recent reference period used in ARS.

w

Difference between recent reference periods.

o

Current WMO standard reference periods.

Most recent 20-year period.

S ey s

Linear trends estimated by a straight-line fit, expressed in degrees yr—1 multiplied by 133 or 135 years respectively, with uncertainty ranges incorporating observational uncertainty only.

To estimate changes in the NOAAGlobalTemp and GISTEMP datasets relative to the 1850—-1900 reference period, warming is computed relative to 1850-1900 using the HadCRUT4.6

dataset and scaled by the ratio of the linear trend 18802015 in the NOAAGlobalTemp or GISTEMP dataset with the corresponding linear trend computed from HadCRUT4.

*

coincide with average differences because of rounding.

)

No peer-reviewed publication available for these global combined land—sea datasets.
10

Average of diagnostics derived — see (7) — from four peer-reviewed global datasets, HadCRUT4.6, NOAA, GISTEMP & Cowtan-Way. Note that differences between averages may not

CMIP5 changes estimated relative to 1861-80 plus 0.02°C for the offset in HadCRUT4.6 from 1850-1900. CMIP5 values are the mean of the RCP8.5 ensemble, with 5-95% ensemble

range. They are included to illustrate the difference between a complete global surface air temperature record (SAT) and a blended surface air and sea surface temperature (SST) record
accounting for incomplete coverage (masked), following Richardson et al. (2016). Note that 1986—2005 temperatures in CMIP5 appear to have been depressed more than observed temperatures

by the eruption of Mount Pinatubo.
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assessed by AR5 (+£0.2°C/30 years), assuming these are uncorrelated,
and using observed warming relative to 1850-1900 to provide the
central estimate (no evidence of bias from short-term variability),
gives an assessed warming to the decade 2006-2015 of 0.87°C with
a +0.12°C likely range. This estimate has the advantage of traceability
to the AR5, but more formal methods of quantifying externally driven
warming (e.g., Bindoff et al., 2013; Jones et al., 2016; Haustein et
al., 2017; Ribes et al., 2017), which typically give smaller ranges of
uncertainty, may be adopted in the future.

1.2.1.3 Total versus human-induced warming and
warming rates

Total warming refers to the actual temperature change, irrespective
of cause, while human-induced warming refers to the component
of that warming that is attributable to human activities. Mitigation
studies focus on human-induced warming (that is not subject to
internal climate variability), while studies of climate change impacts
typically refer to total warming (often with the impact of internal
variability minimised through the use of multi-decade averages).

In the absence of strong natural forcing due to changes in solar or
volcanic activity, the difference between total and human-induced
warming is small: assessing empirical studies quantifying solar and
volcanic contributions to GMST from 1890 to 2010, AR5 (Figure 10.6
of Bindoff et al., 2013) found their net impact on warming over the
full period to be less than plus or minus 0.1°C. Figure 1.2 shows that
the level of human-induced warming has been indistinguishable from
total observed warming since 2000, including over the decade 2006—
2015. Bindoff et al. (2013) assessed the magnitude of human-induced
warming over the period 1951-2010 to be 0.7°C (likely between
0.6°C and 0.8°C), which is slightly greater than the 0.65°C observed
warming over this period (Figures 10.4 and 10.5) with a likely range
of £14%. The key surface temperature attribution studies underlying
this finding (Gillett et al., 2013; Jones et al., 2013; Ribes and Terray,
2013) used temperatures since the 19th century to constrain human-
induced warming, and so their results are equally applicable to the
attribution of causes of warming over longer periods. Jones et al.
(2016) show (Figure 10) human-induced warming trends over the
period 1905-2005 to be indistinguishable from the corresponding
total observed warming trend accounting for natural variability using
spatio-temporal detection patterns from 12 out of 15 CMIP5 models
and from the multi-model average. Figures from Ribes and Terray
(2013), show the anthropogenic contribution to the observed linear
warming trend 1880-2012 in the HadCRUT4 dataset (0.83°C in Table
1.1) to be 0.86°C using a multi-model average global diagnostic, with
a 5-95% confidence interval of 0.72°C-1.00°C (see figure 1.SM.6).
In all cases, since 2000 the estimated combined contribution of solar
and volcanic activity to warming relative to 1850-1900 is found to be
less than +£0.1°C (Gillett et al., 2013), while anthropogenic warming
is indistinguishable from, and if anything slightly greater than, the
total observed warming, with 5-95% confidence intervals typically
around +£20%.

Haustein et al. (2017) give a 5-95% confidence interval for
human-induced warming in 2017 of 0.87°C-1.22°C, with a best
estimate of 1.02°C, based on the HadCRUT4 dataset accounting
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for observational and forcing uncertainty and internal variability.
Applying their method to the average of the four datasets shown in
Figure 1.2 gives an average level of human-induced warming in 2017
of 1.04°C. They also estimate a human-induced warming trend over
the past 20 years of 0.17°C (0.13°C-0.33°C) per decade, consistent
with estimates of the total observed trend of Foster and Rahmstorf
(2011) (0.17° £ 0.03°C per decade, uncertainty in linear trend only),
Folland et al. (2018) and Kirtman et al. (2013) (0.3°C-=0.7°C over 30
years, or 0.1°C-0.23°C per decade, /ikely range), and a best-estimate
warming rate over the past five years of 0.215°C/decade (Leach et al.,
2018). Drawing on these multiple lines of evidence, human-induced
warming is assessed to have reached 1.0°C in 2017, having increased
by 0.13°C from the mid-point of 2006-2015, with a likely range
of 0.8°C to 1.2°C (reduced from 5-95% to account for additional
forcing and model uncertainty), increasing at 0.2°C per decade (with
a likely range of 0.1°C to 0.3°C per decade: estimates of human-
induced warming given to 0.1°C precision only).

Since warming is here defined in terms of a 30-year average, corrected
for short-term natural fluctuations, when warming is considered to be
at 1.5°C, global temperatures would fluctuate equally on either side
of 1.5°C in the absence of a large cooling volcanic eruption (Bethke et
al., 2017). Figure 1.2 indicates there is a substantial chance of GMST in
a single month fluctuating over 1.5°C between now and 2020 (or, by
2030, for a longer period: Henley and King, 2017), but this would not
constitute temperatures ‘reaching 1.5°C" on our working definition.
Rogelj et al. (2017) show limiting the probability of annual GMST
exceeding 1.5°C to less than one-year-in-20 would require limiting
warming, on the definition used here, to 1.31°C or lower.

1.2.2  Global versus Regional and Seasonal Warming
Warming is not observed or expected to be spatially or seasonally
uniform (Collins et al., 2013). A 1.5°C increase in GMST will be
associated with warming substantially greater than 1.5°C in many
land regions, and less than 1.5°C in most ocean regions. This is
illustrated by Figure 1.3, which shows an estimate of the observed
change in annual and seasonal average temperatures between
the 1850-1900 pre-industrial reference period and the decade
2006-2015 in the Cowtan-Way dataset. These regional changes are
associated with an observed GMST increase of 0.91°C in the dataset
shown here, or 0.87°C in the four-dataset average (Table 1.1). This
observed pattern reflects an on-going transient warming: features
such as enhanced warming over land may be less pronounced, but still
present, in equilibrium (Collins et al., 2013). This figure illustrates the
magnitude of spatial and seasonal differences, with many locations,
particularly in Northern Hemisphere mid-latitude winter (December—
February), already experiencing regional warming more than double
the global average. Individual seasons may be substantially warmer,
or cooler, than these expected changes in the long-term average.
1.2.3  Definition of 1.5°C Pathways: Probability,
Transience, Stabilization and Overshoot

Pathways considered in this report, consistent with available literature

on 1.5°C, primarily focus on the time scale up to 2100, recognising
that the evolution of GMST after 2100 is also important. Two broad
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Regional warming in the decade 2006-2015 relative to preindustrial
Annual average warming

2.25

1.5

10.75

-1-0.75

Estimated warming relative to 1850-1900 (° C)

-2.25

-3.0

Figure 1.3 | Spatial and seasonal pattern of present-day warming: Regional warming for the 2006-2015 decade relative to 18501900 for the annual mean (top),
the average of December, January, and February (bottom left) and for June, July, and August (bottom right). Warming is evaluated by regressing regional changes in the Cowtan
and Way (2014) dataset onto the total (combined human and natural) externally forced warming (yellow line in Figure 1.2). See Supplementary Material 1.SM for further details
and versions using alternative datasets. The definition of regions (green boxes and labels in top panel) is adopted from the AR5 (Christensen et al., 2013).

categories of 1.5°C pathways can be used to characterise mitigation
options and impacts: pathways in which warming (defined as 30-year
averaged GMST relative to pre-industrial levels, see Section 1.2.1)
remains below 1.5°C throughout the 21st century, and pathways
in which warming temporarily exceeds (‘overshoots’) 1.5°C and
returns to 1.5°C either before or soon after 2100. Pathways in which
warming exceeds 1.5°C before 2100, but might return to that level in
some future century, are not considered 1.5°C pathways.

Because of uncertainty in the climate response, a ‘prospective’
mitigation pathway (see Cross-Chapter Box 1 in this chapter), in which
emissions are prescribed, can only provide a level of probability of
warming remaining below a temperature threshold. This probability
cannot be quantified precisely since estimates depend on the method
used (Rogelj et al., 2016b; Millar et al., 2017b; Goodwin et al., 2018;
Tokarska and Gillett, 2018). This report defines a ‘1.5°C pathway’
as a pathway of emissions and associated possible temperature
responses in which the majority of approaches using presently
available information assign a probability of approximately one-in-
two to two-in-three to warming remaining below 1.5°C or, in the case
of an overshoot pathway, to warming returning to 1.5°C by around
2100 or earlier. Recognizing the very different potential impacts and
risks associated with high-overshoot pathways, this report singles
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out 1.5°C pathways with no or limited (<0.1°C) overshoot in many
instances and pursues efforts to ensure that when the term "1.5°C
pathway’ is used, the associated overshoot is made explicit where
relevant. In Chapter 2, the classification of pathways is based on one
modelling approach to avoid ambiguity, but probabilities of exceeding
1.5°C are checked against other approaches to verify that they lie
within this approximate range. All these absolute probabilities are
imprecise, depend on the information used to constrain them, and
hence are expected to evolve in the future. Imprecise probabilities
can nevertheless be useful for decision-making, provided the
imprecision is acknowledged (Hall et al., 2007; Kriegler et al., 2009;
Simpson et al., 2016). Relative and rank probabilities can be assessed
much more consistently: approaches may differ on the absolute
probability assigned to individual outcomes, but typically agree on
which outcomes are more probable.

Importantly, 1.5°C pathways allow a substantial (up to one-in-two)
chance of warming still exceeding 1.5°C. An ‘adaptive’ mitigation
pathway in which emissions are continuously adjusted to achieve
a specific temperature outcome (e.g., Millar et al., 2017b) reduces
uncertainty in the temperature outcome while increasing uncertainty
in the emissions required to achieve it. It has been argued (Otto et
al., 2015; Xu and Ramanathan, 2017) that achieving very ambitious
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temperature goals will require such an adaptive approach to
mitigation, but very few studies have been performed taking this
approach (e.g., Jarvis et al.,, 2012).

Figure 1.4 illustrates categories of (a) 1.5°C pathways and associated
(b) annual and (c) cumulative emissions of CO,. It also shows (d)
an example of a ‘time-integrated impact’ that continues to increase
even after GMST has stabilised, such as sea level rise. This schematic
assumes for the purposes of illustration that the fractional contribution
of non-CO, climate forcers to total anthropogenic forcing (which is
currently increasing, Myhre et al., 2017) is approximately constant
from now on. Consequently, total human-induced warming is
proportional to cumulative CO, emissions (solid line in c), and GMST
stabilises when emissions reach zero. This is only the case in the most
ambitious scenarios for non-CO, mitigation (Leach et al., 2018). A
simple way of accounting for varying non-CO, forcing in Figure 1.4
would be to note that every 1 W m= increase in non-CO, forcing
between now and the decade or two immediately prior to the time
of peak warming reduces cumulative CO, emissions consistent with
the same peak warming by approximately 1100 GtCO,, with a range
of 900-1500 GtCO, (using values from AR5: Myhre et al., 2013; Allen
et al,, 2018; Jenkins et al., 2018; Cross-Chapter Box 2 in this chapter).
1.2.3.1 Pathways remaining below 1.5°C

In this category of 1.5°C pathways, human-induced warming either
rises monotonically to stabilise at 1.5°C (Figure 1.4, brown lines)
or peaks at or below 1.5°C and then declines (yellow lines). Figure
1.4b demonstrates that pathways remaining below 1.5°C require net
annual CO, emissions to peak and decline to near zero or below,
depending on the long-term adjustment of the carbon cycle and
non-CO, emissions (Bowerman et al., 2013; Wigley, 2018). Reducing
emissions to zero corresponds to stabilizing cumulative CO, emissions
(Figure 1.4¢, solid lines) and falling concentrations of CO, in the
atmosphere (panel ¢ dashed lines) (Matthews and Caldeira, 2008;
Solomon et al., 2009), which is required to stabilize GMST if non-CO,
climate forcings are constant and positive. Stabilizing atmospheric
greenhouse gas concentrations would result in continued warming
(see Section 1.2.4).

If emission reductions do not begin until temperatures are close to
the proposed limit, pathways remaining below 1.5°C necessarily
involve much faster rates of net CO, emission reductions (Figure 1.4,
green lines), combined with rapid reductions in non-CO, forcing and
these pathways also reach 1.5°C earlier. Note that the emissions
associated with these schematic temperature pathways may not
correspond to feasible emission scenarios, but they do illustrate the
fact that the timing of net zero emissions does not in itself determine
peak warming: what matters is total cumulative emissions up to that
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time. Hence every year's delay before initiating emission reductions
decreases by approximately two years the remaining time available
to reach zero emissions on a pathway still remaining below 1.5°C
(Allen and Stocker, 2013; Leach et al., 2018).

1.2.3.2  Pathways temporarily exceeding 1.5°C

With the pathways in this category, also referred to as overshoot
pathways, GMST rises above 1.5°C relative to pre-industrial before
peaking and returning to 1.5°C around or before 2100 (Figure 1.4,
blue lines), subsequently either stabilising or continuing to fall. This
allows initially slower or delayed emission reductions, but lowering
GMST requires net negative global CO, emissions (net anthropogenic
removal of CO,; Figure 1.4b). Cooling, or reduced warming, through
sustained reductions of net non-CO, climate forcing (Cross-Chapter
Box 2 in this chapter) is also required, but their role is limited because
emissions of most non-CO, forcers cannot be reduced to below zero.
Hence the feasibility and availability of large-scale CO, removal
limits the possible rate and magnitude of temperature decline. In
this report, overshoot pathways are referred to as 1.5°C pathways,
but qualified by the amount of the temperature overshoot, which
can have a substantial impact on irreversible climate change impacts
(Mathesius et al., 2015; Tokarska and Zickfeld, 2015).

1.2.3.3 Impacts at 1.5°C warming associated with different
pathways: transience versus stabilisation

Figure 1.4 also illustrates time scales associated with different
impacts. While many impacts scale with the change in GMST itself,
some (such as those associated with ocean acidification) scale with
the change in atmospheric CO, concentration, indicated by the
fraction of cumulative CO, emissions remaining in the atmosphere
(dotted lines in Figure 1.4c). Others may depend on the rate of
change of GMST, while ‘time-integrated impacts’, such as sea level
rise, shown in Figure 1.4d continue to increase even after GMST has
stabilised.

Hence impacts that occur when GMST reaches 1.5°C could be very
different depending on the pathway to 1.5°C. CO, concentrations will
be higher as GMST rises past 1.5°C (transient warming) than when
GMST has stabilized at 1.5°C, while sea level and, potentially, global
mean precipitation (Pendergrass et al., 2015) would both be lower
(see Figure 1.4). These differences could lead to very different impacts
on agriculture, on some forms of extreme weather (e.g., Baker et al.,
2018), and on marine and terrestrial ecosystems (e.g., Mitchell et al.,
2017 and Boxes 3.1 and 3.2). Sea level would be higher still if GMST
returns to 1.5°C after an overshoot (Figure 1.4 d), with potentially
significantly different impacts in vulnerable regions. Temperature
overshoot could also cause irreversible impacts (see Chapter 3).
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204 a: Schematic temperature pathways

Remaining below and stabilising at 1.5°C
05 Delayed start and stabilising earlier at 1.5°C
Temporarily exceeding 1.5°C and returning
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Figure 1.4 | Different 1.5°C pathways': Schematic illustration of the relationship between (a) global mean surface temperature (GMST) change; (b) annual rates of CO,
emissions, assuming constant fractional contribution of non-CO, forcing to total human-induced warming; (c) total cumulative CO, emissions (solid lines) and the fraction
thereof remaining in the atmosphere (dashed lines; these also indicates changes in atmospheric CO, concentrations); and (d) a time-integrated impact, such as sea level rise,
that continues to increase even after GMST has stabilized. Colours indicate different 1.5°C pathways. Brown: GMST remaining below and stabilizing at 1.5°C in 2100; Green: a
delayed start but faster emission reductions pathway with GMST remaining below and reaching 1.5°C earlier; Blue: a pathway temporarily exceeding 1.5°C, with temperatures
reduced to 1.5°C by net negative CO, emissions after temperatures peak; and Yellow: a pathway peaking at 1.5°C and subsequently declining. Temperatures are anchored
to 1°C above pre-industrial in 2017; emissions—temperature relationships are computed using a simple climate model (Myhre et al.,, 2013; Millar et al., 2017a; Jenkins et al.,
2018) with a lower value of the Transient Climate Response (TCR) than used in the quantitative pathway assessments in Chapter 2 to illustrate qualitative differences between
pathways: this figure is not intended to provide quantitative information. The time-integrated impact is illustrated by the semi-empirical sea level rise model of Kopp et al. (2016).

Cross-Chapter Box 1| Scenarios and Pathways

Contributing Authors:

Mikiko Kainuma (Japan), Kristie L. Ebi (USA), Sabine Fuss (Germany), Elmar Kriegler (Germany), Keywan Riahi (Austria), Joeri Rogelj
(Austria/Belgium), Petra Tschakert (Australia/Austria), Rachel Warren (UK)

Climate change scenarios have been used in IPCC assessments since the First Assessment Report (Leggett et al., 1992). The SRES
scenarios (named after the IPCC Special Report on Emissions Scenarios published in 2000; IPCC, 2000), consist of four scenarios that
do not take into account any future measures to limit greenhouse gas (GHG) emissions. Subsequently, many policy scenarios have been
developed based upon them (Morita et al., 2001). The SRES scenarios are superseded by a set of scenarios based on the Representative
Concentration Pathways (RCPs) and Shared Socio-Economic Pathways (SSPs) (Riahi et al., 2017). The RCPs comprise a set of four GHG
concentration trajectories that jointly span a large range of plausible human-caused climate forcing ranging from 2.6 W m-2 (RCP2.6)
to 8.5 W m~2 (RCP8.5) by the end of the 21st century (van Vuuren et al., 2011). They were used to develop climate projections in the
Coupled Model Intercomparison Project Phase 5 (CMIP5; Taylor et al., 2012) and were assessed in the IPCC Fifth Assessment Report
(AR5). Based on the CMIP5 ensemble, RCP2.6, provides a better than two-in-three chance of staying below 2°C and a median warming
of 1.6°C relative to 1850-1900 in 2100 (Collins et al., 2013).

The SSPs were developed to complement the RCPs with varying socio-economic challenges to adaptation and mitigation. SSP-based
scenarios were developed for a range of climate forcing levels, including the end-of-century forcing levels of the RCPs (Riahi et al., 2017)
and a level below RCP2.6 to explore pathways limiting warming to 1.5°C above pre-industrial levels (Rogelj et al., 2018). The SSP-based
1.5°C pathways are assessed in Chapter 2 of this report. These scenarios offer an integrated perspective on socio-economic, energy-
system (Bauer et al.,, 2017), land use (Popp et al., 2017), air pollution (Rao et al., 2017) and, GHG emissions developments (Riahi et al.,

' An animated version of Figure 1.4 will be embedded in the web-based version of this Special Report
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Cross-Chapter Box 1 (continued)

2017). Because of their harmonised assumptions, scenarios developed with the SSPs facilitate the integrated analysis of future climate
impacts, vulnerabilities, adaptation and mitigation.

Scenarios and Pathways in this Report

This report focuses on pathways that could limit the increase of global mean surface temperature (GMST) to 1.5°C above pre-industrial
levels and pathways that align with the goals of sustainable development and poverty eradication. The pace and scale of mitigation
and adaptation are assessed in the context of historical evidence to determine where unprecedented change is required (see Chapter
4). Other scenarios are also assessed, primarily as benchmarks for comparison of mitigation, impacts, and/or adaptation requirements.
These include baseline scenarios that assume no climate policy; scenarios that assume some kind of continuation of current climate
policy trends and plans, many of which are used to assess the implications of the nationally determined contributions (NDCs); and
scenarios holding warming below 2°C above pre-industrial levels. This report assesses the spectrum from global mitigation scenarios
to local adaptation choices — complemented by a bottom-up assessment of individual mitigation and adaptation options, and their
implementation (policies, finance, institutions, and governance, see Chapter 4). Regional, national, and local scenarios, as well as
decision-making processes involving values and difficult trade-offs are important for understanding the challenges of limiting GMST
increase to 1.5°C and are thus indispensable when assessing implementation.

Different climate policies result in different temperature pathways, which result in different levels of climate risks and actual climate
impacts with associated long-term implications. Temperature pathways are classified into continued warming pathways (in the cases of
baseline and reference scenarios), pathways that keep the temperature increase below a specific limit (like 1.5°C or 2°C), and pathways
that temporarily exceed and later fall to a specific limit (overshoot pathways). In the case of a temperature overshoot, net negative CO,
emissions are required to remove excess CO, from the atmosphere (Section 1.2.3).

In a ‘prospective’ mitigation pathway, emissions (or sometimes concentrations) are prescribed, giving a range of GMST outcomes
because of uncertainty in the climate response. Prospective pathways are considered ‘1.5°C pathways' in this report if, based on current
knowledge, the majority of available approaches assign an approximate probability of one-in-two to two-in-three to temperatures
either remaining below 1.5°C or returning to 1.5°C either before or around 2100. Most pathways assessed in Chapter 2 are prospective
pathways, and therefore even “1.5°C pathways" are also associated with risks of warming higher than 1.5°C, noting that many risks
increase non-linearly with increasing GMST. In contrast, the risks of warming of 1.5°C" assessed in Chapter 3 refer to risks in a
world in which GMST is either passing through (transient) or stabilized at 1.5°C, without considering probabilities of different GMST
levels (unless otherwise qualified). To stay below any desired temperature limit, mitigation measures and strategies would need to
be adjusted as knowledge of the climate response is updated (Millar et al., 2017b; Emori et al., 2018). Such pathways can be called
‘adaptive’ mitigation pathways. Given there is always a possibility of a greater-than-expected climate response (Xu and Ramanathan,
2017), adaptive mitigation pathways are important to minimise climate risks, but need also to consider the risks and feasibility (see
Cross-Chapter Box 3 in this chapter) of faster-than-expected emission reductions. Chapter 5 includes assessments of two related topics:
aligning mitigation and adaptation pathways with sustainable development pathways, and transformative visions for the future that
would support avoiding negative impacts on the poorest and most disadvantaged populations and vulnerable sectors.

Definitions of Scenarios and Pathways
Climate scenarios and pathways are terms that are sometimes used interchangeably, with a wide range of overlapping definitions
(Rosenbloom, 2017).

A'scenario’ is an internally consistent, plausible, and integrated description of a possible future of the human—environment system,
including a narrative with qualitative trends and quantitative projections (IPCC, 2000). Climate change scenarios provide a framework
for developing and integrating projections of emissions, climate change, and climate impacts, including an assessment of their inherent
uncertainties. The long-term and multi-faceted nature of climate change requires climate scenarios to describe how socio-economic
trends in the 21st century could influence future energy and land use, resulting emissions and the evolution of human vulnerability and
exposure. Such driving forces include population, GDP, technological innovation, governance and lifestyles. Climate change scenarios
are used for analysing and contrasting climate policy choices.

The notion of a ‘pathway’ can have multiple meanings in the climate literature. It is often used to describe the temporal evolution
of a set of scenario features, such as GHG emissions and socio-economic development. As such, it can describe individual scenario
components or sometimes be used interchangeably with the word ‘scenario’. For example, the RCPs describe GHG concentration
trajectories (van Vuuren et al., 2011) and the SSPs are a set of narratives of societal futures augmented by quantitative projections
of socio-economic determinants such as population, GDP and urbanization (Kriegler et al., 2012; O'Neill et al., 2014). Socio-economic
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driving forces consistent with any of the SSPs can be combined with a set of climate policy assumptions (Kriegler et al., 2014) that
together would lead to emissions and concentration outcomes consistent with the RCPs (Riahi et al., 2017). This is at the core of the
scenario framework for climate change research that aims to facilitate creating scenarios integrating emissions and development
pathways dimensions (Ebi et al., 2014; van Vuuren et al., 2014).

In other parts of the literature, ‘pathway’ implies a solution-oriented trajectory describing a pathway from today's world to achieving a
set of future goals. Sustainable Development Pathways describe national and global pathways where climate policy becomes part of
a larger sustainability transformation (Shukla and Chaturvedi, 2013; Fleurbaey et al., 2014; van Vuuren et al., 2015). The AR5 presented
climate-resilient pathways as sustainable development pathways that combine the goals of adaptation and mitigation (Denton et
al., 2014), more broadly defined as iterative processes for managing change within complex systems in order to reduce disruptions
and enhance opportunities associated with climate change (IPCC, 2014a). The AR5 also introduced the notion of climate-resilient
development pathways, with a more explicit focus on dynamic livelihoods, multi-dimensional poverty, structural inequalities, and
equity among poor and non-poor people (Olsson et al.,, 2014). Adaptation pathways are understood as a series of adaptation choices
involving trade-offs between short-term and long-term goals and values (Reisinger et al., 2014). They are decision-making processes
sequenced over time with the purpose of deliberating and identifying socially salient solutions in specific places (Barnett et al., 2014;
Wise et al., 2014; Fazey et al., 2016). There is a range of possible pathways for transformational change, often negotiated through

iterative and inclusive processes (Harris et al., 2017; Fazey et al.,, 2018; Tabara et al., 2018).

1.2.4  Geophysical Warming Commitment

It is frequently asked whether limiting warming to 1.5°C is ‘feasible’
(Cross-Chapter Box 3 in this chapter). There are many dimensions to
this question, including the warming ‘commitment’ from past emissions
of greenhouse gases and aerosol precursors. Quantifying commitment
from past emissions is complicated by the very different behaviour of
different climate forcers affected by human activity: emissions of long-
lived greenhouse gases such as CO, and nitrous oxide (N,0) have a
very persistent impact on radiative forcing (Myhre et al., 2013), lasting
from over a century (in the case of N,0) to hundreds of thousands
of years (for CO,). The radiative forcing impact of short-lived climate
forcers (SLCFs) such as methane (CH,) and aerosols, in contrast,
persists for at most about a decade (in the case of methane) down to
only a few days. These different behaviours must be taken into account
in assessing the implications of any approach to calculating aggregate
emissions (Cross-Chapter Box 2 in this chapter).

Geophysical warming commitment is defined as the unavoidable
future warming resulting from physical Earth system inertia. Different
variants are discussed in the literature, including (i) the ‘constant
composition commitment’ (CCC), defined by Meehl et al. (2007) as
the further warming that would result if atmospheric concentrations
of GHGs and other climate forcers were stabilised at the current level;
and (i) and the ‘zero emissions commitment’ (ZEC), defined as the
further warming that would still occur if all future anthropogenic
emissions of greenhouse gases and aerosol precursors were
eliminated instantaneously (Meehl et al., 2007; Collins et al., 2013).

The CCC is primarily associated with thermal inertia of the ocean
(Hansen et al, 2005), and has led to the misconception that
substantial future warming is inevitable (Matthews and Solomon,
2013). The CCC takes into account the warming from past emissions,
but also includes warming from future emissions (declining but still
non-zero) that are required to maintain a constant atmospheric
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composition. It is therefore not relevant to the warming commitment
from past emissions alone.

The ZEC, although based on equally idealised assumptions, allows
for a clear separation of the response to past emissions from the
effects of future emissions. The magnitude and sign of the ZEC
depend on the mix of GHGs and aerosols considered. For CO,, which
takes hundreds of thousands of years to be fully removed from the
atmosphere by natural processes following its emission (Eby et al.,
2009; Ciais et al., 2013), the multi-century warming commitment
from emissions to date in addition to warming already observed
is estimated to range from slightly negative (i.e., a slight cooling
relative to present-day) to slightly positive (Matthews and Caldeira,
2008; Lowe et al., 2009; Gillett et al., 2011; Collins et al., 2013).
Some studies estimate a larger ZEC from CO,, but for cumulative
emissions much higher than those up to present day (Frélicher et al.,
2014; Ehlert and Zickfeld, 2017). The ZEC from past CO, emissions
is small because the continued warming effect from ocean thermal
inertia is approximately balanced by declining radiative forcing due
to CO, uptake by the ocean (Solomon et al., 2009; Goodwin et al.,
2015; Williams et al., 2017). Thus, although present-day CO,-induced
warming is irreversible on millennial time scales (without human
intervention such as active carbon dioxide removal or solar radiation
modification; Section 1.4.1), past CO, emissions do not commit to
substantial further warming (Matthews and Solomon, 2013).

Sustained net zero anthropogenic emissions of CO, and declining net
anthropogenic non-CO, radiative forcing over a multi-decade period
would halt anthropogenic global warming over that period, although
it would not halt sea level rise or many other aspects of climate system
adjustment. The rate of decline of non-CO, radiative forcing must be
sufficient to compensate for the ongoing adjustment of the climate
system to this forcing (assuming it remains positive) due to ocean
thermal inertia. It therefore depends on deep ocean response time
scales, which are uncertain but of order centuries, corresponding to
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decline rates of non-CO, radiative forcing of less than 1% per year. In
the longer term, Earth system feedbacks such as the release of carbon
from melting permafrost may require net negative CO, emissions to
maintain stable temperatures (Lowe and Bernie, 2018).

For warming SLCFs, meaning those associated with positive radiative
forcing such as methane, the ZEC is negative. Eliminating emissions
of these substances results in an immediate cooling relative to the
present (Figure 1.5, magenta lines) (Frélicher and Joos, 2010; Matthews
and Zickfeld, 2012; Mauritsen and Pincus, 2017). Cooling SLCFs (those
associated with negative radiative forcing) such as sulphate aerosols
create a positive ZEC, as elimination of these forcers results in rapid
increase in radiative forcing and warming (Figure 1.5, green lines)
(Matthews and Zickfeld, 2012; Mauritsen and Pincus, 2017; Samset
et al,, 2018). Estimates of the warming commitment from eliminating
aerosol emissions are affected by large uncertainties in net aerosol
radiative forcing (Myhre et al., 2013, 2017) and the impact of other
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measures affecting aerosol loading (e.g., Fernandez et al., 2017).
If present-day emissions of all GHGs (short- and long-lived) and
aerosols (including sulphate, nitrate and carbonaceous aerosols) are
eliminated (Figure 1.5, yellow lines) GMST rises over the following
decade, driven by the removal of negative aerosol radiative forcing.
This initial warming is followed by a gradual cooling driven by the
decline in radiative forcing of short-lived greenhouse gases (Matthews
and Zickfeld, 2012; Collins et al, 2013). Peak warming following
elimination of all emissions was assessed at a few tenths of a degree in
AR5, and century-scale warming was assessed to change only slightly
relative to the time emissions are reduced to zero (Collins et al., 2013).
New evidence since AR5 suggests a larger methane forcing (Etminan
et al, 2016) but no revision in the range of aerosol forcing (although
this remains an active field of research, e.g., Myhre et al.,, 2017). This
revised methane forcing estimate results in a smaller peak warming
and a faster temperature decline than assessed in AR5 (Figure 1.5,
yellow line).
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Figure 1.5 | Warming commitment from past emissions of greenhouse gases and aerosols: Radiative forcing (top) and global mean surface temperature change
(bottom) for scenarios with different combinations of greenhouse gas and aerosol precursor emissions reduced to zero in 2020. Variables were calculated using a simple
climate—carbon cycle model (Millar et al., 2017a) with a simple representation of atmospheric chemistry (Smith et al., 2018). The bars on the right-hand side indicate the median
warming in 2100 and 5-95% uncertainty ranges (also indicated by the plume around the yellow line) taking into account one estimate of uncertainty in climate response,
effective radiative forcing and carbon cycle sensitivity, and constraining simple model parameters with response ranges from AR5 combined with historical climate observations
(Smith et al., 2018). Temperatures continue to increase slightly after elimination of C0, emissions (blue line) in response to constant non-CO, forcing. The dashed blue line
extrapolates one estimate of the current rate of warming, while dotted blue lines show a case where CO, emissions are reduced linearly to zero assuming constant non-CO,
forcing after 2020. Under these highly idealized assumptions, the time to stabilize temperatures at 1.5°C is approximately double the time remaining to reach 1.5°C at the
current warming rate.
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Expert judgement based on the available evidence (including model
simulations, radiative forcing and climate sensitivity) suggests that if
all anthropogenic emissions were reduced to zero immediately, any
further warming beyond the 1°C already experienced would /ikely be
less than 0.5°C over the next two to three decades, and also likely
less than 0.5°C on a century time scale.

Since most sources of emissions cannot, in reality, be brought to
zero instantaneously due to techno-economic inertia, the current
rate of emissions also constitutes a conditional commitment to
future emissions and consequent warming depending on achievable
rates of emission reductions. The current level and rate of human-
induced warming determines both the time left before a temperature
threshold is exceeded if warming continues (dashed blue line
in Figure 1.5) and the time over which the warming rate must be
reduced to avoid exceeding that threshold (approximately indicated
by the dotted blue line in Figure 1.5). Leach et al. (2018) use a central
estimate of human-induced warming of 1.02°C in 2017, increasing
at 0.215°C per decade (Haustein et al.,, 2017), to argue that it will
take 13-32 years (one-standard-error range) to reach 1.5°C if the
current warming rate continues, allowing 25-64 years to stabilise
temperatures at 1.5°C if the warming rate is reduced at a constant
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rate of deceleration starting immediately. Applying a similar approach
to the multi-dataset average GMST used in this report gives an
assessed likely range for the date at which warming reaches 1.5°C
of 2030 to 2052. The lower bound on this range, 2030, is supported
by multiple lines of evidence, including the AR5 assessment for the
likely range of warming (0.3°C-0.7°C) for the period 2016-2035
relative to 1986—2005. The upper bound, 2052, is supported by fewer
lines of evidence, so we have used the upper bound of the 5-95%
confidence interval given by the Leach et al. (2018) method applied to
the multi-dataset average GMST, expressed as the upper limit of the
likely range, to reflect the reliance on a single approach. Results are
sensitive both to the confidence level chosen and the number of years
used to estimate the current rate of anthropogenic warming (5 years
used here, to capture the recent acceleration due to rising non-CO,
forcing). Since the rate of human-induced warming is proportional
to the rate of CO, emissions (Matthews et al., 2009; Zickfeld et al.,
2009) plus a term approximately proportional to the rate of increase
in non-CO, radiative forcing (Gregory and Forster, 2008; Allen et al.,
2018; Cross-Chapter Box 2 in this chapter), these time scales also
provide an indication of minimum emission reduction rates required
if a warming greater than 1.5°C is to be avoided (see Figure 1.5,
Supplementary Material 1.SM.6 and FAQ 1.2).

Cross-Chapter Box 2 | Measuring Progress to Net Zero Emissions Combining Long-Lived and Short-

Lived Climate Forcers

Contributing Authors:

Piers Forster (UK), Myles R. Allen (UK), Elmar Kriegler (Germany), Joeri Rogelj (Austria/Belgium), Seth Schultz (USA), Drew Shindell
(USA), Kirsten Zickfeld (Canada/Germany)

Emissions of many different climate forcers will affect the rate and magnitude of climate change over the next few decades (Myhre et al.,
2013). Since these decades will determine when 1.5°C is reached or whether a warming greater than 1.5°C is avoided, understanding
the aggregate impact of different forcing agents is particularly important in the context of 1.5°C pathways. Paragraph 17 of Decision 1
of the 21st Conference of the Parties on the adoption of the Paris Agreement specifically states that this report is to identify aggregate
greenhouse gas emission levels compatible with holding the increase in global average temperatures to 1.5°C above pre-industrial
levels (see Chapter 2). This request highlights the need to consider the implications of different methods of aggregating emissions of
different gases, both for future temperatures and for other aspects of the climate system (Levasseur et al., 2016; Ocko et al., 2017).

To date, reporting of GHG emissions under the UNFCCC has used Global Warming Potentials (GWPs) evaluated over a 100-year time
horizon (GWP, ) to combine multiple climate forcers. IPCC Working Group 3 reports have also used GWP,  to represent multi-gas
pathways (Clarke et al., 2014). For reasons of comparability and consistency with current practice, Chapter 2 in this Special Report
continues to use this aggregation method. Numerous other methods of combining different climate forcers have been proposed, such
as the Global Temperature-change Potential (GTP; Shine et al., 2005) and the Global Damage Potential (Tol et al., 2012; Deuber et al.,

2013).

Climate forcers fall into two broad categories in terms of their impact on global temperature (Smith et al., 2012): long-lived GHGs, such
as CO, and nitrous oxide (N,0), whose warming impact depends primarily on the total cumulative amount emitted over the past century
or the entire industrial epoch; and short-lived climate forcers (SLCFs), such as methane and black carbon, whose warming impact
depends primarily on current and recent annual emission rates (Reisinger et al., 2012; Myhre et al., 2013; Smith et al., 2013; Strefler et
al., 2014). These different dependencies affect the emissions reductions required of individual forcers to limit warming to 1.5°C or any
other level.

Natural processes that remove CO, permanently from the climate system are so slow that reducing the rate of CO,-induced warming
to zero requires net zero global anthropogenic CO, emissions (Archer and Brovkin, 2008; Matthews and Caldeira, 2008; Solomon et al.,
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2009), meaning almost all remaining anthropogenic CO, emissions must be compensated for by an equal rate of anthropogenic carbon
dioxide removal (CDR). Cumulative CO, emissions are therefore an accurate indicator of CO,-induced warming, except in periods of
high negative CO2 emissions (Zickfeld et al., 2016), and potentially in century-long periods of near-stable temperatures (Bowerman et
al., 2011; Wigley, 2018). In contrast, sustained constant emissions of a SLCF such as methane, would (after a few decades) be consistent
with constant methane concentrations and hence very little additional methane-induced warming (Allen et al., 2018; Fuglestvedt et al.,
2018). Both GWP and GTP would equate sustained SLCF emissions with sustained constant CO, emissions, which would continue to
accumulate in the climate system, warming global temperatures indefinitely. Hence nominally ‘equivalent’ emissions of CO, and SLCFs,
if equated conventionally using GWP or GTP, have very different temperature impacts, and these differences are particularly evident
under ambitious mitigation characterizing 1.5°C pathways.

Since the AR5, a revised usage of GWP has been proposed (Lauder et al., 2013; Allen et al., 2016), denoted GWP* (Allen et al.,
2018), that addresses this issue by equating a permanently sustained change in the emission rate of an SLCF or SLCF-precursor (in
tonnes-per-year), or other non-CO, forcing (in watts per square metre), with a one-off pulse emission (in tonnes) of a fixed amount
of CO,. Specifically, GWP* equates a 1 tonne-per-year increase in emission rate of an SLCF with a pulse emission of GWP, x H tonnes
of CO,, where GWP, is the conventional GWP of that SLCF evaluated over time GWP, for SLCFs decreases with increasing time H,
GWP, x H for SLCFs is less dependent on the choice of time horizon. Similarly, a permanent 1 W m-2 increase in radiative forcing has
a similar temperature impact as the cumulative emission of H/AGWP, tonnes of CO,, where AGWP, is the Absolute Global Warming
Potential of CO, (Shine et al., 2005; Myhre et al., 2013; Allen et al., 2018). This indicates approximately how future changes in non-
C0, radiative forcing affect cumulative CO, emissions consistent with any given level of peak warming.

When combined using GWP*, cumulative aggregate GHG emissions are closely proportional to total GHG-induced warming, while
the annual rate of GHG-induced warming is proportional to the annual rate of aggregate GHG emissions (see Cross-Chapter Box 2,
Figure 1). This is not the case when emissions are aggregated using GWP or GTP, with discrepancies particularly pronounced when
SLCF emissions are falling. Persistent net zero CO,-equivalent emissions containing a residual positive forcing contribution from
SLCFs and aggregated using GWP, , or GTP would result in a steady decline of GMST. Net zero global emissions aggregated using
GWP* (which corresponds to zero net emissions of CO, and other long-lived GHGs like nitrous oxide, combined with near-constant
SLCF forcing — see Figure 1.5) results in approximately stable GMST (Allen et al., 2018; Fuglestvedt et al., 2018 and Cross-Chapter
Box 2, Figure 1, below).

Whatever method is used to relate emissions of different greenhouse gases, scenarios achieving stable GMST well below 2°C
require both near-zero net emissions of long-lived greenhouse gases and deep reductions in warming SLCFs (Chapter 2), in part to
compensate for the reductions in cooling SLCFs that are expected to accompany reductions in CO, emissions (Rogelj et al., 2016b;
Hienola et al,, 2018). Understanding the implications of different methods of combining emissions of different climate forcers is,
however, helpful in tracking progress towards temperature stabilisation and ‘balance between anthropogenic emissions by sources
and removals by sinks of greenhouse gases as stated in Article 4 of the Paris Agreement. Fuglestvedt et al. (2018) and Tanaka and
O'Neill (2018) show that when, and even whether, aggregate GHG emissions need to reach net zero before 2100 to limit warming
to 1.5°C depends on the scenario, aggregation method and mix of long-lived and short-lived climate forcers.

The comparison of the impacts of different climate forcers can also consider more than their effects on GMST (Johansson, 2012; Tol
et al., 2012; Deuber et al., 2013; Myhre et al., 2013; Cherubini and Tanaka, 2016). Climate impacts arise from both magnitude and
rate of climate change, and from other variables such as precipitation (Shine et al., 2015). Even if GMST is stabilised, sea level rise
and associated impacts will continue to increase (Sterner et al., 2014), while impacts that depend on CO, concentrations such as
ocean acidification may begin to reverse. From an economic perspective, comparison of different climate forcers ideally reflects the
ratio of marginal economic damages if used to determine the exchange ratio of different GHGs under multi-gas regulation (Tol et
al., 2012; Deuber et al., 2013; Kolstad et al., 2014).

Emission reductions can interact with other dimensions of sustainable development (see Chapter 5). In particular, early action on
some SLCFs (including actions that may warm the climate, such as reducing sulphur dioxide emissions) may have considerable
societal co-benefits, such as reduced air pollution and improved public health with associated economic benefits (OECD, 2016;
Shindell et al., 2016). Valuation of broadly defined social costs attempts to account for many of these additional non-climate factors
along with climate-related impacts (Shindell, 2015; Sarofim et al., 2017; Shindell et al., 2017). See Chapter 4, Section 4.3.6, for a
discussions of mitigation options, noting that mitigation priorities for different climate forcers depend on multiple economic and
social criteria that vary between sectors, regions and countries.
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Cross-Chapter Box 2, Figure 1| Implications of different approaches to calculating aggregate greenhouse gas emissions on a pathway to net
zero. (a) Aggregate emissions of well-mixed greenhouse gases (WMGHGs) under the RCP2.6 mitigation scenario expressed as CO,-equivalent using GWP,  (blue);
GTP, , (green) and GWP* (yellow). Aggregate WMGHG emissions appear to fall more rapidly if calculated using GWP* than using either GWP or GTP, primarily
because GWP* equates a falling methane emission rate with negative CO, emissions, as only active CO, removal would have the same impact on radiative forcing
and GMST as a reduction in methane emission rate. (b) Cumulative emissions of WMGHGs combined as in panel (a) (blue, green and yellow lines & left hand axis)
and warming response to combined emissions (black dotted line and right hand axis, Millar et al. (2017a). The temperature response under ambitious mitigation is
closely correlated with cumulative WMGHG emissions aggregated using GWP*, but with neither emission rate nor cumulative emissions if aggregated using GWP

or GTP.

1.3 Impacts at 1.5°C and Beyond

1.3.1  Definitions

Consistent with the AR5 (IPCC, 2014a), ‘impact’ in this report refers
to the effects of climate change on human and natural systems.
Impacts may include the effects of changing hazards, such as the
frequency and intensity of heat waves. ‘Risk’ refers to potential
negative impacts of climate change where something of value is at
stake, recognizing the diversity of values. Risks depend on hazards,
exposure, vulnerability (including sensitivity and capacity to respond)
and likelihood. Climate change risks can be managed through efforts
to mitigate climate change forcers, adaptation of impacted systems,
and remedial measures (Section 1.4.1).

In the context of this report, regional impacts of global warming at
1.5°C and 2°C are assessed in Chapter 3. The ‘warming experience at
1.5°C" is that of regional climate change (temperature, rainfall, and
other changes) at the time when global average temperatures, as
defined in Section 1.2.1, reach 1.5°C above pre-industrial (the same
principle applies to impacts at any other global mean temperature).
Over the decade 2006-2015, many regions have experienced higher
than average levels of warming and some are already now 1.5°C or
more warmer with respect to the pre-industrial period (Figure 1.3).
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At a global warming of 1.5°C, some seasons will be substantially
warmer than 1.5°C above pre-industrial (Seneviratne et al., 2016).
Therefore, most regional impacts of a global mean warming of 1.5°C
will be different from those of a regional warming by 1.5°C.

The impacts of 1.5°C global warming will vary in both space and
time (Ebi et al, 2016). For many regions, an increase in global
mean temperature by 1.5°C or 2°C implies substantial increases
in the occurrence and/or intensity of some extreme events (Fischer
and Knutti, 2015; Karmalkar and Bradley, 2017; King et al., 2017;
Chevuturi et al., 2018), resulting in different impacts (see Chapter
3). By comparing impacts at 1.5°C versus those at 2°C, this report
discusses the ‘avoided impacts’ by maintaining global temperature
increase at or below 1.5°C as compared to 2°C, noting that these
also depend on the pathway taken to 1.5°C (see Section 1.2.3 and
Cross-Chapter Box 8 in Chapter 3 on 1.5°C warmer worlds). Many
impacts take time to observe, and because of the warming trend,
impacts over the past 20 years were associated with a level of human-
induced warming that was, on average, 0.1°C-0.23°C colder than
its present level, based on the AR5 estimate of the warming trend
over this period (Section 1.2.1 and Kirtman et al., 2013). Attribution
studies (e.g., van Oldenborgh et al., 2017) can address this bias, but
informal estimates of ‘recent impact experience’ in a rapidly warming
world necessarily understate the temperature-related impacts of the
current level of warming.
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1.3.2  Drivers of Impacts

Impacts of climate change are due to multiple environmental drivers
besides rising temperatures, such as rising atmospheric CO,, shifting
rainfall patterns (Lee et al., 2018), rising sea levels, increasing ocean
acidification, and extreme events, such as floods, droughts, and heat
waves (IPCC, 2014a). Changes in rainfall affect the hydrological cycle
and water availability (Schewe et al., 2014; Doll et al., 2018; Saeed
et al., 2018). Several impacts depend on atmospheric composition,
increasing atmospheric carbon dioxide levels leading to changes in
plant productivity (Forkel et al., 2016), but also to ocean acidification
(Hoegh-Guldberg et al., 2007). Other impacts are driven by changes
in ocean heat content such as the destabilization of coastal ice sheets
and sea level rise (Bindoff et al., 2007; Chen et al., 2017), whereas
impacts due to heat waves depend directly on ambient air or ocean
temperature (Matthews et al., 2017). Impacts can be direct, such as
coral bleaching due to ocean warming, and indirect, such as reduced
tourism due to coral bleaching. Indirect impacts can also arise from
mitigation efforts such as changed agricultural management (Section
3.6.2) or remedial measures such as solar radiation modification
(Section 4.3.8, Cross-Chapter Box 10 in Chapter 4).

Impacts may also be triggered by combinations of factors, including
‘impact cascades’ (Cramer et al, 2014) through secondary
consequences of changed systems. Changes in agricultural water
availability caused by upstream changes in glacier volume are a
typical example. Recent studies also identify compound events
(e.g., droughts and heat waves), that is, when impacts are induced
by the combination of several climate events (AghaKouchak et al,,
2014; Leonard et al., 2014; Martius et al., 2016; Zscheischler and
Seneviratne, 2017).

There are now techniques to attribute impacts formally to
anthropogenic global warming and associated rainfall changes
(Rosenzweig et al., 2008; Cramer et al., 2014; Hansen et al., 2016),
taking into account other drivers such as land-use change (Oliver and
Morecroft, 2014) and pollution (e.g., tropospheric ozone; Sitch et al.,
2007). There are multiple lines of evidence that climate change has
observable and often severely negative effects on people, especially
where climate-sensitive biophysical conditions and socio-economic
and political constraints on adaptive capacities combine to create
high vulnerabilities (IPCC, 2012a, 2014a; World Bank, 2013). The
character and severity of impacts depend not only on the hazards
(e.g., changed climate averages and extremes) but also on the
vulnerability (including sensitivities and adaptive capacities) of
different communities and their exposure to climate threats. These
impacts also affect a range of natural and human systems, such
as terrestrial, coastal and marine ecosystems and their services;
agricultural production; infrastructure; the built environment; human
health; and other socio-economic systems (Rosenzweig et al., 2017).

Sensitivity to changing drivers varies markedly across systems
and regions. Impacts of climate change on natural and managed
ecosystems can imply loss or increase in growth, biomass or diversity
at the level of species populations, interspecific relationships such as
pollination, landscapes or entire biomes. Impacts occur in addition
to the natural variation in growth, ecosystem dynamics, disturbance,
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succession and other processes, rendering attribution of impacts
at lower levels of warming difficult in certain situations. The same
magnitude of warming can be lethal during one phase of the life
of an organism and irrelevant during another. Many ecosystems
(notably forests, coral reefs and others) undergo long-term
successional processes characterised by varying levels of resilience
to environmental change over time. Organisms and ecosystems may
adapt to environmental change to a certain degree, through changes
in physiology, ecosystem structure, species composition or evolution.
Large-scale shifts in ecosystems may cause important feedbacks,
in terms of changing water and carbon fluxes through impacted
ecosystems — these can amplify or dampen atmospheric change at
regional to continental scale. Of particular concern is the response of
most of the world’s forests and seagrass ecosystems, which play key
roles as carbon sinks (Settele et al., 2014; Marba et al., 2015).

Some ambitious efforts to constrain atmospheric greenhouse gas
concentrations may themselves impact ecosystems. In particular,
changes in land use, potentially required for massively enhanced
production of biofuels (either as simple replacement of fossil fuels, or
as part of bioenergy with carbon capture and storage, BECCS) impact
all other land ecosystems through competition for land (e.g., Creutzig,
2016) (see Cross-Chapter Box 7 in Chapter 3, Section 3.6.2.1).

Human adaptive capacity to a 1.5°C warmer world varies markedly
for individual sectors and across sectors such as water supply, public
health, infrastructure, ecosystems and food supply. For example, den-
sity and risk exposure, infrastructure vulnerability and resilience, gov-
ernance, and institutional capacity all drive different impacts across
a range of human settlement types (Dasgupta et al., 2014; Revi et al,,
2014; Rosenzweig et al., 2018). Additionally, the adaptive capacity of
communities and human settlements in both rural and urban areas,
especially in highly populated regions, raises equity, social justice and
sustainable development issues. Vulnerabilities due to gender, age,
level of education and culture act as compounding factors (Arora-
Jonsson, 2011; Cardona et al.,, 2012; Resurreccion, 2013; Olsson et
al., 2014; Vincent et al., 2014).

1.3.3  Uncertainty and Non-Linearity of Impacts
Uncertainties in projections of future climate change and impacts
come from a variety of different sources, including the assumptions
made regarding future emission pathways (Moss et al., 2010), the
inherent limitations and assumptions of the climate models used for
the projections, including limitations in simulating regional climate
variability (James et al, 2017), downscaling and bias-correction
methods (Ekstrom et al., 2015), the assumption of a linear scaling
of impacts with GMST used in many studies (Lewis et al., 2017; King
et al,, 2018b), and in impact models (e.g., Asseng et al., 2013). The
evolution of climate change also affects uncertainty with respect
to impacts. For example, the impacts of overshooting 1.5°C and
stabilization at a later stage compared to stabilization at 1.5°C
without overshoot may differ in magnitude (Schleussner et al., 2016).

AR5 (IPCC, 2013b) and World Bank (2013) underscored the non-

linearity of risks and impacts as temperature rises from 2°C to 4°C of
warming, particularly in relation to water availability, heat extremes,
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bleaching of coral reefs, and more. Recent studies (Schleussner et al.,
2016; James et al., 2017; Barcikowska et al., 2018; King et al., 2018a)
assess the impacts of 1.5°C versus 2°C warming, with the same
message of non-linearity. The resilience of ecosystems, meaning
their ability either to resist change or to recover after a disturbance,
may change, and often decline, in a non-linear way. An example
are reef ecosystems, with some studies suggesting that reefs will
change, rather than disappear entirely, and with particular species
showing greater tolerance to coral bleaching than others (Portner
et al.,, 2014). A key issue is therefore whether ecosystems such as
coral reefs survive an overshoot scenario, and to what extent they
would be able to recover after stabilization at 1.5°C or higher levels
of warming (see Box 3.4).

1.4  Strengthening the Global Response

This section frames the implementation options, enabling conditions
(discussed further in Cross-Chapter Box 3 on feasibility in this
chapter), capacities and types of knowledge and their availability
(Blicharska et al., 2017) that can allow institutions, communities
and societies to respond to the 1.5°C challenge in the context of
sustainable development and the Sustainable Development Goals
(SDGs). It also addresses other relevant international agreements
such as the Sendai Framework for Disaster Risk Reduction. Equity and
ethics are recognised as issues of importance in reducing vulnerability
and eradicating poverty.

The connection between the enabling conditions for limiting global
warming to 1.5°C and the ambitions of the SDGs are complex across
scale and multi-faceted (Chapter 5). Climate mitigation—adaptation
linkages, including synergies and trade-offs, are important when
considering opportunities and threats for sustainable development.
The IPCC AR5 acknowledged that ‘adaptation and mitigation
have the potential to both contribute to and impede sustainable
development, and sustainable development strategies and choices
have the potential to both contribute to and impede climate change
responses’ (Denton et al., 2014). Climate mitigation and adaptation
measures and actions can reflect and enforce specific patterns
of development and governance that differ amongst the world's
regions (Gouldson et al., 2015; Termeer et al., 2017). The role of
limited adaptation and mitigation capacity, limits to adaptation and
mitigation, and conditions of mal-adaptation and mal-mitigation are
assessed in this report (Chapters 4 and 5).

1.4.1  Classifying Response Options

Key broad categories of responses to the climate change problem are
framed here. Mitigation refers to efforts to reduce or prevent the
emission of greenhouse gases, or to enhance the absorption of gases
already emitted, thus limiting the magnitude of future warming
(IPCC, 2014b). Mitigation requires the use of new technologies,
clean energy sources, reduced deforestation, improved sustainable
agricultural methods, and changes in individual and collective
behaviour. Many of these may provide substantial co-benefits for air
quality, biodiversity and sustainable development. Mal-mitigation
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includes changes that could reduce emissions in the short-term but
could lock in technology choices or practices that include significant
trade-offs for effectiveness of future adaptation and other forms of
mitigation (Chapters 2 and 4).

Carbon dioxide removal (CDR) or ‘negative emissions’ activities
are considered in this report as distinct from the above mitigation
activities. While most mitigation activities focus on reducing the
amount of carbon dioxide or other greenhouse gases emitted,
CDR aims to reduce concentrations already in the atmosphere.
Technologies for CDR are mostly in their infancy despite their
importance to ambitious climate change mitigation pathways (Minx
et al, 2017). Although some CDR activities such as reforestation
and ecosystem restoration are well understood, the feasibility of
massive-scale deployment of many CDR technologies remains an
open question (IPCC, 2014b; Leung et al., 2014) (Chapters 2 and 4).
Technologies for the active removal of other greenhouse gases, such
as methane, are even less developed, and are briefly discussed in
Chapter 4.

Climate change adaptation refers to the actions taken to manage
the impacts of climate change (IPCC, 2014a). The aim is to reduce
vulnerability and exposure to the harmful effects of climate change
(e.g., sea level rise, more intense extreme weather events or food
insecurity). It also includes exploring the potential beneficial
opportunities associated with climate change (for example, longer
growing seasons or increased yields in some regions). Different
adaptation pathways can be undertaken. Adaptation can be
incremental, or transformational, meaning fundamental attributes
of the system are changed (Chapter 3 and 4). There can be limits
to ecosystem-based adaptation or the ability of humans to adapt
(Chapter 4). If there is no possibility for adaptive actions that can
be applied to avoid an intolerable risk, these are referred to as
hard adaptation limits, while soft adaptation limits are identified
when there are currently no options to avoid intolerable risks, but
they are theoretically possible (Chapter 3 and 4). While climate
change is a global issue, impacts are experienced locally. Cities and
municipalities are at the frontline of adaptation (Rosenzweig et al.,
2018), focusing on reducing and managing disaster risks due to
extreme and slow-onset weather and climate events, installing flood
and drought early warning systems, and improving water storage
and use (Chapters 3 and 4 and Cross-Chapter Box 12 in Chapter 5).
Agricultural and rural areas, including often highly vulnerable remote
and indigenous communities, also need to address climate-related
risks by strengthening and making more resilient agricultural and
other natural resource extraction systems.

Remedial measures are distinct from mitigation or adaptation, as
the aim is to temporarily reduce or offset warming (IPCC, 2012b).
One such measure is solar radiation modification (SRM), also referred
to as solar radiation management in the literature, which involves
deliberate changes to the albedo of the Earth system, with the net
effect of increasing the amount of solar radiation reflected from the
Earth to reduce the peak temperature from climate change (The Royal
Society, 2009; Smith and Rasch, 2013; Schafer et al., 2015). It should
be noted that while some radiation modification measures, such as
cirrus cloud thinning (Kristjansson et al., 2016), aim at enhancing
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outgoing long-wave radiation, SRM is used in this report to refer to
all direct interventions on the planetary radiation budget. This report
does not use the term ‘geo-engineering’ because of inconsistencies
in the literature, which uses this term to cover SRM, CDR or both,
whereas this report explicitly differentiates between CDR and SRM.
Large-scale SRM could potentially be used to supplement mitigation
in overshoot scenarios to keep the global mean temperature below
1.5°C and temporarily reduce the severity of near-term impacts (e.g.,
MacMartin et al., 2018). The impacts of SRM (both biophysical and
societal), costs, technical feasibility, governance and ethical issues
associated need to be carefully considered (Schafer et al., 2015;
Section 4.3.8 and Cross-Chapter Box 10 in Chapter 4).

1.4.2  Governance, Implementation and Policies

A challenge in creating the enabling conditions of a 1.5°C warmer
world is the governance capacity of institutions to develop, implement
and evaluate the changes needed within diverse and highly
interlinked global social-ecological systems (Busby, 2016) (Chapter
4). Policy arenas, governance structures and robust institutions are
key enabling conditions for transformative climate action (Chapter
4). It is through governance that justice, ethics and equity within
the adaptation—mitigation—sustainable development nexus can be
addressed (von Stechow et al., 2016) (Chapter 5).

Governance capacity includes a wide range of activities and efforts
needed by different actors to develop coordinated climate mitigation
and adaptation strategies in the context of sustainable development,
taking into account equity, justice and poverty eradication. Significant
governance challenges include the ability to incorporate multiple
stakeholder perspectives in the decision-making process to reach
meaningful and equitable decisions, interactions and coordination
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between different levels of government, and the capacity to raise
financing and support for both technological and human resource
development. For example, Lovbrand et al. (2017), argue that the
voluntary pledges submitted by states and non-state actors to meet
the conditions of the Paris Agreement will need to be more firmly
coordinated, evaluated and upscaled.

Barriers for transitioning from climate change mitigation and
adaptation planning to practical policy implementation include
finance, information, technology, public attitudes, social values
and practices (Whitmarsh et al., 2011; Corner and Clarke, 2017),
and human resource constraints. Institutional capacity to deploy
available knowledge and resources is also needed (Mimura et al,,
2014). Incorporating strong linkages across sectors, devolution of
power and resources to sub-national and local governments with
the support of national government, and facilitating partnerships
among public, civic, private sectors and higher education institutions
(Leal Filho et al.,, 2018) can help in the implementation of identified
response options (Chapter 4). Implementation challenges of 1.5°C
pathways are larger than for those that are consistent with limiting
warming to well below 2°C, particularly concerning scale and speed
of the transition and the distributional impacts on ecosystems and
socio-economic actors. Uncertainties in climate change at different
scales and capacities to respond combined with the complexities of
coupled social and ecological systems point to a need for diverse and
adaptive implementation options within and among different regions
involving different actors. The large regional diversity between highly
carbon-invested economies and emerging economies are important
considerations for sustainable development and equity in pursuing
efforts to limit warming to 1.5°C. Key sectors, including energy, food
systems, health, and water supply, also are critical to understanding
these connections.

Cross-Chapter Box 3 | Framing Feasibility: Key Concepts and Conditions for Limiting Global Temperature

Increases to 1.5°C

Contributing Authors:

William Solecki (USA), Anton Cartwright (South Africa), Wolfgang Cramer (France/Germany), James Ford (UK/Canada), Kejun Jiang
(China), Joana Portugal Pereira (UK/Portugal), Joeri Rogelj (Austria/Belgium), Linda Steg (Netherlands), Henri Waisman (France)

This Cross-Chapter Box describes the concept of feasibility in relation to efforts to limit global warming to 1.5°C in the context of
sustainable development and efforts to eradicate poverty and draws from the understanding of feasibility emerging within the IPCC
(IPCC, 2017). Feasibility can be assessed in different ways, and no single answer exists as to the question of whether it is feasible to limit
warming to 1.5°C. This implies that an assessment of feasibility would go beyond a ‘yes' or a ‘no’. Rather, feasibility provides a frame
to understand the different conditions and potential responses for implementing adaptation and mitigation pathways, and options
compatible with a 1.5°C warmer world. This report assesses the overall feasibility of limiting warming to 1.5°C, and the feasibility of
adaptation and mitigation options compatible with a 1.5°C warmer world, in six dimensions:

Geophysical: What global emission pathways could be consistent with conditions of a 1.5°C warmer world? What are the physical
potentials for adaptation?

Environmental-ecological: What are the ecosystem services and resources, including geological storage capacity and related rate
of needed land-use change, available to promote transformations, and to what extent are they compatible with enhanced resilience?
Technological: What technologies are available to support transformation?

Economic: What economic conditions could support transformation?

n



Chapter 1 Framing and Context

Cross-Chapter Box 3 (continued)

Socio-cultural: What conditions could support transformations in behaviour and lifestyles? To what extent are the transformations
socially acceptable and consistent with equity?

Institutional: What institutional conditions are in place to support transformations, including multi-level governance, institutional
capacity, and political support?

Assessment of feasibility in this report starts by evaluating the unavoidable warming from past emissions (Section 1.2.4) and identifying
mitigation pathways that would lead to a 1.5°C world, which indicates that rapid and deep deviations from current emission pathways
are necessary (Chapter 2). In the case of adaptation, an assessment of feasibility starts from an evaluation of the risks and impacts of
climate change (Chapter 3). To mitigate and adapt to climate risks, system-wide technical, institutional and socio-economic transitions
would be required, as well as the implementation of a range of specific mitigation and adaptation options. Chapter 4 applies various
indicators categorised in these six dimensions to assess the feasibility of illustrative examples of relevant mitigation and adaptation
options (Section 4.5.1). Such options and pathways have different effects on sustainable development, poverty eradication and
adaptation capacity (Chapter 5).

The six feasibility dimensions interact in complex and place-specific ways. Synergies and trade-offs may occur between the feasibility
dimensions, and between specific mitigation and adaptation options (Section 4.5.4). The presence or absence of enabling conditions
would affect the options that comprise feasibility pathways (Section 4.4), and can reduce trade-offs and amplify synergies between
options.

Sustainable development, eradicating poverty and reducing inequalities are not only preconditions for feasible transformations, but
the interplay between climate action (both mitigation and adaptation options) and the development patterns to which they apply may
actually enhance the feasibility of particular options (see Chapter 5).

The connections between the feasibility dimensions can be specified across three types of effects (discussed below). Each of these
dimensions presents challenges and opportunities in realizing conditions consistent with a 1.5°C warmer world.

Systemic effects: Conditions that have embedded within them system-level functions that could include linear and non-linear
connections and feedbacks. For example, the deployment of technology and large installations (e.g., renewable or low carbon energy
mega-projects) depends upon economic conditions (costs, capacity to mobilize investments for R&D), social or cultural conditions
(acceptability), and institutional conditions (political support; e.g., Sovacool et al., 2015). Case studies can demonstrate system-level
interactions and positive or negative feedback effects between the different conditions (Jacobson et al., 2015; Loftus et al., 2015). This
suggests that each set of conditions and their interactions need to be considered to understand synergies, inequities and unintended
consequences.

Dynamic effects: Conditions that are highly dynamic and vary over time, especially under potential conditions of overshoot or no
overshoot. Some dimensions might be more time sensitive or sequential than others (i.e., if conditions are such that it is no longer
geophysically feasible to avoid overshooting 1.5°C, the social and institutional feasibility of avoiding overshoot will be no longer
relevant). Path dependencies, risks of legacy lock-ins related to existing infrastructures, and possibilities of acceleration permitted by
cumulative effects (e.g., dramatic cost decreases driven by learning-by-doing) are all key features to be captured. The effects can play
out over various time scales and thus require understanding the connections between near-term (meaning within the next several years
to two decades) and long-term implications (meaning over the next several decades) when assessing feasibility conditions.

Spatial effects: Conditions that are spatially variable and scale dependent, according to context-specific factors such as regional-
scale environmental resource limits and endowment; economic wealth of local populations; social organisation, cultural beliefs, values
and worldviews; spatial organisation, including conditions of urbanisation; and financial and institutional and governance capacity.
This means that the conditions for achieving the global transformation required for a 1.5°C world will be heterogeneous and vary
according to the specific context. On the other hand, the satisfaction of these conditions may depend upon global-scale drivers, such as
international flows of finance, technologies or capacities. This points to the need for understanding feasibility to capture the interplay
between the conditions at different scales.

With each effect, the interplay between different conditions influences the feasibility of both pathways (Chapter 2) and options (Chapter

4), which in turn affect the likelihood of limiting warming to 1.5°C. The complexity of these interplays triggers unavoidable uncertainties,
requiring transformations that remain robust under a range of possible futures that limit warming to 1.5°C.
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1.4.3  Transformation, Transformation Pathways,
and Transition: Evaluating Trade-Offs and
Synergies Between Mitigation, Adaptation

and Sustainable Development Goals

Embedded in the goal of limiting warming to 1.5°C is the
opportunity for intentional societal transformation (see Box 1.1
on the Anthropocene). The form and process of transformation are
varied and multifaceted (Pelling, 2011; O'Brien et al., 2012; O'Brien
and Selboe, 2015; Pelling et al., 2015). Fundamental elements of
1.5°C-related transformation include a decoupling of economic
growth from energy demand and CO, emissions; leap-frogging
development to new and emerging low-carbon, zero-carbon and
carbon-negative technologies; and synergistically linking climate
mitigation and adaptation to global scale trends (e.g., global trade
and urbanization) that will enhance the prospects for effective
climate action, as well as enhanced poverty reduction and greater
equity (Tschakert et al.,, 2013; Rogelj et al., 2015; Patterson et al.,
2017) (Chapters 4 and 5). The connection between transformative
climate action and sustainable development illustrates a complex
coupling of systems that have important spatial and time scale lag
effects and implications for process and procedural equity, including
intergenerational equity and for non-human species (Cross-Chapter
Box 4 in this chapter, Chapter 5). Adaptation and mitigation transition
pathways highlight the importance of cultural norms and values,
sector-specific context, and proximate (i.e., occurrence of an extreme
event) drivers that when acting together enhance the conditions for
societal transformation (Solecki et al., 2017; Rosenzweig et al., 2018)
(Chapters 4 and 5).

Diversity and flexibility inimplementation choices exist for adaptation,
mitigation (including carbon dioxide removal, CDR) and remedial
measures (such as solar radiation modification, SRM), and a potential
for trade-offs and synergies between these choices and sustainable
development (IPCC, 2014d; Olsson et al, 2014). The responses
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chosen could act to synergistically enhance mitigation, adaptation
and sustainable development, or they may result in trade-offs
which positively impact some aspects and negatively impact others.
Climate change is expected to decrease the likelihood of achieving
the Sustainable Development Goals (SDGs). While some strategies
limiting warming towards 1.5°C are expected to significantly increase
the likelihood of meeting those goals while also providing synergies
for climate adaptation and mitigation (Chapter 5).

Dramatic transformations required to achieve the enabling conditions
for a 1.5°C warmer world could impose trade-offs on dimensions
of development (IPCC, 2014d; Olsson et al., 2014). Some choices
of adaptation methods also could adversely impact development
(Olsson et al., 2014). This report recognizes the potential for adverse
impacts and focuses on finding the synergies between limiting
warming, sustainable development, and eradicating poverty, thus
highlighting pathways that do not constrain other goals, such as
sustainable development and eradicating poverty.

The report is framed to address these multiple goals simultaneously
and assesses the conditions to achieve a cost-effective and socially
acceptable solution, rather than addressing these goals piecemeal
(von Stechow et al.,, 2016) (Section 4.5.4 and Chapter 5), although
there may be different synergies and trade-offs between a 2°C (von
Stechow et al., 2016) and 1.5°C warmer world (Kainuma et al.,
2017). Climate-resilient development pathways (see Cross-Chapter
Box 12 in Chapter 5 and Glossary) are trajectories that strengthen
sustainable development, including mitigating and adapting to
climate change and efforts to eradicate poverty while promoting
fair and cross-scalar resilience in a changing climate. They take into
account dynamic livelihoods; the multiple dimensions of poverty,
structural inequalities; and equity between and among poor and
non-poor people (Olsson et al., 2014). Climate-resilient development
pathways can be considered at different scales, including cities, rural
areas, regions or at global level (Denton et al., 2014; Chapter 5).

Cross-Chapter Box 4 | Sustainable Development and the Sustainable Development Goals

Contributing Authors:

Diana Liverman (USA), Mustafa Babiker (Sudan), Purnamita Dasgupta (India), Riyanti Djanlante (Japan/Indonesia), Stephen Humphreys
(UK/Ireland), Natalie Mahowald (USA), Yacob Mulugetta (UK/Ethiopia), Virginia Villarifio (Argentina), Henri Waisman (France)

Sustainable development is most often defined as ‘development that meets the needs of the present without compromising the ability
of future generations to meet their own needs' (WCED, 1987) and includes balancing social well-being, economic prosperity and
environmental protection. The AR5 used this definition and linked it to climate change (Denton et al., 2014). The most significant step
since AR5 is the adoption of the UN Sustainable Development Goals, and the emergence of literature that links them to climate (von
Stechow et al., 2015; Wright et al., 2015; Epstein and Theuer, 2017; Hammill and Price-Kelly, 2017; Kelman, 2017; Lofts et al., 2017;
Maupin, 2017; Gomez-Echeverri, 2018).

In September 2015, the UN endorsed a universal agenda — ‘Transforming our World: the 2030 Agenda for Sustainable Development'
— which aims ‘to take the bold and transformative steps which are urgently needed to shift the world onto a sustainable and resilient
path’. Based on a participatory process, the resolution in support of the 2030 agenda adopted 17 non-legally-binding Sustainable
Development Goals (SDGs) and 169 targets to support people, prosperity, peace, partnerships and the planet (Kanie and Biermann,
2017).
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Cross-Chapter Box 4 (continued)

The SDGs expanded efforts to reduce poverty and other deprivations under the UN Millennium Development Goals (MDGs). There were
improvements under the MDGs between 1990 and 2015, including reducing overall poverty and hunger, reducing infant mortality, and
improving access to drinking water (UN, 2015a). However, greenhouse gas emissions increased by more than 50% from 1990 to 2015,
and 1.6 billion people were still living in multidimensional poverty with persistent inequalities in 2015 (Alkire et al., 2015).

The SDGs raise the ambition for eliminating poverty, hunger, inequality and other societal problems while protecting the environment.
They have been criticised: as too many and too complex, needing more realistic targets, overly focused on 2030 at the expense of
longer-term objectives, not embracing all aspects of sustainable development, and even contradicting each other (Horton, 2014; Death
and Gabay, 2015; Biermann et al., 2017; Weber, 2017; Winkler and Satterthwaite, 2017).

Climate change is an integral influence on sustainable development, closely related to the economic, social and environmental
dimensions of the SDGs. The IPCC has woven the concept of sustainable development into recent assessments, showing how climate
change might undermine sustainable development, and the synergies between sustainable development and responses to climate
change (Denton et al., 2014). Climate change is also explicit in the SDGs. SDG13 specifically requires ‘urgent action to address climate
change and its impacts'. The targets include strengthening resilience and adaptive capacity to climate-related hazards and natural
disasters; integrating climate change measures into national policies, strategies and planning; and improving education, awareness-
raising and human and institutional capacity.

Targets also include implementing the commitment undertaken by developed-country parties to the UNFCCC to the goal of mobilizing
jointly 100 billion USD annually by 2020 and operationalizing the Green Climate Fund, as well as promoting mechanisms for raising
capacity for effective climate change-related planning and management in least developed countries and Small Island Developing
States, including focusing on women, youth and local and marginalised communities. SDG13 also acknowledges that the UNFCCC is
the primary international, intergovernmental forum for negotiating the global response to climate change.

Climate change is also mentioned in SDGs beyond SDG13, for example in goal targets 1.5, 2.4, 11.B, 12.8.1 related to poverty, hunger,
cities and education respectively. The UNFCCC addresses other SDGs in commitments to ‘control, reduce or prevent anthropogenic
emissions of greenhouse gases [...] in all relevant sectors, including the energy, transport, industry, agriculture, forestry and waste
management sectors’ (Art4, 1(c)) and to work towards ‘the conservation and enhancement, as appropriate, of [...] biomass, forests and
oceans as well as other terrestrial, coastal and marine ecosystems' (Art4, 1(d)). This corresponds to SDGs that seek clean energy for all
(Goal 7), sustainable industry (Goal 9) and cities (Goal 11) and the protection of life on land and below water (14 and 15).

The SDGs and UNFCCC also differ in their time horizons. The SDGs focus primarily on 2030 whereas the Paris Agreement sets out that
‘Parties aim [...] to achieve a balance between anthropogenic emissions by sources and removals by sinks of greenhouse gases in the
second half of this century'.

The IPCC decision to prepare this report on the impacts of 1.5°C and associated emission pathways explicitly asked for the assessment
to be in the context of sustainable development and efforts to eradicate poverty. Chapter 1 frames the interaction between sustainable
development, poverty eradication and ethics and equity. Chapter 2 assesses how risks and synergies of individual mitigation measures
interact with 1.5°C pathways within the context of the SDGs and how these vary according to the mix of measures in alternative
mitigation portfolios (Section 2.5). Chapter 3 examines the impacts of 1.5°C global warming on natural and human systems with
comparison to 2°C and provides the basis for considering the interactions of climate change with sustainable development in Chapter 5.
Chapter 4 analyses strategies for strengthening the response to climate change, many of which interact with sustainable development.
Chapter 5 takes sustainable development, eradicating poverty and reducing inequalities as its focal point for the analysis of pathways
to 1.5°C and discusses explicitly the linkages between achieving SDGs while eradicating poverty and reducing inequality.
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Cross-Chapter Box 4 (continued)
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Cross-Chapter Box 4, Figure 1| Climate action is number 13 of the UN Sustainable Development Goals.

1.5  Assessment Frameworks and Emerging
Methodologies that Integrate Climate
Change Mitigation and Adaptation

with Sustainable Development

This report employs information and data that are global in scope
and include region-scale analysis. It also includes syntheses of
municipal, sub-national, and national case studies. Global level
statistics including physical and social science data are used, as
well as detailed and illustrative case study material of particular
conditions and contexts. The assessment provides the state of
knowledge, including an assessment of confidence and uncertainty.
The main time scale of the assessment is the 21st century and the
time is separated into the near-, medium-, and long-term. Near-term
refers to the coming decade, medium-term to the period 2030-2050,
while long-term refers to 2050-2100. Spatial and temporal contexts
are illustrated throughout, including: assessment tools that include
dynamic projections of emission trajectories and the underlying
energy and land transformation (Chapter 2); methods for assessing
observed impacts and projected risks in natural and managed
ecosystems and at 1.5°C and higher levels of warming in natural and
managed ecosystems and human systems (Chapter 3); assessments
of the feasibility of mitigation and adaptation options (Chapter 4);
and linkages of the Shared Socioeconomic Pathways (SSPs) and
Sustainable Development Goals (SDGs) (Cross-Chapter Boxes 1 and
4 in this chapter, Chapter 2 and Chapter 5).
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1.5.1  Knowledge Sources and Evidence

Used in the Report

This report is based on a comprehensive assessment of documented
evidence of the enabling conditions to pursuing efforts to limit the
global average temperature rise to 1.5°C and adapting to this level
of warming in the overarching context of the Anthropocene (Delanty
and Mota, 2017). Two sources of evidence are used: peer-reviewed
scientific literature and ‘grey’ literature in accordance with procedure
on the use of literature in IPCC reports (IPCC, 2013a, Annex 2 to
Appendix A), with the former being the dominant source. Grey
literature is largely used on key issues not covered in peer-reviewed
literature.

The peer-reviewed literature includes the following sources: 1)
knowledge regarding the physical climate system and human-induced
changes, associated impacts, vulnerabilities, and adaptation options,
established from work based on empirical evidence, simulations,
modelling, and scenarios, with emphasis on new information since
the publication of the IPCC AR5 to the cut-off date for this report
(15th of May 2018); 2) humanities and social science theory and
knowledge from actual human experiences of climate change
risks and vulnerability in the context of social-ecological systems,
development, equity, justice, and governance, and from indigenous
knowledge systems; and 3) mitigation pathways based on climate
projections into the future.
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The grey literature category extends to empirical observations,
interviews, and reports from government, industry, research institutes,
conference proceedings and international or other organisations.
Incorporating knowledge from different sources, settings and
information channels while building awareness at various levels will
advance decision-making and motivate implementation of context-
specific responses to 1.5°C warming (Somanathan et al., 2014).
The assessment does not assess non-written evidence and does not
use oral evidence, media reports or newspaper publications. With
important exceptions, such as China, published knowledge from
the most vulnerable parts of the world to climate change is limited
(Czerniewicz et al., 2017).

1.5.2  Assessment Frameworks and Methodologies

Climate models and associated simulations

The multiple sources of climate model information used in this
assessment are provided in Chapter 2 (Section 2.2) and Chapter
3 (Section 3.2). Results from global simulations, which have also
been assessed in previous IPCC reports and that are conducted as
part of the World Climate Research Programme (WCRP) Coupled
Models Intercomparison Project (CMIP) are used. The IPCC AR4 and
Managing the Risks of Extreme Events and Disasters to Advance
Climate Change Adaptation (SREX) reports were mostly based on
simulations from the CMIP3 experiment, while the AR5 was mostly
based on simulations from the CMIP5 experiment. The simulations
of the CMIP3 and CMIP5 experiments were found to be very
similar (e.g., Knutti and Sedlacek, 2012; Mueller and Seneviratne,
2014). In addition to the CMIP3 and CMIP5 experiments, results
from coordinated regional climate model experiments (e.g., the
Coordinated Regional Climate Downscaling Experiment, CORDEX)
have been assessed and are available for different regions (Giorgi and
Gutowski, 2015). For instance, assessments based on publications
from an extension of the IMPACT2C project (Vautard et al., 2014;
Jacob and Solman, 2017) are newly available for 1.5°C projections.
Recently, simulations from the ‘Half a degree Additional warming,
Prognosis and Projected Impacts’ (HAPPI) multimodel experiment
have been performed to specifically assess climate changes at 1.5°C
vs 2°C global warming (Mitchell et al., 2016). The HAPPI protocol
consists of coupled land-atmosphere initial condition ensemble
simulations with prescribed sea surface temperatures (SSTs); sea ice,
GHG and aerosol concentrations; and solar and volcanic activity that
coincide with three forced climate states: present-day (2006—-2015)
(see Section 1.2.1) and future (2091-2100) either with 1.5°C or 2°C
global warming (prescribed by modified SSTs).

Detection and attribution of change in climate and impacted systems

Formalized scientific methods are available to detect and attribute
impacts of greenhouse gas forcing on observed changes in climate
(e.g., Hegerl et al., 2007; Seneviratne et al., 2012; Bindoff et al., 2013)
and impacts of climate change on natural and human systems (e.g.,
Stone et al., 2013; Hansen and Cramer, 2015; Hansen et al., 2016).
The reader is referred to these sources, as well as to the AR5 for more
background on these methods.
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Global climate warming has already reached approximately 1°C
(see Section 1.2.1) relative to pre-industrial conditions, and thus
‘climate at 1.5°C global warming' corresponds to approximately
the addition of only half a degree of warming compared to the
present day, comparable to the warming that has occurred since
the 1970s (Bindoff et al., 2013). Methods used in the attribution of
observed changes associate with this recent warming are therefore
also applicable to assessments of future changes in climate at 1.5°C
warming, especially in cases where no climate model simulations or
analyses are available.

Impacts of 1.5°C global warming can be assessed in part from
regional and global climate changes that have already been detected
and attributed to human influence (e.g., Schleussner et al., 2017) and
are components of the climate system that are most responsive to
current and projected future forcing. For this reason, when specific
projections are missing for 1.5°C global warming, some of the
assessments of climate change provided in Chapter 3 (Section 3.3)
build upon joint assessments of (i) changes that were observed and
attributed to human influence up to the present, that is, for 1°C
global warming and (ii) projections for higher levels of warming (e.g.,
2°C, 3°C or 4°C) to assess the changes at 1.5°C. Such assessments
are for transient changes only (see Chapter 3, Section 3.3).

Besides quantitative detection and attribution methods, assessments
can also be based on indigenous and local knowledge (see Chapter 4,
Box 4.3). While climate observations may not be available to assess
impacts from a scientific perspective, local community knowledge
can also indicate actual impacts (Brinkman et al., 2016; Kabir et al.,
2016). The challenge is that a community’s perception of loss due
to the impacts of climate change is an area that requires further
research (Tschakert et al., 2017).

Costs and benefits analysis

Cost—benefit analyses are common tools used for decision-making,
whereby the costs of impacts are compared to the benefits from
different response actions (IPCC,2014a, b). However, for the
case of climate change, recognising the complex inter-linkages
of the Anthropocene, cost—benefit analysis tools can be difficult
to use because of disparate impacts versus costs and complex
interconnectivity within the global social-ecological system (see
Box 1.1 and Cross-Chapter Box 5 in Chapter 2). Some costs are
relatively easily quantifiable in monetary terms but not all. Climate
change impacts human lives and livelihoods, culture and values, and
whole ecosystems. It has unpredictable feedback loops and impacts
on other regions (IPCC, 2014a), giving rise to indirect, secondary,
tertiary and opportunity costs that are typically extremely difficult to
quantify. Monetary quantification is further complicated by the fact
that costs and benefits can occur in different regions at very different
times, possibly spanning centuries, while it is extremely difficult if not
impossible to meaningfully estimate discount rates for future costs
and benefits. Thus standard cost-benefit analyses become difficult
to justify (IPCC, 2014a; Dietz et al., 2016) and are not used as an
assessment tool in this report.
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1.6  Confidence, Uncertainty and Risk

This report relies on the IPCC's uncertainty guidance provided in
Mastrandrea et al. (2011) and sources given therein. Two metrics for
qualifying key findings are used:

Confidence: Five qualifiers are used to express levels of confidence
in key findings, ranging from very low, through low, medium,
high, to very high. The assessment of confidence involves at least
two dimensions, one being the type, quality, amount or internal
consistency of individual lines of evidence, and the second being
the level of agreement between different lines of evidence. Very
high confidence findings must either be supported by a high level
of agreement across multiple lines of mutually independent and
individually robust lines of evidence o, if only a single line of evidence
is available, by a very high level of understanding underlying that
evidence. Findings of low or very low confidence are presented only
if they address a topic of major concern.

Likelihood: A calibrated language scale is used to communicate
assessed probabilities of outcomes, ranging from exceptionally
unlikely (<1%), extremely unlikely (<5%), very unlikely (<10%),
unlikely (<33%), about as likely as not (33—-66%), likely (>66%), very
likely (>90%), extremely likely (>95%) to virtually certain (>99%).
These terms are normally only applied to findings associated with
high or very high confidence. Frequency of occurrence within a model
ensemble does not correspond to actual assessed probability of
outcome unless the ensemble is judged to capture and represent the
full range of relevant uncertainties.

Three specific challenges arise in the treatment of uncertainty and
risk in this report. First, the current state of the scientific literature on
1.5°C means that findings based on multiple lines of robust evidence
for which quantitative probabilistic results can be expressed may be
few in number, and those that do exist may not be the most policy-
relevant. Hence many key findings are expressed using confidence
qualifiers alone.

Second, many of the most important findings of this report are
conditional because they refer to ambitious mitigation scenarios,
potentially involving large-scale technological or societal
transformation. Conditional probabilities often depend strongly on
how conditions are specified, such as whether temperature goals
are met through early emission reductions, reliance on negative
emissions, or through a low climate response. Whether a certain
risk is considered high at 1.5°C may therefore depend strongly on
how 1.5°C is specified, whereas a statement that a certain risk may
be substantially higher at 2°C relative to 1.5°C may be much more
robust.

Third, achieving ambitious mitigation goals will require active,
goal-directed efforts aiming explicitly for specific outcomes and
incorporating new information as it becomes available (Otto et
al,, 2015). This shifts the focus of uncertainty from the climate
outcome itself to the level of mitigation effort that may be required
to achieve it. Probabilistic statements about human decisions are
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always problematic, but in the context of robust decision-making,
many near-term policies that are needed to keep open the option of
limiting warming to 1.5°C may be the same, regardless of the actual
probability that the goal will be met (Knutti et al., 2015).

1.7 Storyline of the Report

The storyline of this report (Figure 1.6) includes a set of interconnected
components. The report consists of five chapters (plus Supplementary
Material for Chapters 1 through 4), a Technical Summary and a
Summary for Policymakers. It also includes a set of boxes to elucidate
specific or cross-cutting themes, as well as Frequently Asked
Questions for each chapter, a Glossary, and several other Annexes.

At a time of unequivocal and rapid global warming, this report
emerges from the long-term temperature goal of the Paris Agreement
— strengthening the global response to the threat of climate change
by pursuing efforts to limit warming to 1.5°C through reducing
emissions to achieve a balance between anthropogenic emissions by
sources and removals by sinks of greenhouse gases. The assessment
focuses first, in Chapter 1, on how 1.5°C is defined and understood,
what is the current level of warming to date, and the present
trajectory of change. The framing presented in Chapter 1 provides the
basis through which to understand the enabling conditions of a 1.5°C
warmer world and connections to the SDGs, poverty eradication, and
equity and ethics.

In Chapter 2, scenarios of a 1.5°C warmer world and the associated
pathways are assessed. The pathways assessment builds upon
the AR5 with a greater emphasis on sustainable development in
mitigation pathways. All pathways begin now and involve rapid
and unprecedented societal transformation. An important framing
device for this report is the recognition that choices that determine
emissions pathways, whether ambitious mitigation or ‘no policy’
scenarios, do not occur independently of these other changes and
are, in fact, highly interdependent.

Projected impacts that emerge in a 1.5°C warmer world and beyond
are dominant narrative threads of the report and are assessed in
Chapter 3. The chapter focuses on observed and attributable global
and regional climate changes and impacts and vulnerabilities. The
projected impacts have diverse and uneven spatial, temporal, human,
economic, and ecological system-level manifestations. Central to the
assessment is the reporting of impacts at 1.5°C and 2°C, potential
impacts avoided through limiting warming to 1.5°C, and, where
possible, adaptation potential and limits to adaptive capacity.

Response options and associated enabling conditions emerge next, in
Chapter 4. Attention is directed to exploring questions of adaptation
and mitigation implementation, integration, and transformation in
a highly interdependent world, with consideration of synergies and
trade-offs. Emission pathways, in particular, are broken down into
policy options and instruments. The role of technological choices,
institutional capacity and global-scale trends like urbanization and
changes in ecosystems are assessed.
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Chapter 5 covers linkages between achieving the SDGs and a 1.5°C
warmer world and turns toward identifying opportunities and
challenges of transformation. This is assessed within a transition to
climate-resilient development pathways and connection between the
evolution towards 1.5°C, associated impacts, and emission pathways.
Positive and negative effects of adaptation and mitigation response
measures and pathways for a 1.5°C warmer world are examined.

.
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Understanding 1.5°C
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Progress along these pathways involves inclusive processes,
institutional integration, adequate finance and technology, and
attention to issues of power, values, and inequalities to maximize
the benefits of pursuing climate stabilisation at 1.5°C and the goals
of sustainable development at multiple scales of human and natural
systems from global, regional, national to local and community
levels.

Chapter 1

] Pathways
Chapter 2

2

Chapter 4

Figure 1.6 | Schematic of report storyline.
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Frequently Asked Questions
FAQ 1.1 | Why are we Talking about 1.5°C?

Summary: Climate change represents an urgent and potentially irreversible threat to human societies and the
planet. In recognition of this, the overwhelming majority of countries around the world adopted the Paris Agree-
ment in December 2015, the central aim of which includes pursuing efforts to limit global temperature rise
to 1.5°C. In doing so, these countries, through the United Nations Framework Convention on Climate Change
(UNFCCC), also invited the IPCC to provide a Special Report on the impacts of global warming of 1.5°C above pre-
industrial levels and related global greenhouse gas emissions pathways.

At the 21st Conference of the Parties (COP21) in December 2015, 195 nations adopted the Paris Agreement?. The
first instrument of its kind, the landmark agreement includes the aim to strengthen the global response to the
threat of climate change by ‘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’'.

The first UNFCCC document to mention a limit to global warming of 1.5°C was the Cancun Agreement, adopted
at the sixteenth COP (COP16) in 2010. The Cancun Agreement established a process to periodically review the
‘adequacy of the long-term global goal (LTGG) in the light of the ultimate objective of the Convention and the
overall progress made towards achieving the LTGG, including a consideration of the implementation of the
commitments under the Convention’. The definition of LTGG in the Cancun Agreement was ‘to hold the increase
in global average temperature below 2°C above pre-industrial levels’. The agreement also recognised the need
to consider ‘strengthening the long-term global goal on the basis of the best available scientific knowledge...to
a global average temperature rise of 1.5°C'.

Beginning in 2013 and ending at the COP21 in Paris in 2015, the first review period of the long-term global goal
largely consisted of the Structured Expert Dialogue (SED). This was a fact-finding, face-to-face exchange of views
between invited experts and UNFCCC delegates. The final report of the SED? concluded that ‘in some regions and
vulnerable ecosystems, high risks are projected even for warming above 1.5°C". The SED report also suggested
that Parties would profit from restating the temperature limit of the long-term global goal as a ‘defence line’
or 'buffer zone’, instead of a ‘guardrail’ up to which all would be safe, adding that this new understanding
would ‘probably also favour emission pathways that will limit warming to a range of temperatures below 2°C'.
Specifically on strengthening the temperature limit of 2°C, the SED's key message was: ‘While science on the
1.5°C warming limit is less robust, efforts should be made to push the defence line as low as possible’. The
findings of the SED, in turn, fed into the draft decision adopted at COP21.

With the adoption of the Paris Agreement, the UNFCCC invited the IPCC to provide a Special Report in 2018 on
‘the impacts of global warming of 1.5°C above pre-industrial levels and related global greenhouse gas emissions
pathways’. The request was that the report, known as SR1.5, should not only assess what a 1.5°C warmer world
would look like but also the different pathways by which global temperature rise could be limited to 1.5°C. In
2016, the IPCC accepted the invitation, adding that the Special Report would also look at these issues in the
context of strengthening the global response to the threat of climate change, sustainable development and
efforts to eradicate poverty.

The combination of rising exposure to climate change and the fact that there is a limited capacity to adapt to its
impacts amplifies the risks posed by warming of 1.5°C and 2°C. This is particularly true for developing and island
countries in the tropics and other vulnerable countries and areas. The risks posed by global warming of 1.5°C are
greater than for present-day conditions but lower than at 2°C.

(continued on next page)

2 Paris Agreement FCCC/CP/2015/10/Add. 1 https://unfccc.int/documents/9097
3 Structured Expert Dialogue (SED) final report FCCC/SB/2015/INF.1 https://unfccc.int/documents/8707
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FAQ 1.1 (continued)

FAQ1.1: Timeline of 1.5°C

Milestones in the IPCC’s preparation of the Special Report on Global Warming of 1.5°C and some relevant events
in the history of international climate negotiations

The
Intergovernmental
Panel on
Climate Change
(IPCC)

is born

Approval
session
for SR1.5

Paris Agreement
IPCC invited to prepare
Special Report on
1.5°C (SR1.5)

United Nations
Framework
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Climate Change
is adopted
(UNFCCC)

Scoping meeting
to draft outline

The
The Cancun
Copenhagen Agreement
Accord

for SR1.5

Kyoto Protocol
the world's first
greenhouse gas
emissions reduction
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Preparation and
three review
stages of SR1.5

1988 1992 1997 2009 2010 2015 2016 2018
Nov. May Dec. Dec. Dec. Dec. Aug. Oct.
111 111 ; 111 . - :
...global average temperatures ...strengthening the long-term global ...holding the increase in the global
should not exceed 2 degrees goal (2°C) on the basis of the best average temperature to well below 2°C
[Celsius] above pre-industrial available scientific knowledge, above pre-industrial levels and pursuing
level...” 1996: EU Environment including in relation to a global efforts to limit the temperature increase
Council conclusions 37 average temperature rise of 1.5 °C..... JJ to 1.5°C above pre-industrial levels... JJ

FAQ 1.1, Figure 1| Timeline of notable dates in preparing the IPCC Special Report on Global Warming of 1.5°C (blue) embedded within processes and milestones
of the United Nations Framework Convention on Climate Change (UNFCCC; grey), including events that may be relevant for discussion of temperature limits.
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Frequently Asked Questions
FAQ 1.2 | How Close are we to 1.5°C?

Summary: Human-induced warming has already reached about 1°C above pre-industrial levels at the time of writ-
ing of this Special Report. By the decade 2006-2015, human activity had warmed the world by 0.87°C (+0.12°C)
compared to pre-industrial times (1850-1900). If the current warming rate continues, the world would reach
human-induced global warming of 1.5°C around 2040.

Under the 2015 Paris Agreement, countries agreed to cut greenhouse gas emissions with a view to ‘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’. While the overall intention of strengthening
the global response to climate change is clear, the Paris Agreement does not specify precisely what is meant by
‘global average temperature’, or what period in history should be considered ‘pre-industrial’. To answer the
question of how close are we to 1.5°C of warming, we need to first be clear about how both terms are defined
in this Special Report.

The choice of pre-industrial reference period, along with the method used to calculate global average
temperature, can alter scientists’ estimates of historical warming by a couple of tenths of a degree Celsius. Such
differences become important in the context of a global temperature limit just half a degree above where we are
now. But provided consistent definitions are used, they do not affect our understanding of how human activity
is influencing the climate.

In principle, ‘pre-industrial levels’ could refer to any period of time before the start of the industrial revolution.
But the number of direct temperature measurements decreases as we go back in time. Defining a ‘pre-industrial’
reference period is, therefore, a compromise between the reliability of the temperature information and how
representative it is of truly pre-industrial conditions. Some pre-industrial periods are cooler than others for
purely natural reasons. This could be because of spontaneous climate variability or the response of the climate
to natural perturbations, such as volcanic eruptions and variations in the sun’s activity. This IPCC Special Report
on Global Warming of 1.5°C uses the reference period 1850-1900 to represent pre-industrial temperature. This
is the earliest period with near-global observations and is the reference period used as an approximation of pre-
industrial temperatures in the IPCC Fifth Assessment Report.

Once scientists have defined ‘pre-industrial’, the next step is to calculate the amount of warming at any given
time relative to that reference period. In this report, warming is defined as the increase in the 30-year global
average of combined air temperature over land and water temperature at the ocean surface. The 30-year
timespan accounts for the effect of natural variability, which can cause global temperatures to fluctuate from
one year to the next. For example, 2015 and 2016 were both affected by a strong El Nifio event, which amplified
the underlying human-caused warming.

In the decade 2006-2015, warming reached 0.87°C (+0.12°C) relative to 1850-1900, predominantly due to human
activity increasing the amount of greenhouse gases in the atmosphere. Given that global temperature is currently
rising by 0.2°C (+0.1°C) per decade, human-induced warming reached 1°C above pre-industrial levels around
2017 and, if this pace of warming continues, would reach 1.5°C around 2040.

While the change in global average temperature tells researchers about how the planet as a whole is changing,
looking more closely at specific regions, countries and seasons reveals important details. Since the 1970s, most
land regions have been warming faster than the global average, for example. This means that warming in
many regions has already exceeded 1.5°C above pre-industrial levels. Over a fifth of the global population live
in regions that have already experienced warming in at least one season that is greater than 1.5°C above pre-
industrial levels.

(continued on next page)
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FAQ 1.2 (continued)

FAQ1.2:How close are we to 1.5°C?

Human-induced warming reached approximately 1°C above
pre-industrial levels in 2017
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FAQ 1.2, Figure 1 | Human-induced warming reached approximately 1°C above pre-industrial levels in 2017. At the present rate, global temperatures would
reach 1.5°C around 2040. Stylized 1.5°C pathway shown here involves emission reductions beginning immediately, and CO, emissions reaching zero by 2055.
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Mitigation Pathways Compatible with 1.5°C in the Context of Sustainable Development

Executive Summary

This chapter assesses mitigation pathways consistent with limiting
warming to 1.5°C above pre-industrial levels. In doing so, it explores
the following key questions: What role do CO, and non-CO, emissions
play? {2.2, 2.3, 2.4, 2.6} To what extent do 1.5°C pathways involve
overshooting and returning below 1.5°C during the 21st century? {2.2,
2.3} What are the implications for transitions in energy, land use and
sustainable development? {2.3, 2.4, 2.5} How do policy frameworks
affect the ability to limit warming to 1.5°C? {2.3, 2.5} What are the
associated knowledge gaps? {2.6}

The assessed pathways describe integrated, quantitative
evolutions of all emissions over the 21st century associated
with global energy and land use and the world economy. The
assessment is contingent upon available integrated assessment
literature and model assumptions, and is complemented by other
studies with different scope, for example, those focusing on individual
sectors. In recent years, integrated mitigation studies have improved
the characterizations of mitigation pathways. However, limitations
remain, as climate damages, avoided impacts, or societal co-benefits
of the modelled transformations remain largely unaccounted for, while
concurrent rapid technological changes, behavioural aspects, and
uncertainties about input data present continuous challenges. (high
confidence) {2.1.3, 2.3, 2.5.1, 2.6, Technical Annex 2}

The Chances of Limiting Warming to 1.5°C
and the Requirements for Urgent Action

Pathways consistent with 1.5°C of warming above pre-industrial
levels can be identified under a range of assumptions about
economic growth, technology developments and lifestyles.
However, lack of global cooperation, lack of governance of the required
energy and land transformation, and increases in resource-intensive
consumption are key impediments to achieving 1.5°C pathways.
Governance challenges have been related to scenarios with high
inequality and high population growth in the 1.5°C pathway literature.
{2.3.1,2.3.2,2.5}

Under emissions in line with current pledges under the Paris
Agreement (known as Nationally Determined Contributions,
or NDCs), global warming is expected to surpass 1.5°C above
pre-industrial levels, even if these pledges are supplemented
with very challenging increases in the scale and ambition of
mitigation after 2030 (high confidence). This increased action
would need to achieve net zero CO, emissions in less than 15 years.
Even if this is achieved, temperatures would only be expected to remain
below the 1.5°C threshold if the actual geophysical response ends up
being towards the low end of the currently estimated uncertainty range.
Transition challenges as well as identified trade-offs can be reduced if
global emissions peak before 2030 and marked emissions reductions
compared to today are already achieved by 2030. {2.2, 2.3.5, Cross-
Chapter Box 11 in Chapter 4}

Chapter 2

Limiting warming to 1.5°C depends on greenhouse gas (GHG)
emissions over the next decades, where lower GHG emissions in
2030 lead to a higher chance of keeping peak warming to 1.5°C
(high confidence). Available pathways that aim for no or limited (less
than 0.1°C) overshoot of 1.5°C keep GHG emissions in 2030 to 25-30
GtCO2e yr' in 2030 (interquartile range). This contrasts with median
estimates for current unconditional NDCs of 52-58 GtCO,e yr' in
2030. Pathways that aim for limiting warming to 1.5°C by 2100 after
a temporary temperature overshoot rely on large-scale deployment
of carbon dioxide removal (CDR) measures, which are uncertain and
entail clear risks. In model pathways with no or limited overshoot of
1.5°C, global net anthropogenic CO, emissions decline by about 45%
from 2010 levels by 2030 (40-60% interquartile range), reaching net
zero around 2050 (2045-2055 interquartile range). For limiting global
warming to below 2°C with at least 66% probability CO, emissions
are projected to decline by about 25% by 2030 in most pathways (10—
30% interquartile range) and reach net zero around 2070 (2065-2080
interquartile range)." {2.2, 2.3.3, 2.3.5, 2.5.3, Cross-Chapter Boxes 6 in
Chapter 3 and 9 in Chapter 4, 4.3.7}

Limiting warming to 1.5°C implies reaching net zero CO,
emissions globally around 2050 and concurrent deep reductions
in emissions of non-CO, forcers, particularly methane (high
confidence). Such mitigation pathways are characterized by energy-
demand reductions, decarbonization of electricity and other fuels,
electrification of energy end use, deep reductions in agricultural
emissions, and some form of CDR with carbon storage on land or
sequestration in geological reservoirs. Low energy demand and low
demand for land- and GHG-intensive consumption goods facilitate
limiting warming to as close as possible to 1.5°C. {2.2.2, 2.3.1, 2.3.5,
2.5.1, Cross-Chapter Box 9 in Chapter 4}.

In comparison to a 2°C limit, the transformations required to limit
warming to 1.5°C are qualitatively similar but more pronounced
and rapid over the next decades (high confidence). 1.5°C implies
very ambitious, internationally cooperative policy environments that
transform both supply and demand (high confidence). {2.3, 2.4, 2.5}

Policies reflecting a high price on emissions are necessary
in models to achieve cost-effective 1.5°C pathways (high
confidence). Other things being equal, modelling studies suggest
the global average discounted marginal abatement costs for limiting
warming to 1.5°C being about 3—4 times higher compared to 2°C
over the 21st century, with large variations across models and socio-
economic and policy assumptions. Carbon pricing can be imposed
directly or implicitly by regulatory policies. Policy instruments, like
technology policies or performance standards, can complement explicit
carbon pricing in specific areas. {2.5.1, 2.5.2, 4.4.5}

Limiting warming to 1.5°C requires a marked shift in investment
patterns (medium confidence). Additional annual average energy-
related investments for the period 2016 to 2050 in pathways limiting
warming to 1.5°C compared to pathways without new climate policies
beyond those in place today (i.e., baseline) are estimated to be around

' Kyoto-GHG emissions in this statement are aggregated with GWP-100 values of the IPCC Second Assessment Report.
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830 billion USD2010 (range of 150 billion to 1700 billion USD2010
across six models). Total energy-related investments increase by about
12% (range of 3% to 24%) in 1.5°C pathways relative to 2°C pathways.
Average annual investment in low-carbon energy technologies and
energy efficiency are upscaled by roughly a factor of six (range of factor
of 4 to 10) by 2050 compared to 2015, overtaking fossil investments
globally by around 2025 (medium confidence). Uncertainties and
strategic mitigation portfolio choices affect the magnitude and focus
of required investments. {2.5.2}

Future Emissions in 1.5°C Pathways

Mitigation requirements can be quantified using carbon budget
approaches that relate cumulative CO, emissions to global mean
temperature increase. Robust physical understanding underpins
this relationship, but uncertainties become increasingly relevant as a
specific temperature limit is approached. These uncertainties relate to
the transient climate response to cumulative carbon emissions (TCRE),
non-CO, emissions, radiative forcing and response, potential additional
Earth system feedbacks (such as permafrost thawing), and historical
emissions and temperature. {2.2.2, 2.6.1}

Cumulative CO, emissions are kept within a budget by reducing
global annual CO, emissions to net zero. This assessment
suggests a remaining budget of about 420 GtCO, for a two-
thirds chance of limiting warming to 1.5°C, and of about 580
GtCO, for an even chance (medium confidence). The remaining
carbon budget is defined here as cumulative CO, emissions from the
start of 2018 until the time of net zero global emissions for global
warming defined as a change in global near-surface air temperatures.
Remaining budgets applicable to 2100 would be approximately
100 GtCO, lower than this to account for permafrost thawing and
potential methane release from wetlands in the future, and more
thereafter. These estimates come with an additional geophysical
uncertainty of at least +400 GtCO,, related to non-CO, response
and TCRE distribution. Uncertainties in the level of historic warming
contribute +250 GtCO,. In addition, these estimates can vary by
+250 GtCO, depending on non-CO, mitigation strategies as found in
available pathways. {2.2.2, 2.6.1}

Staying within a remaining carbon budget of 580 GtCO, implies
that CO, emissions reach carbon neutrality in about 30 years,
reduced to 20 years for a 420 GtCO, remaining carbon budget
(high confidence). The +400 GtCO, geophysical uncertainty range
surrounding a carbon budget translates into a variation of this timing
of carbon neutrality of roughly +15-20 years. If emissions do not start
declining in the next decade, the point of carbon neutrality would need
to be reached at least two decades earlier to remain within the same
carbon budget. {2.2.2, 2.3.5}

Non-CO, emissions contribute to peak warming and thus
affect the remaining carbon budget. The evolution of
methane and sulphur dioxide emissions strongly influences
the chances of limiting warming to 1.5°C. In the near-term, a
weakening of aerosol cooling would add to future warming,
but can be tempered by reductions in methane emissions (high
confidence). Uncertainty in radiative forcing estimates (particularly
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aerosol) affects carbon budgets and the certainty of pathway
categorizations. Some non-CO, forcers are emitted alongside CO,,
particularly in the energy and transport sectors, and can be largely
addressed through CO, mitigation. Others require specific measures,
for example, to target agricultural nitrous oxide (N,O) and methane
(CH4), some sources of black carbon, or hydrofluorocarbons (high
confidence). In many cases, non-CO2 emissions reductions are similar
in 2°C pathways, indicating reductions near their assumed maximum
potential by integrated assessment models. Emissions of N.O and
NH, increase in some pathways with strongly increased bioenergy
demand. {2.2.2,2.3.1,2.4.2,2.5.3}

The Role of Carbon Dioxide Removal (CDR)

All analysed pathways limiting warming to 1.5°C with no
or limited overshoot use CDR to some extent to neutralize
emissions from sources for which no mitigation measures
have been identified and, in most cases, also to achieve
net negative emissions to return global warming to 1.5°C
following a peak (high confidence). The longer the delay in
reducing CO, emissions towards zero, the larger the likelihood
of exceeding 1.5°C, and the heavier the implied reliance on
net negative emissions after mid-century to return warming to
1.5°C (high confidence). The faster reduction of net CO, emissions
in 1.5°C compared to 2°C pathways is predominantly achieved by
measures that result in less CO, being produced and emitted, and
only to a smaller degree through additional CDR. Limitations on
the speed, scale and societal acceptability of CDR deployment also
limit the conceivable extent of temperature overshoot. Limits to our
understanding of how the carbon cycle responds to net negative
emissions increase the uncertainty about the effectiveness of CDR to
decline temperatures after a peak. {2.2, 2.3, 2.6, 4.3.7}

CDR deployed at scale is unproven, and reliance on such
technology is a major risk in the ability to limit warming to
1.5°C. CDR is needed less in pathways with particularly strong
emphasis on energy efficiency and low demand. The scale and
type of CDR deployment varies widely across 1.5°C pathways,
with different consequences for achieving sustainable
development objectives (high confidence). Some pathways rely
more on bioenergy with carbon capture and storage (BECCS), while
others rely more on afforestation, which are the two CDR methods
most often included in integrated pathways. Trade-offs with other
sustainability objectives occur predominantly through increased land,
energy, water and investment demand. Bioenergy use is substantial
in 1.5°C pathways with or without BECCS due to its multiple roles in
decarbonizing energy use. {2.3.1,2.5.3, 2.6.3, 4.3.7}

Properties of Energy and Land Transitions in 1.5°C Pathways

The share of primary energy from renewables increases while
coal usage decreases across pathways limiting warming to
1.5°C with no or limited overshoot (high confidence). By 2050,
renewables (including bioenergy, hydro, wind, and solar, with direct-
equivalence method) supply a share of 52—-67% (interquartile range)
of primary energy in 1.5°C pathways with no or limited overshoot;
while the share from coal decreases to 1-7% (interquartile range),
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with a large fraction of this coal use combined with carbon capture
and storage (CCS). From 2020 to 2050 the primary energy supplied
by oil declines in most pathways (-39 to —77% interquartile range).
Natural gas changes by —13% to —62% (interquartile range), but
some pathways show a marked increase albeit with widespread
deployment of CCS. The overall deployment of CCS varies widely
across 1.5°C pathways with no or limited overshoot, with cumulative
CO, stored through 2050 ranging from zero up to 300 GtCO,
(minimum-maximum range), of which zero up to 140 GtCO, is stored
from biomass. Primary energy supplied by bioenergy ranges from
40-310 EJ yr~" in 2050 (minimum-maximum range), and nuclear from
3-66 EJ yr' (minimum—maximum range). These ranges reflect both
uncertainties in technological development and strategic mitigation
portfolio choices. {2.4.2}

1.5°C pathways with no or limited overshoot include a rapid
decline in the carbon intensity of electricity and an increase
in electrification of energy end use (high confidence). By 2050,
the carbon intensity of electricity decreases to —92 to +11 gC0O, MJ~'
(minimum-maximum range) from about 140 gCO, MJ™" in 2020,
and electricity covers 34-71% (minimum—-maximum range) of final
energy across 1.5°C pathways with no or limited overshoot from
about 20% in 2020. By 2050, the share of electricity supplied by
renewables increases to 59-97% (minimum-maximum range) across
1.5°C pathways with no or limited overshoot. Pathways with higher
chances of holding warming to below 1.5°C generally show a faster
decline in the carbon intensity of electricity by 2030 than pathways
that temporarily overshoot 1.5°C. {2.4.1,2.4.2, 2.4.3}

Transitions in global and regional land use are found in all
pathways limiting global warming to 1.5°C with no or limited
overshoot, but their scale depends on the pursued mitigation
portfolio (high confidence). Pathways that limit global warming to
1.5°C with no or limited overshoot project a 4 million km? reduction
to a 2.5 million km2 increase of non-pasture agricultural land for food
and feed crops and a 0.5-11 million km? reduction of pasture land,
to be converted into 0-6 million km? of agricultural land for energy
crops and a 2 million km? reduction to 9.5 million km? increase in
forests by 2050 relative to 2010 (medium confidence). Land-use
transitions of similar magnitude can be observed in modelled 2°C
pathways (medium confidence). Such large transitions pose profound
challenges for sustainable management of the various demands on
land for human settlements, food, livestock feed, fibre, bioenergy,
carbon storage, biodiversity and other ecosystem services (high
confidence). {2.3.4, 2.4.4}

Demand-Side Mitigation and Behavioural Changes

Demand-side measures are key elements of 1.5°C pathways.
Lifestyle choices lowering energy demand and the land- and
GHG-intensity of food consumption can further support
achievement of 1.5°C pathways (high confidence). By 2030 and
2050, all end-use sectors (including building, transport, and industry)
show marked energy demand reductions in modelled 1.5°C pathways,
comparable and beyond those projected in 2°C pathways. Sectoral
models support the scale of these reductions. {2.3.4,2.4.3,2.5.1}

Chapter 2

Links between 1.5°C Pathways and Sustainable Development

Choices about mitigation portfolios for limiting warming to
1.5°C can positively or negatively impact the achievement of
other societal objectives, such as sustainable development
(high confidence). In particular, demand-side and efficiency
measures, and lifestyle choices that limit energy, resource, and
GHG-intensive food demand support sustainable development
(medium confidence). Limiting warming to 1.5°C can be achieved
synergistically with poverty alleviation and improved energy security
and can provide large public health benefits through improved air
quality, preventing millions of premature deaths. However, specific
mitigation measures, such as bioenergy, may result in trade-offs that
require consideration. {2.5.1,2.5.2, 2.5.3}
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2.1 Introduction to Mitigation Pathways and

the Sustainable Development Context

This chapter assesses the literature on mitigation pathways to limit or
return global mean warming to 1.5°C (relative to the pre-industrial
base period 1850-1900). Key questions addressed are: What types of
mitigation pathways have been developed that could be consistent
with 1.5°C? What changes in emissions, energy and land use do they
entail? What do they imply for climate policy and implementation, and
what impacts do they have on sustainable development? In terms of
feasibility (see Cross-Chapter Box 3 in Chapter 1), this chapter focuses
on geophysical dimensions and technological and economic enabling
factors. Social and institutional dimensions as well as additional
aspects of technical feasibility are covered in Chapter 4.

Mitigation pathways are typically designed to reach a predefined
climate target alone. Minimization of mitigation expenditures, but
not climate-related damages or sustainable development impacts,
is often the basis for these pathways to the desired climate target
(see Cross-Chapter Box 5 in this chapter for additional discussion).
However, there are interactions between mitigation and multiple other
sustainable development goals (see Sections 1.1 and 5.4) that provide
both challenges and opportunities for climate action. Hence there are
substantial efforts to evaluate the effects of the various mitigation
pathways on sustainable development, focusing in particular on
aspects for which integrated assessment models (IAMs) provide
relevant information (e.g., land-use changes and biodiversity, food
security, and air quality). More broadly, there are efforts to incorporate
climate change mitigation as one of multiple objectives that, in general,
reflect societal concerns more completely and could potentially provide
benefits at lower costs than simultaneous single-objective policies
(e.g., Clarke et al., 2014). For example, with carefully selected policies,
universal energy access can be achieved while simultaneously reducing
air pollution and mitigating climate change (McCollum et al., 2011;
Riahi et al., 2012; IEA, 2017d). This chapter thus presents both the
pathways and an initial discussion of their context within sustainable
development objectives (Section 2.5), with the latter, along with equity
and ethical issues, discussed in more detail in Chapter 5.

As described in Cross-Chapter Box 1 in Chapter 1, scenarios are
comprehensive, plausible, integrated descriptions of possible futures
based on specified, internally consistent underlying assumptions,
with pathways often used to describe the clear temporal evolution of
specific scenario aspects or goal-oriented scenarios. We include both
these usages of ‘pathways’ here.

2.1.1  Mitigation Pathways Consistent with 1.5°C
Emissions scenarios need to cover all sectors and regions over the
21st century to be associated with a climate change projection out to
2100. Assumptions regarding future trends in population, consumption
of goods and services (including food), economic growth, behaviour,
technology, policies and institutions are all required to generate
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scenarios (Section 2.3.1). These societal choices must then be linked
to the drivers of climate change, including emissions of well-mixed
greenhouse gases and aerosol and ozone precursors as well as land-
use and land-cover changes. Deliberate solar radiation modification is
not included in these scenarios (see Cross-Chapter Box 10 in Chapter 4).

Plausible developments need to be anticipated in many facets of the
key sectors of energy and land use. Within energy, these scenarios
consider energy resources like biofuels, energy supply and conversion
technologies, energy consumption, and supply and end-use efficiency.
Within land use, agricultural productivity, food demand, terrestrial
carbon management, and biofuel production are all considered.
Climate policies are also considered, including carbon pricing and
technology policies such as research and development funding and
subsidies. The scenarios incorporate regional differentiation in sectoral
and policy development. The climate changes resulting from such
scenarios are derived using models that typically incorporate physical
understanding of the carbon cycle and climate response derived from
complex geophysical models evaluated against observations (Sections
2.2 and 2.6).

The temperature response to a given emission pathway (see glossary) is
uncertain and therefore quantified in terms of a probabilistic outcome.
Chapter 1 assesses the climate objectives of the Paris Agreement in
terms of human-induced warming, thus excluding potential impacts
of natural forcing such as volcanic eruptions or solar output changes
or unforced internal variability. Temperature responses in this chapter
are assessed using simple geophysically based models that evaluate
the anthropogenic component of future temperature change and do
not incorporate internal natural variations and are thus fit for purpose
in the context of this assessment (Section 2.2.1). Hence a scenario
that is consistent with 1.5°C may in fact lead to either a higher or
lower temperature change, but within quantified and generally well-
understood bounds (see also Chapter 1, Section 1.2.3). Consistency
with avoiding a human-induced temperature change limit must
therefore also be defined probabilistically, with likelihood values
selected based on risk-avoidance preferences. Responses beyond
global mean temperature are not typically evaluated in such models
and are assessed in Chapter 3.

2.1.2  The Use of Scenarios

Variations in scenario assumptions and design define to a large
degree which questions can be addressed with a specific scenario
set, for example, the exploration of implications of delayed climate
mitigation action. In this assessment, the following classes of 1.5°C-
and 2°C-consistent scenarios are of particular interest to the topics
addressed in this chapter: (i) scenarios with the same climate target
over the 21st century but varying socio-economic assumptions
(Sections 2.3 and 2.4), (ii) pairs of scenarios with similar socio-
economic assumptions but with forcing targets aimed at 1.5°C and 2°C
(Section 2.3), and (jii) scenarios that follow the Nationally Determined
Contributions or NDCs? until 2030 with much more stringent mitigation
action thereafter (Section 2.3.5).

2 Current pledges include those from the United States although they have stated their intention to withdraw in the future.
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Characteristics of these pathways, such as emissions reduction rates,
time of peaking, and low-carbon energy deployment rates, can be
assessed as being consistent with 1.5°C. However, they cannot be
assessed as ‘requirements’ for 1.5°C, unless a targeted analysis
is available that specifically asked whether there could be other
1.5°C-consistent pathways without the characteristics in question. AR5
already assessed such targeted analyses, for example, asking which
technologies are important in order to keep open the possibility of
limiting warming to 2°C (Clarke et al., 2014). By now, several such
targeted analyses are also available for questions related to 1.5°C
(Luderer et al., 2013; Rogelj et al., 2013b; Bauer et al., 2018; Strefler
et al., 2018b; van Vuuren et al., 2018). This assessment distinguishes
between ‘consistent’ and the much stronger concept of required
characteristics of 1.5°C pathways wherever possible.

Ultimately, society will adjust the choices it makes as new information
becomes available and technical learning progresses, and these
adjustments can be in either direction. Earlier scenario studies have
shown, however, that deeper emissions reductions in the near term
hedge against the uncertainty of both climate response and future
technology availability (Luderer et al., 2013; Rogelj et al., 2013b; Clarke
et al, 2014). Not knowing what adaptations might be put in place in
the future, and due to limited studies, this chapter examines prospective
rather than iteratively adaptive mitigation pathways (Cross-Chapter
Box 1 in Chapter 1). Societal choices illustrated by scenarios may also
influence what futures are envisioned as possible or desirable and
hence whether those come into being (Beck and Mahony, 2017).
2.1.3  New Scenario Information since AR5

In this chapter, we extend the AR5 mitigation pathway assessment
based on new scenario literature. Updates in understanding of
climate sensitivity, transient climate response, radiative forcing, and
the cumulative carbon budget consistent with 1.5°C are discussed in
Sections 2.2.

Mitigation pathways developed with detailed process-based
integrated assessment models (IAMs) covering all sectors and regions
over the 21st century describe an internally consistent and calibrated
(to historical trends) way to get from current developments to
meeting long-term climate targets like 1.5°C (Clarke et al., 2014). The
overwhelming majority of available 1.5°C pathways were generated
by such IAMs, and these pathways can be directly linked to climate
outcomes and their consistency with the 1.5°C goal evaluated. The
AR5 similarly relied upon such studies, which were mainly discussed in
Chapter 6 of Working Group Ill (WGIII) (Clarke et al., 2014).

Since the AR5, several new, integrated multimodel studies have
appeared in the literature that explore specific characteristics of
scenarios more stringent than the lowest scenario category assessed
in AR5 that was assessed to limit warming below 2°C with greater
than 66% likelihood (Rogelj et al., 2015b, 2018; Akimoto et al., 2017;
Marcucci et al., 2017; Su et al., 2017; Bauer et al., 2018; Bertram et
al., 2018; Grubler et al., 2018; Holz et al., 2018b; Kriegler et al., 2018a;
Liu et al., 2018; Luderer et al., 2018; Strefler et al., 2018a; van Vuuren
et al., 2018; Vrontisi et al., 2018; Zhang et al., 2018). Those scenarios
explore 1.5°C-consistent pathways from multiple perspectives
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(see Supplementary Material 2.SM.1.3), examining sensitivity to

assumptions regarding:

e socio-economic drivers and developments including energy and
food demand as, for example, characterized by the Shared Socio-
Economic Pathways (SSPs; Cross-Chapter Box 1 in Chapter 1)

¢ near-term climate policies describing different levels of strengthening
the NDCs

e the use of bioenergy and the availability and desirability of carbon
dioxide removal (CDR) technologies

Alarge number of these scenarios were collected in a scenario database
established for the assessment of this Special Report (Supplementary
Material 2.SM.1.3). Mitigation pathways were classified by four
factors: consistency with a temperature increase limit (as defined by
Chapter 1), whether they temporarily overshoot that limit, the extent
of this potential overshoot, and the likelihood of falling within these
bounds.

Specifically, they were put into classes that either kept surface
temperature increases below a given threshold throughout the 21st
century or returned to a value below 1.5°C above pre-industrial levels
at some point before 2100 after temporarily exceeding that level earlier
—referred to as an overshoot (OS). Both groups were further separated
based on the probability of being below the threshold and the degree
of overshoot, respectively (Table 2.1). Pathways are uniquely classified,
with 1.5°C-related classes given higher priority than 2°C classes in
cases where a pathway would be applicable to either class.

The probability assessment used in the scenario classification is based
on simulations using two reduced-complexity carbon cycle, atmospheric
composition, and climate models: the ‘Model for the Assessment of
Greenhouse Gas-Induced Climate Change’ (MAGICC) (Meinshausen
et al,, 2011a), and the ‘Finite Amplitude Impulse Response’ (FAIRv1.3)
model (Smith et al., 2018). For the purpose of this report, and to facilitate
comparison with AR5, the range of the key carbon cycle and climate
parameters for MAGICC and its setup are identical to those used in
AR5 WGIII (Clarke et al., 2014). For each mitigation pathway, MAGICC
and FAIR simulations provide probabilistic estimates of atmospheric
concentrations, radiative forcing and global temperature outcomes until
2100. However, the classification uses MAGICC probabilities directly for
traceability with AR5 and because this model is more established in the
literature. Nevertheless, the overall uncertainty assessment is based on
results from both models, which are considered in the context of the
latest radiative forcing estimates and observed temperatures (Etminan
etal., 2016; Smith et al., 2018) (Section 2.2 and Supplementary Material
2.SM.1.1). The comparison of these lines of evidence shows high
agreement in the relative temperature response of pathways, with
medium agreement on the precise absolute magnitude of warming,
introducing a level of imprecision in these attributes. Consideration of
the combined evidence here leads to medium confidence in the overall
geophysical characteristics of the pathways reported here.

In addition to the characteristics of the above-mentioned classes,
four illustrative pathway archetypes have been selected and are used
throughout this chapter to highlight specific features of and variations
across 1.5°C pathways. These are chosen in particular to illustrate the
spectrum of CO0, emissions reduction patterns consistent with 1.5°C,
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Table 2.1| Classification of pathways that this chapter draws upon, along with the number of available pathways in each class. The definition of each class
is based on probabilities derived from the MAGICC model in a setup identical to AR5 WGIII (Clarke et al., 2014), as detailed in Supplementary Material 2.SM.1.4.

Pathway group | Pathway Class Pathway Selection Criteria and Description Number of Number of
Scenarios Scenarios
Pathways limiting peak warming to below 1.5°C during the entire 21st century
Below-1.5°
elowT5%C | with 50-66% likelihood* ?
Pathways limiting median warming to below 1.5°C in 2100 and with a
1.5°Cor 1.5°C-low-0S 50-67% probability of temporarily overshooting that level earlier, generally 44 9%
1.5°C-consistent** implying less than 0.1°C higher peak warming than Below-1.5°C pathways
Pathways limiting median warming to below 1.5°C in 2100 and with a greater
1.5°C-high-0S than 67% probability of temporarily overshooting that level earlier, generally 37
implying 0.1-0.4°C higher peak warming than Below-1.5°C pathways
Lower-2°C Pa-thways limiting peak Yvarrnmg to below 2°C during the entire 21st century 7
2°C or with greater than 66% likelihood 12
2°C-consistent ) Pathways assessed to keep peak warming to below 2°C during the entire
Higher-2°C . . 58
21st century with 50-66% likelihood

*No pathways were available that achieve a greater than 66% probability of limiting warming below 1.5°C during the entire 21st century based on the MAGICC model projections.

**This chapter uses the term 1.5°C-consistent pathways to refer to pathways with no overshoot, with limited (low) overshoot, and with high overshoot. However, the Summary for Policymakers

focusses on pathways with no or limited (low) overshoot.

ranging from very rapid and deep near-term decreases, facilitated
by efficiency and demand-side measures that lead to limited CDR
requirements, to relatively slower but still rapid emissions reductions
that lead to a temperature overshoot and necessitate large CDR
deployment later in the century (Section 2.3).

2.1.4  Utility of Integrated Assessment Models
(IAMs) in the Context of this Report

IAMs lie at the basis of the assessment of mitigation pathways in this
chapter, as much of the quantitative global scenario literature is derived
with such models. IAMs combine insights from various disciplines in a
single framework, resulting in a dynamic description of the coupled
energy—economy-land-climate system that cover the largest sources
of anthropogenic greenhouse gas (GHG) emissions from different
sectors. Many of the IAMs that contributed mitigation scenarios to this
assessment include a process-based description of the land system in
addition to the energy system (e.g., Popp et al., 2017), and several have
been extended to cover air pollutants (Rao et al., 2017) and water use
(Hejazi et al., 2014; Fricko et al., 2016; Mouratiadou et al., 2016). Such
integrated pathways hence allow the exploration of the whole-system
transformation, as well as the interactions, synergies, and trade-
offs between sectors, and, increasingly, questions beyond climate
mitigation (von Stechow et al., 2015). The models do not, however, fully
account for all constraints that could affect realization of pathways
(see Chapter 4).

Section 2.3 assesses the overall characteristics of 1.5°C pathways
based on fully integrated pathways, while Sections 2.4 and 2.5 describe
underlying sectoral transformations, including insights from sector-
specific assessment models and pathways that are not derived from
IAMs. Such models provide detail in their domain of application and
make exogenous assumptions about cross-sectoral or global factors.
They often focus on a specific sector, such as the energy (Bruckner et
al,, 2014; IEA, 2017a; Jacobson, 2017; OECD/IEA and IRENA, 2017),
buildings (Lucon et al., 2014) or transport (Sims et al., 2014) sector, or
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a specific country or region (Giannakidis et al., 2018). Sector-specific
pathways are assessed in relation to integrated pathways because they
cannot be directly linked to 1.5°C by themselves if they do not extend
10 2100 or do not include all GHGs or aerosols from all sectors.

AR5 found sectoral 2°C decarbonization strategies from IAMs to be
consistent with sector-specific studies (Clarke et al., 2014). A growing
body of literature on 100%-renewable energy scenarios has emerged
(e.g., see Creutzig et al, 2017; Jacobson et al., 2017), which goes
beyond the wide range of IAM projections of renewable energy shares
in 1.5°C and 2°C pathways. While the representation of renewable
energy resource potentials, technology costs and system integration in
IAMs has been updated since AR5, leading to higher renewable energy
deployments in many cases (Luderer et al., 2017; Pietzcker et al., 2017),
none of the IAM projections identify 100% renewable energy solutions
for the global energy system as part of cost-effective mitigation
pathways (Section 2.4.2). Bottom-up studies find higher mitigation
potentials in the industry, buildings, and transport sectors in 2030 than
realized in selected 2°C pathways from IAMs (UNEP 2017), indicating
the possibility to strengthen sectoral decarbonization strategies until
2030 beyond the integrated 1.5°C pathways assessed in this chapter
(Luderer et al., 2018).

Detailed, process-based IAMs are a diverse set of models ranging
from partial equilibrium energy-land models to computable general
equilibrium models of the global economy, from myopic to perfect
foresight models, and from models with to models without endogenous
technological change (Supplementary Material 2.5M.1.2). The IAMs
used in this chapter have limited to no coverage of climate impacts.
They typically use GHG pricing mechanisms to induce emissions
reductions and associated changes in energy and land uses consistent
with the imposed climate goal. The scenarios generated by these
models are defined by the choice of climate goals and assumptions
about near-term climate policy developments. They are also shaped
by assumptions about mitigation potentials and technologies as well
as baseline developments such as, for example, those represented by
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different Shared Socio-Economic Pathways (SSPs), especially those
pertaining to energy and food demand (Riahi et al., 2017). See Section
2.3.1 for discussion of these assumptions. Since the AR5, the scenario
literature has greatly expanded the exploration of these dimensions.
This includes low-demand scenarios (Grubler et al., 2018; van Vuuren
et al,, 2018), scenarios taking into account a larger set of sustainable
development goals (Bertram et al., 2018), scenarios with restricted
availability of CDR technologies (Bauer et al., 2018; Grubler et al., 2018;
Holz etal., 2018b; Kriegler et al., 2018a; Strefler et al., 2018b; van Vuuren
et al,, 2018), scenarios with near-term action dominated by regulatory
policies (Kriegler et al, 2018a) and scenario variations across the
SSPs (Riahi et al., 2017; Rogelj et al., 2018). IAM results depend upon
multiple underlying assumptions, for example, the extent to which
global markets and economies are assumed to operate frictionless
and policies are cost-optimized, assumptions about technological
progress and availability and costs of mitigation and CDR measures,
assumptions about underlying socio-economic developments and
future energy, food and materials demand, and assumptions about
the geographic and temporal pattern of future regulatory and carbon
pricing policies (see Supplementary Material 2.SM.1.2 for additional
discussion on IAMs and their limitations).

2.2 Geophysical Relationships and Constraints
Emissions pathways can be characterized by various geophysical
characteristics, such as radiative forcing (Masui et al., 2011; Riahi et
al, 2011; Thomson et al., 2011; van Vuuren et al., 2011b), atmospheric
concentrations (van Vuuren et al., 2007, 2011a; Clarke et al., 2014) or
associated temperature outcomes (Meinshausen et al., 2009; Rogelj
et al, 2011; Luderer et al., 2013). These attributes can be used to
derive geophysical relationships for specific pathway classes, such as
cumulative CO, emissions compatible with a specific level of warming,
also known as ‘carbon budgets’ (Meinshausen et al., 2009; Rogelj et al.,
2011; Stocker et al., 2013; Friedlingstein et al., 2014a), the consistent
contributions of non-CO, GHGs and aerosols to the remaining carbon
budget (Bowerman et al.,, 2011; Rogelj et al, 2015a, 2016b), or to
temperature outcomes (Lamarque et al., 2011; Bowerman et al., 2013;
Rogelj et al., 2014b). This section assesses geophysical relationships for
both CO, and non-CO, emissions (see glossary).

2.2.1  Geophysical Characteristics of Mitigation Pathways
This section employs the pathway classification introduced in Section
2.1, with geophysical characteristics derived from simulations with
the MAGICC reduced-complexity carbon cycle and climate model and
supported by simulations with the FAIR reduced-complexity model
(Section 2.1). Within a specific category and between models, there
remains alarge degree of variance. Most pathways exhibit a temperature
overshoot which has been highlighted in several studies focusing on
stringent mitigation pathways (Huntingford and Lowe, 2007; Wigley
et al, 2007; Nohara et al, 2015; Rogelj et al., 2015d; Zickfeld and
Herrington, 2015; Schleussner et al., 2016; Xu and Ramanathan,
2017). Only very few of the scenarios collected in the database for
this report hold the average future warming projected by MAGICC
below 1.5°C during the entire 21st century (Table 2.1, Figure 2.1). Most
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1.5°C-consistent pathways available in the database overshoot 1.5°C
around mid-century before peaking and then reducing temperatures
so as to return below that level in 2100. However, because of
numerous geophysical uncertainties and model dependencies (Section
2.2.1.1, Supplementary Material 2.SM.1.1), absolute temperature
characteristics of the various pathway categories are more difficult to
distinguish than relative features (Figure 2.1, Supplementary Material
2.5M.1.1), and actual probabilities of overshoot are imprecise. However,
all lines of evidence available for temperature projections indicate a
probability greater than 50% of overshooting 1.5°C by mid-century in
all but the most stringent pathways currently available (Supplementary
Material 2.5M.1.1, 2.5M.1.4).

Most 1.5°C-consistent pathways exhibit a peak in temperature by mid-
century whereas 2°C-consistent pathways generally peak after 2050
(Supplementary Material 2.SM.1.4). The peak in median temperature
in the various pathway categories occurs about ten years before
reaching net zero CO, emissions due to strongly reduced annual
CO0, emissions and deep reductions in CHs emissions (Section 2.3.3).
The two reduced-complexity climate models used in this assessment
suggest that virtually all available 1.5°C-consistent pathways peak
and then decline global mean temperature, but with varying rates
of temperature decline after the peak (Figure 2.1). The estimated
decadal rates of temperature change by the end of the century are
smaller than the amplitude of the climate variability as assessed in AR5
(1 standard deviation of about +£0.1°C), which hence complicates the
detection of a global peak and decline of warming in observations on
time scales of one to two decades (Bindoff et al., 2013). In comparison,
many pathways limiting warming to 2°C or higher by 2100 still have
noticeable increasing trends at the end of the century, and thus imply
continued warming.

By 2100, the difference between 1.5°C- and 2°C-consistent pathways
becomes clearer compared to mid-century, not only for the temperature
response (Figure 2.1) but also for atmospheric CO, concentrations. In
2100, the median CO, concentration in 1.5°C-consistent pathways is
below 2016 levels (Le Quéré et al., 2018), whereas it remains higher
by about 5-10% compared to 2016 in the 2°C-consistent pathways.
2.2.1.1  Geophysical uncertainties: non-CO, forcing agents
Impacts of non-CO, climate forcers on temperature outcomes are
particularly important when evaluating stringent mitigation pathways
(Weyant et al., 2006; Shindell et al., 2012; Rogelj et al., 2014b, 2015a;
Samset et al., 2018). However, many uncertainties affect the role of
non-CO, climate forcers in stringent mitigation pathways.

A first uncertainty arises from the magnitude of the radiative forcing
attributed to non-CO, climate forcers. Figure 2.2 illustrates how, for
one representative 1.5°C-consistent pathway (SSP2-1.9) (Fricko et al.,
2017; Rogelj et al., 2018), the effective radiative forcings as estimated
by MAGICC and FAIR can differ (see Supplementary Material 2.5M1.1
for further details). This large spread in non-CO, effective radiative
forcings leads to considerable uncertainty in the predicted temperature
response. This uncertainty ultimately affects the assessed temperature
outcomes for pathway classes used in this chapter (Section 2.1) and
also affects the carbon budget (Section 2.2.2). Figure 2.2 highlights
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Figure 2.1 | Pathways classification overview. (a) Average global mean temperature increase relative to 2010 as projected by FAIR and MAGICC in 2030, 2050 and
2100; (b) response of peak warming to cumulative CO, emissions until net zero by MAGICC (red) and FAIR (blue); (c) decadal rate of average global mean temperature change
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projected warming per scenario class. Boxes show the interquartile range of mean warming across scenarios, and thus represent scenario uncertainty only.

the important role of methane emissions reduction in this scenario, in
agreement with the recent literature focussing on stringent mitigation
pathways (Shindell et al., 2012; Rogelj et al., 2014b, 2015a; Stohl et al.,
2015; Collins et al., 2018).

For mitigation pathways that aim at halting and reversing radiative
forcing increase during this century, the aerosol radiative forcing is a
considerable source of uncertainty (Figure 2.2) (Samset et al., 2018;
Smith et al,, 2018). Indeed, reductions in SO, (and NO) emissions
largely associated with fossil-fuel burning are expected to reduce the
cooling effects of both aerosol radiative interactions and aerosol cloud
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interactions, leading to warming (Myhre et al., 2013; Samset et al,,
2018). A multimodel analysis (Myhre et al., 2017) and a study based
on observational constraints (Malavelle et al., 2017) largely support
the AR5 best estimate and uncertainty range of aerosol forcing.
The partitioning of total aerosol radiative forcing between aerosol
precursor emissions is important (Ghan et al, 2013; Jones et al,
2018; Smith et al., 2018) as this affects the estimate of the mitigation
potential from different sectors that have aerosol precursor emission
sources. The total aerosol effective radiative forcing change in stringent
mitigation pathways is expected to be dominated by the effects from
the phase-out of SO,, although the magnitude of this aerosol-warming
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effect depends on how much of the present-day aerosol cooling is
attributable to SO,, particularly the cooling associated with aerosol-
cloud interaction (Figure 2.2). Regional differences in the linearity of
aerosol—cloud interactions (Carslaw et al., 2013; Kretzschmar et al.,
2017) make it difficult to separate the role of individual precursors.
Precursors that are not fully mitigated will continue to affect the
Earth system. If, for example, the role of nitrate aerosol cooling is at
the strongest end of the assessed IPCC AR5 uncertainty range, future
temperature increases may be more modest if ammonia emissions
continue to rise (Hauglustaine et al., 2014).

Figure 2.2 shows that there are substantial differences in the evolution
of estimated effective radiative forcing of non-CO, forcers between
MAGICC and FAIR. These forcing differences result in MAGICC
simulating a larger warming trend in the near term compared to both
the FAIR model and the recent observed trends of 0.2°C per decade
reported in Chapter 1 (Figure 2.1, Supplementary Material 2.SM.1.1,
Chapter 1, Section 1.2.1.3). The aerosol effective forcing is stronger in
MAGICC compared to either FAIR or the AR5 best estimate, though it
is still well within the AR5 uncertainty range (Supplementary Material
2.SM.1.1.1). A recent revision (Etminan et al, 2016) increases the
methane forcing by 25%. This revision is used in the FAIR but not in the
AR5 setup of MAGICC that is applied here. Other structural differences
exist in how the two models relate emissions to concentrations that
contribute to differences in forcing (see Supplementary Material
2.5SM.1.1.7).

Non-CO, climate forcers exhibit a greater geographical variation in
radiative forcings than CO,, which leads toimportant uncertainties in the
temperature response (Myhre et al., 2013). This uncertainty increases
the relative uncertainty of the temperature pathways associated with
low emission scenarios compared to high emission scenarios (Clarke
et al,, 2014). It is also important to note that geographical patterns
of temperature change and other climate responses, especially those
related to precipitation, depend significantly on the forcing mechanism
(Myhre et al., 2013; Shindell et al., 2015; Marvel et al., 2016; Samset et
al., 2016) (see also Chapter 3, Section 3.6.2.2).

2.2.1.2  Geophysical uncertainties: climate and Earth system
feedbacks

Climate sensitivity uncertainty impacts future projections as well as
carbon-budget estimates (Schneider et al., 2017). AR5 assessed the
equilibrium climate sensitivity (ECS) to be likely in the 1.5°-4.5°C
range, extremely unlikely less than 1°C and very unlikely greater
than 6°C. The lower bound of this estimate is lower than the range
of CMIP5 models (Collins et al., 2013). The evidence for the 1.5°C
lower bound on ECS in AR5 was based on analysis of energy-budget
changes over the historical period. Work since AR5 has suggested
that the climate sensitivity inferred from such changes has been
lower than the 2 x CO, dlimate sensitivity for known reasons (Forster,
2016; Gregory and Andrews, 2016; Rugenstein et al., 2016; Armour,
2017; Ceppi and Gregory, 2017; Knutti et al., 2017; Proistosescu and
Huybers, 2017). Both a revised interpretation of historical estimates
and other lines of evidence based on analysis of climate models with
the best representation of today's climate (Sherwood et al., 2014;
Zhai et al., 2015; Tan et al., 2016; Brown and Caldeira, 2017; Knutti
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Figure 2.2 | Changes and uncertainties in effective radiative forcings (ERF)
for one 1.5°C-consistent pathway (SSP2-19) as estimated by MAGICC
and FAIR. The lines are indicative of the total effective radiative forcing from all
anthropogenic sources (solid lines) and for non-CO? agents only (dashed lines), as
represented by MAGICC (red) and FAIR (blue) relative to 2010, respectively. Vertical
bars show the mean radiative forcing as predicted by MAGICC and FAIR of relevant
non-CO0, agents for year 2030, 2050 and 2100. The vertical lines give the uncertainty
(1 standard deviation) of the ERFs for the represented species.

et al, 2017) suggest that the lower bound of ECS could be revised
upwards, which would decrease the chances of limiting warming
below 1.5°C in assessed pathways. However, such a reassessment has
been challenged (Lewis and Curry, 2018), albeit from a single line of
evidence. Nevertheless, it is premature to make a major revision to the
lower bound. The evidence for a possible revision of the upper bound
on ECS is less clear, with cases argued from different lines of evidence
for both decreasing (Lewis and Curry, 2015, 2018; Cox et al., 2018)
and increasing (Brown and Caldeira, 2017) the bound presented in the
literature. The tools used in this chapter employ ECS ranges consistent
with the AR5 assessment. The MAGICC ECS distribution has not been
selected to explicitly reflect this but is nevertheless consistent (Rogelj
et al, 2014a). The FAIR model used here to estimate carbon budgets
explicitly constructs log-normal distributions of ECS and transient
climate response based on a multi-parameter fit to the AR5 assessed
ranges of climate sensitivity and individual historic effective radiative
forcings (Smith et al., 2018) (Supplementary Material 2.5M.1.1.1).

Several feedbacks of the Earth system, involving the carbon cycle, non-
C0, GHGs and/or aerosols, may also impact the future dynamics of the
coupled carbon—climate system's response to anthropogenic emissions.
These feedbacks are caused by the effects of nutrient limitation (Duce et
al., 2008; Mahowald et al., 2017), ozone exposure (de Vries et al.,, 2017),
fire emissions (Narayan et al., 2007) and changes associated with
natural aerosols (Cadule et al., 2009; Scott et al., 2018). Among these
Earth system feedbacks, the importance of the permafrost feedback’s
influence has been highlighted in recent studies. Combined evidence
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from both models (MacDougall et al., 2015; Burke et al., 2017; Lowe
and Bernie, 2018) and field studies (like Schadel et al., 2014; Schuur et
al,, 2015) shows high agreement that permafrost thawing will release
both CO, and CH, as the Earth warms, amplifying global warming. This
thawing could also release N,0 (Voigt et al., 20174, b). Field, laboratory
and modelling studies estimate that the vulnerable fraction in
permafrost is about 5-15% of the permafrost soil carbon (~5300-5600
GtCO, in Schuur et al., 2015) and that carbon emissions are expected to
occur beyond 2100 because of system inertia and the large proportion
of slowly decomposing carbon in permafrost (Schadel et al., 2014).
Published model studies suggest that a large part of the carbon release
to the atmosphere is in the form of CO, (Schédel et al., 2016), while the
amount of CH4 released by permafrost thawing is estimated to be much
smaller than that CO,. Cumulative CH, release by 2100 under RCP2.6
ranges from 0.13 to 0.45 Gt of methane (Burke et al., 2012; Schneider
von Deimling et al., 2012, 2015), with fluxes being the highest in the
middle of the century because of maximum thermokarst lake extent by
mid-century (Schneider von Deimling et al., 2015).

The reduced complexity climate models employed in this assessment
do not take into account permafrost or non-CO, Earth system
feedbacks, although the MAGICC model has a permafrost module that
can be enabled. Taking the current climate and Earth system feedbacks
understanding together, there is a possibility that these models
would underestimate the longer-term future temperature response to
stringent emission pathways (Section 2.2.2).

2.2.2  The Remaining 1.5°C Carbon Budget

2.2.2.1 Carbon budget estimates

Since the AR5, several approaches have been proposed to estimate
carbon budgets compatible with 1.5°C or 2°C. Most of these
approaches indirectly rely on the approximate linear relationship
between peak global mean temperature and cumulative emissions
of carbon (the transient climate response to cumulative emissions of
carbon, TCRE) (Collins et al., 2013; Friedlingstein et al., 2014a; Rogelj et
al., 2016b), whereas others base their estimates on equilibrium climate
sensitivity (Schneider et al., 2017). The AR5 employed two approaches
to determine carbon budgets. Working Group | (WGI) computed
carbon budgets from 2011 onwards for various levels of warming
relative to the 1861-1880 period using RCP8.5 (Meinshausen et al.,
2011b; Stocker et al., 2013), whereas WGIII estimated their budgets
from a set of available pathways that were assessed to have a >50%
probability to exceed 1.5°C by mid-century, and return to 1.5°C or
below in 2100 with greater than 66% probability (Clarke et al., 2014).
These differences made AR5 WGI and WGIII carbon budgets difficult to
compare as they are calculated over different time periods, are derived
from a different sets of multi-gas and aerosol emission scenarios,
and use different concepts of carbon budgets (exceedance for WG,
avoidance for WGIII) (Rogelj et al., 2016b; Matthews et al., 2017).

Carbon budgets can be derived from CO,-only experiments as well
as from multi-gas and aerosol scenarios. Some published estimates
of carbon budgets compatible with 1.5°C or 2°C refer to budgets
for CO,-induced warming only, and hence do not take into account
the contribution of non-CO, climate forcers (Allen et al, 2009;
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Matthews et al., 2009; Zickfeld et al., 2009; IPCC, 2013a). However,
because the projected changes in non-CO, climate forcers tend to
amplify future warming, CO,-only carbon budgets overestimate the
total net cumulative carbon emissions compatible with 1.5°C or 2°C
(Friedlingstein et al., 2014a; Rogelj et al., 2016b; Matthews et al., 2017;
Mengis et al., 2018; Tokarska et al., 2018).

Since the AR5, many estimates of the remaining carbon budget for
1.5°C have been published (Friedlingstein et al., 2014a; MacDougall
et al, 2015; Peters, 2016; Rogelj et al., 2016b, 2018; Matthews et al.,
2017; Millar et al., 2017; Goodwin et al., 2018b; Kriegler et al., 2018b;
Lowe and Bernie, 2018; Mengis et al., 2018; Millar and Friedlingstein,
2018; Schurer et al., 2018; Séférian et al., 2018; Tokarska and Gillett,
2018; Tokarska et al., 2018). These estimates cover a wide range as a
result of differences in the models used, and of methodological choices,
as well as physical uncertainties. Some estimates are exclusively model-
based while others are based on observations or on a combination of
both. Remaining carbon budgets limiting warming below 1.5°C or 2°C
that are derived from Earth system models of intermediate complexity
(MacDougall et al., 2015; Goodwin et al., 2018a), IAMs (Luderer et al.,
2018; Rogelj et al., 2018), or are based on Earth-system model results
(Lowe and Bernie, 2018; Séférian et al., 2018; Tokarska and Gillett,
2018) give remaining carbon budgets of the same order of magnitude
as the IPCC AR5 Synthesis Report (SYR) estimates (IPCC, 2014a).
This is unsurprising as similar sets of models were used for the AR5
(IPCC, 2013b). The range of variation across models stems mainly from
either the inclusion or exclusion of specific Earth system feedbacks
(MacDougall et al., 2015; Burke et al., 2017; Lowe and Bernie, 2018) or
different budget definitions (Rogelj et al., 2018).

In contrast to the model-only estimates discussed above and employed
in the AR5, this report additionally uses observations to inform its
evaluation of the remaining carbon budget. Table 2.2 shows that the
assessed range of remaining carbon budgets consistent with 1.5°C
or 2°C is larger than the AR5 SYR estimate and is part way towards
estimates constrained by recent observations (Millar et al, 2017;
Goodwin et al., 2018a; Tokarska and Gillett, 2018). Figure 2.3 illustrates
that the change since AR5 is, in very large part, due to the application
of a more recent observed baseline to the historic temperature change
and cumulative emissions; here adopting the baseline period of 2006—
2015 (see Chapter 1, Section 1.2.1). AR5 SYR Figures SPM.10 and 2.3
already illustrated the discrepancy between models and observations,
but did not apply this as a correction to the carbon budget because they
were being used to illustrate the overall linear relationship between
warming and cumulative carbon emissions in the CMIP5 models since
1870, and were not specifically designed to quantify residual carbon
budgets relative to the present for ambitious temperature goals. The
AR5 SYR estimate was also dependent on a subset of Earth system
models illustrated in Figure 2.3 of this report. Although, as outlined
below and in Table 2.2, considerably uncertainties remain, there is high
agreement across various lines of evidence assessed in this report that
the remaining carbon budget for 1.5°C or 2°C would be larger than
the estimates at the time of the AR5. However, the overall remaining
budget for 2100 is assessed to be smaller than that derived from the
recent observational-informed estimates, as Earth system feedbacks
such as permafrost thawing reduce the budget applicable to centennial
scales (see Section 2.2.2.2).



Mitigation Pathways Compatible with 1.5°C in the Context of Sustainable Development Chapter 2
@)
& 3.0
o
o
<}
v
Q 251
©
[}
g
';‘ 20 A
)
o
=
£
S 1.5
[}
S
2
© 1.0 - mean historic ESMs/EMICs from AR5
[T mean RCP8.5 ESMs/EMICs from AR5
g— ESMs/EMICs range from AR5
b —— historic warming (observed)
- —— historic warming (CMIP5)
o 054 « |\, &My i ii i e GMST historic warming (observed)
o 16-84% TCRE range
= I 33-67% TCRE range
3 median TCRE

@ observed averages

T T T T T T
0 1000 2000 3000 4000 5000 6000

Cumulative carbon dioxide emissions since 1876 (GtCO,)

Figure 2.3 | Temperature changes from 1850-1900 versus cumulative CO, emissions since 1st January 1876. Solid lines with dots reproduce the globally
averaged near-surface air temperature response to cumulative CO, emissions plus non-CO, forcers as assessed in Figure SPM10 of WGI AR5, except that points marked with
years relate to a particular year, unlike in WGI AR5 Figure SPM.10, where each point relates to the mean over the previous decade. The AR5 data was derived from 15 Earth
system models and 5 Earth system models of Intermediate Complexity for the historic observations (black) and RCP8.5 scenario (red), and the red shaded plume shows the
range across the models as presented in the AR5. The purple shaded plume and the line are indicative of the temperature response to cumulative CO, emissions and non-CO,
warming adopted in this report. The non-CO, warming contribution is averaged from the MAGICC and FAIR models, and the purple shaded range assumes the AR5 WGI TCRE
distribution (Supplementary Material 2.5M.1.1.2). The 2010 observation of surface temperature change (0.97°C based on 2006—2015 mean compared to 18501900, Chapter
1, Section 1.2.1) and cumulative carbon dioxide emissions from 1876 to the end of 2010 of 1,930 GtCO, (Le Quéré et al,, 2018) is shown as a filled purple diamond. The value
for 2017 based on the latest cumulative carbon emissions up to the end of 2017 of 2,220 GtCO, (Version 1.3 accessed 22 May 2018) and a surface temperature anomaly of
1.1°C based on an assumed temperature increase of 0.2°C per decade is shown as a hollow purple diamond. The thin blue line shows annual observations, with CO, emissions
from Le Quéré et al. (2018) and estimated globally averaged near-surface temperature from scaling the incomplete coverage and blended HadCRUT4 dataset in Chapter 1. The
thin black line shows the CMIP5 multimodel mean estimate with CO, emissions also from (Le Quéré et al,, 2018). The thin black line shows the GMST historic temperature trends
from Chapter 1, which give lower temperature changes up to 20062015 of 0.87°C and would lead to a larger remaining carbon budget. The dotted black lines illustrate the
remaining carbon budget estimates for 1.5°C given in Table 2.2. Note these remaining budgets exclude possible Earth system feedbacks that could reduce the budget, such as
(0, and CH, release from permafrost thawing and tropical wetlands (see Section 2.2.2.2).

2.2.2.2 €O, and non-CO, contributions to the remaining

approximately consistent with a global mean temperature increase
carbon budget

of 1.5°C relative to pre-industrial levels. For this level of additional
warming, remaining carbon budgets have been estimated (Table 2.2,

A remaining carbon budget can be estimated from calculating the  Supplementary Material 2.5M.1.1.2).

amount of CO, emissions consistent (given a certain value of TCRE)
with an allowable additional amount of warming. Here, the allowable
warming is the 1.5°C warming threshold minus the current warming
taken as the 2006-2015 average, with a further amount removed to
account for the estimated non-CO, temperature contribution to the
remaining warming (Peters, 2016; Rogelj et al., 2016b). This assessment
uses the TCRE range from AR5 WGI (Collins et al., 2013) supported

The remaining carbon budget calculation presented in the Table
2.2 and illustrated in Figure 2.3 does not consider additional Earth
system feedbacks such as permafrost thawing. These are uncertain
but estimated to reduce the remaining carbon budget by an order of
magnitude of about 100 GtCO, and more thereafter. Accounting for
such feedbacks would make the carbon budget more applicable for

by estimates of non-CO, contributions that are based on published
methods and integrated pathways (Friedlingstein et al., 2014a; Allen et
al, 2016, 2018; Peters, 2016; Smith et al., 2018). Table 2.2 and Figure
2.3 show the assessed remaining carbon budgets and key uncertainties
for a set of additional warming levels relative to the 2006—2015 period
(see Supplementary Material 2.SM.1.1.2 for details). With an assessed
historical warming of 0.87°C + 0.12°C from 1850-1900 to 20062015
(Chapter 1, Section 1.2.1), 0.63°C of additional warming would be

2100 temperature targets, but would also increase uncertainty (Table
2.2 and see below). Excluding such feedbacks, the assessed range for
the remaining carbon budget is estimated to be 840, 580, and 420
GtCO, for the 33rd, 50th and, 67th percentile of TCRE, respectively,
with a median non-CO, warming contribution and starting from 1
January 2018 onward. Consistent with the approach used in the
IPCC Fifth Assessment Report (IPCC, 2013b), the latter estimates
use global near-surface air temperatures both over the ocean and
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over land to estimate global surface temperature change since pre-
industrial. The global warming from the pre-industrial period until the
2006-2015 reference period is estimated to amount to 0.97°C with
an uncertainty range of about +0.1°C (see Chapter 1, Section 1.2.1).
Three methodological improvements lead to these estimates of the
remaining carbon budget being about 300 GtCO, larger than those
reported in Table 2.2 of the IPCC AR5 SYR (IPCC, 2014a) (medium
confidence). The AR5 used 15 Earth System Models (ESM) and 5
Earth-system Models of Intermediate Complexity (EMIC) to derive an
estimate of the remaining carbon budget. Their approach hence made
implicit assumptions about the level of warming to date, the future
contribution of non-CO, emissions, and the temperature response
to CO, (TCRE). In this report, each of these aspects are considered
explicitly. When estimating global warming until the 2006-2015
reference period as a blend of near-surface air temperature over land
and sea-ice regions, and sea-surface temperature over open ocean,
by averaging the four global mean surface temperature time series
listed in Chapter 1 Section 1.2.1, the global warming would amount
t0 0.87°C £0.1°C. Using the latter estimate of historical warming and
projecting global warming using global near-surface air temperatures
from model projections leads to remaining carbon budgets for limiting
global warming to 1.5°C of 1080, 770, and 570 GtCO, for the 33rd,
50th, and 67th percentile of TCRE, respectively. Note that future
research and ongoing observations over the next years will provide a
better indication as to how the 2006-2015 base period compares with
the long-term trends and might affect the budget estimates. Similarly,
improved understanding in Earth system feedbacks would result in a
better quantification of their impacts on remaining carbon budgets for
1.5°C and 2°C.

After TCRE uncertainty, a major additional source of uncertainty is the
magnitude of non-CO, forcing and its contribution to the temperature
change between the present day and the time of peak warming.
Integrated emissions pathways can be used to ensure consistency
between CO, and non-CO, emissions (Bowerman et al., 2013; Collins
et al.,, 2013; Clarke et al.,, 2014; Rogelj et al., 2014b, 2015a; Tokarska et
al., 2018). Friedlingstein et al. (2014a) used pathways with limited to
no climate mitigation to find a variation due to non-CO, contributions
of about +33% for a 2°C carbon budget. Rogelj et al. (2016b) showed
no particular bias in non-CO, radiative forcing or warming at the time
of exceedance of 2°C or at peak warming between scenarios with
increasing emissions and strongly mitigated scenarios (consistent
with Stocker et al., 2013). However, clear differences of the non-
CO, warming contribution at the time of deriving a 2°C-consistent
carbon budget were reported for the four RCPs. Although the spread
in non-CO, forcing across scenarios can be smaller in absolute terms
at lower levels of cumulative emissions, it can be larger in relative
terms compared to the remaining carbon budget (Stocker et al., 2013;
Friedlingstein et al., 2014a; Rogelj et al., 2016b). Tokarska and Gillett
(2018) find no statistically significant differences in 1.5°C-consistent
cumulative emissions budgets when calculated for different RCPs from
consistent sets of CMIP5 simulations.

The mitigation pathways assessed in this report indicate that emissions
of non-CO, forcers contribute an average additional warming of around
0.15°C relative to 2006-2015 at the time of net zero CO, emissions,
reducing the remaining carbon budget by roughly 320 GtCO,. This
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arises from a weakening of aerosol cooling and continued emissions
of non-CO, GHGs (Sections 2.2.1, 2.3.3). This non-CO, contribution
at the time of net zero CO, emissions varies by about +0.1°C across
scenarios, resulting in a carbon budget uncertainty of about +250
GtCO,, and takes into account marked reductions in methane emissions
(Section 2.3.3). If these reductions are not achieved, remaining carbon
budgets are further reduced. Uncertainties in the non-CO, forcing and
temperature response are asymmetric and can influence the remaining
carbon budget by —400 to +200 GtCO,, with the uncertainty in aerosol
radiative forcing being the largest contributing factor (Table 2.2). The
MAGICC and FAIR models in their respective parameter setups and
model versions used to assess the non-CO, warming contribution give
noticeable different non-CO, effective radiative forcing and warming
for the same scenarios while both being within plausible ranges of
future response (Figure 2.2 and Supplementary Material 2.5M.1.1,
2.5M.1.2). For this assessment, it is premature to assess the accuracy
of their results, so it is assumed that both are equally representative
of possible futures. Their non-CO, warming estimates are therefore
averaged for the carbon budget assessment and their differences used
to guide the uncertainty assessment of the role of non-CO, forcers.
Nevertheless, the findings are robust enough to give high confidence
that the changing emissions of non-CO, forcers (particularly the
reduction in cooling aerosol precursors) cause additional near-term
warming and reduce the remaining carbon budget compared to the
CO0,-only budget.

TCRE uncertainty directly impacts carbon budget estimates (Peters,
2016; Matthews et al., 2017; Millar and Friedlingstein, 2018). Based
on multiple lines of evidence, AR5 WGI assessed a likely range for
TCRE of 0.2°-0.7°C per 1000 GtCO, (Collins et al., 2013). The TCRE
of the CMIP5 Earth system models ranges from 0.23°C to 0.66°C
per 1000 GtCO, (Gillett et al., 2013). At the same time, studies using
observational constraints find best estimates of TCRE of 0.35°-0.41°C
per 1000 GtCO, (Matthews et al., 2009; Gillett et al., 2013; Tachiiri et
al., 2015; Millar and Friedlingstein, 2018). This assessment continues
to use the assessed AR5 TCRE range under the working assumption
that TCRE is normally distributed (Stocker et al., 2013). Observation-
based estimates have reported log-normal distributions of TCRE (Millar
and Friedlingstein, 2018). Assuming a log-normal instead of normal
distribution of the assessed AR5 TCRE range would result in about a
200 GtCO, increase for the median budget estimates but only about
half at the 67th percentile, while historical temperature uncertainty
and uncertainty in recent emissions contribute +150 and +50 GtCO,
to the uncertainty, respectively (Table 2.2).

Calculating carbon budgets from the TCRE requires the assumption
that the instantaneous warming in response to cumulative CO,
emissions equals the long-term warming or, equivalently, that
the residual warming after CO, emissions cease is negligible. The
magnitude of this residual warming, referred to as the zero-emission
commitment, ranges from slightly negative (i.e., a slight cooling)
to slightly positive for CO, emissions up to present-day (Chapter 1,
Section 1.2.4) (Lowe et al., 2009; Frélicher and Joos, 2010; Gillett et
al,, 2011; Matthews and Zickfeld, 2012). The delayed temperature
change from a pulse CO, emission introduces uncertainties in emission
budgets, which have not been quantified in the literature for budgets
consistent with limiting warming to 1.5°C. As a consequence, this
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uncertainty does not affect our carbon budget estimates directly but
it is included as an additional factor in the assessed Earth system
feedback uncertainty (as detailed below) of roughly 100 GtCO, on
decadal time scales presented in Table 2.2.

Remaining carbon budgets are further influenced by Earth system
feedbacks not accounted for in CMIP5 models, such as the permafrost
carbon feedback (Friedlingstein et al., 2014b; MacDougall et al., 2015;
Burke et al., 2017; Lowe and Bernie, 2018), and their influence on
the TCRE. Lowe and Bernie (2018) used a simple climate sensitivity
scaling approach to estimate that Earth system feedbacks (such as
(0, released by permafrost thawing or methane released by wetlands)
could reduce carbon budgets for 1.5°C and 2°C by roughly 100
GtCO, on centennial time scales. Their findings are based on an older
understanding of Earth system feedbacks (Arneth et al., 2010). This
estimate is broadly supported by more recent analysis of individual
feedbacks. Schadel et al. (2014) suggest an upper bound of 24.4 PgC
(90 GtCO,) emitted from carbon release from permafrost over the next
forty years for a RCP4.5 scenario. Burke et al. (2017) use a single model
to estimate permafrost emissions between 0.3 and 0.6 GtCO, y' from
the point of 1.5°C stabilization, which would reduce the budget by
around 20 GtCO, by 2100. Comyn-Platt et al. (2018) include carbon
and methane emissions from permafrost and wetlands and suggest the
1.5°C remaining carbon budget is reduced by 116 GtCO,. Additionally,
Mahowald et al. (2017) find there is possibility of 0.5-1.5 GtCO, y"
being released from aerosol-biogeochemistry changes if aerosol
emissions cease. In summary, these additional Earth system feedbacks
taken together are assessed to reduce the remaining carbon budget
applicable to 2100 by an order of magnitude of 100 GtCO,, compared
to the budgets based on the assumption of a constant TCRE presented
in Table 2.2 (limited evidence, medium agreement), leading to overall
medijum confidence in their assessed impact. After 2100, the impact
of additional Earth system feedbacks is expected to further reduce the
remaining carbon budget (medium confidence).

The uncertainties presented in Table 2.2 cannot be formally combined,
but current understanding of the assessed geophysical uncertainties
suggests at least a +50% possible variation for remaining carbon
budgets for 1.5°C-consistent pathways. By the end of 2017,
anthropogenic CO, emissions since the pre-industrial period are
estimated to have amounted to approximately 2200 +320 GtCO,
(medium confidence) (Le Quéré et al., 2018). When put in the context
of year-2017 CO, emissions (about 42 GtCO, yr', +3 GtCO, yr', high
confidence) (Le Quéré et al., 2018), a remaining carbon budget of
580 GtCO, (420 GtCO,) suggests meeting net zero global CO, emissions
in about 30 years (20 years) following a linear decline starting from
2018 (rounded to the nearest five years), with a variation of +15-20
years due to the geophysical uncertainties mentioned above (high
confidence).

The remaining carbon budgets assessed in this section are consistent
with limiting peak warming to the indicated levels of additional
warming. However, if these budgets are exceeded and the use of
CDR (see Sections 2.3 and 2.4) is envisaged to return cumulative
CO, emissions to within the carbon budget at a later point in time,
additional uncertainties apply because the TCRE is different under
increasing and decreasing atmospheric CO, concentrations due to
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ocean thermal and carbon cycle inertia (Herrington and Zickfeld, 2014;
Krasting et al., 2014; Zickfeld et al., 2016). This asymmetrical behaviour
makes carbon budgets path-dependent in the case of a budget and/or
temperature overshoot (MacDougall et al., 2015). Although potentially
large for scenarios with large overshoot (MacDougall et al., 2015), this
path-dependence of carbon budgets has not been well quantified for
1.5°C- and 2°C-consistent scenarios and as such remains an important
knowledge gap. This assessment does not explicitly account for path
dependence but takes it into consideration for its overall confidence
assessment.

This assessment finds a larger remaining budget from the 2006-2015
base period than the 1.5°C and 2°C remaining budgets inferred from
AR5 from the start of 2011, which were approximately 1000 GtCO,
for the 2°C (66% of model simulations) and approximately 400 GtCO,
for the 1.5°C budget (66% of model simulations). In contrast, this
assessment finds approximately 1600 GtCO, for the 2°C (66th TCRE
percentile) and approximately 860 GtCO, for the 1.5°C budget (66th
TCRE percentile) from 2011. However, these budgets are not directly
equivalent as AR5 reported budgets for fractions of CMIP5 simulations
and other lines of evidence, while this report uses the assessed range
of TCRE and an assessment of the non-CO, contribution at net zero CO,
emissions to provide remaining carbon budget estimates at various
percentiles of TCRE. Furthermore, AR5 did not specify remaining
budgets to carbon neutrality as we do here, but budgets until the time
the temperature limit of interest was reached, assuming negligible zero
emission commitment and taking into account the non-CO, forcing at
that point in time.

In summary, although robust physical understanding underpins the
carbon budget concept, relative uncertainties become larger as a
specific temperature limit is approached. For the budget, applicable
to the mid-century, the main uncertainties relate to the TCRE, non-CO,
emissions, radiative forcing and response. For 2100, uncertain Earth
system feedbacks such as permafrost thawing would further reduce
the available budget. The remaining budget is also conditional upon
the choice of baseline, which is affected by uncertainties in both
historical emissions, and in deriving the estimate of globally averaged
human-induced warming. As a result, only medium confidence can be
assigned to the assessed remaining budget values for 1.5°C and 2.0°C
and their uncertainty.

107




Chapter 2 Mitigation Pathways Compatible with 1.5°C in the Context of Sustainable Development
Table 2.2 | The assessed remaining carbon budget and its uncertainties. Shaded blue horizontal bands illustrate the uncertainty in historical temperature increase
from the 1850-1900 base period until the 2006—2015 period as estimated from global near-surface air temperatures, which impacts the additional warming
until a specific temperature limit like 1.5°C or 2°C relative to the 1850—1900 period. Shaded grey cells indicate values for when historical temperature increase
is estimated from a blend of near-surface air temperatures over land and sea ice regions and sea-surface temperatures over oceans.
Additional | Approximate Remaining Carbon Budget
Warming Warming (Excluding Additional
since since Earth System Feedbacks™®) Key Uncertainties and Variations®
2006-2015 1850-1900 [GtCO, from 1.1.2018]@
e ey
Non-CO. Non-CO. TCRE Historical Recent
. Earth System 2 . o .
Percentiles of TCRE Feedbacks scenario forcing and distribution temperature emissions
*(3) *(5) variation response uncertainty uncertainty uncertainty
*(6) uncertainty *(7) *(1) *(8)
33rd 50th 67th [Gtco,] [Gtco,] [Gtco,] [Gtco,] [Gtco,] [Gtco]
0.3 290 160 80
04 530 350 230 Budgets on
0.5 770 530 380 the left are
’ reduced by
0.53 ~1.5°C 840 580 420 about —100 +250 —400to +200 | +100 to +200 +250 +20
06 1010 710 530 | oncentennial
time scales
0.63 1080 770 570
0.7 1240 900 680
0.78 1440 1040 800
0.8 1480 1080 830
0.9 1720 1260 980
1 1960 1450 1130
1.03 ~2°C 2030 1500 1170
1.1 2200 1630 1280
1.13 2270 1690 1320
1.2 2440 1820 1430
Notes:

*(1) Chapter 1 has assessed historical warming between the 1850—1900 and 20062015 periods to be 0.87°C with a £0.12°C likely (1-standard deviation) range, and global near-surface air
temperature to be 0.97°C. The temperature changes from the 2006-2015 period are expressed in changes of global near-surface air temperature.

*(2) Historical CO, emissions since the middle of the 1850-1900 historical base period (mid-1875) are estimated at 1940 GtCO, (1640-2240 GtCO2, one standard deviation range) until end
2010. Since 1 January 2011, an additional 290 GtCO, (270-310 GtCO,, one sigma range) has been emitted until the end of 2017 (Le Quéré et al., 2018).

*(3) TCRE: transient climate response to cumulative emissions of carbon, assessed by AR5 to fall likely between 0.8-2.5°C/1000 PgC (Collins et al., 2013), considering a normal distribution

consistent with AR5 (Stocker et al.,, 2013). Values are rounded to the nearest 10 GtCO,.

(
(
*(
(
(

2.3 Overview of 1.5°C Mitigation Pathways
Limiting global mean temperature increase at any level requires global
CO0, emissions to become net zero at some point in the future (Zickfeld
et al.,, 2009; Collins et al., 2013). At the same time, limiting the residual
warming of short-lived non-CO, emissions can be achieved by reducing
their annual emissions as much as possible (Section 2.2, Cross-Chapter
Box 2 in Chapter 1). This would require large-scale transformations of
the global energy—agriculture—land-economy system, affecting the
way in which energy is produced, agricultural systems are organized,
and food, energy and materials are consumed (Clarke et al., 2014). This
section assesses key properties of pathways consistent with limiting
global mean temperature to 1.5°C relative to pre-industrial levels,
including their underlying assumptions and variations.
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*(4) Focussing on the impact of various key uncertainties on median budgets for 0.53°C of additional warming.
*(5) Earth system feedbacks include CO, released by permafrost thawing or methane released by wetlands, see main text.

)
)
6) Variations due to different scenario assumptions related to the future evolution of non-CO, emissions.
*(7) The distribution of TCRE is not precisely defined. Here the influence of assuming a lognormal instead of a normal distribution shown.
)

*(8) Historical emissions uncertainty reflects the uncertainty in historical emissions since 1 January 2011.

Since the AR5, an extensive body of literature has appeared on integrated
pathways consistent with 1.5°C (Section 2.1) (Rogelj et al., 2015b, 2018;
Akimoto et al., 2017; Loffler et al,, 2017; Marcucci et al., 2017; Su et al.,
2017; Bauer et al., 2018; Bertram et al., 2018; Grubler et al., 2018; Holz
et al,, 2018b; Kriegler et al., 2018a; Liu et al., 2018; Luderer et al., 2018;
Strefler et al., 2018a; van Vuuren et al., 2018; Vrontisi et al., 2018; Zhang
et al,, 2018). These pathways have global coverage and represent all
GHG-emitting sectors and their interactions. Such integrated pathways
allow the exploration of the whole-system transformation, and hence
provide the context in which the detailed sectoral transformations
assessed in Section 2.4 of this chapter are taking place.

The overwhelming majority of published integrated pathways have
been developed by global IAMs that represent key societal systems
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and their interactions, like the energy system, agriculture and land use,
and the economy (see Section 6.2 in Clarke et al., 2014). Very often
these models also include interactions with a representation of the
geophysical system, for example, by including spatially explicit land
models or carbon cycle and climate models. The complex features of
these subsystems are approximated and simplified in these models.
IAMs are briefly introduced in Section 2.1 and important knowledge
gaps identified in Section 2.6. An overview to the use, scope and
limitations of IAMs is provided in Supplementary Material 2.SM.1.2.

The pathway literature is assessed in two ways in this section. First,
various insights on specific questions reported by studies can be assessed
to identify robust or divergent findings. Second, the combined body of
scenarios can be assessed to identify salient features of pathways in line
with a specific climate goal across a wide range of models. The latter
can be achieved by assessing pathways available in the database to
this assessment (Section 2.1, Supplementary Material 2.SM.1.2-4). The
ensemble of scenarios available to this assessment is an ensemble of
opportunity: it is a collection of scenarios from a diverse set of studies
that was not developed with a common set of questions and a statistical
analysis of outcomes in mind. This means that ranges can be useful to
identify robust and sensitive features across available scenarios and
contributing modelling frameworks, but do not lend themselves to a
statistical interpretation.To understand the reasons underlying the ranges,
an assessment of the underlying scenarios and studies is required. To this
end, this section highlights illustrative pathway archetypes that help to
clarify the variation in assessed ranges for 1.5°C-consistent pathways.
2.3.1  Range of Assumptions Underlying 1.5°C Pathways
Earlier assessments have highlighted that there is no single pathway to
achieve a specific climate objective (e.g., Clarke et al., 2014). Pathways
depend on the underlying development processes, and societal
choices, which affect the drivers of projected future baseline emissions.
Furthermore, societal choices also affect climate change solutions in
pathways, like the technologies that are deployed, the scale at which
they are deployed, or whether solutions are globally coordinated.
A key finding is that 1.5°C-consistent pathways could be identified
under a considerable range of assumptions in model studies despite
the tightness of the 1.5°C emissions budget (Figures 2.4, 2.5) (Rogel]
etal, 2018).

The AR5 provided an overview of how differences in model structure
and assumptions can influence the outcome of transformation
pathways (Section 6.2 in Clarke et al., 2014, as well as Table A.I..14
in Krey et al., 2014b) and this was further explored by the modelling
community in recent years with regard to, e.g., socio-economic drivers
(Kriegler et al., 2016; Marangoni et al., 2017; Riahi et al., 2017),
technology assumptions (Bosetti et al., 2015; Creutzig et al., 2017;
Pietzcker et al., 2017), and behavioural factors (van Sluisveld et al.,
2016; McCollum et al., 2017).

Socio-economic drivers and the demand for
energy and land in 1.5°C pathways

2.3.1.1

There is deep uncertainty about the ways humankind will use energy
and land in the 21st century. These ways are intricately linked to
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future population levels, secular trends in economic growth and
income convergence, behavioural change and technological progress.
These dimensions have been recently explored in the context of
the SSPs (Kriegler et al., 2012; O'Neill et al, 2014), which provide
narratives (O'Neill et al., 2017) and quantifications (Crespo Cuaresma,
2017; Dellink et al., 2017; KC and Lutz, 2017; Leimbach et al., 2017;
Riahi et al., 2017) of different world futures across which scenario
dimensions are varied to explore differential challenges to adaptation
and mitigation (Cross-Chapter Box 1 in Chapter 1). This framework
is increasingly adopted by IAMs to systematically explore the impact
of socio-economic assumptions on mitigation pathways (Riahi et al.,
2017), including 1.5°C-consistent pathways (Rogelj et al., 2018). The
narratives describe five worlds (SSP1-5) with different socio-economic
predispositions to mitigate and adapt to climate change (Table 2.3). As
aresult, population and economic growth projections can vary strongly
across integrated scenarios, including available 1.5°C-consistent
pathways (Figure 2.4). For example, based on alternative future
fertility, mortality, migration and educational assumptions, population
projections vary between 8.5 and 10.0 billion people by 2050 and
between 6.9 and 12.6 billion people by 2100 across the SSPs. An
important factor for these differences is future female educational
attainment, with higher attainment leading to lower fertility rates and
therefore decreased population growth up to a level of 1 billion people
by 2050 (Lutz and KC, 2011; Snopkowski et al., 2016; KC and Lutz,
2017). Consistent with population development, GDP per capita also
varies strongly in SSP baselines, ranging from about 20 to more than
50 thousand USD2010 per capita in 2050 (in purchasing power parity
values, PPP), in part driven by assumptions on human development,
technological progress and development convergence between and
within regions (Crespo Cuaresma, 2017; Dellink et al., 2017; Leimbach
etal., 2017). Importantly, none of the GDP projections in the mitigation
pathway literature assessed in this chapter included the feedback of
climate damages on economic growth (Hsiang et al., 2017).

Baseline projections for energy-related GHG emissions are sensitive to
economic growth assumptions, while baseline projections for land-use
emissions are more directly affected by population growth (assuming
unchanged land productivity and per capita demand for agricultural
products) (Kriegler et al., 2016). SSP-based modelling studies of
mitigation pathways have identified high challenges to mitigation
for worlds with a focus on domestic issues and regional security
combined with high population growth (SSP3), and for worlds with
rapidly growing resource and fossil-fuel intensive consumption (SSP5)
(Riahi et al., 2017). No model could identify a 2°C-consistent pathway
for SSP3, and high mitigation costs were found for SSP5. This picture
translates to 1.5°C-consistent pathways that have to remain within
even tighter emissions constraints (Rogelj et al., 2018). No model
found a 1.5°C-consistent pathway for SSP3 and some models could not
identify 1.5°C-consistent pathways for SSP5 (2 of 4 models, compared
to 1 of 4 models for 2°C-consistent pathways). The modelling analysis
also found that the effective control of land-use emissions becomes
even more critical in 1.5°C-consistent pathways. Due to high inequality
levels in SSP4, land use can be less well managed. This caused 2 of
3 models to no longer find an SSP4-based 1.5°C-consistent pathway
even though they identified SSP4-based 2°C-consistent pathways at
relatively moderate mitigation costs (Riahi et al., 2017). Rogelj et al.
(2018) further reported that all six participating models identified
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Table 2.3 | Key Characteristics of the Five Shared Socio-Economic Pathways (SSPs) (O'Neill et al., 2017).

Socio-Economic Socio-Economic Challenges to Adaptation
Challenges to
Mitigation Low Medium High
SSP5: Fossil-fuelled development SSP3: Regional rivalry
* low population * high population
o very high economic growth per capita * low economic growth per capita
 high human development  low human development
High * high technological progress * low technological progress
o ample fossil fuel resources o resource-intensive lifestyles
o very resource intensive lifestyles o resource-constrained energy and food demand
* high energy and food demand per capita per capita
 economic convergence and global cooperation o focus on regional food and energy security
o regionalization and lack of global cooperation
SSP2: Middle of the road
¢ medium population
¢ medium and uneven economic growth
o medium and uneven human development
Medium ¢ medium and uneven technological progress
e resource-intensive lifestyles
e medium and uneven energy and food demand
per capita
o limited global cooperation and economic convergence
SSP1: Sustainable development SSP4: Inequality
* low population © Medium to high population
* high economic growth per capita © Unequal low to medium economic
 high human development growth per capita
* high technological progress © Unequal low to medium human development
Low o environmentally oriented technological and  unequal technological progress: high in globalized
behavioural change high-tech sectors, slow in domestic sectors
o resource-efficient lifestyles  unequal lifestyles and energy /food consumption:
o low energy and food demand per capita resource intensity depending on income
 economic convergence and global cooperation o Globally connected elite, disconnected domestic
work forces

1.5°C-consistent pathways in a sustainability oriented world (SSP1) and
four of six models found 1.5°C-consistent pathways for middle-of-the-
road developments (SSP2). These results show that 1.5°C-consistent
pathways can be identified under a broad range of assumptions, but
that lack of global cooperation (SSP3), high inequality (SSP4) and/or
high population growth (SSP3) that limit the ability to control land use
emissions, and rapidly growing resource-intensive consumption (SSP5)
are key impediments.

Figure 2.4 compares the range of underlying socio-economic
developments as well as energy and food demand in available
1.5°C-consistent pathways with the full set of published scenarios
that were submitted to this assessment. While 1.5°C-consistent
pathways broadly cover the full range of population and economic
growth developments (except for the high population development
in SSP3-based scenarios), they tend to cluster on the lower end for
energy and food demand. They still encompass, however, a wide range
of developments from decreasing to increasing demand levels relative
to today. For the purpose of this assessment, a set of four illustrative
1.5°C-consistent pathway archetypes were selected to show the
variety of underlying assumptions and characteristics (Figure 2.4). They
comprise three 1.5°C-consistent pathways based on the SSPs (Rogelj
et al, 2018): a sustainability oriented scenario (S1 based on SSP1)
developed with the AIM model (Fujimori, 2017), a fossil-fuel intensive
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and high energy demand scenario (S5, based on SSP5) developed with
the REMIND-MAgPIE model (Kriegler et al., 2017), and a middle-of-
the-road scenario (S2, based on SSP2) developed with the MESSAGE-
GLOBIOM model (Fricko et al., 2017). In addition, we include a scenario
with low energy demand (LED) (Grubler et al., 2018), which reflects
recent literature with a stronger focus on demand-side measures
(Bertram et al., 2018; Grubler et al., 2018; Liu et al., 2018; van Vuuren
et al,, 2018). Pathways LED, S1, S2, and S5 are referred to as P1, P2, P3,
and P4 in the Summary for Policymakers.

2.3.1.2 Mitigation options in 1.5°C pathways

In the context of 1.5°C pathways, the portfolio of mitigation options
available to the model becomes an increasingly important factor. IAMs
include a wide variety of mitigation options, as well as measures that
achieve CDR from the atmosphere (Krey et al.,, 2014a, b) (see Chapter 4,
Section 4.3 for a broad assessment of available mitigation measures).
For the purpose of this assessment, we elicited technology availability
in models that submitted scenarios to the database as summarized
in Supplementary Material 2.SM.1.2, where a detailed picture of the
technology variety underlying available 1.5°C-consistent pathways
is provided. Modelling choices on whether a particular mitigation
measure is included are influenced by an assessment of its global
mitigation potential, the availability of data and literature describing
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Figure 2.4 | Range of assumptions about socio-economic drivers and projections for energy and food demand in the pathways available to this
assessment. 1.5°C-consistent pathways are blue, other pathways grey. Trajectories for the illustrative 1.5°C-consistent archetypes used in this Chapter (LED, S1, S2, S5;
referred to as P1, P2, P3, and P4 in the Summary for Policymakers.) are highlighted. S1 is a sustainability oriented scenario, S2 is a middle-of-the-road scenario, and S5 is a
fossil-fuel intensive and high energy demand scenario. LED is a scenario with particularly low energy demand. Population assumptions in S2 and LED are identical. Panels show
(a) world population, (b) gross world product in purchasing power parity values, (c) final energy demand, and (d) food demand.

its techno-economic characteristics and future prospects, and the
computational challenge of representing the measure, e.g., in terms of
required spatio-temporal and process detail.

This elicitation (Supplementary Material 2.SM.1.2) confirms that
IAMs cover most supply-side mitigation options on the process level,
while many demand-side options are treated as part of underlying
assumptions, which can be varied (Clarke et al., 2014). In recent years,
there has been increasing attention on improving the modelling
of integrating variable renewable energy into the power system
(Creutzig et al.,, 2017; Luderer et al., 2017; Pietzcker et al., 2017) and
of behavioural change and other factors influencing future demand
for energy and food (van Sluisveld et al., 2016; McCollum et al., 2017;
Weindl et al, 2017), including in the context of 1.5°C-consistent
pathways (Grubler et al., 2018; van Vuuren et al., 2018). The literature
on the many diverse CDR options only recently started to develop
strongly (Minx et al.,, 2017) (see Chapter 4, Section 4.3.7 for a detailed
assessment), and hence these options are only partially included in
IAM analyses. IAMs mostly incorporate afforestation and bioenergy
with carbon capture and storage (BECCS) and only in few cases also
include direct air capture with CCS (DACCS) (Chen and Tavoni, 2013;
Marcucci et al., 2017; Strefler et al., 2018b).

Several studies have either directly or indirectly explored the
dependence of 1.5°C-consistent pathways on specific (sets of)
mitigation and CDR technologies (Bauer et al., 2018; Grubler et al.,

2018; Holz et al., 2018b; Kriegler et al., 2018a; Liu et al., 2018; Rogel;j et
al., 2018; Strefler et al., 2018b; van Vuuren et al., 2018). However, there
are a few potentially disruptive technologies that are typically not yet
well covered in IAMs and that have the potential to alter the shape of
mitigation pathways beyond the ranges in the IAM-based literature.
Those are also included in Supplementary Material 2.SM.1.2. The
configuration of carbon-neutral energy systems projected in mitigation
pathways can vary widely, but they all share a substantial reliance
on bioenergy under the assumption of effective land-use emissions
control. There are other configurations with less reliance on bioenergy
that are not yet comprehensively covered by global mitigation pathway
modelling. One approach is to dramatically reduce and electrify energy
demand for transportation and manufacturing to levels that make
residual non-electric fuel use negligible or replaceable by limited
amounts of electrolytic hydrogen. Such an approach is presented in
a first-of-its kind low-energy-demand scenario (Grubler et al., 2018)
which is part of this assessment. Other approaches rely less on energy
demand reductions, but employ cheap renewable electricity to push
the boundaries of electrification in the industry and transport sectors
(Breyer et al., 2017; Jacobson, 2017). In addition, these approaches
deploy renewable-based Power-2-X (read: Power to “x") technologies
to substitute residual fossil-fuel use (Brynolf et al., 2018). An important
element of carbon-neutral Power-2-X applications is the combination
of hydrogen generated from renewable electricity and CO, captured
from the atmosphere (Zeman and Keith, 2008). Alternatively, algae
are considered as a bioenergy source with more limited implications
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for land use and agricultural systems than energy crops (Williams and
Laurens, 2010; Walsh et al., 2016; Greene et al., 2017).

Furthermore, a range of measures could radically reduce agricultural
and land-use emissions and are not yet well-covered in IAM modelling.
This includes plant-based proteins (Joshi and Kumar, 2015) and cultured
meat (Post, 2012) with the potential to substitute for livestock products
at much lower GHG footprints (Tuomisto and Teixeira de Mattos, 2011).
Large-scale use of synthetic or algae-based proteins for animal feed
could free pasture land for other uses (Madeira et al., 2017; Pikaar et al.,
2018). Novel technologies such as methanogen inhibitors and vaccines
(Wedlock et al., 2013; Hristov et al., 2015; Herrero et al., 2016; Subharat
et al, 2016) as well as synthetic and biological nitrification inhibitors
(Subbarao et al., 2013; Di and Cameron, 2016) could substantially
reduce future non-CO, emissions from agriculture if commercialized
successfully. Enhancing carbon sequestration in soils (Paustian et al.,
2016; Frank et al., 2017; Zomer et al., 2017) can provide the dual benefit
of CDR and improved soil quality. A range of conservation, restoration
and land management options can also increase terrestrial carbon
uptake (Griscom et al.,, 2017). In addition, the literature discusses
CDR measures to permanently sequester atmospheric carbon in rocks
(mineralization and enhanced weathering, see Chapter 4, Section
4.3.7) as well as carbon capture and usage in long-lived products like
plastics and carbon fibres (Mazzotti et al., 2005; Hartmann et al., 2013).
Progress in the understanding of the technical viability, economics and
sustainability of these ways to achieve and maintain carbon neutral
energy and land use can affect the characteristics, costs and feasibility
of 1.5°C-consistent pathways significantly.

2.3.1.3  Policy assumptions in 1.5°C pathways

Besides assumptions related to socio-economic drivers and mitigation
technology, scenarios are also subject to assumptions about the
mitigation policies that can be put in place. Mitigation policies can
either be applied immediately in scenarios or follow staged or delayed
approaches. Policies can span many sectors (e.g., economy-wide carbon
pricing), or policies can be applicable to specific sectors only (like the
energy sector) with other sectors (e.g., the agricultural or the land-use
sector) treated differently. These variations can have an important
impact on the ability of models to generate scenarios compatible with
stringent climate targets like 1.5°C (Luderer et al., 2013; Rogelj et al.,
2013b; Bertram et al., 2015b; Kriegler et al., 2018a; Michaelowa et al.,
2018). In the scenario ensemble available to this assessment, several
variations of near-term mitigation policy implementation can be found:
immediate and cross-sectoral global cooperation from 2020 onward
towards a global climate objective, a phase-in of globally coordinated
mitigation policy from 2020 to 2040, and a more short-term oriented
and regionally diverse global mitigation policy, following NDCs until
2030 (Kriegler et al., 2018a; Luderer et al., 2018; McCollum et al., 2018;
Rogelj et al., 2018; Strefler et al., 2018b). For example, the above-
mentioned SSP quantifications assume regionally scattered mitigation
policies until 2020, and vary in global convergence thereafter (Kriegler
et al,, 2014a; Riahi et al.,, 2017). The impact of near-term policy choices
on 1.5°C-consistent pathways is discussed in Section 2.3.5. The
literature has also explored 1.5°C-consistent pathways that build on
a portfolio of policy approaches until 2030, including the combination
of regulatory policies and carbon pricing (Kriegler et al., 2018a),
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and a variety of ancillary policies to safeguard other sustainable
development goals (Bertram et al., 2018; van Vuuren et al., 2018).
Afurther discussion of policy implications of 1.5°C-consistent pathways
is provided in Section 2.5.1, while a general discussion of policies and
options to strengthen action are subject of Chapter 4, Section 4.4.
2.3.2  Key Characteristics of 1.5°C Pathways
1.5°C-consistent pathways are characterized by a rapid phase out
of CO, emissions and deep emissions reductions in other GHGs and
climate forcers (Section 2.2.2 and 2.3.3). This is achieved by broad
transformations in the energy; industry; transport; buildings; and
agriculture, forestry and other land-use (AFOLU) sectors (Section 2.4)
(Bauer et al., 2018; Grubler et al., 2018; Holz et al., 2018b; Kriegler
et al, 2018b; Liu et al, 2018; Luderer et al, 2018; Rogelj et al,
2018; van Vuuren et al, 2018; Zhang et al., 2018). Here we assess
1.5°C-consistent pathways with and without overshoot during
the 21st century. One study also explores pathways overshooting
1.5°C for longer than the 21st century (Akimoto et al, 2017), but
these are not considered 1.5°C-consistent pathways in this report
(Chapter 1, Section 1.1.3). This subsection summarizes robust and
varying properties of 1.5°C-consistent pathways regarding system
transformations, emission reductions and overshoot. It aims to provide
an introduction to the detailed assessment of the emissions evolution
(Section 2.3.3), CDR deployment (Section 2.3.4), energy (Section 2.4.1,
2.4.2), industry (2.4.3.1), buildings (2.4.3.2), transport (2.4.3.3) and
land-use transformations (Section 2.4.4) in 1.5°C-consistent pathways.
Throughout Sections 2.3 and 2.4, pathway properties are highlighted
with four 1.5°C-consistent pathway archetypes (LED, S1,S2, S5; referred
to as P1, P2, P3, and P4 in the Summary for Policymakers) covering a
wide range of different socio-economic and technology assumptions
(Figure 2.5, Section 2.3.1).

2.3.2.1 Variation in system transformations underlying 1.5°C
pathways

Be it for the energy, transport, buildings, industry, or AFOLU sector,
the literature shows that multiple options and choices are available in
each of these sectors to pursue stringent emissions reductions (Section
2.3.1.2, Supplementary Material 2.SM.1.2, Chapter 4, Section 4.3).
Because the overall emissions total under a pathway is limited by a
geophysical carbon budget (Section 2.2.2), choices in one sector affect
the efforts that are required from others (Clarke et al., 2014). A robust
feature of 1.5°C-consistent pathways, as highlighted by the set of
pathway archetypes in Figure 2.5, is a virtually full decarbonization of the
power sector around mid-century, a feature shared with 2°C-consistent
pathways. The additional emissions reductions in 1.5°C-consistent
compared to 2°C-consistent pathways come predominantly from the
transport and industry sectors (Luderer et al., 2018). Emissions can be
apportioned differently across sectors, for example, by focussing on
reducing the overall amount of CO, produced in the energy end-use
sectors, and using limited contributions of CDR by the AFOLU sector
(afforestation and reforestation, S1 and LED pathways in Figure 2.5)
(Grubler et al., 2018; Holz et al., 2018b; van Vuuren et al., 2018), or
by being more lenient about the amount of CO, that continues to
be produced in the above-mentioned end-use sectors (both by 2030
and mid-century) and strongly relying on technological CDR options
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Figure 2.5 | Evolution and break down of global anthropogenic CO, emissions until 2100. The top-left panel shows global net CO, emissions in Below-1.5°C,
1.5°C-low-overshoot (0S), and 1.5°C-high-0S pathways, with the four illustrative 1.5°C-consistent pathway archetypes of this chapter highlighted. Ranges at the bottom of the
top-left panel show the 10th-90th percentile range (thin line) and interquartile range (thick line) of the time that global CO, emissions reach net zero per pathway class, and for
all pathways classes combined. The top-right panel provides a schematic legend explaining all CO, emissions contributions to global CO, emissions. The bottom row shows how
various CO, contributions are deployed and used in the four illustrative pathway archetypes (LED, 51, S2, S5, referred to as P1, P2, P3, and P4 in the Summary for Policymakers)
used in this chapter (see Section 2.3.1.1). Note that the S5 scenario reports the building and industry sector emissions jointly. Green-blue areas hence show emissions from the

transport sector and the joint building and industry demand sector, respectively.

like BECCS (S2 and S5 pathways in Figure 2.5) (Luderer et al., 2018;
Rogelj et al., 2018). Major drivers of these differences are assumptions
about energy and food demand and the stringency of near-term climate
policy (see the difference between early action in the scenarios S1,
LED and more moderate action until 2030 in the scenarios S2, S5).
Furthermore, the carbon budget in each of these pathways depends
also on the non-CO, mitigation measures implemented in each of them,
particularly for agricultural emissions (Sections 2.2.2, 2.3.3) (Gernaat et
al,, 2015). Those pathways differ not only in terms of their deployment
of mitigation and CDR measures (Sections 2.3.4 and 2.4), but also in
terms of the resulting temperature overshoot (Figure 2.1). Furthermore,
they have very different implications for the achievement of sustainable
development objectives, as further discussed in Section 2.5.3.

2.3.2.2 Pathways keeping warming below 1.5°C or temporarily
overshooting it

This subsection explores the conditions that would need to be fulfilled
to stay below 1.5°C warming without overshoot. As discussed in Section
2.2.2, to keep warming below 1.5°C with a two-in-three (one-in-two)
chance, the cumulative amount of CO, emissions from 2018 onwards
need to remain below a carbon budget of 420 (580) GtCO,; accounting
for the effects of additional Earth system feedbacks until 2100 reduces
this estimate by 100 GtCO,. Based on the current state of knowledge,

exceeding this remaining carbon budget at some point in time would
give a one-in-three (one-in-two) chance that the 1.5°C limit is overshot
(Table 2.2). For comparison, around 290 + 20 (1 standard deviation
range) GtCO, have been emitted in the years 2011-2017, with annual
CO0, emissions in 2017 around 42 + 3 GtCO, yr' (Jackson et al., 2017;
Le Quéré et al.,, 2018). Committed fossil-fuel emissions from existing
fossil-fuel infrastructure as of 2010 have been estimated at around
500 + 200 GtCO, (with about 200 GtCO, already emitted through
2017) (Davis and Caldeira, 2010). Coal-fired power plants contribute
the largest part. Committed emissions from existing coal-fired power
plants built through the end of 2016 are estimated to add up to roughly
200 GtCO,, and a further 100-150 GtCO, from coal-fired power plants
under construction or planned (Gonzalez-Equino et al., 2017; Edenhofer
et al,, 2018). However, there has been a marked slowdown of planned
coal-power projects in recent years, and some estimates indicate that
the committed emissions from coal plants that are under construction
or planned have halved since 2015 (Shearer et al., 2018). Despite these
uncertainties, the committed fossil-fuel emissions are assessed to
already amount to more than two thirds (half) of the remaining carbon
budget.

An important question is to what extent the nationally determined

contributions (NDCs) under the Paris Agreement are aligned with the
remaining carbon budget. It was estimated that the NDCs, if successfully

113




Chapter 2

implemented, imply a total of 400-560 GtCO, emissions over the
2018-2030 period (considering both conditional and unconditional
NDCs) (Rogelj et al., 2016a). Thus, following an NDC trajectory would
already exhaust 95-130% (70-95%) of the remaining two-in-three
(one-in-two) 1.5°C carbon budget (unadjusted for additional Earth
system feedbacks) by 2030. This would leave no time (0-9 years) to
bring down global emissions from NDC levels of around 40 GtCO, yr'
in 2030 (Fawcett et al., 2015; Rogelj et al., 2016a) to net zero (further
discussion in Section 2.3.5).

Most 1.5°C-consistent pathways show more stringent emissions
reductions by 2030 than implied by the NDCs (Section 2.3.5) The lower
end of those pathways reach down to below 20 GtCO, yr' in 2030
(Section 2.3.3, Table 2.4), less than half of what is implied by the NDCs.
Whether such pathways will be able to limit warming to 1.5°C without
overshoot will depend on whether cumulative net CO, emissions over
the 21st century can be kept below the remaining carbon budget at
any time. Net global CO, emissions are derived from the gross amount
of CO, that humans annually emit into the atmosphere reduced by the
amount of anthropogenic CDR in each year. New research has looked
more closely at the amount and the drivers of gross CO, emissions
from fossil-fuel combustion and industrial processes (FFl) in deep
mitigation pathways (Luderer et al., 2018), and found that the larger
part of remaining CO, emissions come from direct fossil-fuel use in
the transport and industry sectors, while residual energy supply sector
emissions (mostly from the power sector) are limited by a rapid approach
to net zero CO, emissions until mid-century. The 1.5°C pathways with
no or limited (<0.1°C) overshoot that were reported in the scenario
database project remaining FFI CO, emissions of 610~1260 GtCO, over
the period 20182100 (5th-95th percentile range; median: 880 GtCO,).
Kriegler et al. (2018b) conducted a sensitivity analysis that explores the
four central options for reducing fossil-fuel emissions: lowering energy
demand, electrifying energy services, decarbonizing the power sector
and decarbonizing non-electric fuel use in energy end-use sectors. By
exploring these options to their extremes, they found a lowest value
of 500 GtCO, (2018-2100) gross fossil-fuel CO, emissions for the
hypothetical case of aligning the strongest assumptions for all four
mitigation options. The two lines of evidence and the fact that available
1.5°C pathways cover a wide range of assumptions (Section 2.3.1)
give a robust indication of a lower limit of about 500 GtCO, remaining
fossil-fuel and industry CO, emissions in the 21st century.

To compare these numbers with the remaining carbon budget, CO,
emissions from agriculture, forestry and other land use (AFOLU) need
to be taken into account. In many of the 1.5°C-consistent pathways,
AFOLU CO, emissions reach zero at or before mid-century and then
turn to negative values (Table 2.4). This means human changes to the
land lead to atmospheric carbon being stored in plants and soils. This
needs to be distinguished from the natural CO, uptake by land, which is
not accounted for in the anthropogenic AFOLU CO, emissions reported
in the pathways. Given the difference in estimating the ‘anthropogenic’
sink between countries and the global integrated assessment and
carbon modelling community (Grassi et al,, 2017), the AFOLU CO,
estimates included here are not necessarily directly comparable with
countries’ estimates at global level. The cumulated amount of AFOLU
CO, emissions until the time they reach zero combine with the fossil-fuel
and industry CO, emissions to give a total amount of gross emissions
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of 650-1270 GtCO, for the period 2018-2100 (5th-95th percentile;
median 950 GtCO,) in 1.5°C pathways with no or limited overshoot.
The lower end of the range is close to what emerges from a scenario
of transformative change that halves CO, emissions every decade
from 2020 to 2050 (Rockstrom et al., 2017). All these estimates are
above the remaining carbon budget for a one-in-two chance of limiting
warming below 1.5°C without overshoot, including the low end of the
hypothetical sensitivity analysis of Kriegler et al. (2018b), who assumes
75 Gt AFOLU CO, emissions adding to a total of 575 GtCO, gross CO,
emissions. As almost no cases have been identified that keep gross CO,
emissions within the remaining carbon budget for a one-in-two chance
of limiting warming to 1.5°C, and based on current understanding of
the geophysical response and its uncertainties, the available evidence
indicates that avoiding overshoot of 1.5°C will require some type of
CDR in a broad sense, e.g., via net negative AFOLU CO, emissions
(medium confidence). (Table 2.2).

Net CO, emissions can fall below gross CO, emissions, if CDR is
brought into the mix. Studies have looked at mitigation and CDR
in combination to identify strategies for limiting warming to 1.5°C
(Sanderson et al., 2016; Ricke et al., 2017). CDR, which may include
net negative AFOLU CO, emissions, is deployed by all 1.5°C-consistent
pathways available to this assessment, but the scale of deployment
and choice of CDR measures varies widely (Section 2.3.4). Furthermore,
no CDR technology has been deployed at scale yet, and all come with
concerns about their potential (Fuss et al., 2018), feasibility (Nemet et
al., 2018) and/or sustainability (Smith et al., 2015; Fuss et al.,, 2018) (see
Sections 2.3.4, 4.3.2 and 4.3.7 and Cross-Chapter Box 7 in Chapter 3
for further discussion). CDR can have two very different functions in
1.5°C-consistent pathways. If deployed in the first half of the century,
before net zero CO, emissions are reached, it neutralizes some of the
remaining CO, emissions year by year and thus slows the accumulation
of CO, in the atmosphere. In this first function it can be used to remain
within the carbon budget and avoid overshoot. If CDR is deployed in the
second half of the century after carbon neutrality has been established,
it can still be used to neutralize some residual emissions from other
sectors, but also to create net negative emissions that actively draw
down the cumulative amount of CO, emissions to return below a
1.5°C warming level. In the second function, CDR enables temporary
overshoot. The literature points to strong limitations to upscaling
CDR (limiting its first abovementioned function) and to sustainability
constraints (limiting both abovementioned functions) (Fuss et al.,
2018; Minx et al., 2018; Nemet et al., 2018). Large uncertainty hence
exists about what amount of CDR could actually be available before
mid-century. Kriegler et al. (2018b) explore a case limiting CDR to
100 GtCO, until 2050, and the 1.5°C pathways with no or limited
overshoot available in the report’s database project 40-260 GtCO,
CDR until the point of carbon neutrality (5th to 95th percentile; median
110 GtCO,). Because gross CO, emissions in most cases exceed the
remaining carbon budget by several hundred GtCO, and given the limits
to CDR deployment until 2050, most of the 1.5°C-consistent pathways
available to this assessment are overshoot pathways. However, the
scenario database also contains nine non-overshoot pathways that
remain below 1.5°C throughout the 21st century (Table 2.1).
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2.3.3  Emissions Evolution in 1.5°C Pathways

This section assesses the salient temporal evolutions of climate forcers
over the 21st century. It uses the classification of 1.5°C pathways
presented in Section 2.1, which includes a Below-1.5°C class, as well
as other classes with varying levels of projected overshoot (1.5°C-low-
0S and 1.5°C-high-0S). First, aggregate-GHG benchmarks for 2030
are assessed. Subsequent sections assess long-lived climate forcers
(LLCF) and short-lived climate forcers (SLCF) separately because they
contribute in different ways to near-term, peak and long-term warming
(Section 2.2, Cross-Chapter Box 2 in Chapter 1).

Estimates of aggregated GHG emissions in line with specific policy
choices are often compared to near-term benchmark values from
mitigation pathways to explore their consistency with long-term
climate goals (Clarke et al., 2014; UNEP, 2016, 2017; UNFCCC, 2016).
Benchmark emissions or estimates of peak years derived from IAMs
provide guidelines or milestones that are consistent with achieving a
given temperature level. While they do not set mitigation requirements
in a strict sense, exceeding these levels in a given year almost invariably
increases the mitigation challenges afterwards by increasing the rates
of change and increasing the reliance on speculative technologies,
including the possibility that its implementation becomes unachievable
(see Cross-Chapter Box 3 in Chapter 1 for a discussion of feasibility
concepts) (Luderer et al., 2013; Rogelj et al., 2013b; Clarke et al., 2014;
Fawcett et al., 2015; Riahi et al., 2015; Kriegler et al., 2018a). These
trade-offs are particularly pronounced in 1.5°C pathways and are
discussed in Section 2.3.5. This section assesses Kyoto-GHG emissions
in 2030 expressed in CO, equivalent (CO,e) emissions using 100-year
global warming potentials.?

Appropriate benchmark values of aggregated GHG emissions depend
on a variety of factors. First and foremost, they are determined by the
desired likelihood to keep warming below 1.5°C and the extent to which
projected temporary overshoot is to be avoided (Sections 2.2, 2.3.2,
and 2.3.5). For instance, median aggregated 2030 GHG emissions are
about 10 GtCO,e yr~" lower in 1.5°C-low-0S compared to 1.5°C-high-
0S pathways, with respective interquartile ranges of 26-31 and 36-49
GtCO,e yr (Table 2.4). These ranges correspond to about 25-30 and
35-48 GtCO,e yr' in 2030, respectively, when aggregated with 100-
year Global Warming Potentials from the IPCC Second Assessment
Report. The limited evidence available for pathways aiming to limit
warming below 1.5°C without overshoot or with limited amounts of
CDR (Grubler et al., 2018; Holz et al., 2018b; van Vuuren et al., 2018)
indicates that under these conditions consistent emissions in 2030
would fall at the lower end and below the above mentioned ranges.
Due to the small number of 1.5°C pathways with no overshoot in the
report’s database (Table 2.4) and the potential for a downward bias in
the selection of underlying scenario assumptions, the headline range
for 1.5°C pathways with no or limited overshoot is also assessed to
be of the order of 25-30 GtCO,e yr~'. Ranges for the 1.5°C-low-0S
and Lower-2°C classes only overlap outside their interquartile ranges,
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highlighting the more accelerated reductions in 1.5°C-consistent
compared to 2°C-consistent pathways.

Appropriate emissions benchmark values also depend on the
acceptable or desired portfolio of mitigation measures, representing
clearly identified trade-offs and choices (Sections 2.3.4, 2.4, and 2.5.3)
(Luderer et al., 2013; Rogelj et al., 2013a; Clarke et al., 2014; Krey et al.,
20144a; Strefler et al., 2018b). For example, lower 2030 GHG emissions
correlate with a lower dependence on the future availability and
desirability of CDR (Strefler et al., 2018b). On the other hand, pathways
that assume or anticipate only limited deployment of CDR during
the 21st century imply lower emissions benchmarks over the coming
decades, which are achieved in models through further reducing
CO, emissions in the coming decades. The pathway archetypes
used in the chapter illustrate this further (Figure 2.6). Under middle-
of-the-road assumptions of technological and socioeconomic
development, pathway S2 suggests emission benchmarks of 34, 12
and -8 GtCO,e yr" in the years 2030, 2050, and 2100, respectively.
In contrast, a pathway that further limits overshoot and aims at
eliminating the reliance on negative emissions technologies like
BECCS as well as CCS (here labelled as the LED pathway) shows
deeper emissions reductions in 2030 to limit the cumulative amount
of CO, until net zero global CO, emissions (carbon neutrality). The LED
pathway here suggests emission benchmarks of 25,9 and 2 GtCO,e yr~'
in the years 2030, 2050, and 2100, respectively. However, a pathway
that allows and plans for the successful large-scale deployment of
BECCS by and beyond 2050 (S5) shows a shift in the opposite direction.
The variation within and between the abovementioned ranges of
2030 GHG benchmarks hence depends strongly on societal choices
and preferences related to the acceptability and availability of certain
technologies.

Overall these variations do not strongly affect estimates of the
1.5°C-consistent timing of global peaking of GHG emissions. Both
Below-1.5°C and 1.5°C-low-0S pathways show minimum—maximum
ranges in 2030 that do not overlap with 2020 ranges, indicating the
global GHG emissions peaked before 2030 in these pathways. Also,
2020 and 2030 GHG emissions in 1.5°C-high-OS pathways only
overlap outside their interquartile ranges.

Kyoto-GHG emission reductions are achieved by reductions in CO,
and non-CO, GHGs. The AR5 identified two primary factors that
influence the depth and timing of reductions in non-CO, Kyoto-GHG
emissions: (i) the abatement potential and costs of reducing the
emissions of these gases and (i) the strategies that allow making
trade-offs between them (Clarke et al., 2014). Many studies indicate
low-cost, near-term mitigation options in some sectors for non-CO,
gases compared to supply-side measures for CO, mitigation (Clarke et
al., 2014). A large share of this potential is hence already exploited in
mitigation pathways in line with 2°C. At the same time, by mid-century
and beyond, estimates of further reductions of non-CO, Kyoto-GHGs —
in particular CH, and N,O — are hampered by the absence of mitigation

> In this chapter GWP-100 values from the IPCC Fourth Assessement Report are used because emissions of fluorinated gases in the integrated pathways have been reported
in this metric to the database. At a global scale, switching between GWP-100 values of the Second, Fourth or Fifth IPCC Assessment Reports could result in variations in

aggregated Kyoto-GHG emissions of about 5% in 2030 (UNFCCC, 2016).
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options in the current generation of I1AMs, which are hence not able
to reduce residual emissions of sources linked to livestock production
and fertilizer use (Clarke et al., 2014; Gernaat et al., 2015) (Sections
2.3.1.2,2.4.4, Supplementary Material 2.SM.1.2). Therefore, while net
C02 emissions are projected to be markedly lower in 1.5°C-consistent
compared to 2°C-consistent pathways, this is much less the case for
methane (CH,) and nitrous-oxide (N,0) (Figures 2.6-2.7). This results
in reductions of CO, being projected to take up the largest share of
emissions reductions when moving between 1.5°C-consistent and
2°C-consistent pathways (Rogelj et al.,, 2015b, 2018; Luderer et al.,
2018). If additional non-CO, mitigation measures are identified and
adequately included in IAMs, they are expected to further contribute to
mitigation efforts by lowering the floor of residual non-CO, emissions.
However, the magnitude of these potential contributions has not been
assessed as part of this report.

As aresult of the interplay between residual CO, and non-CO, emissions
and CDR, global GHG emissions reach net zero levels at different times
in different 1.5°C-consistent pathways. Interquartile ranges of the
years in which 1.5°C-low-0S and 1.5°C-high-0S reach net zero GHG
emissions range from 2060 to 2080 (Table 2.4). A seesaw characteristic
can be found between near-term emissions reductions and the timing
of net zero GHG emissions. This is because pathways with limited
emissions reductions in the next one to two decades require net
negative CO, emissions later on (see earlier). Most 1.5°C-high-0S
pathways lead to net zero GHG emissions in approximately the third
quarter of this century, because all of them rely on significant amounts
of annual net negative CO, emissions in the second half of the
century to decline temperatures after overshoot (Table 2.4). However,
in pathways that aim at limiting overshoot as much as possible or
more slowly decline temperatures after their peak, emissions reach
the point of net zero GHG emissions slightly later or at times never.
Early emissions reductions in this case reduce the requirement for net
negative CO, emissions. Estimates of 2030 GHG emissions in line with
the current NDCs overlap with the highest quartile of 1.5°C-high-0S
pathways (Cross-Chapter Box 9 in Chapter 4).

2.3.3.1  Emissions of long-lived climate forcers

Climate effects of long-lived climate forcers (LLCFs) are dominated by
C0,, with smaller contributions of N,O and some fluorinated gases
(Myhre et al., 2013; Blanco et al., 2014). Overall net CO, emissions
in pathways are the result of a combination of various anthropogenic
contributions (Figure 2.5) (Clarke et al., 2014): (i) CO, produced by fossil-
fuel combustion and industrial processes, (i) CO, emissions or removals
from the agriculture, forestry and other land use (AFOLU) sector, (iii)
CO, capture and sequestration (CCS) from fossil fuels or industrial
activities before it is released to the atmosphere, (iv) CO, removal by
technological means, which in current pathways is mainly achieved
by BECCS and AFOLU-related CDR, although other options could
be conceivable (see Chapter 4, Section 4.3.7). Pathways apply these
four contributions in different configurations (Figure 2.5) depending
on societal choices and preferences related to the acceptability and
availability of certain technologies, the timing and stringency of near-
term climate policy, and the ability to limit the demand that drives
baseline emissions (Marangoni et al., 2017; Riahi et al., 2017; Grubler
et al., 2018; Rogelj et al,, 2018; van Vuuren et al., 2018), and come with
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very different implication for sustainable development (Section 2.5.3).

All 1.5°C pathways see global CO, emissions embark on a steady
decline to reach (near) net zero levels around 2050, with 1.5°C-low-
0S pathways reaching net zero CO, emissions around 2045-2055
(Table 2.4; Figure 2.5). Near-term differences between the various
pathway classes are apparent, however. For instance, Below-1.5°C and
1.5°C-low-0S pathways show a clear shift towards lower CO, emissions
in 2030 relative to other 1.5°C and 2°C pathway classes, although in all
1.5°C classes reductions are clear (Figure 2.6). These lower near-term
emissions levels are a direct consequence of the former two pathway
classes limiting cumulative CO, emissions until carbon neutrality in
order to aim for a higher probability of limiting peak warming to 1.5°C
(Section 2.2.2 and 2.3.2.2). In some cases, 1.5°C-low-0S pathways
achieve net zero CO, emissions one or two decades later, contingent on
2030 CO, emissions in the lower quartile of the literature range, that
is, below about 18 GtCO, yr~'. Median year-2030 global CO, emissions
are of the order of 5-10 GtCO, yr' lower in Below-1.5°C compared
to 1.5°C-low-0S pathways, which are in turn lower than 1.5°C-high-
0S pathways (Table 2.4). Below-1.5°C and 1.5°C-low-0S pathways
combined show a decline in global net anthropogenic CO, emissions
of about 45% from 2010 levels by 2030 (40-60% interquartile range).
Lower-2°C pathways show CO, emissions declining by about 25% by
2030 in most pathways (10-30% interquartile range). The 1.5°C-high-
0S pathways show emissions levels that are broadly similar to the
2°C-consistent pathways in 2030.

The development of CO, emissions in the second half of the century in
1.5°C pathways is characterized by the need to stay or return within
a carbon budget. Figure 2.6 shows net CO, and N,0 emissions from
various sources in 2050 and 2100 in 1.5°C pathways in the literature.
Virtually all 1.5°C pathways obtain net negative CO, emissions at some
point during the 21st century, but the extent to which net negative
emissions are relied upon varies substantially (Figure 2.6, Table 2.4).
This net withdrawal of CO, from the atmosphere compensates for
residual long-lived non-CO, GHG emissions that also accumulate in
the atmosphere (like N20) or cancels some of the build-up of CO, due
to earlier emissions to achieve increasingly higher likelihoods that
warming stays or returns below 1.5°C (see Section 2.3.4 for a discussion
of various uses of CDR). Even non-overshoot pathways that aim at
achieving temperature stabilization would hence deploy a certain
amount of net negative CO, emissions to offset any accumulating
long-lived non-CO, GHGs. The 1.5°C overshoot pathways display
significantly larger amounts of annual net negative CO, emissions in
the second half of the century. The larger the overshoot the more net
negative CO, emissions are required to return temperatures to 1.5°C
by the end of the century (Table 2.4, Figure 2.1).

N,O emissions decline to a much lesser extent than CO, in currently
available 1.5°C pathways (Figure 2.6). Current 1AMs have limited
emissions-reduction potentials (Gernaat et al., 2015) (Sections 2.3.1.2,
2.4.4, Supplementary Material 2.SM.1.2), reflecting the difficulty of
eliminating N,O emission from agriculture (Bodirsky et al, 2014).
Moreover, the reliance of some pathways on significant amounts of
bioenergy after mid-century (Section 2.4.2) coupled to a substantial
use of nitrogen fertilizer (Popp et al.,, 2017) also makes reducing N,O
emissions harder (for example, see pathway S5 in Figure 2.6). As
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Figure 2.6 | Annual global emissions characteristics for 2020, 2030, 2050, 2100. Data are shown for (a) Kyoto-GHG emissions, and (b) global total CO, emissions,
(c) CO, emissions from the agriculture, forestry and other land use (AFOLU) sector, (d) global N,0 emissions, and (e) CO, emissions from fossil fuel use and industrial processes.
The latter is also split into (f) emissions from the energy supply sector (electricity sector and refineries) and (g) direct emissions from fossil-fuel use in energy demand sectors
(industry, buildings, transport) (bottom row). Horizontal black lines show the median, boxes show the interquartile range, and whiskers the minimum—maximum range. Icons
indicate the four pathway archetypes used in this chapter. In case less than seven data points are available in a class, the minimum—maximum range and single data points
are shown. Kyoto-GHG, emissions in the top panel are aggregated with AR4 GWP-100 and contain CO,, CH,, N,O, HFCs, PFCs, and SF.. NF, is typically not reported by IAMs.
Scenarios with year-2010 Kyoto-GHG emissions outside the range assessed by IPCC AR5 WG| assessed are excluded (IPCC, 2014b).
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a result, sizeable residual N,O emissions are currently projected to
continue throughout the century, and measures to effectively mitigate
them will be of continued relevance for 1.5°C societies. Finally, the
reduction of nitrogen use and N, O emissions from agriculture is already
a present-day concern due to unsustainable levels of nitrogen pollution
(Bodirsky et al., 2012). Section 2.4.4 provides a further assessment of
the agricultural non-CO, emissions reduction potential.

2.3.3.2 Emissions of short-lived climate forcers and
fluorinated gases

SLCFs include shorter-lived GHGs like CH, and some fluorinated gases
as well as particles (aerosols), their precursors and ozone precursors.
SLCFs are strongly mitigated in 1.5°C pathways, as is the case for
2°C pathways (Figure 2.7). SLCF emissions ranges of 1.5°C and 2°C
pathway classes strongly overlap, indicating that the main incremental
mitigation contribution between 1.5°C and 2°C pathways comes from
CO, (Luderer et al.,, 2018; Rogelj et al., 2018). CO, and SLCF emissions
reductions are connected in situations where SLCF and CO, are
co-emitted by the same process, for example, with coal-fired power
plants (Shindell and Faluvegi, 2010) or within the transport sector
(Fuglestvedt et al., 2010). Many CO,-targeted mitigation measures
in industry, transport and agriculture (Sections 2.4.3-4) hence also
reduce non-CO, forcing (Rogelj et al.,, 2014b; Shindell et al., 2016).

Despite the fact that methane has a strong warming effect (Myhre
et al, 2013; Etminan et al., 2016), current 1.5°C-consistent pathways
still project significant emissions of CH, by 2050, indicating only a
limited CH, mitigation potential in IAM analyses (Gernaat et al., 2015)
(Sections 2.3.1.2, 2.4.4, Table 2.SM.2). The AFOLU sector contributes an
important share of the residual CH, emissions until mid-century, with
its relative share increasing from slightly below 50% in 2010 to around
55-70% in 2030, and 60-80% in 2050 in 1.5°C-consistent pathways
(interquartile range across 1.5°C-consistent pathways for projections).
Many of the proposed measures to target CH, (Shindell et al., 2012;
Stohl et al,, 2015) are included in 1.5°C-consistent pathways (Figure
2.7), though not all (Sections 2.3.1.2, 2.4.4, Table 2.5M.2). A detailed
assessment of measures to further reduce AFOLU CH, emissions has
not been conducted.

Overall reductions of SLCFs can have effects of either sign on
temperature depending on the balance between cooling and warming
agents. The reduction in SO, emissions is the dominant single effect as
it weakens the negative total aerosol forcing. This means that reducing
all SLCF emissions to zero would result in a short-term warming,
although this warming is unlikely to be more than 0.5°C (Section 2.2
and Figure 1.5 (Samset et al., 2018)). Because of this effect, suggestions
have been proposed that target the warming agents only (referred to
as short-lived climate pollutants or SLCPs instead of the more general
short-lived climate forcers; e.g., Shindell et al., 2012), though aerosols
are often emitted in varying mixtures of warming and cooling species
(Bond et al., 2013). Black carbon (BC) emissions reach similar levels
across 1.5°C-consistent and 2°C-consistent pathways available in the
literature, with interquartile ranges of emissions reductions across
pathways of 16-34% and 48-58% in 2030 and 2050, respectively,
relative to 2010 (Figure 2.7). Recent studies have identified further
reduction potentials for the near term, with global reductions of about
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80% being suggested (Stohl et al., 2015; Klimont et al., 2017). Because
the dominant sources of certain aerosol mixtures are emitted during
the combustion of fossil fuels, the rapid phase-out of unabated fossil
fuels to avoid CO, emissions would also result in removal of these
either warming or cooling SLCF air-pollutant species. Furthermore,
SLCFs are also reduced by efforts to reduce particulate air pollution.
For example, year-2050 SO, emissions (precursors of sulphate aerosol)
in 1.5°C-consistent pathways are about 75-85% lower than their 2010
levels. Some caveats apply, for example, if residential biomass use
would be encouraged in industrialised countries in stringent mitigation
pathways without appropriate pollution control measures, aerosol
concentrations could also increase (Sand et al., 2015; Stohl et al., 2015).

Emissions of fluorinated gases (IPCC/TEAP, 2005; US EPA, 2013; Velders
et al., 2015; Purohit and Hoglund-Isaksson, 2017) in 1.5°C-consistent
pathways are reduced by roughly 75-80% relative to 2010 levels
(interquartile range across 1.5°C-consistent pathways) in 2050,
with no clear differences between the classes. Although unabated
hydrofluorocarbon (HFC) emissions have been projected to increase
(Velders et al., 2015), the Kigali Amendment recently added HFCs to
the basket of gases controlled under the Montreal Protocol (Hoglund-
Isaksson et al, 2017). As part of the larger group of fluorinated
gases, HFCs are also assumed to decline in 1.5°C-consistent
pathways. Projected reductions by 2050 of fluorinated gases under
1.5°C-consistent pathways are deeper than published estimates of
what a full implementation of the Montreal Protocol including its
Kigali Amendment would achieve (Hoglund-Isaksson et al., 2017),
which project roughly a halving of fluorinated gas emissions in 2050
compared to 2010. Assuming the application of technologies that
are currently commercially available and at least to a limited extent
already tested and implemented, potential fluorinated gas emissions
reductions of more than 90% have been estimated (Hoglund-Isaksson
etal, 2017).

There is a general agreement across 1.5°C-consistent pathways that
until 2030 forcing from the warming SLCFs is reduced less strongly
than the net cooling forcing from aerosol effects, compared to 2010.
As a result, the net forcing contributions from all SLCFs combined are
projected to increase slightly by about 0.2-0.3 W m~2, compared to
2010. Also, by the end of the century, about 0.1-0.3 W m~2 of SLCF
forcing is generally currently projected to remain in 1.5°C-consistent
scenarios (Figure 2.8). This is similar to developments in 2°C-consistent
pathways (Rose et al., 2014b; Riahi et al., 2017), which show median
forcing contributions from these forcing agents that are generally no
more than 0.1 W m~2 higher. Nevertheless, there can be additional gains
from targeted deeper reductions of CH, emissions and tropospheric
ozone precursors, with some scenarios projecting less than 0.1 W m
forcing from SLCFs by 2100.

2.3.4  CDRin 1.5°C Pathways

Deep mitigation pathways assessed in AR5 showed significant
deployment of CDR, in particular through BECCS (Clarke et al., 2014).
This has led to increased debate about the necessity, feasibility and
desirability of large-scale CDR deployment, sometimes also called
‘negative emissions technologies’ in the literature (Fuss et al., 2014;
Anderson and Peters, 2016; Williamson, 2016; van Vuuren et al.,
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Table 2.4 | Emissions in 2030, 2050 and 2100 in 1.5°C and 2°C scenario classes and absolute annual rates of change between 2010-2030, 2020-2030 and

2030-2050, respectively.

Values show median and interquartile range across available scenarios (25th and 75th percentile given in brackets). If fewer than seven scenarios are available
(*), the minimum—maximum range is given instead. Kyoto-GHG emissions are aggregated with GWP-100 values from IPCC AR4. Emissions in 2010 for total
net CO,, CO, from fossil-fuel use and industry, and AFOLU CO, are estimated at 38.5, 33.4, and 5 GtCO, yr', respectively (Le Quéré et al., 2018). Percentage
reduction numbers included in headline statement C.1 in the Summary for Policymakers are computed relative to 2010 emissions in each individual pathway, and
hence differ slightly from a case where reductions are computed relative to the historical 2010 emissions reported above. A difference is reported in estimating the
‘anthropogenic’ sink by countries or the global carbon modelling community (Grassi et al., 2017), and AFOLU CO, estimates reported here are thus not necessarily
comparable with countries' estimates. Scenarios with year-2010 Kyoto-GHG emissions outside the range assessed by IPCC AR5 WGIII are excluded (IPCC, 2014b),
as are scenario duplicates that would bias ranges towards a single study.

Annual emissions/sequestration Absolute Annual Change Timing of
(GtCO, yr) (GtCO,/yr™) Global Zero
Name Category | # 2030 2050 2100 | 2010-2030 | 2020-2030 | 2030-2050 Year
Total CO, | Below-1.5°C 5% | 13.4(15.4,11.4) | -3.0(1.7,-10.6) | -8.0(-26,-142) | —12(-1.0,-1.3) | —25(1.8,-2.8) | —08(-0.7,-1.2) | 2044 (2037, 2054)
(net) 1.5°C-low-0S 37 | 20.8(22.2,18.0) | ~0.4(27,-2.0) | ~108(-8.1,-143) | ~0.8 (0.7, ~1.0) | 1.7 (-1.4,-2.3) | —1.0(-0.8,~1.2) | 2050 (2047, 2055)
l’rsl;cni"t"e';hgs" 2|, _20(’)'135_9) -05(22,-2.8) (_7; 2‘124_2) 09(-07,-11) | -18(-15,-23) | 10(:08-12) | 0 :6?52%55)
1.5°C-high-0S 36 | 291(364,260) | 1.0(63,-12) | -138(111,-164) | -0.4(0.0,-0.6) | —1.1(-0.5,1.5) | ~13(-1.1,-1.8) | 2052 (2049, 2059)
Lower-2°C 54 | 289(33.7,245) | 99(13.1,65) | -5.1(-2.6,-103) | —04(-02,-06) | 1.1 (-0.8,-1.6) | ~0.9(-0.8,~1.2) | 2070 (2063, 2079)
Higher-2°C 54 | 335(35.0,31.0) | 17.9(19.1,12.2) | =33 (0.6,~11.5) | ~0.2(-0.0,-0.4) | —0.7 (-0.5,-0.9) | ~0.8 (~0.6,1.0) (2070;‘2?_21 -
€0, from | Below-1.5°C 5% | 18.0(21.4,13.8) | 105(20.9,03) | 83(11.6,0.1) | -0.7(-06,-1) | -15(-09,-22) | -0.4(0,-0.7) -
af:(:sl'l:(:::t':y 1.5°C-low-05 37 | 221 (244,187) | 103(14.1,7.8) | 56(81,2.6) | ~05(-04,-06) | ~1.3(-0.9,-1.7) | ~0.6 (-0.5,0.7) -
(gross) lrshil‘:’e'zh o 2, 4‘221 '16& o | 10303877) | 61(8426) | -05(-04,07) | -13(09,-18) | -06(-04,-0) .
1.5°C-high-0S 36 | 27.8(37.1,256) | 13.1(17.0,11.6) | 66(88,28) | -02(02,-03) | —08(-02,-1.1) | -0.7 (-0.6,~1.0) -
Lower-2°C 54 | 27.7(31.5,235) | 15.4(19.0,11.1) | 7.2(104,37) | —02(-0.0,-04) | 08(-05-12) | —06(-0.5-08) -
Higher-2°C 54 | 313(334,28.7) | 192(22.6,17.1) | 81(10.9,5.0) | —0.1(0.1,-02) | —0.5(-0.2,-0.7) | 0.6 (-0.5,0.7)
€o, from | Below-1.5°C 5% | 16.4(182,135) |  1.0(7.0,0) ~27(0,-9.8) | -08(-07,-1) | -18(-12,-22) | —0.6(-0.5,-0.9) -
a?;i:;::t':y 1.5°C-low-0S 37 | 206(22.2,175) | 32(56,-0.6) | -85(-4.1,-11.6) | —0.6(-05,-07) | —14(-11,-1.8) | —0.8(-0.7,-1.1) -
(e | LaCHINIO g wrteg | 306600 | 8] 06(:05-08)  -1411,-19) | 08(07,-11) .
1.5°C-high-0S 36 | 269(34.7,253) | 42(10.0,12) | -107(:69,-132) | —03(0.1,-03) | 09(-03,-12) | —12(-0.9,1.5) -
Lower-2°C 54 | 282(31.0,23.1) | 11.8(14.1,62) | -3.1(-0.7,-6.4) | —0.2(-0.1,-0.4) | ~0.8(-0.5,~1.2) | ~0.8 (0.7, ~1.0) -
Higher-2°C 54 | 31.0(33.0,28.7) | 17.0(19.3,13.1) | -2.9(33,-80) | -0.1(0.1,-0.2) | —0.5(-02,0.7) | 0.7 (-0.5,~1.0) -
€0, from | Below-1.5°C 5% | 2.2(-03,-48) | 44(12,-11.1) | ~4.4 (-2.6,-5.3) | —03(-02,-04) | —05(-04,-0.8) | —0.1(0,~0.4) -
AFOLU | 4 5oC.1ow-05 37 | -0.1(08,-1.0) | -23(-0.6,-4.1) | ~2.4(-1.2,-42) | —02(-02,-03) | —04(-03,-05) | 0.1 (-0.1,-02) 2
l’rSI:;i‘f("eiths" 42 | —0.1(07,-13) | —2.6 (-0.6,-45) | —2.6 (-1.3,-4.2) | 0.2 (-0.2,-0.3) | —0.4 (-0.3,-0.5) | 0.1 (-0.1,-0.2) ;
1.5°C-high-0S 36 | 12(7,01) | -2.1(-03,-54) | 2.4 (-1.5,-5.0) | -0 (-0.1,-0.3) | —0.2 (-0.1,-0.5) | ~0.2 (0.0, ~0.3) -
Lower-2°C 54 | 1.4(28,03) | —1.4(-05-2.7) | -2.4(-1.3,-4.2) | -02(-0.1,-02) | —0.3(-02,-0.4) | —0.1(-0.1,-0.2) -
Higher-2°C 54 | 15(27,08) | -00(1.9,-16) | -1.3(0.1,-3.9) | -02(-0.1,-0.2) | 0.2 (-0.1,-0.4) | 0.1 (-0.0,~0.1) -
Bioenergy | Below-1.5°C 5* 0.4(1.1,0) 3.4(83,0) 5.7 (13.4,0) 0(0.1,0) 0(0.1,0) 0.2 (0.4,0) -
combined | 4 5oc_jow.05 36 0.3(1.1,0.0) 46(6.4,38) | 12.4(156,76) | 0.0(0.1,0.0) 0.0 (0.1,0.0) 02(03,0.2) s
with carbon
capture | 1-5°C withno 41 | 04010,00 | 45(63,34) | 124(150,64) | 00(01,00 | 00(01,00 | 02(0302)
and storage or limited 0S
(BECCS) | 1.5°C-high-0S 36 | 0.1(04,00 | 68(9537) |149(163,12.1) | 00(00,00 | 00(0.0,0.0) 03(04,02)
Lower-2°C 54 | 01(03,00) | 364618 | 95(12.1,69 | 00(00,00 | 0.0(0.0,00) 02(02,0.1)
Higher-2°C 47 | 010200 304918 | 5_3’13‘; ug | 0000.00 0.0 (0.0, 0.0) 0.1(02,0.1)
GH'%"(’::M) Below-1.5°C 5* | 221(22:8,20.7) | 27(81,-35) | -26(27,-10.7) | ~14(13,-15) | -29(-21,-33) | ~0.9(-07,-13) (2044;2?_2100)
[GtCO.l | 1.50C-low-05 31 | 27.9(31.1,26.0) | 7.0(99,45) | -3.8(-2.1,-7.9) | —1.1(-09,-1.2) | —23(-1.8,-2.8) | —1.1(-0.9,-12) | 2068 (2061, 2080)
l'rsfi;:;;hc?so 36 | 27.4(30.9,24.7) | 65(96,42) | -3.7(-1.8,-7.8) | —1.1 (-1.0,-1.3) | —2.4(-1.9,-2.9) | 1.1 (=0.9,1.2) | 2067 (2061, 2084)
1.5°C-high-05 32 | 40.4(48.9,363) | 84(123,62) —sj 1(—25).7, 05 (0.0,07) | “13C06.-18) | ~15(-13,-21) | 2063 (2058, 2067)
Lower-2°C 46 | 396(5.1,357) | 183(204,152) | 21(42,-24) | -05(-01,-07) | -15(-09,22) | -1.1(-09,-1.2) (20535;;1_22 )
Higher-2°C 42 | 453(485,393) | 25.9(27.9,233) | 52(115-48) | ~02(-0.0,-0.6) | ~1.0(-0.6,-1.2) | ~1.0(-0.7,-1.2) (zog;’i:;:tg? o
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Figure 2.7 | Global characteristics of a selection of short-lived non-C0, emissions until mid-century for five pathway classes used in this chapter. Data
are shown for (a) methane (CH,), (b) fluorinated gases (F-gas), (c) black carbon (BC), and (d) sulphur dioxide (SO,) emissions. Boxes with different colours refer to different
scenario classes. Icons on top the ranges show four illustrative pathway archetypes that apply different mitigation strategies for limiting warming to 1.5°C. Boxes show the
interquartile range, horizontal black lines the median, and whiskers the minimum-maximum range. F-gases are expressed in units of CO -equivalence computed with 100-year
Global Warming Potentials reported in IPCC AR4.
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Figure 2.8 | Estimated aggregated effective radiative forcing of SLCFs for 1.5°C and 2°C pathway classes in 2010, 2020, 2030, 2050, and 2100,
as estimated by the FAIR model (Smith et al., 2018). Aggregated short-lived climate forcer (SLCF) radiative forcing is estimated as the difference between total
anthropogenic radiative forcing and the sum of CO, and N,O radiative forcing over time, and is expressed relative to 1750. Symbols indicate the four pathways archetypes
used in this chapter. Horizontal black lines indicate the median, boxes the interquartile range, and whiskers the minimum-maximum range per pathway class. Because very few
pathways fall into the Below-1.5°C class, only the minimum-maximum is provided here.

120



Mitigation Pathways Compatible with 1.5°C in the Context of Sustainable Development

2017a; Obersteiner et al., 2018). Most CDR technologies remain largely
unproven to date and raise substantial concerns about adverse side-
effects on environmental and social sustainability (Smith et al., 2015;
Dooley and Kartha, 2018). A set of key questions emerge: how strongly
do 1.5°C-consistent pathways rely on CDR deployment and what types
of CDR measures are deployed at which scale? How does this vary
across available 1.5°C-consistent pathways and on which factors does
it depend? How does CDR deployment compare between 1.5°C- and
2°C-consistent pathways and how does it compare with the findings
at the time of the AR5? How does CDR deployment in 1.5°C-consistent
pathways relate to questions about availability, policy implementation
and sustainable development implications that have been raised
about CDR technologies? The first three questions are assessed in this
section with the goal to provide an overview and assessment of CDR
deployment in the 1.5°C pathway literature. The fourth question is only
touched upon here and is addressed in greater depth in Chapter 4,
Section 4.3.7, which assesses the rapidly growing literature on costs,
potentials, availability and sustainability implications of individual
CDR measures (Minx et al., 2017, 2018; Fuss et al., 2018; Nemet
et al, 2018). In addition, Section 2.3.5 assesses the relationship
between delayed mitigation action and increased CDR reliance. CDR
deployment is intricately linked to the land-use transformation in
1.5°C-consistent pathways. This transformation is assessed in Section
2.4.4. Bioenergy and BECCS impacts on sustainable land management
are further assessed in Chapter 3, Section 3.6.2 and Cross-Chapter Box
7 in Chapter 3. Ultimately, a comprehensive assessment of the land
implication of land-based CDR measures will be provided in the IPCC
ARG Special Report on Climate Change and Land (SRCCL).

2.3.4.1 (DR technologies and deployment levels in 1.5°C
pathways

A number of approaches to actively remove carbon-dioxide from
the atmosphere are increasingly discussed in the literature (Minx
et al, 2018) (see also Chapter 4, Section 4.3.7). Approaches under
consideration include the enhancement of terrestrial and coastal
carbon storage in plants and soils such as afforestation and
reforestation (Canadell and Raupach, 2008), soil carbon enhancement
(Paustian et al., 2016; Frank et al., 2017; Zomer et al., 2017), and other
conservation, restoration, and management options for natural and
managed land (Griscom et al.,, 2017) and coastal ecosystems (McLeod
et al,, 2011). Biochar sequestration (Woolf et al., 2010; Smith, 2016;
Werner et al., 2018) provides an additional route for terrestrial carbon
storage. Other approaches are concerned with storing atmospheric
carbon dioxide in geological formations. They include the combination
of biomass use for energy production with carbon capture and storage
(BECCS) (Obersteiner et al., 2001; Keith and Rhodes, 2002; Gough
and Upham, 2011) and direct air capture with storage (DACCS) using
chemical solvents and sorbents (Zeman and Lackner, 2004; Keith et
al, 2006; Socolow et al.,, 2011). Further approaches investigate the
mineralization of atmospheric carbon dioxide (Mazzotti et al., 2005;
Matter et al., 2016), including enhanced weathering of rocks (Schuiling
and Krijgsman, 2006; Hartmann et al., 2013; Strefler et al., 2018a).
A fourth group of approaches is concerned with the sequestration
of carbon dioxide in the oceans, for example by means of ocean
alkalinization (Kheshgi, 1995; Rau, 2011; llyina et al., 2013; Lenton et
al., 2018). The costs, CDR potential and environmental side effects of
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several of these measures are increasingly investigated and compared
in the literature, but large uncertainties remain, in particular concerning
the feasibility and impact of large-scale deployment of CDR measures
(The Royal Society, 2009; Smith et al., 2015; Psarras et al., 2017; Fuss
et al., 2018) (see Chapter 4.3.7). There are also proposals to remove
methane, nitrous oxide and halocarbons via photocatalysis from the
atmosphere (Boucher and Folberth, 2010; de Richter et al., 2017), but
a broader assessment of their effectiveness, cost and sustainability
impacts is lacking to date.

Only some of these approaches have so far been considered in 1AMs
(see Section 2.3.1.2). The mitigation scenario literature up to AR5
mostly included BECCS and, to a more limited extent, afforestation
and reforestation (Clarke et al., 2014). Since then, some 2°C- and
1.5°C-consistent pathways including additional CDR measures such
as DACCS (Chen and Tavoni, 2013; Marcucci et al., 2017; Lehtila and
Koljonen, 2018; Strefler et al., 2018b) and soil carbon sequestration
(Frank et al., 2017) have become available. Other, more speculative
approaches, in particular ocean-based CDR and removal of non-CO,
gases, have not yet been taken up by the literature on mitigation
pathways. See Supplementary Material 2.5M.1.2 for an overview on
the coverage of CDR measures in models which contributed pathways
to this assessment. Chapter 4.3.7 assesses the potential, costs, and
sustainability implications of the full range of CDR measures.

Integrated assessment modelling has notyet explored land conservation,
restoration and management options to remove carbon dioxide from
the atmosphere in sufficient depth, despite land management having a
potentially considerable impact on the terrestrial carbon stock (Erb et
al., 2018). Moreover, associated CDR measures have low technological
requirements, and come with potential environmental and social
co-benefits (Griscom et al., 2017). Despite the evolving capabilities of
IAMs in accounting for a wider range of CDR measures, 1.5°C-consistent
pathways assessed here continue to predominantly rely on BECCS and
afforestation/reforestation (see Supplementary Material 2.SM.1.2).
However, IAMs with spatially explicit land-use modelling include a full
accounting of land-use change emissions comprising carbon stored
in the terrestrial biosphere and soils. Net CDR in the AFOLU sector,
including but not restricted to afforestation and reforestation, can thus
in principle be inferred by comparing AFOLU CO, emissions between
a baseline scenario and a 1.5°C-consistent pathway from the same
model and study. However, baseline AFOLU CO, emissions can not only
be reduced by CDR in the AFOLU sector but also by measures to reduce
deforestation and preserve land carbon stocks. The pathway literature
and pathway data available to this assessment do not yet allow
separating the two contributions. As a conservative approximation, the
additional net negative AFOLU CO, emissions below the baseline are
taken as a proxy for AFOLU CDR in this assessment. Because this does
not include CDR that was deployed before reaching net zero AFOLU
C0, emissions, this approximation is a lower-bound for terrestrial CDR
in the AFOLU sector (including all mitigation-policy-related factors that
lead to net negative AFOLU CO, emissions).

The scale and type of CDR deployment in 1.5°C-consistent pathways
varies widely (Figure 2.9 and 2.10). Overall CDR deployment over the
21st century is substantial in most of the pathways, and deployment
levels cover a wide range, on the order of 100-1000 Gt CO, in 1.5°C
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pathways with no or limited overshoot (730 [260-1030] GtCO,, for
median and 5th-95th percentile range). Both BECCS (480 [0-1000]
GtCO, in 1.5°C pathways with no or limited overshoot) and AFOLU
CDR measures including afforestation and reforestation (210 [10-
540] GtCO, in 1.5°C pathways with no or limited overshoot) can play
a major role,* but for both cases pathways exist where they play no
role at all. This shows the flexibility in substituting between individual
CDR measures, once a portfolio of options becomes available. The high
end of the CDR deployment range is populated by high overshoot
pathways, as illustrated by pathway archetype S5 based on SSP5
(fossil-fuelled development, see Section 2.3.1.1) and characterized
by very large BECCS deployment to return warming to 1.5°C by 2100
(Kriegler et al., 2017). In contrast, the low end is populated by a few
pathways with no or limited overshoot that limit CDR to on the order of
100-200 GtCO, over the 21st century, coming entirely from terrestrial
CDR measures with no or small use of BECCS. These are pathways
with very low energy demand facilitating the rapid phase-out of
fossil fuels and process emissions that exclude BECCS and CCS use
(Grubler et al., 2018) and/or pathways with rapid shifts to sustainable
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food consumption freeing up sufficient land areas for afforestation
and reforestation (Haberl et al., 2011; van Vuuren et al., 2018). Some
pathways use neither BECCS nor afforestation but still rely on CDR
through considerable net negative CO, emissions in the AFOLU sector
around mid-century (Holz et al., 2018b). We conclude that the role of
BECCS as a dominant CDR measure in deep mitigation pathways has
been reduced since the time of the AR5. This is related to three factors:
a larger variation of underlying assumptions about socio-economic
drivers (Riahi et al., 2017; Rogelj et al., 2018) and associated energy
(Grubler et al., 2018) and food demand (van Vuuren et al., 2018);
the incorporation of a larger portfolio of mitigation and CDR options
(Marcucci et al, 2017; Grubler et al., 2018; Lehtila and Koljonen,
2018; Liu et al., 2018; van Vuuren et al., 2018); and targeted analysis
of deployment limits for (specific) CDR measures (Holz et al., 2018b;
Kriegler et al., 2018a; Strefler et al., 2018b), including the availability
of bioenergy (Bauer et al., 2018), CCS (Krey et al., 2014a; Grubler et
al, 2018) and afforestation (Popp et al., 2014b, 2017). As additional
CDR measures are being built into IAMs, the prevalence of BECCS is
expected to be further reduced.
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Figure 2.9 | Cumulative CDR deployment in 1.5°C-consistent pathways in the literature as reported in the database collected for this assessment until
2050 (panel a) and until 2100 (panel b). Total CDR comprises all forms of CDR, including AFOLU CDR and BECCS, and, in a few pathways, other CDR measures like DACCS.
It does not include CCS combined with fossil fuels (which is not a CDR technology as it does not result in active removal of CO, from the atmosphere). AFOLU CDR has not been
reported directly and is hence represented by means of a proxy: the additional amount of net negative CO, emissions in the AFOLU sector compared to a baseline scenario (see
text for a discussion). ‘Compensatory CO," depicts the cumulative amount of CDR that is used to neutralize concurrent residual CO, emissions. ‘Net negative CO," describes the
additional amount of CDR that is used to produce net negative CO, emissions, once residual CO, emissions are neutralized. The two quantities add up to total CDR for individual

pathways (not for percentiles and medians, see Footnote 4).

As discussed in Section 2.3.2, CDR can be used in two ways in
mitigation pathways: (i) to move more rapidly towards the point of
carbon neutrality and maintain it afterwards in order to stabilize global
mean temperature rise, and (ii) to produce net negative CO, emissions,
drawing down anthropogenic CO, in the atmosphere in order to decline
global mean temperature after an overshoot peak (Kriegler et al., 2018b;
Obersteiner et al., 2018). Both uses are important in 1.5°C-consistent
pathways (Figure 2.9 and 2.10). Because of the tighter remaining 1.5°C

carbon budget, and because many pathways in the literature do not
restrict exceeding this budget prior to 2100, the relative weight of
the net negative emissions component of CDR increases compared to
2°C-consistent pathways. The amount of compensatory CDR remains
roughly the same over the century. This is the net effect of stronger
deployment of compensatory CDR until mid-century to accelerate
the approach to carbon neutrality and less compensatory CDR in the
second half of the century due to deeper mitigation of end-use sectors

4 The median and percentiles of the sum of two quantities is in general not equal to the sum of the medians and percentiles, respectively, of the two quantitites.
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area depicts the range when accounting for additional Earth system feedbacks.

in 1.5°C-consistent pathways (Luderer et al., 2018). Comparing median
levels, end-of-century net cumulative CO, emissions are roughly
600 GtCO, smaller in 1.5°C compared to 2°C-consistent pathways,
with approximately two thirds coming from further reductions of gross
CO0, emissions and the remaining third from increased CDR deployment.
As a result, median levels of total CDR deployment in 1.5°C-consistent
pathways are larger than in 2°C-consistent pathways (Figure 2.9), but
with marked variations in each pathway class.

Ramp-up rates of individual CDR measures in 1.5°C-consistent
pathways are provided in Table 2.4. BECCS deployment is still
limited in 2030, but ramps up to median levels of 3 (Below-1.5°C),
5 (1.5°C-low-0S) and 7 GtCO, yr' (1.5°C-high-0S) in 2050, and to 6
(Below-1.5°C), 12 (1.5°C-low-05) and 15 GtCO, yr~' (1.5°C-high-0S)
in 2100, respectively. In 1.5°C pathways with no or limited overshoot,
this amounts to 01, 0-8, and 0-16 GtCO, yr in 2030, 2050, and
2100, respectively (ranges refer to the union of the min-max range
of the Below-1.5°C and the interquartile range of the 1.5°C-low-0S
class; see Table 2.4). Net CDR in the AFOLU sector reaches slightly
lower levels in 2050, and stays more constant until 2100. In 1.5°C
pathways with no or limited overshoot, AFOLU CDR amounts to 0-5,

1-11, and 1-5 GtCO, yr' (see above for the definition of the ranges)
in 2030, 2050, and 2100, respectively. In contrast to BECCS, AFOLU
CDR is more strongly deployed in non-overshoot than overshoot
pathways. This indicates differences in the timing of the two CDR
approaches. Afforestation is scaled up until around mid-century, when
the time of carbon neutrality is reached in 1.5°C-consistent pathways,
while BECCS is projected to be used predominantly in the 2nd half
of the century (Figure 2.5). This reflects the fact that afforestation is
a readily available CDR technology, while BECCS is more costly and
much less mature a technology. As a result, the two options contribute
differently to compensating concurrent CO, emissions (until 2050)
and to producing net negative CO, emissions (post-2050). BECCS
deployment is particularly strong in pathways with high overshoots
but can also feature in pathways with low overshoot (see Figure 2.5
and 2.10). Annual deployment levels until mid-century are not found
to be significantly different between 2°C-consistent pathways and
1.5°C-consistent pathways with no or low overshoot. This suggests
similar implementation challenges for ramping up BECCS deployment
at the rates projected in the pathways (Honegger and Reiner, 2018;
Nemet et al., 2018). The feasibility and sustainability of upscaling CDR
at these rates is assessed in Chapter 4.3.7.
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Concerns have been raised that building expectations about large-
scale CDR deployment in the future can lead to an actual reduction
of near-term mitigation efforts (Geden, 2015; Anderson and Peters,
2016; Dooley and Kartha, 2018). The pathway literature confirms that
CDR availability influences the shape of mitigation pathways critically
(Krey et al., 2014a; Holz et al., 2018b; Kriegler et al., 2018a; Strefler
et al.,, 2018b). Deeper near-term emissions reductions are required to
reach the 1.5°C-2°C target range if CDR availability is constrained. As
a result, the least-cost benchmark pathways to derive GHG emissions
gap estimates (UNEP, 2017) are dependent on assumptions about CDR
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availability. Using GHG benchmarks in climate policy makes implicit
assumptions about CDR availability (Fuss et al., 2014; van Vuuren
et al,, 2017a). At the same time, the literature also shows that rapid
and stringent mitigation as well as large-scale CDR deployment occur
simultaneously in 1.5°C pathways due to the tight remaining carbon
budget (Luderer et al., 2018). Thus, an emissions gap is identified even
for high CDR availability (Strefler et al., 2018b), contradicting a wait-
and-see approach. There are significant trade-offs between near-term
action, overshoot and reliance on CDR deployment in the long-term
which are assessed in Section 2.3.5.

Box 2.1 | Bioenergy and BECCS Deployment in Integrated Assessment Modelling

Bioenergy can be used in various parts of the energy sector of IAMs, including for electricity, liquid fuel, biogas, and hydrogen production.
It is this flexibility that makes bioenergy and bioenergy technologies valuable for the decarbonization of energy use (Klein et al., 2014;
Krey et al., 2014a; Rose et al., 2014a; Bauer et al.,, 2017, 2018). Most bioenergy technologies in IAMs are also available in combination
with CCS (BECCS). Assumed capture rates differ between technologies, for example, about 90% for electricity and hydrogen production
and about 40-50% for liquid fuel production. Decisions about bioenergy deployment in IAMs are based on economic considerations to
stay within a carbon budget that is consistent with a long-term climate goal. IAMs consider both the value of bioenergy in the energy
system and the value of BECCS in removing CO, from the atmosphere. Typically, if bioenergy is strongly limited, BECCS technologies
with high capture rates are favoured. If bioenergy is plentiful IAMs tend to choose biofuel technologies with lower capture rates but
high value for replacing fossil fuels in transport (Kriegler et al., 2013a; Bauer et al., 2018). Most bioenergy use in IAMs is combined with
CCS if available (Rose et al., 2014a). If CCS is unavailable, bioenergy use remains largely unchanged or even increases due to the high
value of bioenergy for the energy transformation (Bauer et al., 2018). As land impacts are tied to bioenergy use, the exclusion of BECCS
from the mitigation portfolio will not automatically remove the trade-offs with food, water and other sustainability objectives due to
the continued and potentially increased use of bioenergy.

IAMs assume bioenergy to be supplied mostly from second generation biomass feedstocks such as dedicated cellulosic crops (for
example Miscanthus or poplar) as well as agricultural and forest residues. Detailed process IAMs include land-use models that capture
competition for land for different uses (food, feed, fiber, bioenergy, carbon storage, biodiversity protection) under a range of dynamic
factors including socio-economic drivers, productivity increases in crop and livestock systems, food demand, and land, environmental,
biodiversity, and carbon policies. Assumptions about these factors can vary widely between different scenarios (Calvin et al., 2014;
Popp et al., 2017; van Vuuren et al., 2018). IAMs capture a number of potential environmental impacts from bioenergy production, in
particular indirect land-use change emissions from land conversion and nitrogen and water use for bioenergy production (Kraxner et al.,
2013; Bodirsky et al., 2014; Bonsch et al., 2014; Obersteiner et al., 2016; Humpendder et al., 2018). The impact of bioenergy production
on soil degradation is an area of active IAM development and was not comprehensively accounted for in the mitigation pathways
assessed in this report (but is, for example, in Frank et al., 2017). Whether bioenergy has large adverse impacts on environmental and
societal goals depends in large parts on the governance of land use (Haberl et al.,, 2013; Erb et al., 2016b; Obersteiner et al., 2016;
Humpendder et al., 2018). Here IAMs often make idealized assumptions about effective land management, such as full protection of
the land carbon stock by conservation measures and a global carbon price, respectively, but variations on these assumptions have also
been explored (Calvin et al., 2014; Popp et al., 2014a).

2.3.4.2  Sustainability implications of CDR deployment in 1.5°C
pathways

Strong concerns about the sustainability implications of large-scale
CDR deployment in deep mitigation pathways have been raised in the
literature (Williamson and Bodle, 2016; Boysen et al., 2017b; Dooley and
Kartha, 2018; Heck et al., 2018), and a number of important knowledge
gaps have been identified (Fuss et al., 2016). An assessment of the
literature on implementation constraints and sustainable development
implications of CDR measures is provided in Chapter 4, Section 4.3.7 and
the Cross-chapter Box 7 in Chapter 3. An initial discussion of potential
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environmental side effects of CDR deployment in 1.5°C-consistent
pathways is provided in this section. Chapter 4, Section 4.3.7 then
contrasts CDR deployment in 1.5°C-consistent pathways with other
branches of literature on limitations of CDR. Integrated modelling aims
to explore a range of developments compatible with specific climate
goals and often does not include the full set of broader environmental
and societal concerns beyond climate change. This has given rise to
the concept of sustainable development pathways (Cross-Chapter Box
1 in Chapter 1) (van Vuuren et al,, 2015), and there is an increasing
body of work to extend integrated modelling to cover a broader range
of sustainable development goals (Section 2.6). However, only some
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of the available 1.5°C-consistent pathways were developed within a
larger sustainable development context (Bertram et al., 2018; Grubler
et al, 2018; Rogelj et al., 2018; van Vuuren et al., 2018). As discussed
in Section 2.3.4.1, those pathways are characterized by low energy
and/or food demand effectively limiting fossil-fuel substitution and
alleviating land competition, respectively. They also include regulatory
policies for deepening early action and ensuring environmental
protection (Bertram et al., 2018). Overall sustainability implications of
1.5°C-consistent pathways are assessed in Section 2.5.3 and Chapter
5, Section 5.4.

Individual CDR measures have different characteristics and therefore
would carry different risks for their sustainable deployment at scale
(Smith et al., 2015). Terrestrial CDR measures, BECCS and enhanced
weathering of rock powder distributed on agricultural lands require
land. Those land-based measures could have substantial impacts
on environmental services and ecosystems (Cross-Chapter Box 7 in
Chapter 3) (Smith and Torn, 2013; Boysen et al., 2016; Heck et al., 2016;
Krause et al., 2017). Measures like afforestation and bioenergy with
and without CCS that directly compete with other land uses could have
significant impacts on agricultural and food systems (Creutzig et al.,
2012, 2015; Calvin et al., 2014; Popp et al., 2014b, 2017; Kreidenweis
et al, 2016; Boysen et al.,, 2017a; Frank et al., 2017; Stevanovic et al.,
2017; Strapasson et al., 2017; Humpendder et al., 2018). BECCS using
dedicated bioenergy crops could substantially increase agricultural
water demand (Bonsch et al., 2014; Séférian et al., 2018) and nitrogen
fertilizer use (Bodirsky et al., 2014). DACCS and BECCS rely on CCS and
would require safe storage space in geological formations, including
management of leakage risks (Pawar et al, 2015) and induced
seismicity (Nicol et al.,, 2013). Some approaches like DACCS have high
energy demand (Socolow et al, 2011). Most of the CDR measures
currently discussed could have significant impacts on either land,
energy, water, or nutrients if deployed at scale (Smith et al., 2015).
However, actual trade-offs depend on a multitude factors (Haberl et
al, 2011; Erb et al,, 2012; Humpendder et al., 2018), including the
modalities of CDR deployment (e.g., on marginal vs. productive land)
(Bauer et al., 2018), socio-economic developments (Popp et al., 2017),
dietary choices (Stehfest et al., 2009; Popp et al., 2010; van Sluisveld et
al., 2016; Weind| et al., 2017; van Vuuren et al., 2018), yield increases,
livestock productivity and other advances in agricultural technology
(Havlik et al., 2013; Valin et al., 2013; Havlik et al., 2014; Weindl et al.,
2015; Erb et al,, 2016b), land policies (Schmitz et al., 2012; Calvin et al.,
2014; Popp et al., 2014a), and governance of land use (Unruh, 2011;
Buck, 2016; Honegger and Reiner, 2018).

Figure 2.11 shows the land requirements for BECCS and afforestation
in the selected 1.5°C-consistent pathway archetypes, including the LED
(Grubler et al., 2018) and S1 pathways (Fujimori, 2017; Rogelj et al.,
2018) following a sustainable development paradigm. As discussed,
these land-use patterns are heavily influenced by assumptions about,
among other things, future population levels, crop yields, livestock
production systems, and food and livestock demand, which all vary
between the pathways (Popp et al., 2017) (Section 2.3.1.1). In pathways
that allow for large-scale afforestation in addition to BECCS, land
demand for afforestation can be larger than for BECCS (Humpendder
et al, 2014). This follows from the assumption in the modelled
pathways that, unlike bioenergy crops, forests are not harvested to
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allow unabated carbon storage on the same patch of land. If wood
harvest and subsequent processing or burial are taken into account,
this finding can change. There are also synergies between the various
uses of land, which are not reflected in the depicted pathways. Trees
can grow on agricultural land (Zomer et al., 2016), and harvested
wood can be used with BECCS and pyrolysis systems (Werner et al.,
2018). The pathways show a very substantial land demand for the two
CDR measures combined, up to the magnitude of the current global
cropland area. This is achieved in IAMs in particular by a conversion of
pasture land freed by intensification of livestock production systems,
pasture intensification and/or demand changes (Weindl et al., 2017),
and to a more limited extent, cropland for food production, as well
as expansion into natural land. However, pursuing such large-scale
changes in land use would pose significant food supply, environmental
and governance challenges, concerning both land management and
tenure (Unruh, 2011; Erb et al, 2012, 2016b; Haberl et al., 2013;
Haberl, 2015; Buck, 2016), particularly if synergies between land
uses, the relevance of dietary changes for reducing land demand, and
co-benefits with other sustainable development objectives are not
fully recognized. A general discussion of the land-use transformation in
1.5°C-consistent pathways is provided in Section 2.4.4.

An important consideration for CDR which moves carbon from the
atmosphere to the geological, oceanic or terrestrial carbon pools is the
permanence of carbon stored in these different pools (Matthews and
Caldeira, 2008; NRC, 2015; Fuss et al., 2016; Jones et al., 2016) (see
also Chapter 4, Section 4.3.7 for a discussion). Terrestrial carbon can
be returned to the atmosphere on decadal time scales by a variety of
mechanisms, such as soil degradation, forest pest outbreaks and forest
fires, and therefore requires careful consideration of policy frameworks
to manage carbon storage, for example, in forests (Gren and Aklilu,
2016). There are similar concerns about outgassing of CO, from ocean
storage (Herzog et al., 2003), unless it is transformed to a substance
that does not easily exchange with the atmosphere, for example, ocean
alkalinity or buried marine biomass (Rau, 2011). Understanding of the
assessment and management of the potential risk of CO, release from
geological storage of CO, has improved since the IPCC Special Report
on Carbon Dioxide Capture and Storage (IPCC, 2005) with experience
and the development of management practices in geological storage
projects, including risk management to prevent sustentative leakage
(Pawar et al., 2015). Estimates of leakage risk have been updated to
include scenarios of unregulated drilling and limited wellbore integrity
(Choi et al, 2013) and find that about 70% of stored CO, would still
be retained after 10,000 years in these circumstances (Alcalde et al.,
2018). The literature on the potential environmental impacts from the
leakage of CO, — and approaches to minimize these impacts should
a leak occur — has also grown and is reviewed by Jones et al. (2015).
To the extent that non-permanence of terrestrial and geological carbon
storage is driven by socio-economic and political factors, there are
parallels to questions of fossil-fuel reservoirs remaining in the ground
(Scott et al., 2015).
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Figure 2.11 | Land-use changes in 2050 and 2100 in the illustrative 1.5°C-consistent pathway archetypes (Fricko et al., 2017; Fujimori, 2017; Kriegler et
al., 2017; Grubler et al., 2018; Rogelj et al., 2018). Changes in land for food crops, energy crops, forest, pasture and other natural land are shown, compared to 2010.

2.3.5 Implications of Near-Term Action in 1.5°C Pathways
Less CO, emission reductions in the near term would require steeper
and deeper reductions in the longer term in order to meet specific
warming targets afterwards (Riahi et al., 2015; Luderer et al., 2016a).
This is a direct consequence of the quasi-linear relationship between
the total cumulative amount of CO, emitted into the atmosphere and
global mean temperature rise (Matthews et al., 2009; Zickfeld et al.,
2009; Collins et al., 2013; Knutti and Rogelj, 2015). Besides this clear
geophysical trade-off over time, delaying GHG emissions reductions
over the coming years also leads to economic and institutional lock-in
into carbon-intensive infrastructure, that is, the continued investment
in and use of carbon-intensive technologies that are difficult or costly
to phase-out once deployed (Unruh and Carrillo-Hermosilla, 2006;
Jakob et al., 2014; Erickson et al., 2015; Steckel et al., 2015; Seto et al.,
2016; Michaelowa et al., 2018). Studies show that to meet stringent
climate targets despite near-term delays in emissions reductions,
models prematurely retire carbon-intensive infrastructure, in particular
coal without CCS (Bertram et al., 2015a; Johnson et al., 2015). The AR5
reports that delaying mitigation action leads to substantially higher
rates of emissions reductions afterwards, a larger reliance on CDR
technologies in the long term, and higher transitional and long-term
economic impacts (Clarke et al.,, 2014). The literature mainly focuses
on delayed action until 2030 in the context of meeting a 2°C goal
(den Elzen et al,, 2010; van Vuuren and Riahi, 2011; Kriegler et al.,
2013b; Luderer et al., 2013, 2016a; Rogelj et al., 2013b; Riahi et al,,
2015; OECD/IEA and IRENA, 2017). However, because of the smaller
carbon budget consistent with limiting warming to 1.5°C and the
absence of a clearly declining long-term trend in global emissions
to date, these general insights apply equally, or even more so, to the
more stringent mitigation context of 1.5°C-consistent pathways. This

is further supported by estimates of committed emissions due to fossil
fuel-based infrastructure (Seto et al., 2016; Edenhofer et al., 2018).

All available 1.5°C pathways that explore consistent mitigation action
from 2020 onwards peak global Kyoto-GHG emissions in the next
decade and already decline Kyoto-GHG emissions to below 2010 levels
by 2030. The near-term emissions development in these pathways
can be compared with estimated emissions in 2030 implied by the
Nationally Determined Contributions (NDCs) submitted by Parties
to the Paris Agreement (Figure 2.12). Altogether, the unconditional
(conditional) NDCs are assessed to result in global Kyoto-GHG
emissions on the order of 52-58 (50-54) GtCO2e yr—1 in 2030 (e.g.,
den Elzen et al.,, 2016; Fujimori et al., 2016; UNFCCC, 2016; Rogelj et
al., 2017; Rose et al., 2017b; Benveniste et al., 2018; Vrontisi et al.,
2018; see Cross-Chapter Box 11 in Chapter 4 for detailed assessment).
In contrast, 1.5°C pathways with limited overshoot available to this
assessment show an interquartile range of about 26-31 (median 28)
GtCO,e yr' in 2030° (Table 2.4, Section 2.3.3). Based on these ranges,
this report assesses the emissions gap for a two-in-three chance of
limiting warming to 1.5°C to be 26 (19-29) and 28 (22-33) GtCO,e
(median and interquartile ranges) for conditional and unconditional
NDCs, respectively (Cross-Chapter Box 11, applying GWP-100 values
from the IPCC Second Assessment Report).

The later emissions peak and decline, the more CO, will have
accumulated in the atmosphere. Peak cumulated CO, emissions —
and consequently peak temperatures — increase with higher 2030
emissions levels (Figure 2.12). Current NDCs (Cross-Chapter Box 11 in
Chapter 4) are estimated to lead to CO, emissions of about 400-560
GtCO, from 2018 to 2030 (Rogelj et al., 2016a). Available 1.5°C- and
2°C-consistent pathways with 2030 emissions in the range estimated

> Note that aggregated Kyoto-GHG emissions implied by the NDCs from Cross-Chapter Box 11 in Chapter 4 and Kyoto-GHG ranges from the pathway classes in Chapter 2
are only approximately comparable, because this chapter applies GWP-100 values from the IPCC Fourth Assessment Report while the NDC Cross-Chapter Box 11 applies
GWP-100 values from the IPCC Second Assessment Report. At a global scale, switching between GWP-100 values of the Second to the Fourth IPCC Assessment Report
would result in an increase in estimated aggregated Kyoto-GHG emissions of no more than about 3% in 2030 (UNFCCC, 2016).
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for the NDCs rely on an assumed swift and widespread deployment of
CDR after 2030, and show peak cumulative CO, emissions from 2018
of about 8001000 GtCO,, above the remaining carbon budget for a
one-in-two chance of remaining below 1.5°C. These emissions reflect
that no pathway is able to project a phase-out of CO, emissions starting
from year-2030 NDC levels of about 40 GtCO, yr' (Fawcett et al., 2015;
Rogel;j et al.,, 2016a) to net zero in less than about 15 years. Based on
the implied emissions until 2030, the high challenges of the assumed
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post-2030 transition, and the assessment of carbon budgets in Section
2.2.2, global warming is assessed to exceed 1.5°C if emissions stay at
the levels implied by the NDCs until 2030 (Figure 2.12). The chances
of remaining below 1.5°C in these circumstances remain conditional
upon geophysical properties that are uncertain, but these Earth
system response uncertainties would have to serendipitously align
beyond current median estimates in order for current NDCs to become
consistent with limiting warming to 1.5°C.
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Figure 2.12 | Median global warming estimated by MAGICC (panel a) and peak cumulative CO, emissions (panel b) in 1.5°C-consistent pathways in the
SR1.5 scenario database, as a function of CO,-equivalent emissions (based on AR4 GWP-100) of Kyoto-GHGs in 2030. Pathways that were forced to go through
the NDCs or a similarly high emissions point in 2030 by design are highlighted by yellow marker edges (see caption of Figure 2.13 and text for further details on the design
of these pathways). The combined range of global Kyoto-GHG emissions in 2030 for the conditional and unconditional NDCs assessed in Cross-Chapter Box 11 is shown by
the grey shaded area (adjusted to AR4 GWPs for comparison). As a second line of evidence, peak cumulative CO, emissions derived from a 1.5°C pathway sensitivity analysis
(Kriegler et al., 2018b) are shown by grey circles in the right-hand panel. Circles show gross fossil-fuel and industry emissions of the sensitivity cases, increased by assumptions
about the contributions from AFOLU (5 GtCO, yr-" until 2020, followed by a linear phase out until 2040) and non-CO, Kyoto-GHGs (median non-CO, contribution from
1.5°C-consistent pathways available in the database: 10 GtCO,e yr~" in 2030), and reduced by assumptions about CDR deployment until the time of net zero CO, emissions
(limiting case for CDR deployment assumed in (Kriegler et al., 2018b) (logistic growth to 1, 4, 10 GtCO, yr~" in 2030, 2040, and 2050, respectively, leading to approximately

100 GtCO, of CDR by mid-century).

It is unclear whether following NDCs until 2030 would still allow
global mean temperature to return to 1.5°C by 2100 after a temporary
overshoot, due to the uncertainty associated with the Earth system
response to net negative emissions after a peak (Section 2.2). Available
IAM studies are working with reduced-form carbon cycle—climate
models like MAGICC, which assume a largely symmetric Earth-
system response to positive and net negative CO, emissions. The IAM
findings on returning warming to 1.5°C from NDCs after a temporary
temperature overshoot are hence all conditional on this assumption.
Two types of pathways with 1.5°C-consistent action starting in 2030
have been considered in the literature (Luderer et al., 2018) (Figure
2.13): pathways aiming to obtain the same end-of-century carbon
budget as 1.5°C-consistent pathways starting in 2020 despite higher
emissions until 2030, and pathways assuming the same mitigation
stringency after 2030 as in 1.5°C-consistent pathways starting in
2020 (approximated by using the same global price of emissions as

found in least-cost pathways starting from 2020). An IAM comparison
study found increasing challenges to implementing pathways with the
same end-of-century carbon budgets after following NDCs until 2030
(Luderer et al., 2018). The majority of model experiments (four out of
seven) failed to produce NDC pathways that would return cumulative
CO, emissions over the 2016-2100 period to 200 GtCO,, indicating
limitations to the availability and timing of CDR. The few such
pathways that were identified show highly disruptive features in 2030
(including abrupt transitions from moderate to very large emissions
reduction and low carbon energy deployment rates) indicating a high
risk that the required post-2030 transformations are too steep and
abrupt to be achieved by the mitigation measures in the models (high
confidence). NDC pathways aiming for a cumulative 2016-2100 CO,
emissions budget of 800 GtCO, were more readily obtained (Luderer et
al,, 2018), and some were classified as 1.5°C-high-0S pathways in this
assessment (Section 2.1).
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Figure 2.13 | Comparison of 1.5°C-consistent pathways starting action as of 2020 (A; light-blue diamonds) with pathways following the NDCs until 2030
and aiming to limit warming to 1.5°C thereafter. The 1.5°C pathways that follow the NDCs until 2030 either aim for the same cumulative CO, emissions by 2100 as the
pathways that start action as of 2020 (B; red diamonds) or assume the same mitigation stringency as reflected by the price of emissions in associated least-cost 1.5°C-consistent
pathways starting from 2020 (P; black diamonds). Panels show (a) the underlying emissions pathways, (b) additional warming in the delay scenarios compared to 2020 action
case, (c) cumulated CDR, (d) CDR ramp-up rates, (e) cumulated gross CO, emissions from fossil-fuel combustion and industrial (FFI) processes over the 2018-2100 period, and (f)
gross FFI CO, emissions reductions rates. Scenario pairs or triplets (circles and diamonds) with 2020 and 2030 action variants were calculated by six (out of seven) models in the
ADVANCE study symbols (Luderer et al., 2018) and five of them (passing near-term plausibility checks) are shown by symbols. Only two of five models could identify pathways
with post-2030 action leading to a 2016-2100 carbon budget of about 200 GtCO, (red). The range of all 1.5°C pathways with no and low overshoot is shown by the boxplots.
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NDC pathways that apply a post-2030 price of emissions as found in
least-cost pathways starting from 2020 show infrastructural carbon
lock-in as a result of following NDCs instead of least-cost action until
2030. A key finding is that carbon lock-ins persist long after 2030, with
the majority of additional CO, emissions occurring during the 2030~
2050 period. Luderer et al. (2018) find 90 (80-120) GtCO, additional
emissions until 2030, growing to 240 (190-260) GtCO, by 2050 and
290 (200-200) GtCO, by 2100.As a result, peak warming is about 0.2°C
higher and not all of the modelled pathways return warming to 1.5°C
by the end of the century. There is a four sided trade-off between (i)
near-term ambition, (i) degree of overshoot, (iii) transitional challenges
during the 2030-2050 period, and (iv) the amount of CDR deployment
required during the century (Figure 2.13) (Holz et al., 2018b; Strefler
et al,, 2018b). Transition challenges, overshoot, and CDR requirements
can be significantly reduced if global emissions peak before 2030

2.4  Disentangling the Whole-System
Transformation

Mitigation pathways map out prospective transformations of the
energy, land and economic systems over this century (Clarke et al.,
2014). There is a diversity of potential pathways consistent with 1.5°C,
yet they share some key characteristics summarized in Table 2.5. To
explore characteristics of 1.5°C pathways in greater detail, this section
focuses on changes in energy supply and demand, and changes in the
AFOLU sector.

Table 2.5 | Overview of Key Characteristics of 1.5°C Pathways.

Chapter 2

and fall below levels in line with current NDCs by 2030. For example,
Strefler et al. (2018b) find that CDR deployment levels in the second
half of the century can be halved in 1.5°C-consistent pathways with
similar CO, emissions reductions rates during the 2030-2050 period
if CO, emissions by 2030 are reduced by an additional 30% compared
to NDC levels. Kriegler et al. (2018a) investigate a global rollout of
selected regulatory policies and moderate carbon pricing policies.
They show that additional reductions of about 10 GtCO,e yr~' can be
achieved in 2030 compared to the current NDCs. Such a 20% reduction
of year-2030 emissions compared to current NDCs would effectively
lower the disruptiveness of post-2030 action. The strengthening of
short-term policies in deep mitigation pathways has hence been
identified as a way of bridging options to keep the Paris climate goals
within reach (Bertram et al., 2015b; IEA, 2015a; Spencer et al., 2015;
Kriegler et al., 2018a).

2.4.1  Energy System Transformation

The energy system links energy supply (Section 2.4.2) with energy
demand (Section 2.4.3) through final energy carriers, including
electricity and liquid, solid or gaseous fuels, that are tailored to
their end-uses. To chart energy-system transformations in mitigation
pathways, four macro-level decarbonization indicators associated with
final energy are useful: limits on the increase of final energy demand,
reductions in the carbon intensity of electricity, increases in the share
of final energy provided by electricity, and reductions in the carbon

1.5°C Pathway

Characteristic Supporting Information Reference

Rapid and profound near-term Strong upscaling of renewables and sustainable biomass and reduction of unabated (no CCS) fossil fuels, Section 2.4.1
decarbonisation of energy supply along with the rapid deployment of CCS, lead to a zero-emission energy supply system by mid-century. Section 2.4.2
Greater mitigation efforts All end-use sectors show marked demand reductions beyond the reductions projected for 2°C pathways. Demand e A
on the demand side reductions from IAMs for 2030 and 2050 lie within the potential assessed by detailed sectoral bottom-up assessments.
Switching from fossil fuels to . L . . Section 2.4.3.2

L Both in the transport and the residential sector, electricity covers markedly larger shares of total demand by mid-century. .
electricity in end-use sectors Section 2.4.3.3
Comprehensive emission Virtually all 1.5°C-consistent pathways decline net annual CO, emissions between 2020 and 2030, reaching carbon
reductions are implemented neutrality around mid-century. In 2030, below-1.5°C and 1.5°C-low-0S pathways show maximum net CO, emissions Section 2.3.4

in the coming decade

of 18 and 28 GtCO, yr', respectively. GHG emissions in these scenarios are not higher than 34 GtCO,e yr~' in 2030.

Additional reductions, on top of
reductions from both CO, and
non-CO0, required for 2°C,

are mainly from CO,

Both CO, and the non-CO, GHGs and aerosols are strongly reduced by 2030 and until 2050 in 1.5°C pathways.
The greatest difference to 2°C pathways, however, lies in additional reductions of CO,, as the non-CO, mitigation
potential that is currently included in integrated pathways is mostly already fully deployed for reaching a 2°C pathway.

Section 2.3.1.2

Considerable shifts in

Low-carbon investments in the energy supply side (energy production and refineries) are projected to average
1.6-3.8 trillion 2010USD yr-' globally to 2050. Investments in fossil fuels decline, with investments in unabated coal

Section 2.5.2
investment patterns halted by 2030 in most available 1.5°C-consistent projections, while the literature is less conclusive for investments
in unabated gas and oil. Energy demand investments are a critical factor for which total estimates are uncertain.
Options are available to . L . . . . . o
) . Synergies can be maximized, and risks of trade-offs limited or avoided through an informed choice of mitigation .
align 1.5°C pathways with Section 2.5.3

sustainable development

strategies. Particularly pathways that focus on a lowering of demand show many synergies and few trade-offs.

CDR at scale before mid-century

By 2050, 1.5°C pathways project deployment of BECCS at a scale of 3—7 GtCO,yr~' (range of medians across
1.5°C pathway classes), depending on the level of energy demand reductions and mitigation in other sectors.
Some 1.5°C pathways are available that do not use BECCS, but only focus terrestrial CDR in the AFOLU sector.

Section 2.3.3,2.3.4.1
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intensity of final energy other than electricity (referred to in this section
as the carbon intensity of the residual fuel mix). Figure 2.14 shows
changes of these four indicators for the pathways in the scenario
database (Section 2.1.3 and Supplementary Material 2.SM.1.3) for
1.5°C and 2°C pathways (Table 2.1).

Pathways in both the 1.5°C and 2°C classes (Figure 2.14) generally
show rapid transitions until mid-century, with a sustained but slower
evolution thereafter. Both show an increasing share of electricity
accompanied by a rapid decline in the carbon intensity of electricity.
Both also show a generally slower decline in the carbon intensity of
the residual fuel mix, which arises from the decarbonization of liquids,
gases and solids provided to industry, residential and commercial
activities, and the transport sector.

Mitigation Pathways Compatible with 1.5°C in the Context of Sustainable Development

The largest differences between 1.5°C and 2°C pathways are seen in the
first half of the century (Figure 2.14), where 1.5°C pathways generally
show lower energy demand, a faster electrification of energy end-use,
and a faster decarbonization of the carbon intensity of electricity and
the residual fuel mix. There are very few pathways in the Below-1.5°C
class (Figure 2.14). Those scenarios that are available, however, show
a faster decline in the carbon intensity of electricity generation and
residual fuel mix by 2030 than most pathways that are projected to
temporarily overshoot 1.5°C and return by 2100 (or 2°C pathways).
The Below-1.5°C pathways also appear to differentiate themselves
from the other pathways as early as 2030 through reductions in final
energy demand and increases in electricity share (Figure 2.14).
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Figure 2.14 | Decomposition of transformation pathways into (a) energy demand, (b) carbon intensity of electricity, (c) the electricity share in final energy,
and (d) the carbon intensity of the residual (non-electricity) fuel mix. Box plots show median, interquartile range and full range of pathways. Pathway temperature classes
(Table 2.1) and illustrative pathway archetypes are indicated in the legend. Values following the class labels give the number of available pathways in each class.

2.4.2  Energy Supply

Several energy supply characteristics are evident in 1.5°C pathways
assessed in this section: (i) growth in the share of energy derived
from low-carbon-emitting sources (including renewables, nuclear and
fossil fuel with CCS) and a decline in the overall share of fossil fuels
without CCS (Section 2.4.2.1), (ii) rapid decline in the carbon intensity
of electricity generation simultaneous with further electrification of
energy end-use (Section 2.4.2.2), and (jii) the growth in the use of CCS
applied to fossil and biomass carbon in most 1.5°C pathways (Section
24.23).
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2.4.2.1 Evolution of primary energy contributions over time

By mid-century, the majority of primary energy comes from non-fossil-
fuels (i.e., renewables and nuclear energy) in most 1.5°C pathways
(Table 2.6). Figure 2.15 shows the evolution of primary energy supply
over this century across 1.5°C pathways, and in detail for the four
illustrative pathway archetypes highlighted in this chapter. Note that
this section reports primary energy using the direct equivalent method
on the basis of lower heating values (Bruckner et al., 2014).
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Figure 2.15 | Primary energy supply for the four illustrative pathway archetypes plus the IEA's Faster Transition Scenario (OECD/IEA and IRENA, 2017) (panel
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Below-1.5°C and 1.5°C-low-0S classes.

The share of energy from renewable sources (including biomass, hydro,
solar, wind and geothermal) increases in all 1.5°C pathways with no or
limited overshoot, with the renewable energy share of primary energy
reaching 38-88% in 2050 (Table 2.6), with an interquartile range of
52-67%. The magnitude and split between bioenergy, wind, solar,
and hydro differ between pathways, as can be seen in the illustrative
pathway archetypes in Figure 2.15. Bioenergy is a major supplier of
primary energy, contributing to both electricity and other forms of
final energy such as liquid fuels for transportation (Bauer et al., 2018).
In 1.5°C pathways, there is a significant growth in bioenergy used in
combination with CCS for pathways where it is included (Figure 2.15).

Nuclear power increases its share in most 1.5°C pathways with no or
limited overshoot by 2050, but in some pathways both the absolute
capacity and share of power from nuclear generators decrease (Table
2.15). There are large differences in nuclear power between models
and across pathways (Kim et al., 2014; Rogelj et al., 2018). One of
the reasons for this variation is that the future deployment of nuclear
can be constrained by societal preferences assumed in narratives
underlying the pathways (O'Neill et al., 2017; van Vuuren et al., 2017b).
Some 1.5°C pathways with no or limited overshoot no longer see a role

for nuclear fission by the end of the century, while others project about
95 EJ yr' of nuclear power in 2100 (Figure 2.15).

The share of primary energy provided by total fossil fuels decreases from
202010 2050in all 1.5°C pathways, but trends for oil, gas and coal differ
(Table 2.6). By 2050, the share of primary energy from coal decreases
to 0-11% across 1.5°C pathways with no or limited overshoot, with
an interquartile range of 1-7%. From 2020 to 2050 the primary energy
supplied by oil changes by —93 to —9% (interquartile range —77 to
—39%); natural gas changes by —88 to +85% (interquartile range
—62 to —13%), with varying levels of CCS. Pathways with higher use
of coal and gas tend to deploy CCS to control their carbon emissions
(see Section 2.4.2.3). As the energy transition is accelerated by several
decades in 1.5°C pathways compared to 2°C pathways, residual fossil-
fuel use (i.e., fossil fuels not used for electricity generation) without
CCS is generally lower in 2050 than in 2°C pathways, while combined
hydro, solar, and wind power deployment is generally higher than in
2°C pathways (Figure 2.15).

In addition to the 1.5°C pathways included in the scenario database
(Supplementary Material 2.SM.1.3), there are other analyses in the
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literature including, for example, sector-based analyses of energy
demand and supply options. Even though they were not necessarily
developed in the context of the 1.5°C target, they explore in greater
detail some options for deep reductions in GHG emissions. For example,
there are analyses of transitions to up to 100% renewable energy by
2050 (Creutzig et al.,, 2017; Jacobson et al., 2017), which describe
what is entailed for a renewable energy share largely from solar and
wind (and electrification) that is above the range of 1.5°C pathways
available in the database, although there have been challenges to the
assumptions used in high-renewable analyses (e.g., Clack et al., 2017).
There are also analyses that result in a large role for nuclear energy
in mitigation of GHGs (Hong et al., 2015; Berger et al.,, 2017a, b; Xiao
and Jiang, 2018). BECCS could also contribute a larger share, but faces

Mitigation Pathways Compatible with 1.5°C in the Context of Sustainable Development

challenges related to its land use and impact on food supply (Burns
and Nicholson, 2017) (assessed in greater detail in Sections 2.3.4.2,
4.3.7 and 5.4). These analyses could, provided their assumptions prove
plausible, expand the range of 1.5°C pathways.

In summary, the share of primary energy from renewables increases
while that from coal decreases across 1.5°C pathways (high
confidence). This statement is true for all 1.5°C pathways in the
scenario database and associated literature (Supplementary Material
2.5M.1.3), and is consistent with the additional studies mentioned
above, an increase in energy supply from lower-carbon-intensity
energy supply, and a decrease in energy supply from higher-carbon-
intensity energy supply.

Table 2.6 | Global primary energy supply of 1.5°C pathways from the scenario database (Supplementary Material 2.5M.1.3).
Values given for the median (maximum, minimum) across the full range of 85 available 1.5°C pathways. Growth Factor = [(primary energy supply in 2050)/(primary
energy supply in 2020) — 1]

Median Primary Energy Supply (EJ) Share in Primary Energy (%) Growth (factor)
(max, min) | COUt = o) 2030 2050 2020 2030 2050 2020-2050
1iel(‘2)‘;vnd total primary | 50 (619.57%?.:833.22) (619;@4,15:7.37) (725312?'22339.02) NA NA NA (0.4;?f3.51)
15°C-
low-05 | renewables %0 (101.2).,1:0.16) (2031.;13.23.75) (584.27?;.13736.77) (20.?1:;,.2(()).60) (62.1259,.(1)2;.24) (87.;3,.23‘;.03) 237(671,091)
EEtiVays biomass 5 60.41 77.07 152.30 1017 17.22 27.29 1.7
(70.03,40.54) | (113.02,44.42) | (311.72,4036) | (13.66,7.14) | (3561,908) | (54.10,10.29) (5.56,-0.42)
non-biomass 20 (36.;76,.?;57.78) a 14321.,535.79) (4091.;1:?3.79) (7.1‘;,337.01) (26.1534.,6 57.78) 61 217 E322.04) 428 (13.46,1.45)
wind & solar | 44 (20.11%,923.61) (822%,174.05) (3421.72;,'227.95) (3.62,8(;.45) (19.:.6??.54) (51 .2512',1348) 10.00(53.70,3.71)
nuclear %0 a 8.15(;,9;.52) (36.18?).,266.80) (66.23‘:).,531.09) (3.327',11945) (9.631.,512.32) a z.::?).u) 124(501,-064)
fossil 20 (520161?;;6.30) (4793.11 ;]37%1 4) (3941.;;13 ,.75?1.86) (86.:; 5737.73) (77.??3.?;.55) 60.;21;789.58) ~0.59(-0.1,-089)
coal 50 (1911.326"882.23) (127“‘:;"3;‘97) (71.21‘;"1392) (30;:"?37.19) 9.62 (20.65,1.31) | 5.08 (11.43,0.15) | ~0.83 (~0.57,~0.99)
gas 0 52.18? 19 35.01) a 7322,?7.30) @ 99.71%,013 4.92) (28.32;,-11(;.09) (35.2025.,572.08) (34.182;,2 33.68) ~040(0.85,-0.88)
oil %0 (245.1195?'12 561 02) (2021.:76,'132.94) ( 67.65%,914 5.07) (42.23:,'219.00) (39.;11,'12.41) (27.1024.,829.89) ~0:66(:0.09,20.53)
h1i;r:gs total primary | 35 (636.59?:?0.55) (749.5055?f149.28) (1012?55(1),.1?5.31) NA NA NA 013 (059,-027)
renewables = (98.:3,@?5.57) a 591.::1827.93) (522.2322?.12 717.66) a 8;85(1)? 04) (29.;23;32.78) (86.2662,.1268.47) 268 (4.81,1.17)
biomass 3 (73.(?32,.5498.42) (98.26?,22.54) @31 0116 (?17?1 N« 4.122',3303) a 613376 :.03) (45;93,?(3).64) 1.713.71,0.19)
non-biomass 3 (36.::,.‘1167.60) (92.15 3,.317.39) (3291.:45;,.?315.72) (6.6‘2,75.84) a 615(;2 :49) (45.3816.,1;87) 6.10(1063,1.38)
wind &solar | 26 2 0.1117"312. o | 65";%’3;' » (2751.279‘ 23% g | 19566032 | 731016118 | &2769"0;33) 16.06 (63.34, 3.13)
nuclear 35 ’ 4_12(;"9;5 2 | @ 1;;1; o | o ;;0983 0o | 186@3145) | 299657120 | 3:01 2_4 y | 140022060
fossil 3 (543227337.49) (568.3991?.37(?0.63) (6082.;):.?12.87) (86:93,.17;.39) (82.;2,.2.00) (60.?)39.,55.70) ~0.56 012, -0.91)
coal 3 (193.1555?16158.40) (176.79(;,939.15) (1341.68;?).36) (30.;25,'?‘;.10) (26.13‘;,533.64) 414(1330,0.05) | ~0.87 (030, ~1.00)
gas 5 6915?)810 (:7.07) (2081.5457,.‘;36.45) (265.9676',7115.96) (27.;53,I?19.26) (32.;;131.69) (33.13?)',6 27.80) ~031(0.99,-088)
oil 3 (236.14?)?.10 524.66) @31 918?)815 32.10) (2081.(?2,.22?1.68) (38.:72,.2218.07) (50.13 23,.2231.35) (27.13%,6;.51) ~034(0.06,-087)
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Table 2.6 (continued)
Median Primary Energy Supply (EJ) Share in Primary Energy (%) Growth (factor)
(max, min) | COUNt |7 o 2030 2050 2020 2030 2050 2020-2050
Tv:)a::;ve total primary | 85 (636.5988%.11823.22) (7493(:.28317.37) (101 2??8,229.02) ; ; ; 0.03(0:59,-0.51)
bined
T renenables T 22,720.16) (2031.33,.:3.75) (584.2798?.18;)6.77) (zo.;;,'??).so) (62.12 ;;?(;.78) (87.863,1;(;.47) 262 (671, 091)
biomass 8 (73.3;,'12.54) (1 31)52',254.42) @31 11.;5;‘,.112.36) i 4.12(;',277.1 ) (35.161,3:.03) (54.12 (?,'31?).29) 1.71(5:56,-042)
non-biomass | 8 (36.;86,.315;.60) a 14311',635.79) (4091.31,35;79) (7.1‘;,4;.34) (26.15? 149) 61 .2681.,63.87) 463 (13.46,1.38)
wind &solar | 70 2 011(;913 o (82";%’177' o | @ 421575?7 g5y | 181666032) | 8200956159 | 252212 g | 11646334313
nuclear 85 (18.1505.,983.52) @1 .17(;.,262.80) (“52.:;‘183.09) 1.97 (3.37,1.45) | 3.27(9.61,1.20) (13.2;3.43) 1.34(7.22,-0.64)
fossil & (54322?;726.30) (5683.:13 ‘;?H 4) (6081.39;.312.87) (86.2:,.357.73) (82.962,.122.55) (60.381076.70) ~0.58(0.12,-0.91)
coal 8 (1931.:57,'(;2.23) a 761.1:;,1(;.97) (1342.63;‘(1).36) (30.525,'127.19) (26.13%,7?.31) 499(13.30,0.05) | ~0.85 (-0.30, -1.00)
gas & 1 6915?)5? :5.01) (2081.:57,.397.30) (265.?3?3',917 4.92) (28.;:,.2188.09) (35.20‘;,072.08) (34.1833',4 26.80) ~037(0.99,-0.88)
oil & (245.1195?'10 521 ) | 61 91.53,2?3.94) (208.?)34.,4 18 5.07) (42.232,'722.07) (50.13 22,.(1)16.41) (27.13?).,222.89) ~054(0.06,-0.93)

Table 2.7 | Global electricity generation of 1.5°C pathways from the scenarios database.
(Supplementary Material 2.5M.1.3). Values given for the median (maximum, minimum) values across the full range across 89 available 1.5°C pathways. Growth
Factor = [(primary energy supply in 2050)/(primary energy supply in 2020) — 1].

Mediap o Electricity Generation (EJ) Share in Electricity Generation (%) Growth (factor)
nein 2020 2030 2050 2020 2030 2050 2020-2050
TBelow | total 5 98.45 115.82 21558 " " " 115 (255,028
-1.5°Cand | generation (113.98,8353) | (152.40,81.28) | (354.48, 126.96) 1218228
1.5°C 2628 63.30 14550 2632 53.68 77.12
I : : : : : : 4.48(10.88, 2.
low-0s | renewables %0 (41.80,18.50) | (111.70,32.41) | (32426,90.66) | (41.84,18.99) | (79.67,3730) | (96.65,58.89) SR
pathways
429 2035 8.77
bi 50 | 2.02(7.00,0.76 1.97 (6.87,0.82) | 3.69(1329,0.73 6.42 (38.14,-0.93
fomass ( " (196,079 (39.28,0.24) ( ) ( "1 Go2s,010) ( )
2421 57.12 135.04 24.38 49,88 64.68
bi 50 4.64(10.64,1.4
non-biomass (35.72,17.70) | (101.90,25.79) | (32391,5379) | (40.43,17.75) | (7827,2930) | (96.46,41.78) 64(10.64,1.45)
8.91 39.04 19.10
ind & sol 50 | 1.66 (6.60, 0.38 162 (7.90,0.38) | 8.36 (41.72,053 26.31 (169.66, 5.23
wind & sotar ( ' s0s,060 | (0897,269) ( ) ( ' o, 16) ( )
10.84 15.46 2197 12.09 1433 8.10
I 50 0.71(4.97,~0.64
nuciear (1855,852) | (36.80,6.80) | (6472,3.09) | (18.34,8:62) (3163,524) (27.53,1.02) (497,-064)
59.43 36.51 14.81 61.32 30,04
fossil 50 861 (25.18,0.00) | ~0.74 (0.01, 1.00
oss! (68.75,39.48) | (66.07,2.25 | (57.76,0.00) | (67.40,47.26) | (52.86,1.95) ¢ ) ( )
31.02 8.83 138 3232
I 50 7.28(27.29,0.00) | 0.82 (7.53,0.00) | —0.96 (~0.56,~1.00
coa (42.00,14.40) | (34.11,0000 | (17.39,000) | 40.38,17.23) ¢ ) ( ) ¢ )
2470 2259 12.79 2439 2018
50 93(24.87,000) | —0.47 (1.27, 1.
gas (32.46,13.44) |  (42.08,2.01) (537,000 | (35.08,11.80) | (3723175 | 0% @487,000] -047(127.-1.00
il 50 2.48 1.89 (7.56,0.24) | 0.10 (8.78, 0.00) 282 195 (5.67,021) | 0.05 (3.80,0.00) | ~0.92 (0.36, ~1.00)
(1336,1.12) | OV AR .3 1.01) | RN AR e
15°C- | total 101.44 125.26 25150
35 NA NA NA 138 (2.19,0.39
high-0S generation (113.96, 88.55) (177.51,89.60) | (363.10, 140.65) @19, )
26.38 53.32 173.29 2837 073 82.39
bl 35 5.97 (8.68, 2.37
renewables (31.83,18.26) | (86.85,30.06) | (273.92,8469) | (32.96,17.38) | (6573,25.11) | (94.66,35.58) ¢ )
biomass 35 | 1.23(6.47,066) | 2.14(7.23,0.86) 1049 122(7.30,0.63) | 159(6.73,0.72) 375 7.93 (3332, 0.81)
210440 AAUE 0 @032,021) | TEVERE =2 BS2 5 (28.09,0.08 | 77T
24.56 47.96 144.13 26.77 4007 69.72
-bi 78(8.70,1.
non-biomass 3 (3070,17.60) | (8583,27.39) | Q17,5572 | (179.1675) | (649623100 | (94582751 | °°(®70.138)

Table 2.7 (continued next page)
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Table 2.7 (continued)

Mitigation Pathways Compatible with 1.5°C in the Context of Sustainable Development

Median Electricity Generation (EJ) Share in Electricity Generation (%) Growth (factor)
(max, min) | Count =) ) 5 2030 2050 2020 2030 2050 2020-2050
h:;_f)'s wind&solar | 35 | 2.24(5.07,042) (3658;?18) (183.63;0?3.79) 2.21(5.25,0.41) | 7.48 (27.90,0.99) (6122’8§71) 30.70 (106.95, 4.87)
nuclear 3 @ 4.1)%,8;52) @1 .17‘;1;80) (1 52.;6?13.09) a 3.16(;.,981.62) (23.151,6;14) (39.1611.,119.1 g | 149022064
coal 3 (46.235,.3276.00) (43.1162',212 32) (46.;; s(g).m) (40.23;,'341) (29.19‘;,2 13.1 g | 055(1287,000 | ~0.96(0.01,-1.00)
gas 3 @1 22(?22(())1 ) | @ .;96,'156.45) (67.19(2,6(?.76) (39.223,%.58) (43.:32,'?1.03) >29(3259,0.26) | ~0.57(1.63,-0.97)
oil 35 | 1.51(6.28,1.12) | 0.61(7.54,036) | 0.04(7.47,0.00) | 1.51(627,1.01) | 0.55(620,026) | 0.02 (3.31,0.00) | 0.9 (0.98,~1.00)
Tmtl:(l’a::):sve ;Zt:(:_ration & (1131.5(;:5),.?393.53) (1771.5210,.211.28) (363.2120[,1.17286.96) NA NA NA 1:31(2:55,0.28)
bined
T renewabes 8 (41.;(?,.3;2.26) (111.57%,5300.06) (3241.2563,.231.69) (41.;:,.?57.38) (79.65;,213.11) (96.6757,.53?58) 508 10.88,2.37)
biomass 8 | 152000060 | ;2379) (40;(;"3;21) 155 (7.30,0.63) | 2.7 (1329,0.72) (30_;%_08) 6.53 (38.14,-0.93)
non-biomass | 85 (35;;,.11‘87.60) (101 .59%,6285.79) (s<231.9316 ,.22.79) (40.:35,.(1)2.75) (78;77,.1263.1 0 (96.2:,;57.51) 475 (10.64,1.38)
wind & solar 8 | 166(6:60,038) (48.3233.60) (208‘.193;(;.68) (7.92,6 538) @ ;321 3.53) 61 .12?1.,710.65) 28.02 (169.66,4.87)
nuclear & ( 8.15%,8:.52) @1 .172,4:.80) (1 52;6?43.09) { 8.13%,9;.62) @1 .22,3:.1 ) (39.:1'? oy | #0208
fossil & (76.?;,.3359.48) (87.?_;,421.25) (1 8114 21 (()).00) m .g;,'ir;.zs) (592?95) 8.05(3319,000) | 076 (0.54,-1.00)
coal 85 (46_2331'?1_40) (43_112',4;_00) (46_;;?]_00) (40_:;"313_23) 895 (29.93,0.00) | 059 (12.87,0.00) | ~0.96 (0.0, 1.00)
gas 8 @1 .223,:2.44) 51 .292,03.01) (67.1)2,95.00) (39.223,.?1 80) (435113',013 75 | 678(3259,0.00) [ ~0.52(1.63,-1.00)
oil 85 1.82 0.92 (7.56,0.24) | 0.08 (8.78, 0.00) 204 0.71(6.20,021) | 0.04 (3.80,0.00) | —0.97 (0.98, ~1.00)
(13.36,1.12) (11.73,1.01)

2.4.2.2  Evolution of electricity supply over time

Electricity supplies an increasing share of final energy, reaching
34-71% in 2050, across 1.5°C pathways with no or limited overshoot
(Figure 2.14), extending the historical increases in electricity share
seen over the past decades (Bruckner et al., 2014). From 2020 to 2050,
the quantity of electricity supplied in most 1.5°C pathways with no or
limited overshoot more than doubles (Table 2.7). By 2050, the carbon
intensity of electricity has fallen rapidly to —92 to +11 gC0, M)~
electricity across 1.5°C pathways with no or limited overshoot from
a value of around 140 gCO, MJ~" (range: 88-181 gC0O, MJ-") in 2020
(Figure 2.14). A negative contribution to carbon intensity is provided by
BECCS in most pathways (Figure 2.16).

By 2050, the share of electricity supplied by renewables increases from
23% in 2015 (IEA, 2017b) to 59-97% across 1.5°C pathways with no
or limited overshoot. Wind, solar, and biomass together make a major
contribution in 2050, although the share for each spans a wide range
across 1.5°C pathways (Figure 2.16). Fossil fuels on the other hand
have a decreasing role in electricity supply, with their share falling to
0-25% by 2050 (Table 2.7).
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In summary, 1.5°C pathways include a rapid decline in the carbon
intensity of electricity and an increase in electrification of energy end-
use (high confidence). This is the case across all 1.5°C pathways and
their associated literature (Supplementary Material 2.SM.1.3), with
pathway trends that extend those seen in past decades, and results
that are consistent with additional analyses (see Section 2.4.2.2).

2.4.2.3 Deployment of carbon capture and storage

Studies have shown theimportance of CCS for deep mitigation pathways
(Krey et al.,, 2014a; Kriegler et al., 2014b), based on its multiple roles to
limit fossil-fuel emissions in electricity generation, liquids production,
and industry applications along with the projected ability to remove
CO0, from the atmosphere when combined with bioenergy. This remains
a valid finding for those 1.5°C and 2°C pathways that do not radically
reduce energy demand or do not offer carbon-neutral alternatives to
liquids and gases that do not rely on bioenergy.

There is a wide range of CCS that is deployed across 1.5°C pathways
(Figure 2.17). A few 1.5°C pathways with very low energy demand
do not include CCS at all (Grubler et al., 2018). For example, the LED
pathway has no CCS, whereas other pathways, such as the S5 pathway,
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Figure 2.16 | Electricity generation for the four illustrative pathway archetypes plus the IEA's Faster Transition Scenario (IEA, 2017d) (panel a), and their
relative location in the ranges for pathways limiting warming to 1.5°C with no or limited overshoot (panel b). The category ‘Other renewables' includes electricity
generation not covered by the other categories, for example, hydro and geothermal. The number of pathways that have higher primary energy than the scale in the bottom panel
are indicated by the numbers above the whiskers. Black horizontal dashed lines indicate the level of primary energy supply in 2015 (IEA, 2017e). Box plots in the lower panel show
the minimum—maximum range (whiskers), interquartile range (box), and median (vertical thin black line). Symbols in the lower panel show the four pathway archetypes — S1 (white
square), S2 (yellow square), S5 (black square), LED (white disc) — as well as the IEA's Faster Transition Scenario (red disc). Pathways with no or limited overshoot included the Below-

1.5°C and 1.5°C-low-0S classes.

rely on a large amount of BECCS to get to net-zero carbon emissions.
The cumulative fossil and biomass CO, stored through 2050 ranges from
zero to 300 GtCO, across 1.5°C pathways with no or limited overshoot,
with zero up to 140 GtCO, from biomass captured and stored. Some
pathways have very low fossil-fuel use overall, and consequently little
CCS applied to fossil fuels. In 1.5°C pathways where the 2050 coal use
remains above 20 EJ yr' in 2050, 33-100% is combined with CCS.
While deployment of CCS for natural gas and coal vary widely across
pathways, there is greater natural gas primary energy connected to
CCS than coal primary energy connected to CCS in many pathways
(Figure 2.17).

CCS combined with fossil-fuel use remains limited in some 1.5°C
pathways (Rogelj et al., 2018), as the limited 1.5°C carbon budget
penalizes CCS if it is assumed to have incomplete capture rates or if
fossil fuels are assumed to continue to have significant lifecycle GHG
emissions (Pehl et al., 2017). However, high capture rates are technically
achievable now at higher cost, although efforts to date have focussed
on reducing the costs of capture (IEAGHG, 2006; NETL, 2013).

The quantity of CO, stored via CCS over this century in 1.5°C pathways
with no or limited overshoot ranges from zero to more than 1,200
GtCO,, (Figure 2.17). The IPCC Special Report on Carbon Dioxide
Capture and Storage (IPCC, 2005) found that that, worldwide, it is
likely that there is a technical potential of at least about 2,000 GtCO,
of storage capacity in geological formations. Furthermore, the IPCC
(2005) recognized that there could be a much larger potential for
geological storage in saline formations, but the upper limit estimates
are uncertain due to lack of information and an agreed methodology.
Since IPCC (2005), understanding has improved and there have been
detailed regional surveys of storage capacity (Vangkilde-Pedersen
et al, 2009; Ogawa et al, 2011; Wei et al, 2013; Bentham et al,,
2014; Riis and Halland, 2014; Warwick et al., 2014; NETL, 2015) and
improvement and standardization of methodologies (e.g., Bachu et al.
20073, b). Dooley (2013) synthesized published literature on both the
global geological storage resource as well as the potential demand
for geologic storage in mitigation pathways, and found that the
cumulative demand for CO, storage was small compared to a practical
storage capacity estimate (as defined by Bachu et al., 2007a) of 3,900
GtCO, worldwide. Differences remain, however, in estimates of storage
capacity due to, for example, the potential storage limitations of
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IRENA, 2017) are indicated in the legend.

subsurface pressure build-up (Szulczewski et al., 2014) and assumptions
on practices that could manage such issues (Bachu, 2015). Kearns et
al. (2017) constructed estimates of global storage capacity of 8,000 to
55,000 GtCO, (accounting for differences in detailed regional and local
estimates), which is sufficient at a global level for this century, but
found that at a regional level, robust demand for CO, storage exceeds
their lower estimate of regional storage available for some regions.
However, storage capacity is not solely determined by the geological
setting, and Bachu (2015) describes storage engineering practices
that could further extend storage capacity estimates. In summary,
the storage capacity of all of these global estimates is larger than the
cumulative CO, stored via CCS in 1.5°C pathways over this century.

There is uncertainty in the future deployment of CCS given the
limited pace of current deployment, the evolution of CCS technology
that would be associated with deployment, and the current lack of
incentives for large-scale implementation of CCS (Bruckner et al., 2014;
Clarke et al., 2014; Riahi et al., 2017). Given the importance of CCS in
most mitigation pathways and its current slow pace of improvement,
the large-scale deployment of CCS as an option depends on the further
development of the technology in the near term. Chapter 4 discusses
how progress on CCS might be accelerated.
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2.43  Energy End-Use Sectors

Since the power sector is almost decarbonized by mid-century in both
1.5°C and 2°C pathways, major differences come from CO, emission
reductions in end-use sectors. Energy-demand reductions are key
and common features in 1.5°C pathways, and they can be achieved
by efficiency improvements and various specific demand-reduction
measures. Another important feature is end-use decarbonization
including by electrification, although the potential and challenges in
each end-use sector vary significantly.

In the following sections, the potential and challenges of CO, emission
reductions towards 1.5°C and 2°C- consistent pathways are discussed
for each end-use energy sector (industry, buildings, and transport).
For this purpose, two types of pathways are analysed and compared:
IAM (integrated assessment modelling) studies and sectoral (detailed)
studies. IAM data are extracted from the database that was compiled
for this assessment (see Supplementary Material 2.5SM.1.3), and the
sectoral data are taken from a recent series of publications; ‘Energy
Technology Perspectives’ (ETP) (IEA, 2014, 2015b, 2016a, 2017a), the
[EA/IRENA report (OECD/IEA and IRENA, 2017), and the Shell Sky report
(Shell International B.V., 2018). The IAM pathways are categorized
according to their temperature rise in 2100 and the overshoot of
temperature during the century (see Table 2.1 in Section 2.1). Since
the number of Below-1.5°C pathways is small, the following analyses
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focus only on the features of the 1.5°C-low-0S and 1.5°C-high-0S
pathways (hereafter denoted together as 1.5°C overshoot pathways
or IAM-1.5DS-0S) and 2°C-consistent pathways (IAM-2DS). In order to
show the diversity of IAM pathways, we again show specific data from
the four illustrative pathways archetypes used throughout this chapter
(see Sections 2.1 and 2.3).

IEA ETP-B2DS (‘Beyond 2 Degrees’) and ETP-2DS are pathways with
a 50% chance of limiting temperature rise below 1.75°C and 2°C
by 2100, respectively (IEA, 2017a). The IEA-66%2DS pathway keeps
global mean temperature rise below 2°C, not just in 2100 but also
over the course of the 21st century, with a 66% chance of being below
2°C by 2100 (OECD/IEA and IRENA, 2017). The comparison of CO,
emission trajectories between ETP-B2DS and IAM-1.5DS-0S show that
these are consistent up to 2060 (Figure 2.18). IEA scenarios assume
that only a very low level of BECCS is deployed to help offset emissions
in difficult-to-decarbonize sectors, and that global energy-related CO,
emissions do not turn net negative at any time but stay at zero from
2060 to 2100 (IEA, 2017a). Therefore, although its temperature rise
in 2100 is below 1.75°C rather than below 1.5°C, this scenario can
give information related to a 1.5°C overshoot pathway up to 2050.
The trajectory of IEA-66%2DS (also referred to in other publications as
IEA's ‘Faster Transition Scenario’) lies between I1AM-1.5DS-0S and IAM-
2DS pathway ranges, and IEA-2DS stays in the range of 2°C-consistent
IAM pathways. The Shell-Sky scenario aims to hold the temperature
rise to well below 2°C, but it is a delayed action pathway relative to
others, as can be seen in Figure 2.18.

Energy-demand reduction measures are key to reducing CO, emissions
from end-use sectors for low-carbon pathways. The upstream energy
reductions can be from several times to an order of magnitude larger
than the initial end-use demand reduction. There are interdependencies
among the end-use sectors and between energy-supply and end-use
sectors, which elevate the importance of a wide, systematic approach.
As shown in Figure 2.19, global final energy consumption grows by 30%
and 10% from 2010 to 2050 for 2°C-consistent and 1.5°C overshoot
pathways from IAMs, respectively, while much higher growth of 75% is
projected for reference scenarios. The ranges within a specific pathway
class are due to a variety of factors as introduced in Section 2.3.1, as
well as differences between modelling frameworks. The important
energy efficiency and conservation improvements that facilitate many
of the 1.5°C pathways raise the issue of potential rebound effects
(Saunders, 2015), which, while promoting development, can make
the achievement of low-energy demand futures more difficult than
modelling studies anticipate (see Sections 2.5 and 2.6).

Final energy demand is driven by demand in energy services for
mobility, residential and commercial activities (buildings), and
manufacturing. Projections of final energy demand depend heavily on
assumptions about socio-economic futures as represented by the SSPs
(Bauer et al., 2017) (see Sections 2.1, 2.3 and 2.5). The structure of this
demand drives the composition of final energy use in terms of energy
carriers (electricity, liquids, gases, solids, hydrogen etc.).
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Figure 2.18 | Comparison of CO, emission trajectories of sectoral pathways
(IEA ETP-B2DS, ETP-2DS, IEA-66%2DS, Shell-Sky) with the ranges of IAM pathway (2DS
are 2°C-consistent pathways and 1.5DS-0S are1.5°C overshoot pathways). The CO,
emissions shown here are the energy-related emissions, including industrial process
emissions.

Figure 2.19 shows the structure of global final energy demand in 2030
and 2050, indicating the trend toward electrification and fossil fuel
usage reduction. This trend is more significant in 1.5°C pathways than
2°C pathways. Electrification continues throughout the second half of
the century, leading to a 3.5- to 6-fold increase in electricity demand
(interquartile range; median 4.5) by the end of the century relative to
today (Grubler et al., 2018; Luderer et al., 2018). Since the electricity
sector is completely decarbonized by mid-century in 1.5°C pathways
(see Figure 2.20), electrification is the primary means to decarbonize
energy end-use sectors.

The CO, emissions® of end-use sectors and carbon intensity are shown
in Figure 2.20. The projections of IAMs and IEA studies show rather
different trends, especially in the carbon intensity. These differences
come from various factors, including the deployment of CCS, the
level of fuel switching and efficiency improvements, and the effect
of structural and behavioural changes. IAM projections are generally
optimistic for the industry sectors, but not for buildings and transport
sectors. Although GDP increases by a factor of 3.4 from 2010 to 2050,
the total energy consumption of end-use sectors grows by only about
30% and 20% in 1.5°C overshoot and 2°C-consistent pathways,
respectively. However, CO, emissions would need to be reduced further
to achieve the stringent temperature limits. Figure 2.20 shows that the
reduction in CO, emissions of end-use sectors is larger and more rapid
in 1.5°C overshoot than 2°C-consistent pathways, while emissions
from the power sector are already almost zero in 2050 in both sets
of pathways, indicating that supply-side emissions reductions are
almost fully exploited already in 2°C-consistent pathways (see Figure
2.20) (Rogelj et al., 2015b, 2018; Luderer et al., 2016b). The emission
reductions in end-use sectors are largely made possible by efficiency
improvements, demand reduction measures and electrification, but
the level of emissions reductions varies across end-use sectors. While
the carbon intensity of the industry and buildings sectors decreases

& This section reports ‘direct’ CO, emissions as reported for pathways in the database for the report. As shown below, the emissions from electricity are nearly zero around
2050, so the impact of indirect emissions on the whole emission contributions of each sector is very small in 2050.
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1.5°C-consistent pathway. See Section 2.1 for descriptions.

to a very low level of around 10 gCO, MJ', the carbon intensity of
transport becomes the highest of any sector by 2040 due to its higher
reliance on oil-based fuels. In the following subsections, the potential
and challenges of CO, emission reduction in each end-use sector are
discussed in detail.

2.4.3.1 Industry

The industry sector is the largest end-use sector, both in terms of
final energy demand and GHG emissions. Its direct CO, emissions
currently account for about 25% of total energy-related and process
CO, emissions, and emissions have increased at an average annual
rate of 3.4% between 2000 and 2014, significantly faster than total
CO, emissions (Hoesly et al., 2018). In addition to emissions from
the combustion of fossil fuels, non-energy uses of fossil fuels in the
petrochemical industry and metal smelting, as well as non-fossil fuel
process emissions (e.g., from cement production) contribute a small
amount (~5%) to the sector's CO, emissions inventory. Material
industries are particularly energy and emissions intensive: together,
the steel, non-ferrous metals, chemicals, non-metallic minerals, and
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pulp and paper industries accounted for close to 66% of final energy
demand and 72% of direct industry-sector emissions in 2014 (IEA,
2017a). In terms of end-uses, the bulk of energy in manufacturing
industries is required for process heating and steam generation,
while most electricity (but smaller shares of total final energy) is used
for mechanical work (Banerijee et al., 2012; IEA, 2017a).

As shown in Figure 2.21, a major share of the additional emission
reductions required for 1.5°C-overshoot pathways compared to
those in 2°C-consistent pathways comes from industry. Final energy,
CO, emissions, and carbon intensity are consistent in IAM and
sectoral studies, but in IAM-1.5°C-overshoot pathways the share of
electricity is higher than IEA-B2DS (40% vs. 25%) and hydrogen is
also considered to have a share of about 5% versus 0%. In 2050, final
energy is increased by 30% and 5% compared with the 2010 level
(red dotted line) for 1.5°C-overshoot and 2°C-consistent pathways,
respectively, but CO, emissions are decreased by 80% and 50%
and carbon intensity by 80% and 60%, respectively. This additional
decarbonization is brought by switching to low-carbon fuels and CCS
deployment.
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Figure 2.21 | Comparison of (a) final energy, (b) direct CO, emissions, (c) carbon intensity, (d) electricity and biomass consumption in the industry sector
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Broadly speaking, the industry sector's mitigation measures can
be categorized in terms of the following five strategies: (i) reducing
demand, (i) energy efficiency, (iii) increasing electrification of energy
demand, (iv) reducing the carbon content of non-electric fuels, and
(v) deploying innovative processes and application of CCS. IEA ETP
estimates the relative contribution of different measures for CO,
emission reduction in their B2DS scenario compared with their reference
scenario in 2050 as follows: energy efficiency 42%, innovative process
and CCS 37%, switching to low-carbon fuels and feedstocks 13% and
material efficiency (include efficient production and use to contribute
to demand reduction) 8%. The remainder of this section delves more
deeply into the potential mitigation contributions of these strategies as
well as their limitations.

Reduction in the use of industrial materials, while delivering similar
services, or improving the quality of products could help to reduce
energy demand and overall system-level CO, emissions. Strategies
include using materials more intensively, extending product lifetimes,
increasing recycling, and increasing inter-industry material synergies,
such as clinker substitution in cement production (Allwood et al., 2013;
[EA, 2017a). Related to material efficiency, use of fossil-fuel feedstocks
could shift to lower-carbon feedstocks, such as from oil to natural gas
and biomass, and end-uses could shift to more sustainable materials,
such as biomass-based materials, reducing the demand for energy-
intensive materials (IEA, 2017a).

Reaping energy efficiency potentials hinges critically on advanced
management practices, such as energy management systems, in
industrial facilities as well as targeted policies to accelerate adoption of
the best available technology (see Section 2.5). Although excess energy,
usually as waste heat, is inevitable, recovering and reusing this waste
heat under economically and technically viable conditions benefits
the overall energy system. Furthermore, demand-side management
strategies could modulate the level of industrial activity in line with
the availability of resources in the power system. This could imply a
shift away from peak demand and as power supply decarbonizes, this
demand-shaping potential could shift some load to times with high
portions of low-carbon electricity generation (IEA, 2017a).

In the industry sector, energy demand increases more than 40%
between 2010 and 2050 in baseline scenarios. However, in the
1.5°C-overshoot and 2°C-consistent pathways from IAMs, the increase
is only 30% and 5%, respectively (Figure 2.21). These energy-demand
reductions encompass both efficiency improvements in production and
reductions in material demand, as most IAMs do not discern these two
factors.

CO, emissions from industry increase by 30% in 2050 compared to
2010 in baseline scenarios. By contrast, these emissions are reduced
by 80% and 50% relative to 2010 levels in 1.5°C-overshoot and
2°C-consistent pathways from IAMs, respectively (Figure 2.21). By mid-
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century, CO, emissions per unit of electricity are projected to decrease
to near zero in both sets of pathways (see Figure 2.20). An accelerated
electrification of the industry sector thus becomes an increasingly
powerful mitigation option. In the IAM pathways, the share of electricity
increases up to 30% by 2050 in 1.5°C-overshoot pathways (Figure
2.21) from 20% in 2010. Some industrial fuel uses are substantially
more difficult to electrify than others, and electrification would have
other effects on the process, including impacts on plant design, cost
and available process integration options (IEA, 2017a).

In 1.5°C-overshoot pathways, the carbon intensity of non-electric fuels
consumed by industry decreases to 16 gCO, MJ~" by 2050, compared
to 25 gCO, MJ™" in 2°C-consistent pathways. Considerable carbon
intensity reductions are already achieved by 2030, largely via a rapid
phase-out of coal. Biomass becomes an increasingly important energy
carrier in the industry sector in deep-decarbonization pathways, but
primarily in the longer term (in 2050, biomass accounts for only 10%
of final energy consumption even in 1.5°C-overshoot pathways). In
addition, hydrogen plays a considerable role as a substitute for fossil-
based non-electric energy demands in some pathways.

Without major deployment of new sustainability-oriented low-carbon
industrial processes, the 1.5°C-overshoot target is difficult to achieve.
Bringing such technologies and processes to commercial deployment
requires significant investment in research and development. Some
examples of innovative low-carbon process routes include: new
steelmaking processes such as upgraded smelt reduction and upgraded
direct reduced iron, inert anodes for aluminium smelting, and full oxy-
fuelling kilns for clinker production in cement manufacturing (IEA,
2017a).

CCS plays a major role in decarbonizing the industry sector in the
context of 1.5°C and 2°C pathways, especially in industries with
higher process emissions, such as cement, iron and steel industries.
In 1.5°C-overshoot pathways, CCS in industry reaches 3 GtCO, yr™!
by 2050, albeit with strong variations across pathways. Given the
projected long-lead times and need for technological innovation, early
scale-up of industry-sector CCS is essential to achieving the stringent
temperature target. Development and demonstration of such projects
has been slow, however. Currently, only two large-scale industrial CCS
projects outside of oil and gas processing are in operation (Global
CCS Institute, 2016). The estimated current cost® of CO, avoided (in
USD2015) ranges from $20-27 tCO,™" for gas processing and bio-
ethanol production, and $60-138 tCO," for fossil fuel-fired power
generation up to $104-188 tCO, " for cement production (Irlam, 2017).

2.43.2  Buildings
In 2014, the buildings sector accounted for 31% of total global final

energy use, 54% of final electricity demand, and 8% of energy-related
CO0, emissions (excluding indirect emissions due to electricity). When

7 Electrification can be linked with the heating and drying process by electric boilers and electro-thermal processes, and also with low-temperature heat demand by heat
pumps. In the iron and steel industry, hydrogen produced by electrolysis can be used as a reduction agent of iron instead of coke. Excess resources, such as black liquor,
will provide the opportunity to increase the systematic efficiency to use for electricity generation.

8 These are first-of-a-kind (FOAK) cost data.
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Figure 2.22 | Comparison of (a) final energy, (b) direct CO, emissions, (c) car

on intensity, (d) electricity and

biomass consumption in the buildings sector

between IAM and sectoral studies. The squares and circles indicate the IAM archetype pathways and diamonds the data of sectoral scenarios. The red dotted line indicates the
2010 level. H2DS = Higher-2°C, L2DS = Lower-2°C, 1.5DS-H = 1.5°C-high-0S, 1.5DS-L = 1.5°C-low-0S. The label 1.5DS combines both high and low overshoot 1.5°C-consistent

pathways. Section 2.1 for descriptions.

upstream electricity generation is taken into account, buildings were
responsible for 23% of global energy-related CO, emissions, with one-
third of those from direct fossil fuel consumption (IEA, 2017a).

Past growth of energy consumption has been mainly driven by
population and economic growth, with improved access to electricity,
and higher use of electrical appliances and space cooling resulting
from increasing living standards, especially in developing countries
(Lucon et al., 2014). These trends will continue in the future and in
2050, energy consumption is projected to increase by 20% and 50%
compared to 2010 in the IAM-1.5°C-overshoot and 2°C-consistent
pathways, respectively (Figure 2.22). However, sectoral studies (IEA-
ETP scenarios) show different trends. Energy consumption in 2050
decreases compared to 2010 in ETP-B2DS, and the reduction rate of
CO0, emissions is higher than in IAM pathways (Figure 2.22). Mitigation
options are often more widely covered in sectoral studies (Lucon et al.,
2014), leading to greater reductions in energy consumption and CO,
emissions.

Emissions reductions are driven by a clear tempering of energy
demand and a strong electrification of the buildings sector. The share
of electricity in 2050 is 60% in 1.5°C-overshoot pathways, compared

with 50% in 2°C-consistent pathways (Figure 2.22). Electrification
contributes to the reduction of direct CO, emissions by replacing
carbon-intensive fuels, like oil and coal. Furthermore, when combined
with a rapid decarbonization of the power system (see Section 2.4.1) it
also enables further reduction of indirect CO, emissions from electricity.
Sectoral bottom-up models generally estimate lower electrification
potentials for the buildings sector in comparison to global IAMs (see
Figure 2.22). Besides CO, emissions, increasing global demand for
air conditioning in buildings may also lead to increased emissions of
HFCs in this sector over the next few decades. Although these gases
are currently a relatively small proportion of annual GHG emissions,
their use in the air conditioning sector is expected to grow rapidly over
the next few decades if alternatives are not adopted. However, their
projected future impact can be significantly mitigated through better
servicing and maintenance of equipment and switching of cooling
gases (Shah et al., 2015; Purohit and Héglund-Isaksson, 2017).

IEA-ETP (IEA, 2017a) analysed the relative importance of various
technology measures toward the reduction of energy and CO,
emissions in the buildings sector. The largest energy savings potential
is in heating and cooling demand, largely due to building envelope
improvements and high efficiency and renewable equipment. In the
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ETP-B2DS, energy demand for space heating and cooling is 33% lower
in 2050 than in the reference scenario, and these reductions account
for 54% of total reductions from the reference scenario. Energy savings
from shifts to high-performance lighting, appliances, and water heating
equipment account for a further 24% of the total reduction. The long-
term, strategic shift away from fossil-fuel use in buildings, alongside
the rapid uptake of energy efficient, integrated and renewable
energy technologies (with clean power generation), leads to a drastic
reduction of CO, emissions. In ETP-B2DS, the direct CO, emissions are
79% lower than the reference scenario in 2050, and the remaining
emissions come mainly from the continued use of natural gas.

The buildings sector is characterized by very long-living infrastructure,
and immediate steps are hence important to avoid lock-in of inefficient
carbon and energy-intensive buildings. This applies both to new buildings
in developing countries where substantial new construction is expected
in the near future and to retrofits of existing building stock in developed
regions. This represents both a significant risk and opportunity for
mitigation.® A recent study highlights the benefits of deploying the most
advanced renovation technologies, which would avoid lock-in into less
efficient measures (Giineralp et al.,, 2017).Aside from the effect of building
envelope measures, adoption of energy-efficient technologies such as
heat pumps and, more recently, light-emitting diodes is also important
for the reduction of energy and CO, emissions (IEA, 2017a). Consumer
choices, behaviour and building operation can also significantly affect
energy consumption (see Chapter 4, Section 4.3).

2.4.3.3 Transport

Transport accounted for 28% of global final energy demand and 23%
of global energy-related CO, emissions in 2014. Emissions increased by
2.5% annually between 2010 and 2015, and over the past half century
the sector has witnessed faster emissions growth than any other. The
transport sector is the least diversified energy end-use sector; the
sector consumed 65% of global oil final energy demand, with 92% of
transport final energy demand consisting of oil products (IEA, 2017a),
suggesting major challenges for deep decarbonization.

Final energy, CO, emissions, and carbon intensity for the transport
sector are shown in Figure 2.23. The projections of IAMs are more
pessimistic than IEA-ETP scenarios, though both clearly project deep
cuts in energy consumption and CO, emissions by 2050. For example,
1.5°C-overshoot pathways from IAMs project a reduction of 15% in
energy consumption between 2015 and 2050, while ETP-B2DS projects
a reduction of 30% (Figure 2.23). Furthermore, IAM pathways are
generally more pessimistic in the projections of CO, emissions and
carbon intensity reductions. In AR5 (Clarke et al., 2014; Sims et al.,
2014), similar comparisons between 1AMs and sectoral studies were
performed and these were in good agreement with each other. Since
the AR5, two important changes can be identified: rapid growth of
electric vehicle sales in passenger cars, and more attention towards
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structural changes in this sector. The former contributes to reduction
of CO, emissions and the latter to reduction of energy consumption.

Deep emissions reductions in the transport sector would be achieved by
several means. Technology-focused measures such as energy efficiency
and fuel-switching are two of these. Structural changes that avoid or
shift transport activity are also important. While the former solutions
(technologies) always tend to figure into deep decarbonization
pathways in a major way, this is not always the case with the latter,
especially in IAM pathways. Comparing different types of global
transport models, Yeh et al. (2016) find that sectoral (intensive) studies
generally envision greater mitigation potential from structural changes
in transport activity and modal choice. Though, even there, it is primarily
the switching of passengers and freight from less- to more-efficient
travel modes (e.g., cars, trucks and airplanes to buses and trains) that is
the main strategy; other actions, such as increasing vehicle load factors
(occupancy rates) and outright reductions in travel demand (e.g., as
a result of integrated transport, land-use and urban planning), figure
much less prominently. Whether these dynamics accurately reflect the
actual mitigation potential of structural changes in transport activity
and modal choice is a point of investigation. According to the recent
[EA-ETP scenarios, the share of avoid (reduction of mobility demand)
and shift (shifting to more efficient modes) measures in the reduction of
CO0, emissions from the reference to B2DS scenarios in 2050 amounts
t0 20% (IEA, 2017a).

The potential and strategies to reduce energy consumption and CO,
emissions differ significantly among transport modes. In ETP-B2DS,
the shares of energy consumption and CO, emissions in 2050 for each
mode are rather different (see Table 2.8), indicating the challenge
of decarbonizing heavy-duty vehicles (HDV, trucks), aviation, and
shipping. The reduction of CO, emissions in the whole sector from
the reference scenario to ETP-B2DS is 60% in 2050, with varying
contributions per mode (Table 2.8). Since there is no silver bullet for
this deep decarbonization, every possible measure would be required
to achieve this stringent emissions outcome. The contribution of
various measures for the CO, emission reduction from the reference
scenario to the IEA-B2DS in 2050 can be decomposed to efficiency
improvement (29%), biofuels (36%), electrification (15%), and avoid/
shift (20%) (IEA, 2017a). It is noted that the share of electrification
becomes larger compared with older studies, reflected by the recent
growth of electric vehicle sales worldwide. Another new trend is the
allocation of biofuels to each mode of transport. In IEA-B2DS, the total
amount of biofuels consumed in the transport sector is 24EJ' in 2060,
and allocated to LDV (light-duty vehicles, 17%), HDV (35%), aviation
(28%), and shipping (21%), that is, more biofuels is allocated to the
difficult-to-decarbonize modes (see Table 2.8).

In road transport, incremental vehicle improvements (including
engines) are relevant, especially in the short to medium term. Hybrid
electric vehicles are also instrumental to enabling the transition from

Inthis section, we only discuss the direct emissions from the sector, but the selection of building materials has a significant impact on the reduction of energy and emissions
during production, such as shift from the steel and concrete to wood-based materials.

10 This is estimated for the biofuels produced in a “sustainable manner” from non-food crop feedstocks, which are capable of delivering significant lifecycle GHG emissions
savings compared with fossil fuel alternatives, and which do not directly compete with food and feed crops for agricultural land or cause adverse sustainability impacts.
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Table 2.8 | Transport sector indicators by mode in 2050 (IEA, 2017a).

Chapter 2

Share of energy consumption, biofuel consumption, CO, emissions, and reduction of energy consumption and CO, emissions from 2014. (CO, emissions are well-
to-wheel emissions, including the emission during the fuel production.), LDV: light duty vehicle, HDV: heavy duty vehicle.

Share of Each Mode (%) Reduction from 2014 (%)
Energy Biofuel o, Energy co,
LDV 36 17 30 51 81
HDV 33 35 36 8 56
Rail 6 - -1 -136 107
Aviation 12 28 14 14 56
Shipping 17 21 21 26 29

internal combustion engine vehicles to electric vehicles, especially
plug-in hybrid electric vehicles. Electrification is a powerful measure to
decarbonize short-distance vehicles (passenger cars and two and three
wheelers) and the rail sector. In road freight transport (trucks), systemic
improvements (e.g., in supply chains, logistics, and routing) would be
effective measures in conjunction with efficiency improvement of
vehicles. Shipping and aviation are more challenging to decarbonize,
while their demand growth is projected to be higher than other

transport modes. Both modes would need to pursue highly ambitious
efficiency improvements and use of low-carbon fuels. In the near and
medium term, this would be advanced biofuels while in the long term
it could be hydrogen as direct use for shipping or an intermediate
product for synthetic fuels for both modes (IEA, 2017a).

The share of low-carbon fuels in the total transport fuel mix
increases to 10% and 16% by 2030 and to 40% and 58% by 2050

Transport Sector
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Figure 2.23 | Comparison of (a) final energy, (b) direct CO, emissions, (c) carbon intensity, (d) electricity and biofuel consumption in the transport sector

between IAM and sectoral studies. The squares and circles indicate the IAM archetype pathways and diamonds the data of sectoral scenarios. The red dotted line indicates the
2010 level. H2DS = Higher-2°C, L2DS = Lower-2°C, 1.5DS-H = 1.5°C-high-0S, 1.5DS-L = 1.5°C-low-0S. The label 1.5DS combines both high and low overshoot 1.5°C-consistent

pathways. Section 2.1 for descriptions.
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in 1.5°C-overshoot pathways from IAMs and the IEA-B2DS pathway,
respectively. The IEA-B2DS scenario is on the more ambitious side,
especially in the share of electricity. Hence, there is wide variation
among scenarios, including the IAM pathways, regarding changes
in the transport fuel mix over the first half of the century. As seen in
Figure 2.23, the projections of energy consumption, CO, emissions and
carbon intensity are quite different between IAM and ETP scenarios.
These differences can be explained by more weight on efficiency
improvements and avoid/shift decreasing energy consumption, and
the higher share of biofuels and electricity accelerating the speed of
decarbonization in ETP scenarios. Although biofuel consumption and
electric vehicle sales have increased significantly in recent years, the
growth rates projected in these pathways would be unprecedented
and far higher than has been experienced to date.

The 1.5°C pathways require an acceleration of the mitigation solutions
already featured in 2°C-consistent pathways (e.g., more efficient
vehicle technologies operating on lower-carbon fuels), as well as
those having received lesser attention in most global transport
decarbonization pathways up to now (e.g., mode-shifting and travel
demand management). Current-generation, global pathways generally
do not include these newer transport sector developments, whereby
technological solutions are related to shifts in traveller's behaviour.
2.4.4  Land-Use Transitions and Changes
in the Agricultural Sector

The agricultural and land system described together under the umbrella
of the AFOLU (agriculture, forestry, and other land use) sector plays
an important role in 1.5°C pathways (Clarke et al.,, 2014; Smith and
Bustamante, 2014; Popp et al., 2017). On the one hand, its emissions
need to be limited over the course of this century to be in line with
pathways limiting warming to 1.5°C (see Sections 2.2-3). On the other
hand, the AFOLU system is responsible for food and feed production;
for wood production for pulp and construction; for the production of
biomass that is used for energy, CDR or other uses; and for the supply of
non-provisioning (ecosystem) services (Smith and Bustamante, 2014).
Meeting all demands together requires changes in land use, as well as
in agricultural and forestry practices, for which a multitude of potential
options have been identified (Smith and Bustamante, 2014; Popp et
al., 2017) (see also Supplementary Material 2.SM.1.2 and Chapter 4,
Section 4.3.1,4.3.2 and 4.3.7).

This section assesses the transformation of the AFOLU system, mainly
making use of pathways from IAMs (see Section 2.1) that are based on
quantifications of the SSPs and that report distinct land-use evolutions
in line with limiting warming to 1.5°C (Calvin et al., 2017; Fricko et
al., 2017; Fujimori, 2017; Kriegler et al., 2017; Popp et al., 2017; Riahi
et al, 2017; van Vuuren et al,, 2017b; Doelman et al., 2018; Rogelj
et al, 2018). The SSPs were designed to vary mitigation challenges
(O'Neill et al., 2014) (Cross-Chapter Box 1 in Chapter 1), including
for the AFOLU sector (Popp et al., 2017; Riahi et al., 2017). The SSP
pathway ensemble hence allows for a structured exploration of AFOLU
transitions in the context of climate change mitigation in line with
1.5°C, taking into account technological and socio-economic aspects.
Other considerations, like food security, livelihoods and biodiversity,
are also of importance when identifying AFOLU strategies. These are
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at present only tangentially explored by the SSPs. Further assessments
of AFOLU mitigation options are provided in other parts of this report
and in the IPCC Special Report on Climate Change and Land (SRCCL).
Chapter 4 provides an assessment of bioenergy (including feedstocks,
see Section 4.3.1), livestock management (Section 4.3.1), reducing
rates of deforestation and other land-based mitigation options (as
mitigation and adaptation option, see Section 4.3.2), and BECCS,
afforestation and reforestation options (including the bottom-up
literature of their sustainable potential, mitigation cost and side
effects, Section 4.3.7). Chapter 3 discusses impacts land-based CDR
(Cross-Chapter Box 7 in Chapter 3). Chapter 5 assesses the sustainable
development implications of AFOLU mitigation, including impacts on
biodiversity (Section 5.4). Finally, the SRCCL will undertake a more
comprehensive assessment of land and climate change aspects. For
the sake of complementarity, this section focusses on the magnitude
and pace of land transitions in 1.5°C pathways, as well as on the
implications of different AFOLU mitigation strategies for different land
types. The interactions with other societal objectives and potential
limitations of identified AFOLU measures link to these large-scale
evolutions, but these are assessed elsewhere (see above).

Land-use changes until mid-century occur in the large majority of
SSP pathways, both under stringent mitigation and in absence of
mitigation (Figure 2.24). In the latter case, changes are mainly due
to socio-economic drivers like growing demands for food, feed and
wood products. General transition trends can be identified for many
land types in 1.5°C pathways, which differ from those in baseline
scenarios and depend on the interplay with mitigation in other
sectors (Figure 2.24) (Popp et al., 2017; Riahi et al., 2017; Rogelj et
al., 2018). Mitigation that demands land mainly occurs at the expense
of agricultural land for food and feed production. Additionally, some
biomass is projected to be grown on marginal land or supplied from
residues and waste, but at lower shares. Land for second-generation
energy crops (such as Miscanthus or poplar) expands by 2030
and 2050 in all available pathways that assume a cost-effective
achievement of a 1.5°C temperature goal in 2100 (Figure 2.24), but
the scale depends strongly on underlying socio-economic assumptions
(see later discussion of land pathway archetypes). Reducing rates of
deforestation restricts agricultural expansion, and forest cover can
expand strongly in 1.5°C and 2°C pathways alike compared to its
extent in no-climate-policy baselines due to reduced deforestation and
afforestation and reforestation measures. However, the extent to which
forest cover expands varies highly across models in the literature,
with some models projecting forest cover to stay virtually constant or
decline slightly. This is due to whether afforestation and reforestation is
included as a mitigation technology in these pathways and interactions
with other sectors.

As a consequence of other land-use changes, pasture land is generally
projected to be reduced compared to both baselines in which no climate
change mitigation action is undertaken and 2°C-consistent pathways.
Furthermore, cropland for food and feed production decreases in
most 1.5°C pathways, both compared to a no-climate baseline and
relative to 2010. These reductions in agricultural land for food and feed
production are facilitated by intensification on agricultural land and in
livestock production systems (Popp et al., 2017), as well as changes
in consumption patterns (Frank et al., 2017; Fujimori, 2017) (see
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Figure 2.24 | Overview of land-use change transitions in 2030 and 2050, relative to 2010 based on pathways based on the Shared Socio-Economic Pathways (SSPs) (Popp et
al, 2017; Riahi et al, 2017; Rogelj et al., 2018). Grey: no-climate-policy baseline; green: 2.6 W m=? pathways; blue: 1.9 W m~2 pathways. Pink: 1.9 W m=? pathways grouped per
underlying socio-economic assumption (from left to right: SSP1 sustainability, SSP2 middle-of-the-road, SSP5 fossil-fuelled development). Ranges show the minimum—maximum
range across the SSPs. Single pathways are shown with plus signs. lllustrative archetype pathways are highlighted with distinct icons. Each panel shows the changes for a different
land type. The 1.9 and 2.6 W m~2 pathways are taken as proxies for 1.5°C and 2°C pathways, respectively. The 2.6 W m~? pathways are mostly consistent with the Lower-2°C and
Higher-2°C pathway classes. The 1.9 W m~2 pathways are consistent with the 1.5°C-low-OS (mostly SSP1 and SSP2) and 1.5°C-high-OS (SSP5) pathway classes. In 2010, pasture
was estimated to cover about 3-3.5 103 Mha, food and feed crops about 1.5-1.6 103 Mha, energy crops about 0—14 Mha and forest about 3.7-4.2 103 Mha, across the models
that reported SSP pathways (Popp et al., 2017). When considering pathways limiting warming to 1.5°C with no or limited overshoot, the full set of scenarios shows a conversion
of 50-1100 Mha of pasture into 0-600 Mha for energy crops, a 200 Mha reduction to 950 Mha increase forest, and a 400 Mha decrease to a 250 Mha increase in non-pasture
agricultural land for food and feed crops by 2050 relative to 2010. The large range across the literature and the understanding of the variations across models and assumptions

leads to medium confidence in the size of these ranges.

also Chapter 4, Section 4.3.2 for an assessment of these mitigation
options). For example, in a scenario based on rapid technological
progress (Kriegler et al., 2017), global average cereal crop yields in
2100 are assumed to be above 5 tDM ha~' yr~' in mitigation scenarios
aiming at limiting end-of-century radiative forcing to 4.5 or 2.6 W m?,
compared to 4 tDM ha=" yr' in the SSP5 baseline to ensure the same
food production. Similar improvements are present in 1.5°C variants
of such scenarios. Historically, cereal crop yields are estimated at
1 tDM ha™ yr' and about 3 tDM ha™' yr' in 1965 and 2010,
respectively (calculations based on FAOSTAT, 2018). For aggregate
energy crops, models assume 4.2-8.9 tDM ha~" yr-' in 2010, increasing
to about 6.9-17.4 tDM ha" yr~'" in 2050, which fall within the range
found in the bottom-up literature yet depend on crop, climatic zone,
land quality and plot size (Searle and Malins, 2014).

The pace of projected land transitions over the coming decades can
differ strongly between 1.5°C and baseline scenarios without climate
change mitigation and from historical trends (Table 2.9). However,
there is uncertainty in the sign and magnitude of these future land-
use changes (Prestele et al., 2016; Popp et al., 2017; Doelman et al,,
2018). The pace of projected cropland changes overlaps with historical
trends over the past four decades, but in several cases also goes well
beyond this range. By the 2030-2050 period, the projected reductions

in pasture and potentially strong increases in forest cover imply a
reversed dynamic compared to historical and baseline trends. This
suggests that distinct policy and government measures would be
needed to achieve forest increases, particularly in a context of projected
increased bioenergy use.

Changes in the AFOLU sector are driven by three main factors: demand
changes, efficiency of production, and policy assumptions (Smith et
al, 2013; Popp et al, 2017). Demand for agricultural products and
other land-based commodities is influenced by consumption patterns
(including dietary preferences and food waste affecting demand for
food and feed) (Smith et al., 2013; van Vuuren et al., 2018), demand for
forest products for pulp and construction (including less wood waste),
and demand for biomass for energy production (Lambin and Meyfroidt,
2011; Smith and Bustamante, 2014). Efficiency of agricultural and
forestry production relates to improvements in agricultural and forestry
practices (including product cascades, by-products and more waste- and
residue-based biomass for energy production), agricultural and forestry
yield increases, and intensification of livestock production systems
leading to higher feed efficiency and changes in feed composition
(Havlik et al., 2014; Weindl et al., 2015). Policy assumptions relate to
the level of land protection, the treatment of food waste, policy choices
about the timing of mitigation action (early vs late), the choice and
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Table 2.9 | Annual pace of land-use change in baseline, 2°C and 1.5°C pathways.
All values in Mha yr='. The 2.6 W m~% pathways are mostly consistent with the Lower-2°C and Higher-2°C pathway classes. The 1.9 W m-2? pathways are
broadly consistent with the 1.5°C-low-0S (mostly SSP1 and SSP2) and 1.5°C-high-0S (SSP5) pathway classes. Baseline projections reflect land-use developments
projected by integrated assessment models under the assumptions of the Shared Socio-Economic Pathways (SSPs) in absence of climate policies (Popp et al., 2017;
Riahi et al., 2017; Rogelj et al., 2018). Values give the full range across SSP scenarios. According to the Food and Agriculture Organization of the United Nations
(FAQSTAT, 2018), 4.9 billion hectares (approximately 40% of the land surface) was under agricultural use in 2005, either as cropland (1.5 billion hectares) or
pasture (3.4 billion hectares). FAO data in the table are equally from FAOSTAT (2018).

Annual Pace of Land-Use Change [Mha yr-']
Land Type Pathway Time Window Historical
2010-2030 2030-2050 1970-1990 1990-2010
Pasture 1.9W m~ [-14.6/3.0] [-28.7/-5.2] 8.7 0.9
2.6 Wm? [-9.3/4.1] [-21.6/0.4] Permanent meadows Permanent meadows
Baseline [-5.1/14.1] [-9.6/9.0] and pastures (FAO) and pastures (FAO)
Cropland for food, 1.9W m? [-12.7/9.0] [-18.5/0.1]
feed and material 26Wm- (-12.9/83] (-16.812.3]
Baseline [-5.3/9.9] [-2.716.7]
Cropland for energy 1.9Wm= [0.7110.5] [3.9/34.8]
2.6 Wm? [0.2/8.8] [2.0/22.9]
Baseline [0.2/4.2] [-0.2/6.1]
Total cr0p|and (Sum 1.9W m? [-6.8/12.8] [-5.8/26.7] 46 0.9
of cropland for food 2.6W m -8.4/9.3] [-7.117.8] Arable land and Arable land and
and feed & energy) Baseline [-3.0113] 0.6/11.0] Permanent crops Permanent crops
Forest 1.9W m?2 [-4.8/23.7] [0.0/34.3]
2.6 W m? [-4.7/22.2] [-2.4/31.7] NA. -6
' B T Forest (FAO) Forest (FAO)
Baseline [-13.6/3.3] [-6.5/4.3]

preference of land-based mitigation options (for example, the inclusion
of afforestation and reforestation as mitigation options), interactions
with other sectors (Popp et al., 2017), and trade (Schmitz et al., 2012;
Wiebe et al., 2015).

A global study (Stevanovic et al., 2017) reported similar GHG reduction
potentials for both production-side (agricultural production measures
in combination with reduced deforestation) and consumption-side
(diet change in combination with lower shares of food waste) measures
on the order of 40% in 2100" (compared to a baseline scenario
without land-based mitigation). Lower consumption of livestock
products by 2050 could also substantially reduce deforestation and
cumulative carbon losses (Weindl et al., 2017). On the supply side,
minor productivity growth in extensive livestock production systems
is projected to lead to substantial CO, emission abatement, but the
emission-saving potential of productivity gains in intensive systems is
limited, mainly due to trade-offs with soil carbon stocks (Weindl et al.,
2017). In addition, even within existing livestock production systems, a
transition from extensive to more productive systems bears substantial
GHG abatement potential, while improving food availability (Gerber et
al., 2013; Havlik et al., 2014). Many studies highlight the capability of
agricultural intensification for reducing GHG emissions in the AFOLU
sector or even enhancing terrestrial carbon stocks (Valin et al., 2013;
Popp et al., 2014a; Wise et al., 2014). Also the importance of immediate
and global land-use regulations for a comprehensive reduction of

land-related GHG emissions (especially related to deforestation)
has been shown by several studies (Calvin et al., 2017; Fricko et al,,
2017; Fujimori, 2017). Ultimately, there are also interactions between
these three factors and the wider society and economy, for example,
if CDR technologies that are not land-based are deployed (like direct
air capture — DACCS, see Chapter 4, Section 4.3.7) or if other sectors
over- or underachieve their projected mitigation contributions (Clarke
et al,, 2014). Variations in these drivers can lead to drastically different
land-use implications (Popp et al., 2014b) (Figure 2.24).

Stringent mitigation pathways inform general GHG dynamics in
the AFOLU sector. First, CO, emissions from deforestation can be
abated at relatively low carbon prices if displacement effects in
other regions (Calvin et al., 2017) or other land-use types with high
carbon density (Calvin et al., 2014; Popp et al., 2014a; Kriegler et
al, 2017) can be avoided. However, efficiency and costs of reducing
rates of deforestation strongly depend on governance performance,
institutions and macroeconomic factors (Wang et al., 2016). Secondly,
besides CO, reductions, the land system can play an important role
for overall CDR efforts (Rogelj et al., 2018) via BECCS, afforestation
and reforestation, or a combination of options. The AFOLU sector also
provides further potential for active terrestrial carbon sequestration,
for example, via land restoration, improved management of forest and
agricultural land (Griscom et al., 2017), or biochar applications (Smith,
2016) (see also Chapter 4, Section 4.3.7). These options have so far

" Land-based mitigation options on the supply and the demand side are assessed in 4.3.2, and CDR options with a land component in 4.3.7. Chapter 5 (Section 5.4) assesses

the implications of land-based mitigation for related SDGs, e.g., food security.
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Figure 2.25 | Agricultural emissions in transformation pathways. Global agricultural (a) CH, and (b) N,0 emissions. Box plots show median, interquartile range and full

range. Classes are defined in Section 2.1.

not been extensively integrated in the mitigation pathway literature
(see Supplementary Material 2.SM.1.2), but in theory their availability
would impact the deployment of other CDR technologies, like BECCS
(Section 2.3.4) (Strefler et al, 2018a). These interactions will be
discussed further in the SRCCL.

Residual agricultural non-CO, emissions of CH, and N,O play an
important role for temperature stabilization pathways, and their relative
importance increases in stringent mitigation pathways in which CO, is
reduced to net zero emissions globally (Gernaat et al., 2015; Popp et al.,
2017; Stevanovic et al.,, 2017; Rogelj et al., 2018), for example, through
their impact on the remaining carbon budget (Section 2.2). Although
agricultural non-CO, emissions show marked reduction potentials
in 2°C-consistent pathways, complete elimination of these emission
sources does not occur in IAMs based on the evolution of agricultural
practice assumed in integrated models (Figure 2.25) (Gernaat et al.,
2015). Methane emissions in 1.5°C pathways are reduced through
improved agricultural management (e.g., improved management of
water in rice production, manure and herds, and better livestock quality
through breeding and improved feeding practices) as well as dietary
shifts away from emissions-intensive livestock products. Similarly,
N,O emissions decrease due to improved N-efficiency and manure
management (Frank et al., 2018). However, high levels of bioenergy
production can also result in increased N,O emissions (Kriegler et
al, 2017), highlighting the importance of appropriate management
approaches (Davis et al., 2013). Residual agricultural emissions can be
further reduced by limiting demand for GHG-intensive foods through
shifts to healthier and more sustainable diets (Tilman and Clark, 2014;
Erb et al., 2016b; Springmann et al., 2016) and reductions in food waste
(Bajzelj et al., 2014; Muller et al., 2017; Popp et al., 2017) (see also
Chapter 4 and SRCCL). Finally, several mitigation measures that could
affect these agricultural non-CO, emissions are not, or only to a limited
degree, considered in the current integrated pathway literature (see
Supplementary Material 2.SM.1.2). Such measures (like plant-based
and synthetic proteins, methane inhibitors and vaccines in livestock,
alternate wetting and drying in paddy rice, or nitrification inhibitors)
are very diverse and differ in their development or deployment stages.
Their potentials have not been explicitly assessed here.

Pathways consistent with 1.5°C rely on one or more of the three
strategies highlighted above (demand changes, efficiency gains, and

policy assumptions), and can apply these in different configurations.
For example, among the four illustrative archetypes used in this
chapter (Section 2.1), the LED and S1 pathways focus on generally
low resource and energy consumption (including healthy diets with
low animal-calorie shares and low food waste) as well as significant
agricultural intensification in combination with high levels of nature
protection. Under such assumptions, comparably small amounts of
land are needed for land-demanding mitigation activities such as
BECCS and afforestation and reforestation, leaving the land footprint
for energy crops in 2050 virtually the same compared to 2010 levels for
the LED pathway. In contrast, future land-use developments can look
very different under the resource- and energy-intensive S5 pathway
that includes less healthy diets with high animal shares and high
shares of food waste (Tilman and Clark, 2014; Springmann et al., 2016)
combined with a strong orientation towards technology solutions to
compensate for high reliance on fossil-fuel resources and associated
high levels of GHG emissions in the baseline. In such pathways, climate
change mitigation strategies strongly depend on the availability of
CDR through BECCS (Humpendder et al., 2014). As a consequence, the
S5 pathway sources significant amounts of biomass through bioenergy
crop expansion in combination with agricultural intensification. Also,
further policy assumptions can strongly affect land-use developments,
highlighting the importance for land use of making appropriate
policy choices. For example, within the SSP set, some pathways rely
strongly on a policy to incentivize afforestation and reforestation for
CDR together with BECCS, which results in an expansion of forest area
and a corresponding increase in terrestrial carbon stock. Finally, the
variety of pathways illustrates how policy choices in the AFOLU and
other sectors strongly affect land-use developments and associated
sustainable development interactions (Chapter 5, Section 5.4) in 1.5°C
pathways.

The choice of strategy or mitigation portfolio impacts the GHG
dynamics of the land system and other sectors (see Section 2.3), as well
as the synergies and trade-offs with other environmental and societal
objectives (see Section 2.5.3 and Chapter 5, Section 5.4). For example,
AFOLU developments in 1.5°C pathways range from strategies
that differ by almost an order of magnitude in their projected land
requirements for bioenergy (Figure 2.24), and some strategies would
allow an increase in forest cover over the 21st century compared to
strategies under which forest cover remains approximately constant.
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High agricultural yields and application of intensified animal husbandry,
implementation of best-available technologies for reducing non-CO,
emissions, or lifestyle changes including a less-meat-intensive diet and
less CO,-intensive transport modes, have been identified as allowing
for such a forest expansion and reduced footprints from bioenergy
without compromising food security (Frank et al., 2017; Doelman et al.,
2018; van Vuuren et al., 2018).

The 1AMs used in the pathways underlying this assessment (Popp
et al,, 2017; Riahi et al,, 2017; Rogelj et al., 2018) do not include all
potential land-based mitigation options and side-effects, and their
results are hence subject to uncertainty. For example, recent research
has highlighted the potential impact of forest management practices
on land carbon content (Erb et al., 2016a; Naudts et al., 2016) and
the uncertainty surrounding future crop yields (Haberl et al., 2013;
Searle and Malins, 2014) and water availability (Liu et al., 2014).
These aspects are included in IAMs in varying degrees but were not
assessed in this report. Furthermore, land-use modules of some 1AMs
can depict spatially resolved climate damages to agriculture (Nelson et
al., 2014), but this option was not used in the SSP quantifications (Riahi
et al,, 2017). Damages (e.g., due to ozone exposure or varying indirect
fertilization due to atmospheric N and Fe deposition (e.g., Shindell et
al, 2012; Mahowald et al., 2017) are also not included. Finally, this
assessment did not look into the literature of agricultural sector models
which could provide important additional detail and granularity to the
discussion presented here.'? This limits their ability to capture the full
mitigation potentials and benefits between scenarios. An in-depth
assessment of these aspects lies outside the scope of this Special
Report. However, their existence affects the confidence assessment of
the AFOLU transition in 1.5°C pathways.

Despite the limitations of current modelling approaches, there is high
agreement and robust evidence across models and studies that the
AFOLU sector plays an important role in stringent mitigation pathways.
The findings from these multiple lines of evidence also result in high
confidence that AFOLU mitigation strategies can vary significantly
based on preferences and policy choices, facilitating the exploration of
strategies that can achieve multiple societal objectives simultaneously
(see also Section 2.5.3). At the same time, given the many uncertainties
and limitations, only low to medium confidence can be attributed by
this assessment to the more extreme AFOLU developments found in
the pathway literature, and low to medium confidence to the level of
residual non-CO, emissions.

2.5 Challenges, Opportunities and Co-Impacts

of Transformative Mitigation Pathways

This section examines aspects other than climate outcomes of 1.5°C
mitigation pathways. Focus is given to challenges and opportunities
related to policy regimes, price of carbon and co-impacts, including
sustainable development issues, which can be derived from the existing
integrated pathway literature. Attention is also given to uncertainties
and critical assumptions underpinning mitigation pathways. The
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challenges and opportunities identified in this section are further
elaborated Chapter 4 (e.g., policy choice and implementation) and
Chapter 5 (e.g., sustainable development). The assessment indicates
unprecedented policy and geopolitical challenges.

2.5.1  Policy Frameworks and Enabling Conditions

Moving from a 2°C to a 1.5°C pathway implies bold integrated policies
that enable higher socio-technical transition speeds, larger deployment
scales, and the phase-out of existing systems that may lock in
emissions for decades (high confidence) (Geels et al., 2017; Kuramochi
et al, 2017; Rockstrom et al., 2017; Vogt-Schilb and Hallegatte, 2017;
Kriegler et al., 2018a; Michaelowa et al., 2018). This requires higher
levels of transformative policy regimes in the near term, which allow
deep decarbonization pathways to emerge and a net zero carbon
energy—economy system to emerge in the 2040-2060 period (Rogelj
et al., 2015b; Bataille et al., 2016b). This enables accelerated levels
of technological deployment and innovation (Geels et al., 2017; IEA,
2017a; Grubler et al., 2018) and assumes more profound behavioural,
economic and political transformation (Sections 2.3, 2.4 and 4.4).
Despite inherent levels of uncertainty attached to modelling studies
(e.g., related to climate and carbon cycle response), studies stress the
urgency for transformative policy efforts to reduce emissions in the
short term (Riahi et al.,, 2015; Kuramochi et al., 2017; Rogelj et al,
2018).

The available literature indicates that mitigation pathways in line
with 1.5°C pathways would require stringent and integrated policy
interventions (very high confidence). Higher policy ambition often
takes the form of stringent economy-wide emission targets (and
resulting peak-and-decline of emissions), larger coverage of NDCs to
more gases and sectors (e.g., land-use, international aviation), much
lower energy and carbon intensity rates than historically seen, carbon
prices much higher than the ones observed in real markets, increased
climate finance, global coordinated policy action, and implementation
of additional initiatives (e.g., by non-state actors) (Sections 2.3, 2.4 and
2.5.2). The diversity (beyond explicit carbon pricing) and effectiveness
of policy portfolios are of prime importance, particularly in the short-
term (Mundaca and Markandya, 2016; Kuramochi et al., 2017; OECD,
2017; Kriegler et al., 2018a; Michaelowa et al., 2018). For instance,
deep decarbonization pathways in line with a 2°C target (covering
74% of global energy-system emissions) include a mix of stringent
regulation (e.g., building codes, minimum performance standards),
carbon pricing mechanisms and R&D (research and development)
innovation policies (Bataille et al, 2016a). Explicit carbon pricing,
direct regulation and public investment to enable innovation are
critical for deep decarbonization pathways (Grubb et al, 2014).
Effective planning (including compact city measures) and integrated
regulatory frameworks are also key drivers in the IEA-ETP B2DS study
for the transport sector (IEA, 2017a). Effective urban planning can
reduce GHG emissions from urban transport between 20% and 50%
(Creutzig, 2016). Comprehensive policy frameworks would be needed
if the decarbonization of the power system is pursued while increasing
end-use electrification (including transport) (IEA, 2017a). Technology
policies (e.g., feed-in-tariffs), financing instruments, carbon pricing

12 For example, the GLEAM (http://www.fao.org/gleam/en/) model from the UN Food and Agricultural Organisation (FAO).
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and system integration management driving the rapid adoption of
renewable energy technologies are critical for the decarbonization
of electricity generation (Bruckner et al., 2014; Luderer et al., 2014;
Creutzig et al., 2017; Pietzcker et al.,, 2017). Likewise, low-carbon and
resilient investments are facilitated by a mix of coherent policies,
including fiscal and structural reforms (e.g., labour markets), public
procurement, carbon pricing, stringent standards, information schemes,
technology policies, fossil-fuel subsidy removal, climate risk disclosure,
and land-use and transport planning (OECD, 2017). Pathways in which
CDR options are restricted emphasize the strengthening of near-term
policy mixes (Luderer et al., 2013; Kriegler et al., 2018a). Together with
the decarbonization of the supply side, ambitious policies targeting
fuel switching and energy efficiency improvements on the demand
side play a major role across mitigation pathways (Clarke et al., 2014;
Kriegler et al., 2014b; Riahi et al., 2015; Kuramochi et al., 2017; Brown
and Li, 2018; Rogelj et al., 2018; Wachsmuth and Duscha, 2018).

The combined evidence suggests that aggressive policies addressing
energy efficiency are central in keeping 1.5°C within reach and lowering
energy system and mitigation costs (high confidence) (Luderer et al.,
2013; Rogelj et al., 2013b, 2015b; Grubler et al., 2018). Demand-side
policies that increase energy efficiency or limit energy demand at a
higher rate than historically observed are critical enabling factors for
reducing mitigation costs in stringent mitigation pathways across the
board (Luderer et al., 2013; Rogelj et al., 2013b, 2015b; Clarke et al.,
2014; Bertram et al., 2015a; Bataille et al., 2016b). Ambitious sector-
specific mitigation policies in industry, transportation and residential
sectors are needed in the short run for emissions to peak in 2030
(Méjean et al., 2018). Stringent demand-side policies (e.g., tightened
efficiency standards for buildings and appliances) driving the expansion,
efficiency and provision of high-quality energy services are essential
to meet a 1.5°C mitigation target while reducing the reliance on CDR
(Grubleretal., 2018).A 1.5°C pathway for the transport sector is possible
using a mix of additional and stringent policy actions preventing (or
reducing) the need for transport, encouraging shifts towards efficient
modes of transport, and improving vehicle-fuel efficiency (Gota et al.,
2018). Stringent demand-side policies also reduce the need for CCS
(Wachsmuth and Duscha, 2018). Even in the presence of weak near
term policy frameworks, increased energy efficiency lowers mitigation
costs noticeably compared to pathways with reference energy intensity
(Bertram et al., 2015a). Common issues in the literature relate to the
rebound effect, the potential overestimation of the effectiveness
of energy efficiency policy, and policies to counteract the rebound
(Saunders, 2015; van den Bergh, 2017; Grubler et al., 2018) (Sections
2.4 and 4.4).

SSP-based modelling studies underline that socio-economic and
climate policy assumptions strongly influence mitigation pathway
characteristics and the economics of achieving a specific climate
target (very high confidence) (Bauer et al., 2017; Guivarch and Rogelj,
2017; Riahi et al.,, 2017; Rogelj et al., 2018). SSP assumptions related
to economic growth and energy intensity are critical determinants
of projected CO2 emissions (Marangoni et al., 2017). A multimodel
inter-comparison study found that mitigation challenges in line with
a 1.5°C target vary substantially across SSPs and policy assumptions
(Rogelj et al., 2018). Under SSP1-SPAT (sustainability) and SSP2-SPA2
(middle-of-the-road), the majority of IAMs were capable of producing
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1.5°C pathways. On the contrary, none of the IAMs contained in the
SR1.5 database could produce a 1.5°C pathway under SSP3-SPA3
assumptions. Preventing elements include, for instance, climate
policy fragmentation, limited control of land-use emissions, heavy
reliance on fossil fuels, unsustainable consumption and marked
inequalities (Rogelj et al., 2018). Dietary aspects of the SSPs are also
critical: climate-friendly diets were contained in ‘sustainability’ (SSP1)
and meat-intensive diets in SSP3 and SSP5 (Popp et al., 2017). CDR
requirements are reduced under ‘sustainability’ related assumptions
(Strefler et al., 2018b). These are major policy-related reasons for why
SSP1-SPA1 translates into relatively low mitigation challenges whereas
SSP3-SPA3 and SSP5-SPA5S entail futures that pose the highest socio-
technical and economic challenges. SSPs/SPAs assumptions indicate
that policy-driven pathways that encompass accelerated change away
from fossil fuels, large-scale deployment of low-carbon energy supplies,
improved energy efficiency and sustainable consumption lifestyles
reduce the risks of climate targets becoming unreachable (Clarke et
al., 2014; Riahi et al., 2015, 2017; Marangoni et al., 2017; Rogelj et al.,
2017, 2018; Strefler et al., 2018b).

Policy assumptions that lead to weak or delayed mitigation action from
what would be possible in a fully cooperative world strongly influence
the achievability of mitigation targets (high confidence) (Luderer et al.,
2013; Rogelj et al.,, 2013b; OECD, 2017; Holz et al., 2018a; Strefler et al.,
2018b). Such regimes also include current NDCs (Fawcett et al., 2015;
Aldy etal., 2016; Rogelj et al., 20164, 2017; Hof et al., 2017; van Soest et
al., 2017), which have been reported to make achieving a 2°C pathway
unattainable without CDR (Strefler et al., 2018b). Not strengthening
NDCs would make it very challenging to keep 1.5°C within reach (see
Section 2.3 and Cross-Chapter Box 11 in Chapter 4). One multimodel
inter-comparison study (Luderer et al., 2016b, 2018) explored the effects
on 1.5°C pathways assuming the implementation of current NDCs
until 2030 and stringent reductions thereafter. It finds that delays in
globally coordinated actions lead to various models reaching no 1.5°C
pathways during the 21st century. Transnational emission reduction
initiatives (TERIs) outside the UNFCCC have also been assessed and
found to overlap (70-80%) with NDCs and be inadequate to bridge
the gap between NDCs and a 2°C pathway (Roelfsema et al., 2018).
Weak and fragmented short-term policy efforts use up a large share of
the long-term carbon budget before 2030-2050 (Bertram et al., 20153;
van Vuuren et al., 2016) and increase the need for the full portfolio
of mitigation measures, including CDR (Clarke et al., 2014; Riahi
et al, 2015; Xu and Ramanathan, 2017). Furthermore, fragmented
policy scenarios also exhibit ‘carbon leakage’ via energy and capital
markets (Arroyo-Curras et al., 2015; Kriegler et al.,, 2015b). A lack of
integrated policy portfolios can increase the risks of trade-offs between
mitigation approaches and sustainable development objectives (see
Sections 2.5.3 and 5.4). However, more detailed analysis is needed
about realistic (less disruptive) policy trajectories until 2030 that can
strengthen near-term mitigation action and meaningfully decrease
post-2030 challenges (see Chapter 4, Section 4.4).

Whereas the policy frameworks and enabling conditions identified
above pertain to the ‘idealized” dimension of mitigation pathways,
aspects related to 1.5°C mitigation pathways in practice are of prime
importance. For example, issues related to second-best stringency
levels, international cooperation, public acceptance, distributional
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consequences, multilevel governance, non-state actions, compliance
levels, capacity building, rebound effects, linkages across highly
heterogeneous policies, sustained behavioural change, finance and
intra- and inter-generational issues need to be considered (see Chapter
4, Section 4.4) (Bataille et al., 2016a; Mundaca and Markandya, 2016;
Baranzini et al., 2017; MacDougall et al., 2017; van den Bergh, 2017;
Vogt-Schilb and Hallegatte, 2017; Chan et al., 2018; Holz et al., 20183;
Klinsky and Winkler, 2018; Michaelowa et al., 2018; Patterson et al.,
2018). Furthermore, policies interact with a wide portfolio of pre-
existing policy instruments that address multiple areas (e.g., technology
markets, economic growth, poverty alleviation, climate adaptation) and
deal with various market failures (e.g., information asymmetries) and
behavioural aspects (e.g., heuristics) that prevent or hinder mitigation
actions (Kolstad et al., 2014; Mehling and Tvinnereim, 2018). The socio-
technical transition literature points to multiple complexities in real-
world settings that prevent reaching ‘idealized’ policy conditions but
at the same time can still accelerate transformative change through
other co-evolutionary processes of technology and society (Geels et
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al., 2017; Rockstrom et al., 2017). Such co-processes are complex and
go beyond the role of policy (including carbon pricing) and comprise
the role of citizens, businesses, stakeholder groups or governments,
as well as the interplay of institutional and socio-political dimensions
(Michaelowa et al., 2018; Veland et al., 2018). It is argued that large
system transformations, similar to those in 1.5°C pathways, require
prioritizing an evolutionary and behavioural framework in economic
theory rather than an optimization or equilibrium framework as is
common in current IAMs (Grubb et al., 2014; Patt, 2017). Accumulated
know-how, accelerated innovation and public investment play a key
role in (rapid) transitions (see Sections 4.2 and 4.4) (Geels et al., 2017;
Michaelowa et al., 2018).

In summary, the emerging literature supports the AR5 on the need for
integrated, robust and stringent policy frameworks targeting both the
supply and demand-side of energy-economy systems (high confidence).
Continuous ex-ante policy assessments provide learning opportunities
for both policy makers and stakeholders.

Cross-Chapter Box 5 | Economics of 1.5°C Pathways and the Social Cost of Carbon

Contributing Authors:
Luis Mundaca (Sweden/Chile), Mustafa Babiker (Sudan), Johannes Emmerling (Italy/Germany), Sabine Fuss (Germany), Jean-Charles
Hourcade (France), Elmar Kriegler (Germany), Anil Markandya (Spain/UK), Joyashree Roy (India), Drew Shindell (USA)

Two approaches have been commonly used to assess alternative emissions pathways: cost-effectiveness analysis (CEA) and
cost-benefit analysis (CBA). CEA aims at identifying emissions pathways minimising the total mitigation costs of achieving
a given warming or GHG limit (Clarke et al., 2014). CBA has the goal to identify the optimal emissions trajectory minimising the
discounted flows of abatement expenditures and monetized climate change damages (Boardman et al., 2006; Stern, 2007). A third
concept, the Social Cost of Carbon (SCC) measures the total net damages of an extra metric ton of CO, emissions due to the
associated climate change (Nordhaus, 2014; Pizer et al., 2014; Rose et al., 2017a). Negative and positive impacts are monetized,
discounted and the net value is expressed as an equivalent loss of consumption today. The SCC can be evaluated for any emissions
pathway under policy consideration (Rose, 2012; NASEM, 2016, 2017).

Along the optimal trajectory determined by CBA, the SCC equals the discounted value of the marginal abatement cost of a metric ton
of CO, emissions. Equating the present value of future damages and marginal abatement costs includes a number of critical value
judgements in the formulation of the social welfare function (SWF), particularly in how non-market damages and the distribution of
damages across countries and individuals and between current and future generations are valued (Kolstad et al., 2014). For example,
since climate damages accrue to a larger extent farther in the future and can persist for many years, assumptions and approaches
to determine the social discount rate (normative ‘prescriptive’ vs. positive ‘descriptive’) and social welfare function (e.g., discounted
utilitarian SWF vs. undiscounted prioritarian SWF) can heavily influence CBA outcomes and associated estimates of SCC (Kolstad et
al., 2014; Pizer et al., 2014; Adler and Treich, 2015; Adler et al., 2017; NASEM, 2017; Nordhaus, 2017; Rose et al., 2017a).

In CEA, the marginal abatement cost of carbon is determined by the climate goal under consideration. It equals the shadow price
of carbon associated with the goal which in turn can be interpreted as the willingness to pay for imposing the goal as a political
constraint. Emissions prices are usually expressed in carbon (equivalent) prices using the GWP-100 metric as the exchange rate
for pricing emissions of non-CO, GHGs controlled under internationally climate agreements (like CH,, N,O and fluorinated gases,
see Cross-Chapter Box 2 in Chapter 1)." Since policy goals like the goals of limiting warming to 1.5°C or well below 2°C do not
directly result from a money metric trade-off between mitigation and damages, associated shadow prices can differ from the SCC in
a CBA. In CEA, value judgments are to a large extent concentrated in the choice of climate goal and related implications, while more
explicit assumptions about social values are required to perform CBA. For example, in CEA assumptions about the social discount
rate no longer affect the overall abatement levels now set by the climate goal, but the choice and timing of investments in individual
measures to reach these levels.

13 Also other metrics to compare emissions have been suggested and adopted by governments nationally (Kandlikar, 1995; Marten et al., 2015; Shindell, 2015; IWG, 2016).
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Cross Chapter Box 5 (continued)

Although CBA-based and CEA-based assessment are both subject to large uncertainty about socio-techno-economic trends, policy
developments and climate response, the range of estimates for the SCC along an optimal trajectory determined by CBA is far wider
than for estimates of the shadow price of carbon in CEA-based approaches. In CBA, the value judgments about inter- and intra-
generational equity combined with uncertainties in the climate damage functions assumed, including their empirical basis, are
important (Pindyck, 2013; Stern, 2013; Revesz et al., 2014). In a CEA-based approach, the value judgments about the aggregate
welfare function matter less, and uncertainty about climate response and impacts can be tied into various climate targets and
related emissions budgets (Clarke et al., 2014).

The CEA- and CBA-based carbon cost estimates are derived with a different set of tools. They are all summarised as integrated
assessment models (IAMs) but in fact are of very different nature (Weyant, 2017). Detailed process IAMs such as AIM (Fujimori,
2017), GCAM (Thomson et al., 2011; Calvin et al., 2017), IMAGE (van Vuuren et al., 2011b, 2017b), MESSAGE-GLOBIOM (Riahi
et al., 2011; Havlik et al., 2014; Fricko et al., 2017), REMIND-MAgPIE (Popp et al., 2010; Luderer et al., 2013; Kriegler et al., 2017)
and WITCH (Bosetti et al., 2006, 2008, 2009) include a process-based representation of energy and land systems, but in most
cases lack a comprehensive representation of climate damages, and are typically used for CEA. Diagnostic analyses across CBA-
IAMs indicate important dissimilarities in modelling assembly, implementation issues and behaviour (e.g., parametric uncertainty,
damage responses, income sensitivity) that need to be recognized to better understand SCC estimates (Rose et al., 2017a).

CBA-IAMs such as DICE (Nordhaus and Boyer, 2000; Nordhaus, 2013, 2017), PAGE (Hope, 2006) and FUND (Tol, 1999; Anthoff and
Tol, 2009) attempt to capture the full feedback from climate response to socio-economic damages in an aggregated manner, but are
usually much more stylised than detailed process IAMs. In a nutshell, the methodological framework for estimating SCC involves
projections of population growth, economic activity and resulting emissions; computations of atmospheric composition and global
mean temperatures as a result of emissions; estimations of physical impacts of climate changes; monetization of impacts (positive
and negative) on human welfare; and the discounting of the future monetary value of impacts to year of emission (Kolstad et al.,
2014; Revesz et al., 2014; NASEM, 2017; Rose et al., 2017a). There has been a discussion in the literature to what extent CBA-
IAMs underestimate the SCC due to, for example, a limited treatment or difficulties in addressing damages to human well-being,
labour productivity, value of capital stock, ecosystem services and the risks of catastrophic climate change for future generations
(Ackerman and Stanton, 2012; Revesz et al., 2014; Moore and Diaz, 2015; Stern, 2016). However, there has been progress in ‘bottom-
up’ empirical analyses of climate damages (Hsiang et al., 2017), the insights of which could be integrated into these models (Dell et
al., 2014). Most of the models used in Chapter 2 on 1.5°C mitigation pathways are detailed process IAMs and thus deal with CEA.

An important question is how results from CEA- and CBA-type approaches can be compared and synthesized. Such synthesis needs
to be done with care, since estimates of the shadow price of carbon under the climate goal and SCC estimates from CBA might not
be directly comparable due to different tools, approaches and assumptions used to derive them. Acknowledging this caveat, the
SCC literature has identified a range of factors, assumptions and value judgements that support SCC values above $100 tCO," that
are also found as net present values of the shadow price of carbon in 1.5°C pathways. These factors include accounting for tipping
points in the climate system (Lemoine and Traeger, 2014; Cai et al., 2015; Lontzek et al., 2015), a low social discount rate (Nordhaus,
2007a; Stern, 2007) and inequality aversion (Schmidt et al., 2013; Dennig et al., 2015; Adler et al., 2017).

The SCC and the shadow price of carbon are not merely theoretical concepts but used in regulation (Pizer et al., 2014; Revesz et al.,
2014; Stiglitz et al., 2017). As stated by the report of the High-Level Commission on Carbon Pricing (Stiglitz et al., 2017), in the real
world there is a distinction to be made between the implementable and efficient explicit carbon prices and the implicit (notional)
carbon prices to be retained for policy appraisal and the evaluation of public investments, as is already done in some jurisdictions
such as the USA, UK and France. Since 2008, the U.S. government has used SCC estimates to assess the benefits and costs related
to CO, emissions resulting from federal policymaking (NASEM, 2017; Rose et al., 2017a).

The use of the SCC for policy appraisals is, however, not straightforward in an SDG context. There are suggestions that a broader
range of polluting activities than only CO, emissions, for example emissions of air pollutants, and a broader range of impacts
than only climate change, such as impacts on air quality, health and sustainable development in general (see Chapter 5 for a
detailed discussion), would need to be included in social costs (Sarofim et al., 2017; Shindell et al., 2017a). Most importantly,
a consistent valuation of the SCC in a sustainable development framework would require accounting for the SDGs in the social
welfare formulation (see Chapter 5).
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2.5.2  Economic and Investment Implications of 1.5°C
Pathways
2.5.2.1  Price of carbon emissions

The price of carbon assessed here is fundamentally different from the
concepts of optimal carbon price in a cost-benefit analysis, or the social
cost of carbon (see Cross-Chapter Box 5 in this chapter and Chapter
3, Section 3.5.2). Under a cost-effectiveness analysis (CEA) modelling
framework, prices for carbon (mitigation costs) reflect the stringency of
mitigation requirements at the margin (i.e., cost of mitigating one extra
unit of emission). Explicit carbon pricing is briefly addressed here to the
extent it pertains to the scope of Chapter 2. For detailed policy issues
about carbon pricing see Section 4.4.5.

Based on data available for this special report, the price of carbon
varies substantially across models and scenarios, and their values
increase with mitigation efforts (see Figure 2.26) (high confidence).
For instance, undiscounted values under a Higher-2°C pathway range
from 15-220 USD2010 tCO, " in 2030, 45-1050 USD2010 tCO,
in 2050, 120-1100 USD2010tCO,  ~" in 2070 and 175-2340 USD2010
tCOz_eq-1 in 2100. On the contrary, estimates for a Below-1.5°C
pathway range from 135-6050 USD2010tCO, " in 2030, 245-14300
UsD2010 tCO, " in 2050, 420-19300 USD2010 tCO, ' in 2070
and 690-30100 USD2010 tCO, " in 2100. Values for 1.5°C-low-0S
pathway are relatively higher than 1.5°C-high-OS pathway in 2030,
but the difference decreases over time, particularly between 2050 and
2070. This is because in 1.5°C-high-0S pathways there is relatively
less mitigation activity in the first half of the century, but more in
the second half. The low energy demand (LED, P1 in the Summary for
Policymakers) scenario exhibits the lowest values across the illustrative
pathway archetypes. As a whole, the global average discounted price
of emissions across 1.5°C- and 2°C pathways differs by a factor of
four across models (assuming a 5% annual discount rate, comparing to
Below-1.5°C and 1.5°C-low-0S pathways). If 1.5°C-high-0S pathways
(with peak warming 0.1-0.4°C higher than 1.5°C) or pathways with
very large land-use sinks are also considered, the differential value is
reduced to a limited degree, from a factor 4 to a factor 3. The increase
in mitigation costs between 1.5°C and 2°C pathways is based on a
direct comparison of pathway pairs from the same model and the
same study in which the 1.5°C pathway assumes a significantly smaller
carbon budget compared to the 2°C pathway (e.g., 600 GtCO, smaller
in the CD-LINKS and ADVANCE studies). This assumption is the main
driver behind the increase in the price of carbon (Luderer et al., 2018;
McCollum et al.,, 2018)."

The wide range of values depends on numerous aspects, including
methodologies, projected energy service demands, mitigation targets,
fuel prices and technology availability (high confidence) (Clarke et al.,
2014; Kriegler et al., 2015b; Rogelj et al, 2015¢; Riahi et al., 2017;
Stiglitz et al.,, 2017). The characteristics of the technology portfolio,
particularly in terms of investment costs and deployment rates, play a
key role (Luderer et al., 2013, 20164a; Clarke et al., 2014; Bertram et al.,
2015a; Riahi et al., 2015; Rogelj et al., 2015c). Models that encompass
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a higher degree of technology granularity and that entail more
flexibility regarding mitigation response often produce relatively lower
mitigation costs than those that show less flexibility from a technology
perspective (Bertram et al., 2015a; Kriegler et al., 2015a). Pathways
providing high estimates often have limited flexibility of substituting
fossil fuels with low-carbon technologies and the associated need
to compensate fossil-fuel emissions with CDR. The price of carbon is
also sensitive to the non-availability of BECCS (Bauer et al., 2018).
Furthermore, and due to the treatment of future price anticipation,
recursive-dynamic modelling approaches (with ‘myopic anticipation’)
exhibit higher prices in the short term but modest increases in the long
term compared to optimization modelling frameworks with ‘perfect
foresight’ that show exponential pricing trajectories (Guivarch and
Rogelj, 2017). The chosen social discount rate in CEA studies (range
of 2-8% per year in the reported data, varying over time and sectors)
can also affect the choice and timing of investments in mitigation
measures (Clarke et al., 2014; Kriegler et al., 2015b; Weyant, 2017).
However, the impacts of varying discount rates on 1.5°C (and 2°C)
mitigation strategies can only be assessed to a limited degree. The
above highlights the importance of sampling bias in pathway analysis
ensembles towards outcomes derived from models which are more
flexible, have more mitigation options and cheaper cost assumptions
and thus can provide feasible pathways in contrast to other who are
unable to do so (Tavoni and Tol, 2010; Clarke et al., 2014; Bertram et
al., 2015a; Kriegler et al., 2015a; Guivarch and Rogelj, 2017). All CEA-
based IAM studies reveal no unique path for the price of emissions
(Bertram et al., 2015a; Kriegler et al., 2015b; Akimoto et al., 2017; Riahi
etal, 2017).

Socio-economic conditions and policy assumptions also influence the
price of carbon (very high confidence) (Bauer et al., 2017; Guivarch and
Rogelj, 2017; Hof et al.,, 2017; Riahi et al., 2017; Rogelj et al., 2018). A
multimodel study (Riahi et al., 2017) estimated the average discounted
price of carbon (2010-2100, 5% discount rate) for a 2°C target to
be nearly three times higher in the SSP5 marker than in the SSP1
marker. Another multimodel study (Rogelj et al., 2018) estimated the
average discounted price of carbon (2020-2100, 5%) to be 35-65%
lower in SSP1 compared to SSP2 in 1.5°C pathways. Delayed near-
term mitigation policies and measures, including the limited extent of
international global cooperation, result in increases in total economic
mitigation costs and corresponding prices of carbon (Luderer et al,,
2013; Clarke et al., 2014). This is because stronger efforts are required
in the period after the delay to counterbalance the higher emissions
in the near term. Staged accession scenarios also produce higher
mitigation costs than immediate action mitigation scenarios under the
same stringency level of emissions (Kriegler et al., 2015b).

It has been long argued that an explicit carbon pricing mechanism
(whether via a tax or cap-and-trade scheme) can theoretically achieve
cost-effective emission reductions (Nordhaus, 2007b; Stern, 2007;
Aldy and Stavins, 2012; Goulder and Schein, 2013; Somanthan et al.,
2014; Weitzman, 2014; Tol, 2017). Whereas the integrated assessment
literature is mostly focused on the role of carbon pricing to reduce
emissions (Clarke et al., 2014; Riahi et al., 2017; Weyant, 2017), there

14 Unlike AR5, which only included cost-effective scenarios for estimating discounted average carbon prices for 2015-2100 (also using a 5% discount rate) (see Clarke et al.,
2014, p.450), please note that values shown in Figure 2.26b include delays or technology constraint cases (see Sections 2.1 and 2.3).
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is an emerging body of studies (including bottom-up approaches) that
focuses on the interaction and performance of various policy mixes (e.g.,
regulation, subsidies, standards). Assuming global implementation of
a mix of regionally existing best-practice policies (mostly regulatory
policies in the electricity, industry, buildings, transport and agricultural
sectors) and moderate carbon pricing (between 5-20 USD2010 tCO, ™'
in 2025 in most world regions and average prices around 25 USD2010
tCO,™" in 2030), early action mitigation pathways are generated that
reduce global CO2 emissions by an additional 10 GtCO,e in 2030
compared to the NDCs (Kriegler et al., 2018a) (see Section 2.3.5).
Furthermore, a mix of stringent energy efficiency policies (e.g., minimum
performance standards, building codes) combined with a carbon tax
(rising from 10 USD2010 tCO,~" in 2020 to 27 USD2010 tCO," in 2040)
is more cost-effective than a carbon tax alone (from 20 to 53 USD2010
tC0,™) to generate a 1.5°C pathway for the U.S. electric sector (Brown
and Li, 2018). Likewise, a policy mix encompassing a moderate carbon
price (7 USD2010 tCO,™" in 2015) combined with a ban on new coal-
based power plants and dedicated policies addressing renewable
electricity generation capacity and electric vehicles reduces efficiency
losses compared with an optimal carbon pricing in 2030 (Bertram et al.,
2015b). One study estimates the carbon prices in high energy-intensive
pathways to be 25-50% higher than in low energy-intensive pathways
that assume ambitious regulatory instruments, economic incentives
(in addition to a carbon price) and voluntary initiatives (Méjean et
al, 2018). A bottom-up approach shows that stringent minimum
performance standards (MEPS) for appliances (e.g., refrigerators) can
effectively complement explicit carbon pricing, as tightened MEPS can
achieve ambitious efficiency improvements that cannot be assured by
carbon prices of 100 USD2010 tCO,™" or higher (Sonnenschein et al,,
2018). In addition, the revenue recycling effect of carbon pricing can
reduce mitigation costs by displacing distortionary taxes (Baranzini et
al, 2017; OECD, 2017; McFarland et al., 2018; Sands, 2018; Siegmeier
et al,, 2018), and the reduction of capital tax (compared to a labour
tax) can yield greater savings in welfare costs (Sands, 2018). The effect
on public budgets is particularly important in the near term; however,
it can decline in the long term as carbon neutrality is achieved (Sands,
2018). The literature indicates that explicit carbon pricing is relevant
but needs to be complemented with other policies to drive the required
changes in line with 1.5°C cost-effective pathways (fow to medium
evidence, high agreement) (see Chapter 4, Section 4.4.5) (Stiglitz et al.,
2017; Mehling and Tvinnereim, 2018; Méjean et al., 2018; Michaelowa
etal, 2018).

In summary, new analyses are consistent with AR5 and show
that the price of carbon increases significantly if a higher level of
stringency is pursued (high confidence). Values vary substantially
across models, scenarios and socio-economic, technology and policy
assumptions. While an explicit carbon pricing mechanism is central
to prompt mitigation scenarios compatible with 1.5°C pathways, a
complementary mix of stringent policies is required.

2.5.2.2 Investments

Realizing the transformations towards a 1.5°C world would require a
major shift in investment patterns (McCollum et al.,, 2018). Literature on
global climate change mitigation investments is relatively sparse, with
most detailed literature having focused on 2°C pathways (McCollum
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Figure 2.26 | Global price of carbon emissions consistent with mitigation
pathways. Panels show (a) undiscounted price of carbon (2030-2100) and (b) average
price of carbon (2030-2100) discounted at a 5% discount rate to 2020 in USD2010.
AC: Annually compounded. NPV: Net present value. Median values in floating black line.
The number of pathways included in box plots is indicated in the legend. Number of
pathways outside the figure range is noted at the top.

et al,, 2013; Bowen et al., 2014; Gupta and Harnisch, 2014; Marangoni
and Tavoni, 2014; OECD/IEA and IRENA, 2017).

Global energy-system investments in the year 2016 are estimated at
approximately 1.7 trillion USD2010 (approximately 2.2% of global GDP
and 10% of gross capital formation), of which 0.23 trillion USD2010
was for incremental end-use energy efficiency and the remainder for
supply-side capacity installations (IEA, 2017c).There is some uncertainty
surrounding this number because not all entities making investments
report them publicly, and model-based estimates show an uncertainty
range of about £15% (McCollum et al., 2018). Notwithstanding, the
trend for global energy investments has been generally upward over
the last two decades: increasing about threefold between 2000 and
2012, then levelling off for three years before declining in both 2015
and 2016 as a result of the oil price collapse and simultaneous capital
cost reductions for renewables (IEA, 2017¢).

Estimates of demand-side investments, either in total or for incremental
efficiency efforts, are more uncertain, mainly due to a lack of reliable
statistics and definitional issues about what exactly is counted towards
a demand-side investment and what the reference should be for
estimating incremental efficiency (McCollum et al.,, 2013). Grubler and
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Wilson (2014) use two working definitions (a broader and a narrower
one) to provide a first-order estimate of historical end-use technology
investments in total. The broad definition defines end-use technologies
as the technological systems purchasable by final consumers in order
to provide a useful service, for example, heating and air conditioning
systems, cars, freezers, or aircraft. The narrow definition sets the boundary
at the specific energy-using components or subsystems of the larger end-
use technologies (e.g., compressor, car engine, heating element). Based
on these two definitions, demand-side energy investments for the year
2005 were estimated about 1-3.5 trillion USD2010 (central estimate 1.7
trillion USD2010) using the broad definition and 0.1-0.6 trillion USD2010
(central estimate 0.3 trillion USD2010) using the narrower definition.
Due to these definitional issues, demand-side investment projections are
uncertain, often underreported, and difficult to compare. Global 1AMs
often do not fully and explicitly represent all the various measures that
could improve end-use efficiency.

Research carried outbysix global IAM teams found that 1.5°C-consistent
climate policies would require a marked upscaling of energy system
supply-side investments (resource extraction, power generation, fuel
conversion, pipelines/transmission, and energy storage) between
now and mid-century, reaching levels of between 1.6-3.8 trillion
USD2010 yr' globally on average over the 2016-2050 timeframe
(McCollum et al., 2018) (Figure 2.27). How these investment needs
compare to those in a policy baseline scenario is uncertain: they could
be higher, much higher, or lower. Investments in the policy baselines
from these same models are 1.6-2.7 trillion USD2010 yr-'. Much
hinges on the reductions in energy demand growth embodied in the
1.5°C pathways, which require investing in energy efficiency. Studies
suggest that annual supply-side investments by mid-century could be
lowered by around 10% (McCollum et al., 2018) and in some cases up
to 50% (Grubler et al., 2018) if strong policies to limit energy demand
growth are successfully implemented. However, the degree to which
these supply-side reductions would be partially offset by an increase in
demand-side investments is unclear.

Some trends are robust across scenarios (Figure 2.27). First, pursuing
1.5°C mitigation efforts requires a major reallocation of the investment
portfolio, implying a financial system aligned to mitigation challenges.
The path laid out by countries’ current NDCs until 2030 will not
drive these structural changes; and despite increasing low-carbon
investments in recent years (IEA, 2016b; Frankfurt School-UNEP Centre/
BNEF, 2017), these are not yet aligned with 1.5°C. Second, additional
annual average energy-related investments for the period 2016 to 2050
in pathways limiting warming to 1.5°C compared to the baseline (i.e.,
pathways without new climate policies beyond those in place today)
are estimated by the models employed in McCollum et al. (2018) to
be around 830 billion USD2010 (range of 150 billion to 1700 billion
USD2010 across six models). This compares to total annual average
energy supply investments in 1.5°C pathways of 1460 to 3510 billion
USD2010 and total annual average energy demand investments of
640 to 910 billion USD2010 for the period 2016 to 2050. Total energy-
related investments increase by about 12% (range of 3% to 24%) in
1.5°C pathways relative to 2°C pathways. Average annual investment
in low-carbon energy technologies and energy efficiency are upscaled
by roughly a factor of six (range of factor of 4 to 10) by 2050 compared
to 2015. Specifically, annual investments in low-carbon energy are
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projected to average 0.8-2.9 trillion USD2010 yr~' globally to 2050
in 1.5°C pathways, overtaking fossil investments globally already by
around 2025 (McCollum et al., 2018). The bulk of these investments
are projected to be for clean electricity generation, particularly solar
and wind power (0.09-1.0 trillion USD2010 yr-' and 0.1-0.35 trillion
USD2010 yr, respectively) as well as nuclear power (0.1-0.25 trillion
USD2010 yr'). Third, the precise apportioning of these investments
depends on model assumptions and societal preferences related to
mitigation strategies and policy choices (see Sections 2.1 and 2.3).
Investments for electricity transmission and distribution and storage
are also scaled up in 1.5°C pathways (0.3-1.3 trillion USD2010 yr),
given their widespread electrification of the end-use sectors (see
Section 2.4). Meanwhile, 1.5°C pathways see a reduction in annual
investments for fossil-fuel extraction and unabated fossil electricity
generation (to 0.3—0.85 trillion USD2010 yr~' on average over the
2016-2050 period). Investments in unabated coal are halted by 2030
in most 1.5°C projections, while the literature is less conclusive for
investments in unabated gas (McCollum et al., 2018). This illustrates
how mitigation strategies vary between models, but in the real world
should be considered in terms of their societal desirability (see Section
2.5.3). Furthermore, some fossil investments made over the next few
years —or those made in the last few — will /ikely need to be retired prior
to fully recovering their capital investment or before the end of their
operational lifetime (Bertram et al., 2015a; Johnson et al., 2015; OECD/
[EA and IRENA, 2017). How the pace of the energy transition will be
affected by such dynamics, namely with respect to politics and society,
is not well captured by global IAMs at present. Modelling studies
have, however, shown how the reliability of institutions influences
investment risks and hence climate mitigation investment decisions
(yer et al., 2015), finding that a lack of regulatory credibility or policy
commitment fails to stimulate low-carbon investments (Bosetti and
Victor, 2011; Faehn and Isaksen, 2016).

Low-carbon supply-side investment needs are projected to be largest in
OECD countries and those of developing Asia. The regional distribution
of investments in 1.5°C pathways estimated by the multiple models
in (McCollum et al., 2018) are the following (average over 2016-2050
timeframe): 0.30-1.3 trillion USD2010 yr'(ASIA), 0.35-0.85 ftrillion
USD2010 yr' (OECD), 0.08-0.55 trillion USD2010 yr-' (MAF), 0.07-0.25
trillion USD2010 yr~' (LAM), and 0.05-0.15 trillion USD2010 yr-' (REF)
(regions are defined consistent with their use in AR5 WGIII, see Table
All.8 in Krey et al., 2014b).

Until now, IAM investment analyses of 1.5°C pathways have focused
on middle-of-the-road socio-economic and technological development
futures (SSP2) (Fricko et al., 2017). Consideration of a broader range
of development futures would yield different outcomes in terms of
the magnitudes of the projected investment levels. Sensitivity analyses
indicate that the magnitude of supply-side investments as well as the
investment portfolio do not change strongly across the SSPs for a given
level of climate policy stringency (McCollum et al., 2018). With only one
dedicated multimodel comparison study published, there is limited to
medium evidence available. For some features, there is high agreement
across modelling frameworks leading, for example, to medium to high
confidence that limiting global temperature increase to 1.5°C would
require a major reallocation of the investment portfolio. Given the limited
amount of sensitivity cases available compared to the default SSP2
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assumptions, medium confidence can be assigned to the specific energy
and climate mitigation investment estimates reported here.

Assumptions in modelling studies indicate a number of challenges.
For instance, access to finance and mobilization of funds are critical
(Fankhauser et al., 2016; OECD, 2017). In turn, policy efforts need to be
effective in redirecting financial resources (UNEP, 2015; OECD, 2017) and
reducing transaction costs for bankable mitigation projects (i.e. projects
that have adequate future cash flow, collateral, etc. so lenders are willing
to finance it), particularly on the demand side (Mundaca et al., 2013;
Brunner and Enting, 2014; Grubler et al., 2018). Assumptions also imply
that policy certainty, regulatory oversight mechanisms and fiduciary duty
need to be robust and effective to safeguard credible and stable financial
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markets and de-risk mitigation investments in the long term (Clarke et
al, 2014; Mundaca et al.,, 2016; EC, 2017; OECD, 2017). Importantly,
the different time horizons that actors have in the competitive finance
industry are typically not explicitly captured by modelling assumptions
(Harmes, 2011). See Chapter 4, Section 4.4.5 for details of climate
finance in practice.

In summary and despite inherent uncertainties, the emerging literature
indicates a gap between current investment patterns and those
compatible with 1.5°C (or 2°C) pathways (limited to medium evidence,
high agreement). Estimates and assumptions from modelling frameworks
suggest a major shift in investment patterns and entail a financial system
effectively aligned with mitigation challenges (high confidence).
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Figure 2.27 | Historical and projected global energy investments. (a) Historical investment estimates across six global models from (McCollum et al., 2018) (bars =
model means, whiskers full model range) compared to historical estimates from IEA (International Energy Agency (IEA) 2016) (triangles). (b) Average annual investments over the
2016-2050 period in the “baselines” (i.e., pathways without new climate policies beyond those in place today), scenarios which implement the NDCs (‘'NDC', including conditional
NDCs), scenarios consistent with the Lower-2°C pathway class ('2°C"), and scenarios in line with the 1.5°C-low-0S pathway class ('1.5°C"). Whiskers show the range of models; wide
bars show the multimodel means; narrow bars represent analogous values from individual IEA scenarios (OECD/IEA and IRENA, 2017). (c) Average annual mitigation investments
and disinvestments for the 2016-2030 periods relative to the baseline. The solid bars show the values for '2°C" pathways, while the hatched areas show the additional investments
for the pathways labelled with *1.5°C". Whiskers show the full range around the multimodel means. T&D stands for transmission and distribution, and CCS stands for carbon capture
and storage. Global cumulative carbon dioxide emissions, from fossil fuels and industrial processes (FF&I) but excluding land use, over the 2016-2100 timeframe range from 880 to
1074 GtCO, (multimodel mean: 952 GtCO,) in the 2°C" pathway and from 206 to 525 GtCO, (mean: 390 GtCO,) in the 1.5°C" pathway.
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2.5.3  Sustainable Development Features

of 1.5°C Pathways

Potential synergies and trade-offs between 1.5°C mitigation pathways
and different sustainable development (SD) dimensions (see Cross-
Chapter Box 4 in Chapter 1) are an emerging field of research. Chapter
5, Section 5.4 assesses interactions between individual mitigation
measures with other societal objectives, as well as the Sustainable

Sustainable development implications of
alternative mitigation choices for 1.5°C pathways
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Development Goals (SDGs) (Table 5.1). This section synthesized
the Chapter 5 insights to assess how these interactions play out
in integrated 1.5°C pathways, and the four illustrative pathway
archetypes of this chapter in particular (see Section 2.1). Information
from integrated pathways is combined with the interactions assessed
in Chapter 5 and aggregated for each SDG, with a level of confidence
attributed to each interaction based on the amount and agreement of
the scientific evidence (see Chapter 5).

deployment of specific mitigation measures can interact in various ways with SDGs

potential synergies with SDG achievement
B visk of trade-offs with SDG achievement
" both risk of trade-offs and potential for synergies

D neutral or no direct interaction identified in the literature

a level of confidence is assigned based on scientific evidence
bold symbols indicate where all available evidence suggests a similar interaction - see Chapter 5
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pathways vary in their portfolio of mitigation measures, here
illustrated by the four archetype pathways (LED O, S10, 520, S5H)
which vary in their societal developments and mitigation strategies

to achieve a 1.5°C-consistent emission pathway (see Section 2.1)
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Figure 2.28 | Interactions of individual mitigation measures and alternative mitigations portfolios for 1.5°C with Sustainable Development Goals (SDGs).
The assessment of interactions between mitigation measures and individual SDGs is based on the assessment of Chapter 5, Section 5.4. Proxy indicators and synthesis method are

described in Supplementary Material 2.SM.1.5.
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Figure 2.28 shows how the scale and combination of individual
mitigation measures (i.e., their mitigation portfolios) influence the
extent of synergies and trade-offs with other societal objectives. All
pathways generate multiple synergies with sustainable development
dimensions and can advance several other SDGs simultaneously. Some,
however, show higher risks for trade-offs. An example is increased
biomass production and its potential to increase pressure on land and
water resources, food production, and biodiversity and to reduce air
quality when combusted inefficiently. At the same time, mitigation
actions in energy-demand sectors and behavioural response options
with appropriate management of rebound effects can advance multiple
SDGs simultaneously, more so than energy supply-side mitigation
actions (see Chapter 5, Section 5.4, Table 5.1 and Figure 5.3 for more
examples). Of the four pathway archetypes used in this chapter (LED,
S1, S2, and S5, referred to as P1, P2, P3, and P4 in the Summary for
Policymakers), the S1 and LED pathways show the largest number of
synergies and least number of potential trade-offs, while for the S5
pathway more potential trade-offs are identified. In general, pathways
with emphasis on demand reductions and policies that incentivize
behavioural change, sustainable consumption patterns, healthy diets
and relatively low use of CDR (or only afforestation) show relatively
more synergies with individual SDGs than other pathways.

There is robust evidence and high agreement in the pathway literature
that multiple strategies can be considered to limit warming to 1.5°C (see
Sections 2.1.3, 2.3 and 2.4). Together with the extensive evidence on
the existence of interactions of mitigation measures with other societal
objectives (Chapter 5, Section 5.4), this results in high confidence that
the choice of mitigation portfolio or strategy can markedly affect the
achievement of other societal objectives. For instance, action on SLCFs
has been suggested to facilitate the achievement of SDGs (Shindell et
al, 2017b) and to reduce regional impacts, for example, from black
carbon sources on snow and ice loss in the Arctic and alpine regions
(Painter et al., 2013), with particular focus on the warming sub-set of
SLCFs. Reductions in both surface aerosols and ozone through methane
reductions provide health and ecosystem co-benefits (Jacobson, 2002,
2010; Anenberg et al., 2012; Shindell et al., 2012; Stohl et al., 2015;
Collins et al., 2018). Public health benefits of stringent mitigation
pathways in line with 1.5°C pathways can be sizeable. For instance,
a study examining a more rapid reduction of fossil-fuel usage to
achieve 1.5°C relative to 2°C, similar to that of other recent studies
(Grubler et al., 2018; van Vuuren et al., 2018), found that improved
air quality would lead to more than 100 million avoided premature
deaths over the 21st century (Shindell et al., 2018). These benefits are
assumed to be in addition to those occurring under 2°C pathways
(e.g., Silva et al., 2016), and could in monetary terms offset either a
large portion or all of the initial mitigation costs (West et al., 2013;
Shindell et al., 2018). However, some sources of SLCFs with important
impacts for public health (e.g., traditional biomass burning) are only
mildly affected by climate policy in the available integrated pathways
and are more strongly impacted by baseline assumptions about future
societal development and preferences, and technologies instead (Rao
etal, 2016, 2017).

At the same time, the literature on climate-SDG interactions is still
an emergent field of research and hence there is low to medium
confidence in the precise magnitude of the majority of these
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interactions. Very limited literature suggests that achieving co-benefits
is not automatically assured but results from conscious and carefully
coordinated policies and implementation strategies (Shukla and
Chaturvedi, 2012; Clarke et al, 2014; McCollum et al, 2018).
Understanding these mitigation—SDG interactions is key for selecting
mitigation options that maximize synergies and minimize trade-offs
towards the 1.5°C and sustainable development objectives (van Vuuren
et al.,, 2015; Hildingsson and Johansson, 2016; Jakob and Steckel, 2016;
von Stechow et al., 2016; Delponte et al., 2017).

In summary, the combined evidence indicates that the chosen
mitigation portfolio can have a distinct impact on the achievement
of other societal policy objectives (high confidence); however, there is
uncertainty regarding the specific extent of climate-SDG interactions.

2.6  Knowledge Gaps

This section summarizes the knowledge gaps articulated in earlier
sections of the chapter.

2.6.1  Geophysical Understanding

Knowledge gaps are associated with the carbon cycle response, the

role of non-CO, emissions and the evaluation of an appropriate historic
baseline.

Quantifying how the carbon cycle responds to negative emissions is
an important knowledge gap for strong mitigation pathways (Section
2.2). Earth system feedback uncertainties are important to consider for
the longer-term response, particularly in how permafrost melting might
affect the carbon budget (Section 2.2). Future research and ongoing
observations over the next years will provide a better indication as to
how the 2006-2015 base period compares with the long-term trends
and might at present bias the carbon budget estimates.

The future emissions of short-lived climate forcers and their
temperature response are a large source of uncertainty in 1.5°C
pathways, having a greater relative uncertainty than in higher CO,
emission pathways. Their global emissions, their sectoral and regional
disaggregation, and their climate response are generally less well
quantified than for CO, (Sections 2.2 and 2.3). Emissions from the
agricultural sector, including land-use based mitigation options, in
1.5°C pathways constitute the main source of uncertainty here and
are an important gap in understanding the potential achievement of
stringent mitigation scenarios (Sections 2.3 and 2.4). This also includes
uncertainties surrounding the mitigation potential of the long-lived
GHG nitrous oxide (Sections 2.3 and 2.4).

There is considerable uncertainty in how future emissions of aerosol
precursors will affect the effective radiative forcing from aerosol—cloud
interaction. The potential future warming from mitigation of these
emissions reduces remaining carbon budgets and increases peak
temperatures (Section 2.2). The potential co-benefits of mitigating air
pollutants and how the reduction in air pollution may affect the carbon
sink are also important sources of uncertainty (Sections 2.2 and 2.5).
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The pathway classification employed in this chapter employs results
from the MAGICC model with its AR5 parameter sets. The alternative
representation of the relationship between emissions and effective
radiative forcing and response in the FAIR model would lead to a different
classification that would make 1.5°C targets more achievable (Section
2.2 and Supplementary Material 2.SM.1.1). Such a revision would
significantly alter the temperature outcomes for the pathways and, if
the result is found to be robust, future research and assessments would
need to adjust their classifications accordingly. Any possible high bias in
the MAGICC response may be partly or entirely offset by missing Earth
system feedbacks that are not represented in either climate emulator and
that would act to increase the temperature response (Section 2.2). For
this assessment report, any possible bias in the MAGICC setup applied
in this and earlier reports is not established enough in the literature to
change the classification approach. However, we only place medium
confidence in the classification adopted by the chapter.

2.6.2 Integrated Assessment Approaches

IAMs attempt to be as broad as possible in order to explore
interactions between various societal subsystems, like the economy,
land, and energy system. They hence include stylized and simplified
representations of these subsystems. Climate damages, avoided
impacts and societal co-benefits of the modelled transformations
remain largely unaccounted for and are important knowledge gaps.
Furthermore, rapid technological changes and uncertainties about
input data present continuous challenges.

The IAMs used in this report do not account for climate impacts
(Section 2.1), and similarly, none of the Gross Domestic Product (GDP)
projections in the mitigation pathway literature assessed in this chapter
included the feedback of climate damages on economic growth (Section
2.3). Although some I1AMs do allow for climate impact feedbacks in
their modelling frameworks, particularly in their land components,
such feedbacks were by design excluded in pathways developed in the
context of the SSP framework. The SSP framework aims at providing
an integrative framework for the assessment of climate change
adaptation and mitigation. IAMs are typically developed to inform
the mitigation component of this question, while the assessment of
impacts is carried out by specialized impact models. However, the use
of a consistent set of socio-economic drivers embodied by the SSPs
allows for an integrated assessment of climate change impacts and
mitigation challenges at a later stage. Further integration of these
two strands of research will allow a better understanding of climate
impacts on mitigation studies.

Many of the IAMs that contributed mitigation pathways to this
assessment include a process-based description of the land system in
addition to the energy system, and several have been extended to cover
air pollutants and water use. These features make them increasingly fit
to explore questions beyond those that touch upon climate mitigation
only. The models do not, however, fully account for all constraints that
could affect realization of pathways (Section 2.1).

While the representation of renewable energy resource potentials,

technology costs and system integration in IAMs has been updated
since AR5, bottom-up studies find higher mitigation potentials in the
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industry, buildings, and transport sector in that realized by selected
pathways from IAMs, indicating the possibility to strengthen sectoral
decarbonization strategies compared to the IAM 1.5°C pathways
assessed in this chapter (Section 2.1).

Studies indicate that a major shift in investment patterns is required
to limit global warming to 1.5°C. This assessment would benefit from
a more explicit representation and understanding of the financial
sector within the modelling approaches. Assumptions in modelling
studies imply low-to-zero transaction costs for market agents and
that regulatory oversight mechanisms and fiduciary duty need to be
highly robust to guarantee stable and credible financial markets in
the long term. This area can be subject to high uncertainty, however.
The heterogeneity of actors (e.g., banks, insurance companies, asset
managers, or credit rating agencies) and financial products also needs
to be taken into account, as does the mobilization of capital and
financial flows between countries and regions (Section 2.5).

The literature on interactions between 1.5°C mitigation pathways
and SDGs is an emergent field of research (Section 2.3.5, 2.5 and Chapter
5). Whereas the choice of mitigation strategies can noticeably affect the
attainment of various societal objectives, there is uncertainty regarding
the extent of the majority of identified interactions. Understanding
climate—SDG interactions helps inform the choice of mitigation options
that minimize trade-offs and risks and maximize synergies towards
sustainable development objectives and the 1.5°C goal (Section 2.5).
2.6.3  Carbon Dioxide Removal (CDR)

Most 1.5°C and 2°C pathways are heavily reliant on CDR at a
speculatively large scale before mid-century. There are a number
of knowledge gaps associated which such technologies. Chapter 4
performs a detailed assessment of CDR technologies.

There is uncertainty in the future deployment of CCS given the
limited pace of current deployment, the evolution of CCS technology
that would be associated with deployment, and the current lack of
incentives for large-scale implementation of CCS (Chapter 4, Section
4.2.7). Technologies other than BECCS and afforestation have yet to
be comprehensively assessed in integrated assessment approaches. No
proposed technology is close to deployment at scale, and regulatory
frameworks are not established. This limits how they can be realistically
implemented within IAMs. (Section 2.3)

Evaluating the potential from BECCS is problematic due to large
uncertainties in future land projections due to differences in modelling
approaches in current land-use models, and these differences are
at least as great as the differences attributed to climate scenario
variations. (Section 2.3)

There is substantial uncertainty about the adverse effects of large-
scale CDR deployment on the environment and societal sustainable
development goals. It is not fully understood how land-use and
land-management choices for large-scale BECCS will affect various
ecosystem services and sustainable development, and how they further
translate into indirect impacts on climate, including GHG emissions
other than CO,. (Section 2.3, Section 2.5.3)
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Frequently Asked Questions
FAQ 2.1 | What Kind of Pathways Limit Warming to 1.5°C and are we on Track?

Summary: There is no definitive way to limit global temperature rise to 1.5°C above pre-industrial levels. This
Special Report identifies two main conceptual pathways to illustrate different interpretations. One stabilizes
global temperature at, or just below, 1.5°C. Another sees global temperature temporarily exceed 1.5°C before
coming back down. Countries’ pledges to reduce their emissions are currently not in line with limiting global
warming to 1.5°C.

Scientists use computer models to simulate the emissions of greenhouse gases that would be consistent with
different levels of warming. The different possibilities are often referred to as ‘greenhouse gas emission
pathways’. There is no single, definitive pathway to limiting warming to 1.5°C.

This IPCC special report identifies two main pathways that explore global warming of 1.5°C. The first involves
global temperature stabilizing at or below before 1.5°C above pre-industrial levels. The second pathway sees
warming exceed 1.5°C around mid-century, remain above 1.5°C for a maximum duration of a few decades, and
return to below 1.5°C before 2100. The latter is often referred to as an ‘overshoot’ pathway. Any alternative
situation in which global temperature continues to rise, exceeding 1.5°C permanently until the end of the 21st
century, is not considered to be a 1.5°C pathway.

The two types of pathway have different implications for greenhouse gas emissions, as well as for climate change
impacts and for achieving sustainable development. For example, the larger and longer an ‘overshoot’, the
greater the reliance on practices or technologies that remove CO, from the atmosphere, on top of reducing
the sources of emissions (mitigation). Such ideas for CO, removal have not been proven to work at scale and,
therefore, run the risk of being less practical, effective or economical than assumed. There is also the risk that
the use of CO, removal techniques ends up competing for land and water, and if these trade-offs are not
appropriately managed, they can adversely affect sustainable development. Additionally, a larger and longer
overshoot increases the risk for irreversible climate impacts, such as the onset of the collapse of polar ice shelves
and accelerated sea level rise.

Countries that formally accept or ‘ratify’ the Paris Agreement submit pledges for how they intend to address
climate change. Unique to each country, these pledges are known as Nationally Determined Contributions
(NDGs). Different groups of researchers around the world have analysed the combined effect of adding up all
the NDCs. Such analyses show that current pledges are not on track to limit global warming to 1.5°C above pre-
industrial levels. If current pledges for 2030 are achieved but no more, researchers find very few (if any) ways to
reduce emissions after 2030 sufficiently quickly to limit warming to 1.5°C. This, in turn, suggests that with the
national pledges as they stand, warming would exceed 1.5°C, at least for a period of time, and practices and
technologies that remove CO, from the atmosphere at a global scale would be required to return warming to
1.5°C at a later date.

A world that is consistent with holding warming to 1.5°C would see greenhouse gas emissions rapidly decline
in the coming decade, with strong international cooperation and a scaling up of countries’ combined ambition
beyond current NDGs. In contrast, delayed action, limited international cooperation, and weak or fragmented
policies that lead to stagnating or increasing greenhouse gas emissions would put the possibility of limiting
global temperature rise to 1.5°C above pre-industrial levels out of reach.

(continued on next page)
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FAQ 2.1 (continued)

FAQ2.1:Conceptual pathways that limit global warming to 1.5°C

Two main pathways illustrate different interpretations for limiting global warming to 1.5°C.
The consequences will be different depending on the pathway

Global temperature stabilises at or Global temperature- tempora_rily exceeds
below 1.5°C above preindustrial levels 1.5°C before returning later in the century

Change in global temperature
relative to pre-industrial (°C)
Og
(2]

Change in global temperature
relative to pre-industrial (°C)

Time - Time

FAQ 2.1, Figure 1| Two main pathways for limiting global temperature rise to 1.5°C above pre-industrial levels are discussed in this Special Report. These are:
stabilizing global temperature at, or just below, 1.5°C (left) and global temperature temporarily exceeding 1.5°C before coming back down later in the century
(right). Temperatures shown are relative to pre-industrial but pathways are illustrative only, demonstrating conceptual not quantitative characteristics.
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Frequently Asked Questions

FAQ 2.2 | What do Energy Supply and Demand have to do with Limiting Warming
to 1.5°C?

Summary: Limiting global warming to 1.5°C above pre-industrial levels would require major reductions in green-
house gas emissions in all sectors. But different sectors are not independent of each other, and making changes
in one can have implications for another. For example, if we as a society use a lot of energy, then this could
mean we have less flexibility in the choice of mitigation options available to limit warming to 1.5°C. If we use
less energy, the choice of possible actions is greater — for example, we could be less reliant on technologies that
remove carbon dioxide (CO,) from the atmosphere.

To stabilize global temperature at any level, ‘net’ CO, emissions would need to be reduced to zero. This means the
amount of CO, entering the atmosphere must equal the amount that is removed. Achieving a balance between
CO, ‘sources’ and ‘sinks’ is often referred to as ‘net zero’ emissions or ‘carbon neutrality’. The implication of net
zero emissions is that the concentration of CO, in the atmosphere would slowly decline over time until a new
equilibrium is reached, as CO, emissions from human activity are redistributed and taken up by the oceans and
the land biosphere. This would lead to a near-constant global temperature over many centuries.

Warming will not be limited to 1.5°C or 2°C unless transformations in a number of areas achieve the required
greenhouse gas emissions reductions. Emissions would need to decline rapidly across all of society’s main sectors,
including buildings, industry, transport, energy, and agriculture, forestry and other land use (AFOLU). Actions
that can reduce emissions include, for example, phasing out coal in the energy sector, increasing the amount of
energy produced from renewable sources, electrifying transport, and reducing the ‘carbon footprint’ of the food
we consume.

The above are examples of ‘supply-side’ actions. Broadly speaking, these are actions that can reduce greenhouse
gas emissions through the use of low-carbon solutions. A different type of action can reduce how much energy
human society uses, while still ensuring increasing levels of development and well-being. Known as ‘demand-side’
actions, this category includes improving energy efficiency in buildings and reducing consumption of energy-
and greenhouse-gas intensive products through behavioural and lifestyle changes, for example. Demand- and
supply-side measures are not an either-or question, they work in parallel with each other. But emphasis can be
given to one or the other.

Making changes in one sector can have consequences for another, as they are not independent of each other.
In other words, the choices that we make now as a society in one sector can either restrict or expand our
options later on. For example, a high demand for energy could mean we would need to deploy almost all known
options to reduce emissions in order to limit global temperature rise to 1.5°C above pre-industrial levels, with
the potential for adverse side-effects. In particular, a pathway with high energy demand would increase our
reliance on practices and technologies that remove CO, from the atmosphere. As of yet, such techniques have
not been proven to work on a large scale and, depending on how they are implemented, could compete for land
and water. By leading to lower overall energy demand, effective demand-side measures could allow for greater
flexibility in how we structure our energy system. However, demand-side measures are not easy to implement
and barriers have prevented the most efficient practices being used in the past.

(continued on next page)

161



Chapter 2 Mitigation Pathways Compatible with 1.5°C in the Context of Sustainable Development

FAQ 2.2 (continued)

FAQ2.2: Energy demand and supply in 1.5°C world

Lower energy demand could allow for greater flexibility in how we structure our energy system.

Low energy demand allows more choice With high energy demand, there is
about which low-carbon energy supply less flexibility as virtually all available
options to use to limit warming to 1.5°C. options would need to be considered.
Low-carbon energy Low-carbon energy Low-carbon energy
supply options* supply options* supply options*

Low Py Low
energy energy
demand demand

[ ] [ ] [
High
® ® energy ®
Y Y demand °
[ ] [ ] [ ]
[} [ ] [ ]
Example 1 Example 2

* Options include renewable energy (such as bioenergy, hydro, wind and solar), nuclear and the use of carbon dioxide removal techniques

FAQ 2.2, Figure 1| Having a lower energy demand increases the flexibility in choosing options for supplying energy. A larger energy demand means many more
low carbon energy supply options would need to be used.
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Impacts of 1.5°C of Global Warming on Natural and Human Systems

Executive Summary

This chapter builds on findings of AR5 and assesses new scientific
evidence of changes in the climate system and the associated impacts
on natural and human systems, with a specific focus on the magnitude
and pattern of risks linked for global warming of 1.5°C above
temperatures in the pre-industrial period. Chapter 3 explores observed
impacts and projected risks to a range of natural and human systems,
with a focus on how risk levels change from 1.5°C to 2°C of global
warming. The chapter also revisits major categories of risk (Reasons for
Concern, RFC) based on the assessment of new knowledge that has
become available since ARS.

1.5°C and 2°C Warmer Worlds

The global climate has changed relative to the pre-industrial
period, and there are multiple lines of evidence that these
changes have had impacts on organisms and ecosystems, as
well as on human systems and well-being (high confidence). The
increase in global mean surface temperature (GMST), which reached
0.87°C in 2006-2015 relative to 1850-1900, has increased the
frequency and magnitude of impacts (high confidence), strengthening
evidence of how an increase in GMST of 1.5°C or more could impact
natural and human systems (1.5°C versus 2°C). {3.3, 3.4, 3.5, 3.6,
Cross-Chapter Boxes 6, 7 and 8 in this chapter}

Human-induced global warming has already caused multiple
observed changes in the climate system (high confidence).
Changes include increases in both land and ocean temperatures, as well
as more frequent heatwaves in most land regions (high confidence).
There is also high confidence that global warming has resulted in an
increase in the frequency and duration of marine heatwaves. Further,
there is substantial evidence that human-induced global warming has
led to an increase in the frequency, intensity and/or amount of heavy
precipitation events at the global scale (medium confidence), as well
as an increased risk of drought in the Mediterranean region (medium
confidence). {3.3.1, 3.3.2, 3.3.3, 3.3.4, Box 3.4}

Trends in intensity and frequency of some climate and weather
extremes have been detected over time spans during which
about 0.5°C of global warming occurred (medium confidence).
This assessment is based on several lines of evidence, including
attribution studies for changes in extremes since 1950. {3.2, 3.3.1,
3.3.2,33.3,33.4}

Several regional changes in climate are assessed to occur with
global warming up to 1.5°C as compared to pre-industrial
levels, including warming of extreme temperatures in many
regions (high confidence), increases in frequency, intensity and/or
amount of heavy precipitation in several regions (high confidence),
and an increase in intensity or frequency of droughts in some regions
(medium confidence). {3.3.1, 3.3.2, 3.3.3, 3.3.4, Table 3.2}

Chapter 3

There is no single “1.5°C warmer world’ (high confidence). In
addition to the overall increase in GMST, it is important to consider the
size and duration of potential overshoots in temperature. Furthermore,
there are questions on how the stabilization of an increase in GMST of
1.5°C can be achieved, and how policies might be able to influence the
resilience of human and natural systems, and the nature of regional
and subregional risks. Overshooting poses large risks for natural and
human systems, especially if the temperature at peak warming is
high, because some risks may be long-lasting and irreversible, such
as the loss of some ecosystems (high confidence). The rate of change
for several types of risks may also have relevance, with potentially
large risks in the case of a rapid rise to overshooting temperatures,
even if a decrease to 1.5°C can be achieved at the end of the 21st
century or later (medium confidence). If overshoot is to be minimized,
the remaining equivalent CO, budget available for emissions is very
small, which implies that large, inmediate and unprecedented global
efforts to mitigate greenhouse gases are required (high confidence).
{3.2, 3.6.2, Cross-Chapter Box 8 in this chapter}

Robust' global differences in temperature means and extremes
are expected if global warming reaches 1.5°C versus 2°C above
the pre-industrial levels (high confidence). For oceans, regional
surface temperature means and extremes are projected to be higher
at 2°C compared to 1.5°C of global warming (high confidence).
Temperature means and extremes are also projected to be higher at
2°C compared to 1.5°C in most land regions, with increases being
2-3 times greater than the increase in GMST projected for some
regions (high confidence). Robust increases in temperature means and
extremes are also projected at 1.5°C compared to present-day values
(high confidence) {3.3.1, 3.3.2}. There are decreases in the occurrence
of cold extremes, but substantial increases in their temperature, in
particular in regions with snow or ice cover (high confidence) {3.3.1}.

Climate models project robust' differences in regional climate
between present-day and global warming up to 1.5°C? and
between 1.5°C and 2°C? (high confidence), depending on the
variable and region in question (high confidence). Large, robust
and widespread differences are expected for temperature
extremes (high confidence). Regarding hot extremes, the strongest
warming is expected to occur at mid-latitudes in the warm season (with
increases of up to 3°C for 1.5°C of global warming, i.e., a factor of two)
and at high latitudes in the cold season (with increases of up to 4.5°C
at 1.5°C of global warming, i.e., a factor of three) (high confidence).
The strongest warming of hot extremes is projected to occur in
central and eastern North America, central and southern Europe, the
Mediterranean region (including southern Europe, northern Africa and
the Near East), western and central Asia, and southern Africa (medium
confidence). The number of exceptionally hot days are expected to
increase the most in the tropics, where interannual temperature
variability is lowest; extreme heatwaves are thus projected to emerge
earliest in these regions, and they are expected to already become
widespread there at 1.5°C global warming (high confidence). Limiting
global warming to 1.5°C instead of 2°C could result in around 420

' Robust is used here to mean that at least two thirds of climate models show the same sign of changes at the grid point scale, and that differences in large regions are

statistically significant.

2 Projected changes in impacts between different levels of global warming are determined with respect to changes in global mean near-surface air temperature.
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million fewer people being frequently exposed to extreme heatwaves,
and about 65 million fewer people being exposed to exceptional
heatwaves, assuming constant vulnerability (medium confidence).
{3.3.1, 3.3.2, Cross-Chapter Box 8 in this chapter}

Limiting global warming to 1.5°C would limit risks of increases
in heavy precipitation events on a global scale and in several
regions compared to conditions at 2°C global warming
(medium confidence). The regions with the largest increases in heavy
precipitation events for 1.5°C to 2°C global warming include: several
high-latitude regions (e.g. Alaska/western Canada, eastern Canada/
Greenland/Iceland, northern Europe and northern Asia); mountainous
regions (e.g., Tibetan Plateau); eastern Asia (including China and Japan);
and eastern North America (medium confidence). Tropical cyclones are
projected to decrease in frequency but with an increase in the number
of very intense cyclones (limited evidence, low confidence). Heavy
precipitation associated with tropical cyclones is projected to be higher
at 2°C compared to 1.5°C of global warming (medium confidence).
Heavy precipitation, when aggregated at a global scale, is projected to
be higher at 2°C than at 1.5°C of global warming (medium confidence)
{3.3.3,3.3.6}

Limiting global warming to 1.5°C is expected to substantially
reduce the probability of extreme drought, precipitation deficits,
and risks associated with water availability (i.e., water stress) in
some regions (medium confidence). In particular, risks associated
with increases in drought frequency and magnitude are projected to be
substantially larger at 2°C than at 1.5°C in the Mediterranean region
(including southern Europe, northern Africa and the Near East) and
southern Africa (medium confidence). {3.3.3, 3.3.4, Box 3.1, Box 3.2}

Risks to natural and human systems are expected to be lower
at 1.5°C than at 2°C of global warming (high confidence). This
difference is due to the smaller rates and magnitudes of climate
change associated with a 1.5°C temperature increase, including lower
frequencies and intensities of temperature-related extremes. Lower
rates of change enhance the ability of natural and human systems
to adapt, with substantial benefits for a wide range of terrestrial,
freshwater, wetland, coastal and ocean ecosystems (including coral
reefs) (high confidence), as well as food production systems, human
health, and tourism (medium confidence), together with energy
systems and transportation (low confidence). {3.3.1, 3.4}

Exposure to multiple and compound climate-related risks is
projected to increase between 1.5°C and 2°C of global warming
with greater proportions of people both exposed and susceptible to
poverty in Africa and Asia (high confidence). For global warming from
1.5°C to 2°C, risks across energy, food, and water sectors could overlap
spatially and temporally, creating new — and exacerbating current —
hazards, exposures, and vulnerabilities that could affect increasing
numbers of people and regions (medium confidence). Small island
states and economically disadvantaged populations are particularly at
risk (high confidence). {3.3.1,3.4.5.3,3.4.5.6, 3.4.11, 3.5.4.9, Box 3.5}
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Global warming of 2°C would lead to an expansion of areas with
significant increases in runoff, as well as those affected by flood
hazard, compared to conditions at 1.5°C (medium confidence).
Global warming of 1.5°C would also lead to an expansion of the global
land area with significant increases in runoff (medium confidence) and
an increase in flood hazard in some regions (medium confidence)
compared to present-day conditions. {3.3.5}

The probability of a sea-ice-free Arctic Ocean® during summer
is substantially higher at 2°C compared to 1.5°C of global
warming (medium confidence). Model simulations suggest that
at least one sea-ice-free Arctic summer is expected every 10 years
for global warming of 2°C, with the frequency decreasing to one
sea-ice-free Arctic summer every 100 years under 1.5°C (medium
confidence). An intermediate temperature overshoot will have no long-
term consequences for Arctic sea ice coverage, and hysteresis is not
expected (high confidence). {3.3.8, 3.4.4.7}

Global mean sea level rise (GMSLR) is projected to be around
0.1 m (0.04 — 0.16 m) less by the end of the 21st century in a
1.5°C warmer world compared to a 2°C warmer world (medium
confidence). Projected GMSLR for 1.5°C of global warming has an
indicative range of 0.26 — 0.77m, relative to 1986-2005, (medium
confidence). A smaller sea level rise could mean that up to 10.4 million
fewer people (based on the 2010 global population and assuming no
adaptation) would be exposed to the impacts of sea level rise globally
in 2100 at 1.5°C compared to at 2°C. A slower rate of sea level rise
enables greater opportunities for adaptation (medium confidence).
There is high confidence that sea level rise will continue beyond 2100.
Instabilities exist for both the Greenland and Antarctic ice sheets, which
could result in multi-meter rises in sea level on time scales of century
to millennia. There is medium confidence that these instabilities could
be triggered at around 1.5°C to 2°C of global warming. {3.3.9, 3.4.5,
3.6.3}

The ocean has absorbed about 30% of the anthropogenic
carbon dioxide, resulting in ocean acidification and changes to
carbonate chemistry that are unprecedented for at least the
last 65 million years (high confidence). Risks have been identified
for the survival, calcification, growth, development and abundance of
a broad range of marine taxonomic groups, ranging from algae to fish,
with substantial evidence of predictable trait-based sensitivities (high
confidence). There are multiple lines of evidence that ocean warming
and acidification corresponding to 1.5°C of global warming would
impact a wide range of marine organisms and ecosystems, as well as
sectors such as aquaculture and fisheries (high confidence). {3.3.10,
3.4.4}

Larger risks are expected for many regions and systems for
global warming at 1.5°C, as compared to today, with adaptation
required now and up to 1.5°C. However, risks would be larger at 2°C of
warming and an even greater effort would be needed for adaptation to
a temperature increase of that magnitude (high confidence). {3.4, Box
3.4, Box 3.5, Cross-Chapter Box 6 in this chapter}

3 lce free is defined for the Special Report as when the sea ice extent is less than 106 km?2. Ice coverage less than this is considered to be equivalent to an ice-free Arctic Ocean

for practical purposes in all recent studies.
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Future risks at 1.5°C of global warming will depend on the
mitigation pathway and on the possible occurrence of a
transient overshoot (high confidence). The impacts on natural
and human systems would be greater if mitigation pathways
temporarily overshoot 1.5°C and return to 1.5°C later in the century,
as compared to pathways that stabilize at 1.5°C without an overshoot
(high confidence). The size and duration of an overshoot would also
affect future impacts (e.g., irreversible loss of some ecosystems) (high
confidence). Changes in land use resulting from mitigation choices
could have impacts on food production and ecosystem diversity. {3.6.1,
3.6.2, Cross-Chapter Boxes 7 and 8 in this chapter}

Climate Change Risks for Natural and Human systems
Terrestrial and Wetland Ecosystems

Risks of local species losses and, consequently, risks of
extinction are much less in a 1.5°C versus a 2°C warmer world
(high confidence). The number of species projected to lose over
half of their climatically determined geographic range at 2°C global
warming (18% of insects, 16% of plants, 8% of vertebrates) is
projected to be reduced to 6% of insects, 8% of plants and 4% of
vertebrates at 1.5°C warming (medium confidence). Risks associated
with other biodiversity-related factors, such as forest fires, extreme
weather events, and the spread of invasive species, pests and
diseases, would also be lower at 1.5°C than at 2°C of warming (high
confidence), supporting a greater persistence of ecosystem services.
{3.43,3.5.2}

Constraining global warming to 1.5°C, rather than to 2°C
and higher, is projected to have many benefits for terrestrial
and wetland ecosystems and for the preservation of their
services to humans (high confidence). Risks for natural and
managed ecosystems are higher on drylands compared to humid
lands. The global terrestrial land area projected to be affected by
ecosystem transformations (13%, interquartile range 8-20%) at 2°C
is approximately halved at 1.5°C global warming to 4% (interquartile
range 2-7%) (medium confidence). Above 1.5°C, an expansion of
desert terrain and vegetation would occur in the Mediterranean
biome (medium confidence), causing changes unparalleled in the last
10,000 years (medium confidence). {3.3.2.2,3.4.3.2,3.4.3.5,3.4.6.1,
3.5.5.10, Box 4.2}

Many impacts are projected to be larger at higher latitudes,
owing to mean and cold-season warming rates above the
global average (medium confidence). High-latitude tundra and
boreal forest are particularly at risk, and woody shrubs are already
encroaching into tundra (high confidence) and will proceed with
further warming. Constraining warming to 1.5°C would prevent the
thawing of an estimated permafrost area of 1.5 to 2.5 million km?
over centuries compared to thawing under 2°C (medium confidence).
{3.3.2,3.43,3.4.4
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Ocean Ecosystems

Ocean ecosystems are already experiencing large-scale
changes, and critical thresholds are expected to be reached at
1.5°C and higher levels of global warming (high confidence).
In the transition to 1.5°C of warming, changes to water temperatures
are expected to drive some species (e.g., plankton, fish) to relocate
to higher latitudes and cause novel ecosystems to assemble (high
confidence). Other ecosystems (e.g., kelp forests, coral reefs) are
relatively less able to move, however, and are projected to experience
high rates of mortality and loss (very high confidence). For example,
multiple lines of evidence indicate that the majority (70-90%) of
warm water (tropical) coral reefs that exist today will disappear even
if global warming is constrained to 1.5°C (very high confidence).
{3.4.4, Box 3.4}

Current ecosystem services from the ocean are expected to be
reduced at 1.5°C of global warming, with losses being even
greater at 2°C of global warming (high confidence). The risks
of declining ocean productivity, shifts of species to higher latitudes,
damage to ecosystems (e.g., coral reefs, and mangroves, seagrass
and other wetland ecosystems), loss of fisheries productivity (at
low latitudes), and changes to ocean chemistry (e.g., acidification,
hypoxia and dead zones) are projected to be substantially lower
when global warming is limited to 1.5°C (high confidence). {3.4.4,
Box 3.4}

Water Resources

The projected frequency and magnitude of floods and droughts
in some regions are smaller under 1.5°C than under 2°C of
warming (medium confidence). Human exposure to increased
flooding is projected to be substantially lower at 1.5°C compared to
2°C of global warming, although projected changes create regionally
differentiated risks (medium confidence). The differences in the risks
among regions are strongly influenced by local socio-economic
conditions (medium confidence). {3.3.4, 3.3.5, 3.4.2}

Risks of water scarcity are projected to be greater at 2°C than at
1.5°C of global warming in some regions (medium confidence).
Depending on future socio-economic conditions, limiting global
warming to 1.5°C, compared to 2°C, may reduce the proportion of
the world population exposed to a climate change-induced increase
in water stress by up to 50%, although there is considerable variability
between regions (medium confidence). Regions with particularly
large benefits could include the Mediterranean and the Caribbean
(medium confidence). Socio-economic drivers, however, are expected
to have a greater influence on these risks than the changes in climate
(medium confidence). {3.3.5, 3.4.2, Box 3.5}

Land Use, Food Security and Food Production Systems
Limiting global warming to 1.5°C, compared with 2°C, is

projected to result in smaller net reductions in yields of maize,
rice, wheat, and potentially other cereal crops, particularly in
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sub-Saharan Africa, Southeast Asia, and Central and South America;
and in the CO,-dependent nutritional quality of rice and wheat
(high confidence). A loss of 7-10% of rangeland livestock globally
is projected for approximately 2°C of warming, with considerable
economic consequences for many communities and regions (medium
confidence). {3.4.6, 3.6, Box 3.1, Cross-Chapter Box 6 in this chapter}

Reductions in projected food availability are larger at 2°C
than at 1.5°C of global warming in the Sahel, southern Africa,
the Mediterranean, central Europe and the Amazon (medium
confidence). This suggests a transition from medium to high risk of
regionally differentiated impacts on food security between 1.5°C and
2°C (medium confidence). Future economic and trade environments
and their response to changing food availability (medium confidence)
are important potential adaptation options for reducing hunger risk
in low- and middle-income countries. {Cross-Chapter Box 6 in this
chapter}

Fisheries and aquaculture are important to global food security
but are already facing increasing risks from ocean warming
and acidification (medium confidence). These risks are
projected to increase at 1.5°C of global warming and impact
key organisms such as fin fish and bivalves (e.g., oysters),
especially at low latitudes (medium confidence). Small-scale
fisheries in tropical regions, which are very dependent on habitat
provided by coastal ecosystems such as coral reefs, mangroves,
seagrass and kelp forests, are expected to face growing risks at 1.5°C
of warming because of loss of habitat (medium confidence). Risks
of impacts and decreasing food security are projected to become
greater as global warming reaches beyond 1.5°C and both ocean
warming and acidification increase, with substantial losses likely for
coastal livelihoods and industries (e.g., fisheries and aquaculture)
(medium to high confidence). {3.4.4, 3.4.5, 3.4.6, Box 3.1, Box 3.4,
Box 3.5, Cross-Chapter Box 6 in this chapter}

Land use and land-use change emerge as critical features of
virtually all mitigation pathways that seek to limit global
warming to 1.5°C (high confidence). Most least-cost mitigation
pathways to limit peak or end-of-century warming to 1.5°C make
use of carbon dioxide removal (CDR), predominantly employing
significant levels of bioenergy with carbon capture and storage
(BECCS) and/or afforestation and reforestation (AR) in their portfolio
of mitigation measures (high confidence). {Cross-Chapter Box 7 in
this chapter}

Large-scale deployment of BECCS and/or AR would have
a far-reaching land and water footprint (high confidence).
Whether this footprint would result in adverse impacts, for example
on biodiversity or food production, depends on the existence and
effectiveness of measures to conserve land carbon stocks, measures
to limit agricultural expansion in order to protect natural ecosystems,
and the potential to increase agricultural productivity (medium
agreement). In addition, BECCS and/or AR would have substantial
direct effects on regional climate through biophysical feedbacks,
which are generally not included in Integrated Assessments Models
(high confidence).{3.6.2, Cross-Chapter Boxes 7 and 8 in this chapter}
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The impacts of large-scale CDR deployment could be greatly
reduced if a wider portfolio of CDR options were deployed, if a
holistic policy for sustainable land management were adopted,
and if increased mitigation efforts were employed to strongly
limit the demand for land, energy and material resources,
including through lifestyle and dietary changes (medium
confidence). In particular, reforestation could be associated with
significant co-benefits if implemented in a manner than helps restore
natural ecosystems (high confidence). {Cross-Chapter Box 7 in this
chapter}

Human Health, Well-Being, Cities and Poverty

Any increase in global temperature (e.g., +0.5°C) is projected
to affect human health, with primarily negative consequences
(high confidence). Lower risks are projected at 1.5°C than at 2°C
for heat-related morbidity and mortality (very high confidence), and
for ozone-related mortality if emissions needed for ozone formation
remain high (high confidence). Urban heat islands often amplify the
impacts of heatwaves in cities (high confidence). Risks for some
vector-borne diseases, such as malaria and dengue fever are projected
to increase with warming from 1.5°C to 2°C, including potential
shifts in their geographic range (high confidence). Overall for vector-
borne diseases, whether projections are positive or negative depends
on the disease, region and extent of change (high confidence). Lower
risks of undernutrition are projected at 1.5°C than at 2°C (medium
confidence). Incorporating estimates of adaptation into projections
reduces the magnitude of risks (high confidence). {3.4.7, 3.4.7.1,
3.4.8,3.5.5.8}

Global warming of 2°Ciis expected to pose greater risks to urban
areas than global warming of 1.5°C (medium confidence). The
extent of risk depends on human vulnerability and the effectiveness
of adaptation for regions (coastal and non-coastal), informal
settlements and infrastructure sectors (such as energy, water and
transport) (high confidence). {3.4.5, 3.4.8}

Poverty and disadvantage have increased with recent warming
(about 1°C) and are expected to increase for many populations
as average global temperatures increase from 1°C to 1.5°C
and higher (medium confidence). Outmigration in agricultural-
dependent communities is positively and statistically significantly
associated with global temperature (medium confidence). Our
understanding of the links of 1.5°C and 2°C of global warming to
human migration are limited and represent an important knowledge
gap. {3.4.10, 3.4.11, 5.2.2, Table 3.5}

Key Economic Sectors and Services

Risks to global aggregated economic growth due to climate
change impacts are projected to be lower at 1.5°C than at 2°C
by the end of this century (medium confidence). {3.5.2, 3.5.3}

The largest reductions in economic growth at 2°C compared
to 1.5°C of warming are projected for low- and middle-income
countries and regions (the African continent, Southeast Asia,
India, Brazil and Mexico) (low to medium confidence). Countries
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in the tropics and Southern Hemisphere subtropics are projected to
experience the largest impacts on economic growth due to climate
change should global warming increase from 1.5°C to 2°C (medium
confidence). {3.5}

Global warming has already affected tourism, with increased
risks projected under 1.5°C of warming in specific geographic
regions and for seasonal tourism including sun, beach and
snow sports destinations (very high confidence). Risks will be
lower for tourism markets that are less climate sensitive, such as
gaming and large hotel-based activities (high confidence). Risks for
coastal tourism, particularly in subtropical and tropical regions, will
increase with temperature-related degradation (e.g., heat extremes,
storms) or loss of beach and coral reef assets (high confidence).
{3.3.6,3.4.4.12,3.4.9.1, Box 3.4}

Small Islands, and Coastal and Low-lying areas

Small islands are projected to experience multiple inter-
related risks at 1.5°C of global warming that will increase with
warming of 2°C and higher levels (high confidence). Climate
hazards at 1.5°C are projected to be lower compared to those at 2°C
(high confidence). Long-term risks of coastal flooding and impacts on
populations, infrastructures and assets (high confidence), freshwater
stress (medium confidence), and risks across marine ecosystems (high
confidence) and critical sectors (medium confidence) are projected to
increase at 1.5°C compared to present-day levels and increase further
at 2°C, limiting adaptation opportunities and increasing loss and
damage (medium confidence). Migration in small islands (internally
and internationally) occurs for multiple reasons and purposes, mostly
for better livelihood opportunities (high confidence) and increasingly
owing to sea level rise (medium confidence). {3.3.2.2, 3.3.6-9,
3.4.3.2,34.4.2,34.45,34.4.12,3.453,3.4.7.1,3.49.1, 3549,
Box 3.4, Box 3.5}

Impacts associated with sea level rise and changes to the
salinity of coastal groundwater, increased flooding and
damage to infrastructure, are projected to be critically
important in vulnerable environments, such as small islands,
low-lying coasts and deltas, at global warming of 1.5°C and
2°C (high confidence). Localized subsidence and changes to river
discharge can potentially exacerbate these effects. Adaptation is
already happening (high confidence) and will remain important over
multi-centennial time scales. {3.4.5.3, 3.4.5.4, 3.4.5.7, 5.4.5.4, Box
3.5}

Existing and restored natural coastal ecosystems may be
effective in reducing the adverse impacts of rising sea levels
and intensifying storms by protecting coastal and deltaic
regions (medium confidence). Natural sedimentation rates are
expected to be able to offset the effect of rising sea levels, given
the slower rates of sea level rise associated with 1.5°C of warming
(medium confidence). Other feedbacks, such as landward migration
of wetlands and the adaptation of infrastructure, remain important
(medium confidence). {3.4.4.12,3.4.5.4,3.4.5.7}
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Increased Reasons for Concern

There are multiple lines of evidence that since AR5 the assessed
levels of risk increased for four of the five Reasons for Concern
(RFCs) for global warming levels of up to 2°C (high confidence).
The risk transitions by degrees of global warming are now: from high
to very high between 1.5°C and 2°C for RFC1 (Unique and threatened
systems) (high confidence); from moderate to high risk between 1°Cand
1.5°C for RFC2 (Extreme weather events) (medium confidence); from
moderate to high risk between 1.5°C and 2°C for RFC3 (Distribution of
impacts) (high confidence); from moderate to high risk between 1.5°C
and 2.5°C for RFC4 (Global aggregate impacts) (medium confidence);
and from moderate to high risk between 1°C and 2.5°C for RFC5
(Large-scale singular events) (medium confidence). {3.5.2}

1. The category ‘Unique and threatened systems’ (RFC1)
display a transition from high to very high risk which is
now located between 1.5°C and 2°C of global warming as
opposed to at 2.6°C of global warming in AR5, owing to new and
multiple lines of evidence for changing risks for coral reefs, the
Arctic and biodiversity in general (high confidence). {3.5.2.1}

2. In 'Extreme weather events’ (RFC2), the transition from
moderate to high risk is now located between 1.0°C and
1.5°C of global warming, which is very similar to the AR5
assessment but is projected with greater confidence (medium
confidence). The impact literature contains little information
about the potential for human society to adapt to extreme
weather events, and hence it has not been possible to locate
the transition from ‘high’ to ‘very high’ risk within the context of
assessing impacts at 1.5°C versus 2°C of global warming. There
is thus low confidence in the level at which global warming could
lead to very high risks associated with extreme weather events in
the context of this report. {3.5}

3. With respect to the ‘Distribution of impacts’ (RFC3) a
transition from moderate to high risk is now located
between 1.5°C and 2°C of global warming, compared with
between 1.6°C and 2.6°C global warming in AR5, owing to new
evidence about regionally differentiated risks to food security,
water resources, drought, heat exposure and coastal submergence
(high confidence). {3.5}

4. In ‘global aggregate impacts’ (RFC4) a transition from
moderate to high levels of risk is now located between
1.5°C and 2.5°C of global warming, as opposed to at 3.6°C of
warming in AR5, owing to new evidence about global aggregate
economic impacts and risks to Earth's biodiversity (medium
confidence). {3.5}

5. Finally, ‘large-scale singular events' (RFC5), moderate risk
is now located at 1°C of global warming and high risk is
located at 2.5°C of global warming, as opposed to at 1.6°C
(moderate risk) and around 4°C (high risk) in AR5, because of new
observations and models of the West Antarctic ice sheet (medium
confidence). {3.3.9, 3.5.2, 3.6.3}
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3.1 About the Chapter

Chapter 3 uses relevant definitions of a potential 1.5°C warmer world
from Chapters 1 and 2 and builds directly on their assessment of gradual
versus overshoot scenarios. It interacts with information presented in
Chapter 2 via the provision of specific details relating to the mitigation
pathways (e.g., land-use changes) and their implications for impacts.
Chapter 3 also includes information needed for the assessment and
implementation of adaptation options (presented in Chapter 4), as
well as the context for considering the interactions of climate change
with sustainable development and for the assessment of impacts on
sustainability, poverty and inequalities at the household to subregional
level (presented in Chapter 5).

Section 3.1
Introduction

Section 3.2
Assessing 1.5°C

Impacts of 1.5°C of Global Warming on Natural and Human Systems

This chapter is necessarily transdisciplinary in its coverage of the
climate system, natural and managed ecosystems, and human
systems and responses, owing to the integrated nature of the natural
and human experience. While climate change is acknowledged as a
centrally important driver, it is not the only driver of risks to human and
natural systems, and in many cases, it is the interaction between these
two broad categories of risk that is important (Chapter 1).

The flow of the chapter, linkages between sections, a list of chapter-
and cross-chapter boxes, and a content guide for reading according
to focus or interest are given in Figure 3.1. Key definitions used in the
chapter are collected in the Glossary. Confidence language is used
throughout this chapter and likelihood statements (e.g., likely, very
likely) are provided when there is high confidence in the assessment.
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Figure 3.1 | Chapter 3 structure and quick guide.

The underlying literature assessed in Chapter 3 is broad and includes a
large number of recent publications specific to assessments for 1.5°C
of warming. The chapter also utilizes information covered in prior
IPCC special reports, for example the Special Report on Managing the
Risks of Extreme Events and Disasters to Advance Climate Change
Adaptation (SREX; IPCC, 2012), and many chapters from the IPCC
WGII Fifth Assessment Report (AR5) that assess impacts on natural
and managed ecosystems and humans, as well as adaptation options
(IPCC, 2014b). For this reason, the chapter provides information based
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on a broad range of assessment methods. Details about the approaches
used are presented in Section 3.2.

Section 3.3 gives a general overview of recent literature on observed
climate change impacts as the context for projected future risks. With
a few exceptions, the focus here is the analysis of transient responses
at 1.5°C and 2°C of global warming, with simulations of short-term
stabilization scenarios (Section 3.2) also assessed in some cases. In
general, long-term equilibrium stabilization responses could not be
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assessed owing to a lack of data and analysis. A detailed analysis of
detection and attribution is not provided but will be the focus of the next
IPCC assessment report (AR6). Furthermore, possible interventions in
the climate system through radiation modification measures, which are
not tied to reductions of greenhouse gas emissions or concentrations,
are not assessed in this chapter.

Understanding the observed impacts and projected risks of climate
change is crucial to comprehending how the world is likely to change
under global warming of 1.5°C above temperatures in the pre-industrial
period (with reference to 2°C). Section 3.4 explores the new literature
and updates the assessment of impacts and projected risks for a large
number of natural and human systems. By also exploring adaptation
opportunities, where the literature allows, the section prepares the
reader for discussions in subsequent chapters about opportunities to
tackle both mitigation and adaptation. The section is mostly globally
focused because of limited research on regional risks and adaptation
options at 1.5°C and 2°C. For example, the risks of 1.5°C and 2°C of
warming in urban areas, as well as the risks of health outcomes under
these two warming scenarios (e.g. climate-related diseases, air quality
impacts and mental health problems), were not considered because
of a lack of projections of how these risks might change in a 1.5°C or
2°C warmer world. In addition, the complexity of many interactions
of climate change with drivers of poverty, along with a paucity of
relevant studies, meant it was not possible to detect and attribute
many dimensions of poverty and disadvantage to climate change. Even
though there is increasing documentation of climate-related impacts on
places where indigenous people live and where subsistence-oriented
communities are found, relevant projections of the risks associated
with warming of 1.5°C and 2°C are necessarily limited.

To explore avoided impacts and reduced risks at 1.5°C compared with
at 2°C of global warming, the chapter adopts the AR5 ‘Reasons for
Concern’ aggregated projected risk framework (Section 3.5). Updates
in terms of the aggregation of risks are informed by the most recent
literature and the assessments offered in Sections 3.3 and 3.4, with
a focus on the impacts at 2°C of warming that could potentially be
avoided if warming were constrained to 1.5°C. Economic benefits that
would be obtained (Section 3.5.3), climate change 'hotspots’ that could
be avoided or reduced (Section 3.5.4 as guided by the assessments of
Sections 3.3, 3.4 and 3.5), and tipping points that could be circumvented
(Section 3.5.5) at 1.5°C compared to higher degrees of global warming
are all examined. The latter assessments are, however, constrained to
regional analyses, and hence this particular section does not include an
assessment of specific losses and damages.

Section 3.6 provides an overview on specific aspects of the mitigation
pathways considered compatible with 1.5°C of global warming,
including some scenarios involving temperature overshoot above
1.5°C global warming during the 21st century. Non-CO, implications
and projected risks of mitigation pathways, such as changes to land
use and atmospheric compounds, are presented and explored. Finally,
implications for sea ice, sea level and permafrost beyond the end of the
century are assessed.

The exhaustive assessment of literature specific to global warming
of 1.5°C above the pre-industrial period, presented across all the
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sections in Chapter 3, highlights knowledge gaps resulting from the
heterogeneous information available across systems, regions and
sectors. Some of these gaps are described in Section 3.7.

3.2 How are Risks at 1.5°C and
Higher Levels of Global Warming

Assessed in this Chapter?

The methods that are applied for assessing observed and projected
changes in climate and weather are presented in Section 3.2.1, while
those used for assessing the observed impacts on and projected risks to
natural and managed systems, and to human settlements, are described
in Section 3.2.2. Given that changes in climate associated with 1.5°C
of global warming were not the focus of past IPCC reports, dedicated
approaches based on recent literature that are specific to the present
report are also described. Background on specific methodological
aspects (climate model simulations available for assessments at 1.5°C
global warming, attribution of observed changes in climate and their
relevance for assessing projected changes at 1.5°C and 2°C global
warming, and the propagation of uncertainties from climate forcing
to impacts on ecosystems) are provided in the Supplementary Material
3.5M.
3.2.1  How are Changes in Climate and Weather at 1.5°C
versus Higher Levels of Warming Assessed?

Evidence for the assessment of changes to climate at 1.5°C versus
2°C can be drawn both from observations and model projections.
Global mean surface temperature (GMST) anomalies were about
+0.87°C (x0.10°C likely range) above pre-industrial industrial (1850—
1900) values in the 2006-—2015 decade, with a recent warming
of about 0.2°C (x0.10°C) per decade (Chapter 1). Human-induced
global warming reached approximately 1°C (+0.2°C likely range) in
2017 (Chapter 1). While some of the observed trends may be due
to internal climate variability, methods of detection and attribution
can be applied to assess which part of the observed changes may be
attributed to anthropogenic forcing (Bindoff et al., 2013b). Hence,
evidence from attribution studies can be used to assess changes
in the climate system that are already detectable at lower levels of
global warming and would thus continue to change with a further
0.5°C or 1°C of global warming (see Supplementary Material 3.SM.1
and Sections 3.3.1, 3.3.2, 3.3.3, 3.3.4 and 3.3.11). A recent study
identified significant changes in extremes for a 0.5°C difference in
global warming based on the historical record (Schleussner et al.,
2017). It should also be noted that attributed changes in extremes
since 1950 that were reported in the IPCC AR5 report (IPCC, 2013)
generally correspond to changes in global warming of about 0.5°C
(see 3.5M.1)

Climate model simulations are necessary for the investigation of
the response of the climate system to various forcings, in particular
to forcings associated with higher levels of greenhouse gas
concentrations. Model simulations include experiments with global
and regional climate models, as well as impact models — driven with
output from climate models — to evaluate the risk related to climate
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change for natural and human systems (Supplementary Material
3.SM.1). Climate model simulations were generally used in the context
of particular ‘climate scenarios’ from previous IPCC reports (e.g.,
IPCC, 2007, 2013). This means that emissions scenarios (IPCC, 2000)
were used to drive climate models, providing different projections
for given emissions pathways. The results were consequently used in
a 'storyline” framework, which presents the development of climate
in the course of the 21st century and beyond for a given emissions
pathway. Results were assessed for different time slices within the
model projections such as 2016-2035 ('near term’, which is slightly
below a global warming of 1.5°C according to most scenarios, Kirtman
et al.,, 2013), 2046-2065 (mid-21st century, Collins et al., 2013), and
2081-2100 (end of 21st century, Collins et al., 2013). Given that this
report focuses on climate change for a given mean global temperature
response (1.5°C or 2°C), methods of analysis had to be developed and/
or adapted from previous studies in order to provide assessments for
the specific purposes here.

A major challenge in assessing climate change under 1.5°C, or 2°C
(and higher levels), of global warming pertains to the definition of
a "1.5°C or 2°C climate projection’ (see also Cross-Chapter Box
8 in this chapter). Resolving this challenge includes the following
considerations:

A. The need to distinguish between (i) transient climate responses
(i.e., those that ‘pass through' 1.5°C or 2°C of global warming),
(i) short-term stabilization responses (i.e., scenarios for the late
21st century that result in stabilization at a mean global warming
of 1.5°C or 2°C by 2100), and (iii) long-term equilibrium
stabilization responses (ie, those occurring after several
millennia once climate (temperature) equilibrium at 1.5°C or 2°C
is reached). These responses can be very different in terms of
climate variables and the inertia associated with a given climate
forcing. A striking example is sea level rise (SLR). In this case,
projected increases within the 21st century are minimally
dependent on the scenario considered, yet they stabilize at very
different levels for a long-term warming of 1.5°C versus 2°C
(Section 3.3.9).

B. The "1.5°C or 2°C emissions scenarios’ presented in Chapter
2 are targeted to hold warming below 1.5°C or 2°C with a certain
probability (generally two-thirds) over the course, or at the
end, of the 21st century. These scenarios should be seen as the
operationalization of 1.5°C or 2°C warmer worlds. However,
when these emission scenarios are used to drive climate models,
some of the resulting simulations lead to warming above these
respective thresholds (typically with a probability of one-third, see
Chapter 2 and Cross-Chapter Box 8 in this chapter). This is due
both to discrepancies between models and to internal climate
variability. For this reason, the climate outcome for any of these
scenarios, even those excluding an overshoot (see next point, C.),
include some probability of reaching a global climate warming
of more than 1.5°C or 2°C. Hence, a comprehensive assessment
of climate risks associated with “1.5°C or 2°C climate scenarios’
needs to include consideration of higher levels of warming (e.g.,
up to 2.5°C to 3°C, see Chapter 2 and Cross-Chapter Box 8 in this
chapter).
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C.  Most of the '1.5°C scenarios’, and some of the ‘2°C emissions
scenarios’ presented in Chapter 2 include a temperature
overshoot during the course of the 21st century. This means that
median temperature projections under these scenarios exceed
the target warming levels over the course of the century (typically
0.5°C—1°C higher than the respective target levels at most),
before warming returns to below 1.5°C or 2°C by 2100. During
the overshoot phase, impacts would therefore correspond to
higher transient temperature increases than 1.5°C or 2°C. For this
reason, impacts of transient responses at these higher warming
levels are also partly addressed in Cross-Chapter Box 8 in this
chapter (on a 1.5°C warmer world), and some analyses for
changes in extremes are also presented for higher levels of
warming in Section 3.3 (Figures 3.5, 3.6, 3.9, 3.10, 3.12 and 3.13).
Most importantly, different overshoot scenarios may have very
distinct impacts depending on (i) the peak temperature of
the overshoot, (ii) the length of the overshoot period, and (jii) the
associated rate of change in global temperature over the
time period of the overshoot. While some of these issues are
briefly addressed in Sections 3.3 and 3.6, and in the Cross-Chapter
Box 8, the definition of overshoot and related questions will need
to be more comprehensively addressed in the IPCC ARG report.

D. The levels of global warming that are the focus of this report
(1.5°C and 2°C) are measured relative to the pre-industrial period.
This definition requires an agreement on the exact reference time
period (for 0°C of warming) and the time frame over which the
global warming is assessed, typically 20 to 30 years in length. As
discussed in Chapter 1, a climate with 1.5°C global warming is
one in which temperatures averaged over a multi-decade time
scale are 1.5°C above those in the pre-industrial reference period.
Greater detail is provided in Cross-Chapter Box 8 in this chapter.
Inherent to this is the observation that the mean temperature of
a "1.5°C warmer world" can be regionally and temporally much
higher (e.g., with regional annual temperature extremes involving
warming of more than 6°C; see Section 3.3 and Cross-Chapter
Box 8 in this chapter).

E. The interference of factors unrelated to greenhouse gases with
mitigation pathways can strongly affect regional climate. For
example, biophysical feedbacks from changes in land use and
irrigation (e.g., Hirsch et al., 2017; Thiery et al., 2017), or projected
changes in short-lived pollutants (e.g., Z. Wang et al., 2017), can
have large influences on local temperatures and climate
conditions. While these effects are not explicitly integrated into the
scenarios developed in Chapter 2, they may affect projected
changes in climate under 1.5°C of global warming. These issues
are addressed in more detail in Section 3.6.2.2.

The assessment presented in the current chapter largely focuses on
the analysis of transient responses in climate at 1.5°C versus 2°C
and higher levels of global warming (see point A. above and Section
3.3). It generally uses the empirical scaling relationship (ESR) approach
(Seneviratne et al., 2018c), also termed the ‘time sampling’ approach
(James et al., 2017), which consists of sampling the response at 1.5°C
and other levels of global warming from all available global climate
model scenarios for the 21st century (e.g., Schleussner et al., 2016b;
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Seneviratne et al., 2016; Wartenburger et al., 2017). The ESR approach
focuses more on the derivation of a continuous relationship, while
the term ‘time sampling’ is more commonly used when comparing a
limited number of warming levels (e.g., 1.5°C versus 2°C). A similar
approach in the case of regional climate model (RCM) simulations
consists of sampling the RCM model output corresponding to the
time frame at which the driving general circulation model (GCM)
reaches the considered temperature level, for example, as done within
IMPACT2C (Jacob and Solman, 2017), see description in Vautard et
al. (2014). As an alternative to the ESR or time sampling approach,
pattern scaling may be used. Pattern scaling is a statistical approach
that describes relationships of specific climate responses as a function
of global temperature change. Some assessments presented in this
chapter are based on this method. The disadvantage of pattern scaling,
however, is that the relationship may not perfectly emulate the models’
responses at each location and for each global temperature level
(James et al., 2017). Expert judgement is a third methodology that can
be used to assess probable changes at 1.5°C or 2°C of global warming
by combining changes that have been attributed to the observed time
period (corresponding to warming of 1°C or less if assessed over a
shorter period) with known projected changes at 3°C or 4°C above
pre-industrial temperatures (Supplementary Material 3.SM.1). In order
to assess effects induced by a 0.5°C difference in global warming,
the historical record can be used at first approximation as a proxy,
meaning that conditions are compared for two periods that have a
0.5°C difference in GMST warming (such as 1991-2010 and 1960-
1979, e.g., Schleussner et al., 2017). This in particular also applies to
attributed changes in extremes since 1950 that were reported in the
IPCC AR5 report (IPCC, 2013; see also 3.SM.1). Using observations,
however, it is not possible to account for potential non-linear changes
that could occur above 1°C of global warming or as 1.5°C of warming
is reached.

In some cases, assessments of short-term stabilization responses
are also presented, derived using a subset of model simulations that
reach a given temperature limit by 2100, or driven by sea surface
temperature (SST) values consistent with such scenarios. This includes
new results from the "Half a degree additional warming, prognosis and
projected impacts' (HAPPI) project (Section 1.5.2; Mitchell et al., 2017).
Notably, there is evidence that for some variables (e.g., temperature
and precipitation extremes), responses after short-term stabilization
(i.e., approximately equivalent to the RCP2.6 scenario) are very similar
to the transient response of higher-emissions scenarios (Seneviratne et
al., 2016, 2018c; Wartenburger et al., 2017; Tebaldi and Knutti, 2018).
This is, however, less the case for mean precipitation (e.g., Pendergrass
etal,, 2015), for which other aspects of the emissions scenarios appear
relevant.

For the assessment of long-term equilibrium stabilization responses,
this chapter uses results from existing simulations where available
(e.g., for sea level rise), although the available data for this type of
projection is limited for many variables and scenarios and will need to
be addressed in more depth in the IPCC ARG report.

Supplementary Material 3.SM.1 of this chapter includes further details
of the climate models and associated simulations that were used to
support the present assessment, as well as a background on detection
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and attribution approaches of relevance to assessing changes in
climate at 1.5°C of global warming.

3.2.2  How are Potential Impacts on Ecosystems Assessed
at 1.5°C versus Higher Levels of Warming?

Considering that the impacts observed so far are for a global warming
lower than 1.5°C (generally up to the 2006-2015 decade, i.e., for a
global warming of 0.87°C or less; see above), direct information on
the impacts of a global warming of 1.5°C is not yet available. The
global distribution of observed impacts shown in AR5 (Cramer et al.,
2014), however, demonstrates that methodologies now exist which
are capable of detecting impacts on systems strongly influenced by
factors (e.g., urbanization and human pressure in general) or where
climate may play only a secondary role in driving impacts. Attribution
of observed impacts to greenhouse gas forcing is more rarely
performed, but a recent study (Hansen and Stone, 2016) shows that
most of the detected temperature-related impacts that were reported
in AR5 (Cramer et al., 2014) can be attributed to anthropogenic climate
change, while the signals for precipitation-induced responses are more
ambiguous.

One simple approach for assessing possible impacts on natural and
managed systems at 1.5°C versus 2°C consists of identifying impacts of
aglobal 0.5°C of warming in the observational record (e.g., Schleussner
et al,, 2017) assuming that the impacts would scale linearly for higher
levels of warming (although this may not be appropriate). Another
approach is to use conclusions from analyses of past climates combined
with modelling of the relationships between climate drivers and natural
systems (Box 3.3). A more complex approach relies on laboratory or
field experiments (Dove et al., 2013; Bonal et al., 2016), which provide
useful information on the causal effect of a few factors, which can be
as diverse as climate, greenhouse gases (GHG), management practices,
and biological and ecological variables, on specific natural systems that
may have unusual physical and chemical characteristics (e.g., Fabricius
et al., 2011; Allen et al., 2017). This last approach can be important
in helping to develop and calibrate impact mechanisms and models
through empirical experimentation and observation.

Risks for natural and human systems are often assessed with
impact models where climate inputs are provided by representative
concentration pathway (RCP)-based climate projections. The number
of studies projecting impacts at 1.5°C or 2°C of global warming
has increased in recent times (see Section 3.4), even if the four RCP
scenarios used in AR5 are not strictly associated with these levels
of global warming. Several approaches have been used to extract
the required climate scenarios, as described in Section 3.2.1. As an
example, Schleussner et al. (2016b) applied a time sampling (or ESR)
approach, described in Section 3.2.1, to estimate the differential effect
of 1.5°C and 2°C of global warming on water availability and impacts
on agriculture using an ensemble of simulations under the RCP8.5
scenario. As a further example using a different approach, lizumi et al.
(2017) derived a 1.5°C scenario from simulations with a crop model
using an interpolation between the no-change (approximately 2010)
conditions and the RCP2.6 scenario (with a global warming of 1.8°C in
2100), and they derived the corresponding 2°C scenario from RCP2.6
and RCP4.5 simulations in 2100. The Inter-Sectoral Impact Model
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Integration and Intercomparison Project Phase 2 (ISIMIP2; Frieler et
al., 2017) extended this approach to investigate a number of sectoral
impacts on terrestrial and marine ecosystems. In most cases, risks are
assessed by impact models coupled offline to climate models after bias
correction, which may modify long-term trends (Grillakis et al., 2017).

Assessment of local impacts of climate change necessarily involves
a change in scale, such as from the global scale to that of natural
or human systems (Frieler et al., 2017; Reyer et al., 2017d; Jacob et
al, 2018). An appropriate method of downscaling (Supplementary
Material 3.5M.1) is crucial for translating perspectives on 1.5°C and
2°C of global warming to scales and impacts relevant to humans and
ecosystems. A major challenge associated with this requirement is
the correct reproduction of the variance of local to regional changes,
as well as the frequency and amplitude of extreme events (Vautard
et al, 2014). In addition, maintaining physical consistency between
downscaled variables is important but challenging (Frost et al., 2011).

Another major challenge relates to the propagation of the uncertainties
at each step of the methodology, from the global forcings to the global
climate and from regional climate to impacts at the ecosystem level,
considering local disturbances and local policy effects. The risks for
natural and human systems are the result of complex combinations of
global and local drivers, which makes quantitative uncertainty analysis
difficult. Such analyses are partly done using multimodel approaches,
such as multi-climate and multi-impact models (Warszawski et al.,
2013, 2014; Frieler et al., 2017). In the case of crop projections, for
example, the majority of the uncertainty is caused by variation among
crop models rather than by downscaling outputs of the climate models
used (Asseng et al., 2013). Error propagation is an important issue
for coupled models. Dealing correctly with uncertainties in a robust
probabilistic model is particularly important when considering the
potential for relatively small changes to affect the already small signal
associated with 0.5°C of global warming (Supplementary Material
3.SM.1). The computation of an impact per unit of climatic change,
based either on models or on data, is a simple way to present the
probabilistic ecosystem response while taking into account the various
sources of uncertainties (Fronzek et al., 2011).

In summary, in order to assess risks at 1.5°C and higher levels of
global warming, several things need to be considered. Projected
climates under 1.5°C of global warming differ depending on temporal
aspects and emission pathways. Considerations include whether global
temperature is (i) temporarily at this level (i.e., is a transient phase on its
way to higher levels of warming), (i) arrives at 1.5°C, with or without
overshoot, after stabilization of greenhouse gas concentrations, or (iii)
is at this level as part of long-term climate equilibrium (complete only
after several millennia). Assessments of impacts of 1.5°C of warming
are generally based on climate simulations for these different possible
pathways. Most existing data and analyses focus on transient impacts
(i). Fewer data are available for dedicated climate model simulations
that are able to assess pathways consistent with (ii), and very few data
are available for the assessment of changes at climate equilibrium (iii).
In some cases, inferences regarding the impacts of further warming of
0.5°C above present-day temperatures (i.e., 1.5°C of global warming)
can also be drawn from observations of similar sized changes (0.5°C)
that have occurred in the past, such as during the last 50 years.

186

Impacts of 1.5°C of Global Warming on Natural and Human Systems

However, impacts can only be partly inferred from these types of
observations, given the strong possibility of non-linear changes, as well
as lag effects for some climate variables (e.g., sea level rise, snow and
ice melt). For the impact models, three challenges are noted about the
coupling procedure: (i) the bias correction of the climate model, which
may modify the simulated response of the ecosystem, (ii) the necessity
to downscale the climate model outputs to reach a pertinent scale for
the ecosystem without losing physical consistency of the downscaled
climate fields, and (jii) the necessity to develop an integrated study of
the uncertainties.

3.3  Global and Regional Climate

Changes and Associated Hazards

This section provides the assessment of changes in climate at
1.5°C of global warming relative to changes at higher global mean
temperatures. Section 3.3.1 provides a brief overview of changes to
global climate. Sections 3.3.2-3.3.11 provide assessments for specific
aspects of the climate system, including regional assessments for
temperature (Section 3.3.2) and precipitation (Section 3.3.3) means
and extremes. Analyses of regional changes are based on the set of
regions displayed in Figure 3.2. A synthesis of the main conclusions
of this section is provided in Section 3.3.11. The section builds upon
assessments from the IPCC AR5 WGI report (Bindoff et al., 2013a;
Christensen et al., 2013; Collins et al., 2013; Hartmann et al., 2013;
IPCC, 2013) and Chapter 3 of the IPCC Special Report on Managing
the Risks of Extreme Events and Disasters to Advance Climate Change
Adaptation (SREX; Seneviratne et al., 2012), as well as a substantial
body of new literature related to projections of climate at 1.5°Cand 2°C
of warming above the pre-industrial period (e.g., Vautard et al., 2014;
Fischer and Knutti, 2015; Schleussner et al., 2016b, 2017; Seneviratne
et al, 2016, 2018¢; Déqué et al., 2017; Maule et al.,, 2017; Mitchell et
al, 2017, 2018a; Wartenburger et al., 2017; Zaman et al., 2017; Betts et
al., 2018; Jacob et al., 2018; Kharin et al., 2018; Wehner et al., 2018b).
The main assessment methods are as already detailed in Section 3.2.
3.3.1  Global Changes in Climate

There is high confidence that the increase in global mean surface
temperature (GMST) has reached 0.87°C (+0.10°C likely range)
above pre-industrial values in the 2006-2015 decade (Chapter 1).
AR5 assessed that the globally averaged temperature (combined
over land and ocean) displayed a warming of about 0.85°C [0.65°C
to 1.06°C] during the period 18802012, with a large fraction of the
detected global warming being attributed to anthropogenic forcing
(Bindoff et al., 2013a; Hartmann et al., 2013; Stocker et al., 2013).
While new evidence has highlighted that sampling biases and the
choice of approaches used to estimate GMST (e.g., using water
versus air temperature over oceans and using model simulations
versus observations-based estimates) can affect estimates of GMST
increase (Richardson et al., 2016; see also Supplementary Material
3.5M.2), the present assessment is consistent with that of AR5
regarding a detectable and dominant effect of anthropogenic forcing
on observed trends in global temperature (also confirmed in Ribes
et al., 2017). As highlighted in Chapter 1, human-induced warming



Impacts of 1.5°C of Global Warming on Natural and Human Systems Chapter 3
= =
—Z=so| o
= ? ALA >, CG
=* N
LA
NA
CNA A
WY
VAN
< N
EA NTP*
e WAF EAF et =
AMZ ] -a?g_\\{\g
P ~
NE WIO* = *
« . STP*
= SAF NAU >
sA T P
N -
*
< -_— L
Abbreviation Name Abbreviation Name Abbreviation Name Abbreviation Name
ALA Alaska/N.W. Canada CNA Central North America NEU North Europe TIB Tibetan Plateau
AMZ Amazon EAF East Africa NTP* Pacific Islands region[2] WAF West Africa
ANT* Antarctica EAS East Asia SAF Southern Africa WAS West Asia
ARC* Arctic ENA East North America SAH Sahara WIO* West Indian Ocean
CAM Central America/Mexico ETP* Pacific Islands region[3] SAS South Asia WNA West North America
CAR* small islands regions Caribbean MED South Europe/Mediterranean SAU South Australia/New Zealand WSA West Coast South America
CAS Central Asia NAS North Asia SEA Southeast Asia
CEU Central Europe NAU North Australia SSA Southeastern South America
CaGl Canada/Greenland/Iceland NEB North—East Brazil STP* Southern Topical Pacific

Figure 3.2 | Regions used for regional analyses provided in Section 3.3. The choice of regions is based on the IPCC Fifth Assessment Report (AR5, Chapter 14, Christensen
et al, 2013 and Annex 1: Atlas) and the Special Report on Managing the Risks of Extreme Events and Disasters to Advance Climate Change Adaptation (SREX, Chapter 3,
Seneviratne et al., 2012), with seven additional regions in the Arctic, Antarctic and islands not included in the IPCC SREX report (indicated with asterisks). Analyses for regions

with asterisks are provided in the Supplementary Material 3.SM.2

reached approximately 1°C (+0.2°C likely range) in 2017. More
background on recent observed trends in global climate is provided
in the Supplementary Material 3.SM.2.

A global warming of 1.5°C implies higher mean temperatures
compared to during pre-industrial times in almost all locations, both
on land and in oceans (high confidence) (Figure 3.3). In addition,
a global warming of 2°C versus 1.5°C results in robust differences
in the mean temperatures in almost all locations, both on land and
in the ocean (high confidence). The land—sea contrast in warming
is important and implies particularly large changes in temperature
over land, with mean warming of more than 1.5°C in most land
regions (high confidence; see Section 3.3.2 for more details). The
largest increase in mean temperature is found in the high latitudes
of the Northern Hemisphere (high confidence; Figure 3.3, see Section
3.3.2 for more details). Projections for precipitation are more
uncertain, but they highlight robust increases in mean precipitation
in the Northern Hemisphere high latitudes at 1.5°C global warming

versus pre-industrial conditions, as well as at 2°C global warming
versus pre-industrial conditions (high confidence) (Figure 3.3). There
are consistent but less robust signals when comparing changes in
mean precipitation at 2°C versus 1.5°C of global warming. Hence,
it is assessed that there is medium confidence in an increase of
mean precipitation in high-latitudes at 2°C versus 1.5°C of global
warming (Figure 3.3). For droughts, changes in evapotranspiration
and precipitation timing are also relevant (see Section 3.3.4). Figure
3.4 displays changes in temperature extremes (the hottest daytime
temperature of the year, TXx, and the coldest night-time temperature
of the year, TNn) and heavy precipitation (the annual maximum
5-day precipitation, Rx5day). These analyses reveal distinct patterns
of changes, with the largest changes in TXx occurring on mid-latitude
land and the largest changes in TNn occurring at high latitudes
(both on land and in oceans). Differences in TXx and TNn compared
to pre-industrial climate are robust at both global warming levels.
Differences in TXx and TNn at 2°C versus 1.5°C of global warming
are robust across most of the globe. Changes in heavy precipitation
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Figure 3.3 | Projected changes in mean temperature (top) and mean precipitation (bottom) at 1.5°C (left) and 2°C (middle) of global warming compared to the pre-industrial
period (1861-1880), and the difference between 1.5°C and 2°C of global warming (right). Cross-hatching highlights areas where at least two-thirds of the models agree on
the sign of change as a measure of robustness (18 or more out of 26). Values were assessed from the transient response over a 10-year period at a given warming level, based
on Representative Concentration Pathway (RCP)8.5 Coupled Model Intercomparison Project Phase 5 (CMIP5) model simulations (adapted from Seneviratne et al., 2016 and
Wartenburger et al., 2017, see Supplementary Material 3.5SM.2 for more details). Note that the responses at 1.5°C of global warming are similar for RCP2.6 simulations (see

Supplementary Material 3.SM.2). Differences compared to 1°C of global warming are provided in the Supplementary Material 3.5M.2.

are less robust, but particularly strong increases are apparent at high
latitudes as well as in the tropics at both 1.5°C and 2°C of global
warming compared to pre-industrial conditions. The differences in
heavy precipitation at 2°C versus 1.5°C global warming are generally
not robust at grid-cell scale, but they display consistent increases in
most locations (Figure 3.4). However, as addressed in Section 3.3.3,
statistically significant differences are found in several large regions and
when aggregated over the global land area. We thus assess that there
is high confidence regarding global-scale differences in temperature
means and extremes at 2°C versus 1.5°C global warming, and medium
confidence regarding global-scale differences in precipitation means
and extremes. Further analyses, including differences at 1.5°C and 2°C
global warming versus 1°C (i.e., present-day) conditions are provided
in the Supplementary Material 3.5M.2.

These projected changes at 1.5°C and 2°C of global warming are
consistent with the attribution of observed historical global trends
in temperature and precipitation means and extremes (Bindoff et al.,
2013a), as well as with some observed changes under the recent
global warming of 0.5°C (Schleussner et al., 2017). These comparisons
are addressed in more detail in Sections 3.3.2 and 3.3.3. Attribution
studies have shown that there is high confidence that anthropogenic
forcing has had a detectable influence on trends in global warming
(virtually certain since the mid-20th century), in land warming on
all continents except Antarctica (/ikely since the mid-20th century),
in ocean warming since 1970 (very likely), and in increases in hot
extremes and decreases in cold extremes since the mid-20th century
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(very likely) (Bindoff et al., 2013a). In addition, there is medium
confidence that anthropogenic forcing has contributed to increases
in mean precipitation at high latitudes in the Northern Hemisphere
since the mid-20th century and to global-scale increases in heavy
precipitation in land regions with sufficient observations over the
same period (Bindoff et al., 2013a). Schleussner et al. (2017) showed,
through analyses of recent observed tendencies, that changes in
temperature extremes and heavy precipitation indices are detectable
in observations for the 1991-2010 period compared with those
for 1960-1979, with a global warming of approximately 0.5°C
occurring between these two periods (high confidence). The observed
tendencies over that time frame are thus consistent with attributed
changes since the mid-20th century (high confidence).

The next sections assess changes in several different types of climate-
related hazards. It should be noted that the different types of hazards
are considered in isolation but some regions are projected to be
affected by collocated and/or concomitant changes in several types
of hazards (high confidence). Two examples are sea level rise and
heavy precipitation in some regions, possibly leading together to more
flooding, and droughts and heatwaves, which can together increase
the risk of fire occurrence. Such events, also called compound events,
may substantially increase risks in some regions (e.g., AghaKouchak et
al., 2014; Van Den Hurk et al., 2015; Martius et al., 2016; Zscheischler
et al,, 2018). A detailed assessment of physically-defined compound
events was not possible as part of this report, but aspects related to
overlapping multi-sector risks are highlighted in Sections 3.4 and 3.5.
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Figure 3.4 | Projected changes in extremes at 1.5°C (left) and 2°C (middle) of global warming compared to the pre-industrial period (1861-1880), and the difference between
1.5°C and 2°C of global warming (right). Cross-hatching highlights areas where at least two-thirds of the models agree on the sign of change as a measure of robustness
(18 or more out of 26): temperature of annual hottest day (maximum temperature), TXx (top), and temperature of annual coldest night (minimum temperature), TNn (middle),
and annual maximum 5-day precipitation, Rx5day (bottom). The underlying methodology and data basis are the same as for Figure 3.3 (see Supplementary Material 3.5M.2
for more details). Note that the responses at 1.5°C of global warming are similar for Representative Concentration Pathway (RCP)2.6 simulations (see Supplementary Material
3.5M.2). Differences compared to 1°C of global warming are provided in the Supplementary Material 3.5M.2.

3.3.2  Regional Temperatures on Land, Including Extremes

3.3.2.1 Observed and attributed changes in regional
temperature means and extremes

While the quality of temperature measurements obtained through
ground observational networks tends to be high compared to that of
measurements for other climate variables (Seneviratne et al., 2012),
it should be noted that some regions are undersampled. Cowtan and
Way (2014) highlighted issues regarding undersampling, which is
most problematic at the poles and over Africa, and which may lead
to biases in estimated changes in GMST (see also Supplementary
Material 3.5M.2 and Chapter 1). This undersampling also affects the
confidence of assessments regarding regional observed and projected
changes in both mean and extreme temperature. Despite this partly
limited coverage, the attribution chapter of AR5 (Bindoff et al., 2013a)
and recent papers (e.g., Sun et al.,, 2016; Wan et al., 2018) assessed
that, over every continental region and in many sub-continental

regions, anthropogenic influence has made a substantial contribution
to surface temperature increases since the mid-20th century.

Based on the AR5 and SREX, as well as recent literature (see
Supplementary Material 3.SM), there is high confidence (very likely)
that there has been an overall decrease in the number of cold days
and nights and an overall increase in the number of warm days and
nights at the global scale on land. There is also high confidence (likely)
that consistent changes are detectable on the continental scale in
North America, Europe and Australia. There is high confidence that
these observed changes in temperature extremes can be attributed to
anthropogenic forcing (Bindoff et al., 2013a). As highlighted in Section
3.2, the observational record can be used to assess past changes
associated with a global warming of 0.5°C. Schleussner et al. (2017)
used this approach to assess observed changes in extreme indices for
the 1991-2010 versus the 19601979 period, which corresponds to
just about a 0.5°C GMST difference in the observed record (based on
the Goddard Institute for Space Studies Surface Temperature Analysis
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(GISTEMP) dataset, Hansen et al., 2010). They found that substantial
changes due to 0.5°C of warming are apparent for indices related to
hot and cold extremes, as well as for the Warm Spell Duration Indicator
(WSDI). In particular, they identified that one-quarter of the land has
experienced an intensification of hot extremes (maximum temperature
on the hottest day of the year, TXx) by more than 1°C and a reduction in
the intensity of cold extremes by at least 2.5°C (minimum temperature
on the coldest night of the year, TNn). In addition, the same study
showed that half of the global land mass has experienced changes
in WSDI of more than six days, as well as an emergence of extremes
outside the range of natural variability (Schleussner et al., 2017).
Analyses from Schleussner et al. (2017) for temperature extremes are
provided in the Supplementary Material 3.SM, Figure 3.SM.6. It should
be noted that assessments of attributed changes in the IPCC SREX and
AR5 reports were generally provided since 1950, for time frames also
approximately corresponding to a 0.5°C global warming (3.SM).

3.3.2.2 Projected changes in regional temperature means and
extremes at 1.5°C versus 2°C of global warming

There are several lines of evidence available for providing a regional
assessment of projected changes in temperature means and extremes
at 1.5°C versus 2°C of global warming (see Section 3.2). These include:
analyses of changes in extremes as a function of global warming based
on existing climate simulations using the empirical scaling relationship
(ESR) and variations thereof (e.g., Schleussner et al., 2017; Dosio and
Fischer, 2018; Seneviratne et al., 2018c; see Section 3.2 for details about
the methodology); dedicated simulations of 1.5°C versus 2°C of global
warming, for instance based on the Half a degree additional warming,
prognosis and projected impacts (HAPPI) experiment (Mitchell et al.,
2017) or other model simulations (e.g., Dosio et al., 2018; Kjellstrom et
al., 2018); and analyses based on statistical pattern scaling approaches
(e.g., Kharin et al.,, 2018). These different lines of evidence lead to
qualitatively consistent results regarding changes in temperature
means and extremes at 1.5°C of global warming compared to the pre-
industrial climate and 2°C of global warming.

There are statistically significant differences in temperature means and
extremes at 1.5°C versus 2°C of global warming, both in the global
average (Schleussner et al., 2016b; Dosio et al., 2018; Kharin et al.,
2018), as well as in most land regions (high confidence) (Wartenburger
et al,, 2017; Seneviratne et al., 2018c; Wehner et al., 2018b). Projected
temperatures over oceans display significant increases in means and
extremes between 1.5°C and 2°C of global warming (Figures 3.3 and
3.4). A general background on the available evidence on regional
changes in temperature means and extremes at 1.5°C versus 2°C of
global warming is provided in the Supplementary Material 3.SM.2. As
an example, Figure 3.5 shows regionally-based analyses for the IPCC
SREX regions (see Figure 3.2) of changes in the temperature of hot
extremes as a function of global warming (corresponding analyses
for changes in the temperature of cold extremes are provided in the
Supplementary Material 3.SM.2). As demonstrated in these analyses,
the mean response of the intensity of temperature extremes in climate
models to changes in the global mean temperature is approximately
linear and independent of the considered emissions scenario
(Seneviratne et al., 2016; Wartenburger et al., 2017). Nonetheless, in
the case of changes in the number of days exceeding a given threshold,
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changes are approximately exponential, with higher increases for rare
events (Fischer and Knutti, 2015; Kharin et al., 2018); see also Figure
3.6. This behaviour is consistent with a linear increase in absolute
temperature for extreme threshold exceedances (Whan et al., 2015).

As mentioned in Section 3.3.1, there is an important land—sea warming
contrast, with stronger warming on land (see also Christensen et al.,
2013; Collins et al., 2013; Seneviratne et al., 2016), which implies that
regional warming on land is generally more than 1.5°C even when
mean global warming is at 1.5°C. As highlighted in Seneviratne et al.
(2016), this feature is generally stronger for temperature extremes
(Figures 3.4 and 3.5; Supplementary Material 3.5M.2 ). For differences
in regional temperature extremes at a mean global warming of 1.5°C
versus 2°C, that is, a difference of 0.5°C in global warming, this implies
differences of as much as 1°C-1.5°C in some locations, which are two
to three times larger than the differences in global mean temperature.
For hot extremes, the strongest warming is found in central and eastern
North America, central and southern Europe, the Mediterranean,
western and central Asia, and southern Africa (Figures 3.4 and 3.5)
(medium confidence). These regions are all characterized by a strong
soil-moisture—temperature coupling and projected increased dryness
(Vogel et al., 2017), which leads to a reduction in evaporative cooling
in the projections. Some of these regions also show a wide range of
responses to temperature extremes, in particular central Europe and
central North America, owing to discrepancies in the representation of
the underlying processes in current climate models (Vogel et al., 2017).
For mean temperature and cold extremes, the strongest warming is
found in the northern high-latitude regions (high confidence). This is
due to substantial ice-snow-albedo-temperature feedbacks (Figure
3.3 and Figure 3.4, middle) related to the known ‘polar amplification’
mechanism (e.g., IPCC, 2013; Masson-Delmotte et al., 2013).

Figure 3.7 displays maps of changes in the number of hot days
(NHD) at 1.5°C and 2°C of GMST increase. Maps of changes in the
number of frost days (FD) can be found in Supplementary Material
3.5M.2. These analyses reveal clear patterns of changes between the
two warming levels, which are consistent with analysed changes in
heatwave occurrence (e.g., Dosio et al., 2018). For the NHD, the largest
differences are found in the tropics (high confidence), owing to the
low interannual temperature variability there (Mahlstein et al., 2011),
although absolute changes in hot temperature extremes tended to
be largest at mid-latitudes (high confidence) (Figures 3.4 and 3.5).
Extreme heatwaves are thus projected to emerge earliest in the tropics
and to become widespread in these regions already at 1.5°C of global
warming (high confidence). These results are consistent with other
recent assessments. Coumou and Robinson (2013) found that 20%
of the global land area, centred in low-latitude regions, is projected
to experience highly unusual monthly temperatures during Northern
Hemisphere summers at 1.5°C of global warming, with this number
nearly doubling at 2°C of global warming.

Figure 3.8 features an objective identification of ‘hotspots’ / key
risks in temperature indices subdivided by region, based on the ESR
approach applied to Coupled Model Intercomparison Project Phase
5 (CMIP5) simulations (Wartenburger et al., 2017). Note that results
based on the HAPPI multimodel experiment (Mitchell et al., 2017)
are similar (Seneviratne et al., 2018c). The considered regions follow
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the classification used in Figure 3.2 and also include the global land
areas. Based on these analyses, the following can be stated: significant
changes in responses are found in all regions for most temperature
indices, with the exception of i) the diurnal temperature range (DTR) in
most regions, ii) ice days (ID), frost days (FD) and growing season length
(GSL) (mostly in regions where differences are zero, because, e.g., there
are no ice or frost days), iii) the minimum yearly value of the maximum
daily temperature (TXn) in very few regions. In terms of the sign of
the changes, warm extremes display an increase in intensity, frequency
and duration (e.g., an increase in the temperature of the hottest day of
the year (TXx) in all regions, an increase in the proportion of days with
a maximum temperature above the 90th percentile of Tmax (TX90p)
in all regions, and an increase in the length of the WSDI in all regions),
while cold extremes display a decrease in intensity, frequency and
duration (e.g., an increase in the temperature of the coldest night of
the year (TNn) in all regions, a decrease in the proportion of days with
a minimum temperature below the 10th percentile of Tmin (TN10p),
and a decrease in the cold spell duration index (CSDI) in all regions).
Hence, while warm extremes are intensified, cold extremes become
less intense in affected regions.

Overall, large increases in hot extremes occur in many densely
inhabited regions (Figure 3.5), for both warming scenarios compared
to pre-industrial and present-day climate, as well as for 2°C versus
1.5°C GMST warming. For instance, Dosio et al. (2018) concluded,
based on a modelling study, that 13.8% of the world population would
be exposed to ‘severe heatwaves' at least once every 5 years under
1.5°C of global warming, with a threefold increase (36.9%) under 2°C
of GMST warming, corresponding to a difference of about 1.7 billion
people between the two global warming levels. They also concluded
that limiting global warming to 1.5°C would result in about 420
million fewer people being frequently exposed to extreme heatwaves,
and about 65 million fewer people being exposed to ‘exceptional
heatwaves' compared to conditions at 2°C GMST warming. However,
changes in vulnerability were not considered in their study. For this
reason, we assess that there is medium confidence in their conclusions.

In summary, there is high confidence that there are robust and
statistically significant differences in the projected temperature means
and extremes at 1.5°C versus 2°C of global warming, both in the global
average and in nearly all land regions* (likely). Further, the observational
record reveals that substantial changes due to a 0.5°C GMST warming
are apparent for indices related to hot and cold extremes, as well as for
the WSDI (likely). A global warming of 2°C versus 1.5°C would lead to
more frequent and more intense hot extremes in all land regions®, as
well as longer warm spells, affecting many densely inhabited regions
(very likely). The strongest increases in the frequency of hot extremes
are projected for the rarest events (very likely). On the other hand, cold
extremes would become less intense and less frequent, and cold spells
would be shorter (very likely). Temperature extremes on land would
generally increase more than the global average temperature (very
likely). Temperature increases of extreme hot days in mid-latitudes are
projected to be up to two times the increase in GMST, that is, 3°C at
1.5°C GMST warming (high confidence). The highest levels of warming
for extreme hot days are expected to occur in central and eastern North

4 Using the SREX definition of regions (Figure 3.2)
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America, central and southern Europe, the Mediterranean, western and
central Asia, and southern Africa (medium confidence). These regions
have a strong soil-moisture-temperature coupling in common as well
as increased dryness and, consequently, a reduction in evaporative
cooling. However, there is a substantial range in the representation
of these processes in models, in particular in central Europe and
central North America (medium confidence). The coldest nights in high
latitudes warm by as much as 1.5°C for a 0.5°C increase in GMST,
corresponding to a threefold stronger warming (high confidence). NHD
shows the largest differences between 1.5°C and 2°C in the tropics,
because of the low interannual temperature variability there (high
confidence); extreme heatwaves are thus projected to emerge earliest
in these regions, and they are expected to become widespread already
at 1.5°C of global warming (high confidence). Limiting global warming
to 1.5°Cinstead of 2°C could result in around 420 million fewer people
being frequently exposed to extreme heatwaves, and about 65 million
fewer people being exposed to exceptional heatwaves, assuming
constant vulnerability (medium confidence).

3.3.3  Regional Precipitation, Including Heavy
Precipitation and Monsoons

This section addresses regional changes in precipitation on land, with
a focus on heavy precipitation and consideration of changes to the key
features of monsoons.

3.3.3.1 Observed and attributed changes in regional
precipitation

Observed global changes in the water cycle, including precipitation,
are more uncertain than observed changes in temperature (Hartmann
et al, 2013; Stocker et al, 2013). There is high confidence that
mean precipitation over the mid-latitude land areas of the Northern
Hemisphere has increased since 1951 (Hartmann et al., 2013). For
other latitudinal zones, area-averaged long-term positive or negative
trends have low confidence because of poor data quality, incomplete
data or disagreement amongst available estimates (Hartmann et al.,
2013). There is, in particular, low confidence regarding observed trends
in precipitation in monsoon regions, according to the SREX report
(Seneviratne et al., 2012) and AR5 (Hartmann et al., 2013), as well as
more recent publications (Singh et al., 2014; Taylor et al., 2017; Bichet
and Diedhiou, 2018; see Supplementary Material 3.5M.2).

For heavy precipitation, AR5 (Hartmann et al., 2013) assessed that
observed trends displayed more areas with increases than decreases in
the frequency, intensity and/or amount of heavy precipitation (/ikely).
In addition, for land regions where observational coverage is sufficient
for evaluation, it was assessed that there is medium confidence that
anthropogenic forcing has contributed to a global-scale intensification
of heavy precipitation over the second half of the 20th century (Bindoff
etal, 2013a).

Regarding changes in precipitation associated with global warming
of 0.5°C, the observed record suggests that increases in precipitation
extremes can be identified for annual maximum 1-day precipitation

Continued page 194 >
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Figure 3.5 | Projected changes in annual maximum daytime temperature (TXx) as a function of global warming for IPCC Special Report on Managing the Risk of Extreme Events
and Disasters to Advance Climate Change Adaptation (SREX) regions (see Figure 3.2), based on an empirical scaling relationship applied to Coupled Model Intercomparison
Project Phase 5 (CMIP5) data (adapted from Seneviratne et al., 2016 and Wartenburger et al,, 2017) together with projected changes from the Half a degree additional warming,
prognosis and projected impacts (HAPPI) multimodel experiment (Mitchell et al., 2017; based on analyses in Seneviratne et al., 2018c) (bar plots on regional analyses and central
plot, respectively). For analyses for other regions from Figure 3.2 (with asterisks), see Supplementary Material 3.5M.2. (The stippling indicates significance of the differences in
changes between 1.5°C and 2°C of global warming based on all model simulations, using a two-sided paired Wilcoxon test (P = 0.01, after controlling the false discovery rate
according to Benjamini and Hochberg, 1995). See Supplementary Material 3.SM.2 for details.
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Figure 3.6 | Probability ratio (PR) of exceeding extreme temperature thresholds. (a) PR of exceeding the 99th (blue) and 99.9th (red) percentile of pre-industrial daily
temperatures at a given warming level, averaged across land (from Fischer and Knutti, 2015). (b) PR for the hottest daytime temperature of the year (TXx). (c) PR for the coldest
night of the year (TNn) for different event probabilities (with RV indicating return values) in the current climate (1°C of global warming). Shading shows the interquartile
(25-75%) range (from Kharin et al., 2018).
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Figure 3.7 | Projected changes in the number of hot days (NHD; 10% warmest days) at 1.5°C (left) and at 2°C (middle) of global warming compared to the pre-industrial
period (1861-1880), and the difference between 1.5°C and 2°C of warming (right). Cross-hatching highlights areas where at least two-thirds of the models agree on the sign of
change as a measure of robustness (18 or more out of 26). The underlying methodology and the data basis are the same as for Figure 3.2 (see Supplementary Material 3.5M.2
for more details). Differences compared to 1°C global warming are provided in the Supplementary Material 3.SM.2.
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Figure 3.8 | Significance of differences in regional mean temperature and range of temperature indices between the 1.5°C and 2°C global mean temperature targets (rows).
Definitions of indices: T: mean temperature; CSDI: cold spell duration index; DTR: diurnal temperature range; FD: frost days; GSL: growing season length; ID: ice days; SU: summer
days; TN10p: proportion of days with a minimum temperature (TN) lower than the 10th percentile of TN; TN9Op: proportion of days with TN higher than the 90th percentile of
TN; TNn: minimum yearly value of TN; TNx: maximum yearly value of TN; TR: tropical nights; TX10p: proportion of days with a maximum temperature (TX) lower than the 10th
percentile of TX; TX90p: proportion of days with TX higher than the 90th percentile of TX; TXn: minimum yearly value of TX; TXx: maximum yearly value of TX; WSDI: warm spell
duration index. Columns indicate analysed regions and global land (see Figure 3.2 for definitions). Significant differences are shown in red shading, with increases indicated
with + and decreases indicated with —, while non-significant differences are shown in grey shading. White shading indicates when an index is the same at the two global
warming levels (i.e., zero changes). Note that decreases in CSDI, FD, ID, TN10p and TX10p are linked to increased temperatures on cold days or nights. Significance was tested
using a two-sided paired Wilcoxon test (P=0.01, after controlling the false discovery rate according to Benjamini and Hochberg, 1995) (adapted from Wartenburger et al., 2017).
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3.3.3.1 (continued)

(RX1day) and consecutive 5-day precipitation (RX5day) for GMST
changes of this magnitude (Supplementary Material 3.SM.2, Figure
3.SM.7; Schleussner et al., 2017). It should be noted that assessments
of attributed changes in the IPCC SREX and AR5 reports were generally
provided since 1950, for time frames also approximately corresponding
to a 0.5°C global warming (3.SM).

3.3.3.2  Projected changes in regional precipitation at 1.5°C
versus 2°C of global warming

Figure 3.3 in Section 3.3.1 summarizes the projected changes in mean
precipitation at 1.5°C and 2°C of global warming. Both warming
levels display robust differences in mean precipitation compared to
the pre-industrial period. Regarding differences at 2°C vs 1.5°C global
warming, some regions are projected to display changes in mean
precipitation at 2°C compared with that at 1.5°C of global warming in
the CMIP5 multimodel average, such as decreases in the Mediterranean
area, including southern Europe, the Arabian Peninsula and Egypt, or
increases in high latitudes. The results, however, are less robust across
models than for mean temperature. For instance, Déqué et al. (2017)
investigated the impact of 2°C of global warming on precipitation over
tropical Africa and found that average precipitation does not show a
significant response, owing to two phenomena: (i) the number of days
with rain decreases whereas the precipitation intensity increases, and
(ii) the rainy season occurs later during the year, with less precipitation
in early summer and more precipitation in late summer. The results
from Déqué et al. (2017) regarding insignificant differences between
1.5°C and 2°C scenarios for tropical Africa are consistent with the
results presented in Figure 3.3. For Europe, recent studies (Vautard et
al., 2014; Jacob et al., 2018; Kjellstrom et al., 2018) have shown that
2°C of global warming was associated with a robust increase in mean
precipitation over central and northern Europe in winter but only over
northern Europe in summer, and with decreases in mean precipitation
in central/southern Europe in summer. Precipitation changes reaching
20% have been projected for the 2°C scenario (Vautard et al., 2014)
and are overall more pronounced than with 1.5°C of global warming
(Jacob et al., 2018; Kjellstrom et al., 2018).

Regarding changes in heavy precipitation, Figure 3.9 displays projected
changes in the 5-day maximum precipitation (Rx5day) as a function
of global temperature increase, using a similar approach as in Figure
3.5. Further analyses are available in Supplementary Material 3.5M.2.
These analyses show that projected changes in heavy precipitation are
more uncertain than those for temperature extremes. However, the
mean response of model simulations is generally robust and linear
(see also Fischer et al., 2014; Seneviratne et al., 2016). As observed for
temperature extremes, this response is also mostly independent of the
considered emissions scenario (e.g., RCP2.6 versus RCP8.5; see also
Section 3.2). This feature appears to be specific to heavy precipitation,
possibly due to a stronger coupling with temperature, as the scaling of
projections of mean precipitation changes with global warming shows
some scenario dependency (Pendergrass et al., 2015).

Robust changes in heavy precipitation compared to pre-industrial

conditions are found at both 1.5°C and 2°C global warming (Figure
3.4). This is also consistent with results for, for example, the European
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continent, although different indices for heavy precipitation changes
have been analysed. Based on regional climate simulations, Vautard
etal.(2014) found a robust increase in heavy precipitation everywhere
in Europe and in all seasons, except southern Europe in summer at 2°C
versus 1971-2000. Their findings are consistent with those of Jacob
et al. (2014), who used more recent downscaled climate scenarios
(EURO-CORDEX) and a higher resolution (12 km), but the change
is not so pronounced in Teichmann et al. (2018). There is consistent
agreement in the direction of change in heavy precipitation at 1.5°C
of global warming over much of Europe, compared to 1971-2000
(Jacob et al., 2018).

Differences in heavy precipitation are generally projected to be
small between 1.5°C and 2°C GMST warming (Figure 3.4 and 3.9
and Supplementary Material 3.SM.2, Figure 3.SM.10). Some regions
display substantial increases, for instance southern Asia, but generally
in less than two-thirds of the CMIP5 models (Figure 3.4, Supplementary
Material 3.5M.2, Figure 3.SM.10). Wartenburger et al. (2017) suggested
that there are substantial differences in heavy precipitation in eastern
Asia at 1.5°C versus 2°C. Overall, while there is variation among
regions, the global tendency is for heavy precipitation to increase at
2°C compared with at 1.5°C (see e.g., Fischer and Knutti, 2015 and
Kharin et al., 2018, as illustrated in Figure 3.10 from this chapter; see
also Betts et al., 2018).

AR5 assessed that the global monsoon, aggregated over all monsoon
systems, is likely to strengthen, with increases in its area and intensity,
while the monsoon circulation weakens (Christensen et al., 2013). A
few publications provide more recent evaluations of projections of
changes in monsoons for high-emission scenarios (e.g., Jiang and Tian,
2013; Jones and Carvalho, 2013; Sylla et al., 2015, 2016; Supplementary
Material 3.SM.2 ). However, scenarios at 1.5°C or 2°C global warming
would involve a substantially smaller radiative forcing than those
assessed in AR5 and these more recent studies, and there appears
to be no specific assessment of changes in monsoon precipitation at
1.5°C versus 2°C of global warming in the literature. Consequently, the
current assessment is that there is Jow confidence regarding changes
in monsoons at these lower global warming levels, as well as regarding
differences in monsoon responses at 1.5°C versus 2°C.

Similar to Figure 3.8, Figure 3.11 features an objective identification of
‘hotspots’ / key risks outlined in heavy precipitation indices subdivided
by region, based on the approach by Wartenburger et al. (2017). The
considered regions follow the classification used in Figure 3.2 and also
include global land areas. Hotspots displaying statistically significant
changes in heavy precipitation at 1.5°C versus 2°C global warming
are located in high-latitude (Alaska/western Canada, eastern Canada/
Greenland/Iceland, northern Europe, northern Asia) and high-elevation
(e.g., Tibetan Plateau) regions, as well as in eastern Asia (including
China and Japan) and in eastern North America. Results are less
consistent for other regions. Note that analyses for meteorological
drought (lack of precipitation) are provided in Section 3.3.4.

In summary, observations and projections for mean and heavy
precipitation are less robust than for temperature means and extremes
(high confidence). Observations show that there are more areas with
increases than decreases in the frequency, intensity and/or amount of
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Figure 3.9 | Projected changes in annual 5-day maximum precipitation (Rx5day) as a function of global warming for IPCC Special Report on the Risk of Extreme Events and
Disasters to Advance Climate Change Adaptation (SREX) regions (see Figure 3.2), based on an empirical scaling relationship applied to Coupled Model Intercomparison Project
Phase 5 (CMIP5) data together with projected changes from the HAPPI multimodel experiment (bar plots on regional analyses and central plot). The underlying methodology
and data basis are the same as for Figure 3.5 (see Supplementary Material 3.SM.2 for more details).
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Figure 3.10 | Probability ratio (PR) of exceeding (heavy precipitation) thresholds. (a) PR of exceeding the 99th (blue) and 99.9th (red) percentile of pre-industrial daily
precipitation at a given warming level, averaged across land (from Fischer and Knutti, 2015). (b) PR for precipitation extremes (RX1day) for different event probabilities (with RV
indicating return values) in the current climate (1°C of global warming). Shading shows the interquartile (25-75%) range (from Kharin et al., 2018).
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3.3.3.2 (continued)

heavy precipitation (high confidence). Several large regions display
statistically significant differences in heavy precipitation at 1.5°C
versus 2°C GMST warming, with stronger increases at 2°C global
warming, and there is a global tendency towards increases in heavy
precipitation on land at 2°C compared with 1.5°C warming (high
confidence). Overall, regions that display statistically significant
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changes in heavy precipitation between 1.5°C and 2°C of global
warming are located in high latitudes (Alaska/western Canada, eastern
Canada/Greenland/Iceland, northern Europe, northern Asia) and high
elevation (e.g., Tibetan Plateau), as well as in eastern Asia (including
China and Japan) and in eastern North America (medium confidence).
There is low confidence in projected changes in heavy precipitation in
other regions.
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Figure 3.11 | Significance of differences in regional mean precipitation and range of precipitation indices between the 1.5°C and 2°C global mean temperature targets
(rows). Definition of indices: PRCPTOT: mean precipitation; CWD: consecutive wet days; R10mm: number of days with precipitation >10 mm; RTmm: number of days with
precipitation >1 mm; R20mm: number of days with precipitation >20 mm; R95ptot: proportion of rain falling as 95th percentile or higher; R99ptot: proportion of rain falling as
99th percentile or higher; RX1day: intensity of maximum yearly 1-day precipitation; RX5day: intensity of maximum yearly 5-day precipitation; SDII: Simple Daily Intensity Index.
Columns indicate analysed regions and global land (see Figure 3.2 for definitions). Significant differences are shown in light blue (wetting tendency) or brown (drying tendency)
shading, with increases indicated with ‘+" and decreases indicated with ‘=, while non-significant differences are shown in grey shading. The underlying methodology and the

data basis are the same as in Figure 3.8 (see Supplementary Material 3.SM.2 for more details).

3.3.4  Drought and Dryness

3.3.4.1 Observed and attributed changes

The IPCC AR5 assessed that there was low confidence in the sign of
drought trends since 1950 at the global scale, but that there was high
confidence in observed trends in some regions of the world, including
drought increases in the Mediterranean and West Africa and drought
decreases in central North America and northwest Australia (Hartmann
et al,, 2013; Stocker et al., 2013). AR5 assessed that there was fow
confidence in the attribution of global changes in droughts and did
not provide assessments for the attribution of regional changes in
droughts (Bindoff et al., 2013a).

The recent literature does not suggest that the SREX and AR5
assessment of drought trends should be revised, except in the
Mediterranean region. Recent publications based on observational and
modelling evidence suggest that human emissions have substantially
increased the probability of drought years in the Mediterranean region
(Gudmundsson and Seneviratne, 2016; Gudmundsson et al., 2017).
Based on this evidence, there is medium confidence that enhanced
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greenhouse forcing has contributed to increased drying in the
Mediterranean region (including southern Europe, northern Africa and
the Near East) and that this tendency will continue to increase under
higher levels of global warming.

3.3.4.2 Projected changes in drought and dryness at 1.5°C
versus 2°C

There is medium confidence in projections of changes in drought
and dryness. This is partly consistent with AR5, which assessed these
projections as being ‘likely (medium confidence)' (Collins et al., 2013;
Stocker et al., 2013). However, given this medium confidence, the
current assessment does not include a likelihood statement, thereby
maintaining consistency with the IPCC uncertainty guidance document
(Mastrandrea et al., 2010) and the assessment of the IPCC SREX report
(Seneviratne et al., 2012). The technical summary of AR5 (Stocker et
al, 2013) assessed that soil moisture drying in the Mediterranean,
southwestern USA and southern African regions was consistent with
projected changes in the Hadley circulation and increased surface
temperatures, and it concluded that there was high confidence
in likely surface drying in these regions by the end of this century
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Box 3.1 | Sub-Saharan Africa: Changes in Temperature and Precipitation Extremes

Sub-Saharan Africa has experienced the dramatic consequences of climate extremes becoming more frequent and more intense over the
past decades (Paeth et al., 2010; Taylor et al., 2017). In order to join international efforts to reduce climate change, all African countries
signed the Paris Agreement. In particular, through their nationally determined contributions (NDCs), they committed to contribute to the
global effort to mitigate greenhouse gas (GHG) emissions with the aim to constrain global temperature increases to ‘well below 2°C’
and to pursue efforts to limit warming to 1.5°C above pre-industrial levels'. The target of limiting global warming to 1.5°C above pre-
industrial levels is useful for conveying the urgency of the situation. However, it focuses the climate change debate on a temperature
threshold (Section 3.3.2), while the potential impacts of these global warming levels on key sectors at local to regional scales, such as
agriculture, energy and health, remain uncertain in most regions and countries of Africa (Sections 3.3.3, 3.3.4,3.3.5 and 3.3.6).

Weber et al. (2018) found that at regional scales, temperature increases in sub-Saharan Africa are projected to be higher than the global
mean temperature increase (at global warming of 1.5°C and at 2°C; see Section 3.3.2 for further background and analyses of climate
model projections). Even if the mean global temperature anomaly is kept below 1.5°C, regions between 15°S and 15°N are projected to
experience an increase in hot nights, as well as longer and more frequent heatwaves (e.g., Kharin et al., 2018). Increases would be even
larger if the global mean temperature were to reach 2°C of global warming, with significant changes in the occurrence and intensity of
temperature extremes in all sub-Saharan regions (Sections 3.3.1 and 3.3.2; Figures 3.4, 3.5 and 3.8).

West and Central Africa are projected to display particularly large increases in the number of hot days, both at 1.5°C and 2°C of global
warming (Section 3.3.2). This is due to the relatively small interannual present-day variability in this region, which implies that climate-
change signals can be detected earlier there (Section 3.3.2; Mahlstein et al., 2011). Projected changes in total precipitation exhibit
uncertainties, mainly in the Sahel (Section 3.3.3 and Figure 3.8; Diedhiou et al.,, 2018). In the Guinea Coast and Central Africa, only a
small change in total precipitation is projected, although most models (70%) indicate a decrease in the length of wet periods and a
slight increase in heavy rainfall. Western Sahel is projected by most models (80%) to experience the strongest drying, with a significant
increase in the maximum length of dry spells (Diedhiou et al., 2018). Above 2°C, this region could become more vulnerable to drought
and could face serious food security issues (Cross-Chapter Box 6 and Section 3.4.6 in this chapter; Salem et al.,, 2017; Parkes et al.,
2018). West Africa has thus been identified as a climate-change hotspot with negative impacts from climate change on crop yields and
production (Cross-Chapter Box 6 and Section 3.4.6; Sultan and Gaetani, 2016; Palazzo et al., 2017). Despite uncertainty in projections
for precipitation in West Africa, which is essential for rain-fed agriculture, robust evidence of yield loss might emerge. This yield loss
is expected to be mainly driven by increased mean temperature, while potential wetter or drier conditions — as well as elevated CO,
concentrations — could modulate this effect (Roudier et al., 2011; see also Cross-Chapter Box 6 and Section 3.4.6). Using Representative
Concentration Pathway (RCP)8.5 Coordinated Regional Climate Downscaling Experiment (CORDEX) scenarios from 25 regional climate
models (RCMs) forced with different general circulation models (GCMs), Klutse et al. (2018) noted a decrease in mean rainfall over
West Africa in models with stronger warming for this region at 1.5°C of global warming (Section 3.3.4). Mba et al. (2018) used a similar
approach and found a lack of consensus in the changes in precipitation over Central Africa (Figure 3.8 and Section 3.3.4), although there
was a tendency towards a decrease in the maximum number of consecutive wet days (CWD) and a significant increase in the maximum
number of consecutive dry days (CDD).

Over southern Africa, models agree on a positive sign of change for temperature, with temperature rising faster at 2°C (1.5°C-2.5°C) as
compared to 1.5°C (0.5°C-1.5°C) of global warming. Areas in the south-western region, especially in South Africa and parts of Namibia
and Botswana, are expected to experience the largest increases in temperature (Section 3.3.2; Engelbrecht et al., 2015; Maire et al.,
2018). The western part of southern Africa is projected to become drier with increasing drought frequency and number of heatwaves
towards the end of the 21st century (Section 3.3.4; Engelbrecht et al., 2015; Dosio, 2017; Madre et al., 2018). At 1.5°C, a robust signal
of precipitation reduction is found over the Limpopo basin and smaller areas of the Zambezi basin in Zambia, as well as over parts of
Western Cape in South Africa, while an increase is projected over central and western South Africa, as well as in southern Namibia
(Section 3.3.4). At 2°C, the region is projected to face robust precipitation decreases of about 10-20% and increases in the number of
CDD, with longer dry spells projected over Namibia, Botswana, northern Zimbabwe and southern Zambia. Conversely, the number of
CWD is projected to decrease, with robust signals over Western Cape (Maure et al., 2018). Projected reductions in stream flow of 5-10%
in the Zambezi River basin have been associated with increased evaporation and transpiration rates resulting from a rise in temperature
( Section 3.3.5; Kling et al., 2014), with issues for hydroelectric power across the region of southern Africa.

For Eastern Africa, Osima et al. (2018) found that annual rainfall projections show a robust increase in precipitation over Somalia and
a less robust decrease over central and northern Ethiopia (Section 3.3.3). The number of CDD and CWD are projected to increase and
decrease, respectively (Section 3.3.4). These projected changes could impact the agricultural and water sectors in the region (Cross-
Chapter Box 6 in this chapter and Section 3.4.6).
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under the RCP8.5 scenario. However, more recent assessments have
highlighted uncertainties in dryness projections due to a range of
factors, including variations between the drought and dryness indices
considered, and the effects of enhanced CO, concentrations on plant
water-use efficiency (Orlowsky and Seneviratne, 2013; Roderick et
al., 2015). Overall, projections of changes in drought and dryness for
high-emissions scenarios (e.g., RCP8.5, corresponding to about 4°C of
global warming) are uncertain in many regions, although a few regions
display consistent drying in most assessments (e.g., Seneviratne et al.,
2012; Orlowsky and Seneviratne, 2013). Uncertainty is expected to be
even larger for conditions with a smaller signal-to-noise ratio, such as
for global warming levels of 1.5°C and 2°C.

Some published literature is now available on the evaluation of
differences in drought and dryness occurrence at 1.5°C and 2°C of global
warming for (i) precipitation minus evapotranspiration (P-E, a general
measure of water availability; Wartenburger et al., 2017; Greve et al,,
2018), (ii) soil moisture anomalies (Lehner et al., 2017; Wartenburger
et al,, 2017), (iii) consecutive dry days (CDD) (Schleussner et al., 2016b;
Wartenburger et al., 2017), (iv) the 12-month standardized precipitation
index (Wartenburger et al., 2017), (v) the Palmer drought severity index
(Lehner et al.,, 2017), and (vi) annual mean runoff (Schleussner et al.,
2016b, see also next section). These analyses have produced consistent
findings overall, despite the known sensitivity of drought assessments to
chosen drought indices (see above paragraph). These analyses suggest
that increases in drought, dryness or precipitation deficits are projected
at 1.5°C or 2°C global warming in some regions compared to the pre-
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industrial or present-day conditions, as well as between these two
global warming levels, although there is substantial variability in signals
depending on the considered indices or climate models (Lehner et al.,
2017; Schleussner et al., 2017; Greve et al., 2018) (medium confidence).
Generally, the clearest signals are found for the Mediterranean region
(medium confidence).

Greve et al. (2018, Figure 3.12) derives the sensitivity of regional
changes in precipitation minus evapotranspiration to global
temperature changes. The simulations analysed span the full range of
available emission scenarios, and the sensitivities are derived using
a modified pattern scaling approach. The applied approach assumes
linear dependencies on global temperature changes while thoroughly
addressing associated uncertainties via resampling methods. Northern
high-latitude regions display robust responses tending towards
increased wetness, while subtropical regions display a tendency
towards drying but with a large range of responses. While the internal
variability and the scenario choice play an important role in the overall
spread of the simulations, the uncertainty stemming from the climate
model choice usually dominates, accounting for about half of the total
uncertainty in most regions (Wartenburger et al., 2017; Greve et al,,
2018).The sign of projections, that is, whether there might be increases
or decreases in water availability under higher global warming levels,
is particularly uncertain in tropical and mid-latitude regions. An
assessment of the implications of limiting the global mean temperature
increase to values below (i) 1.5°C or (i) 2°C shows that constraining
global warming to the 1.5°C target might slightly influence the mean
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Figure 3.12 | Summary of the likelihood of increases/decreases in precipitation minus evapotranspiration (P—E) in Coupled Model Intercomparison Project Phase 5 (CMIP5)
simulations considering all scenarios and a representative subset of 14 climate models (one from each modelling centre). Panel plots show the uncertainty distribution of the
sensitivity of P—E to global temperature change, averaged for most IPCC Special Report on Managing the Risk of Extreme Events and Disasters to Advance Climate Change
Adaptation (SREX) regions (see Figure 3.2) outlined in the map (from Greve et al., 2018).
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response but could substantially reduce the risk of experiencing
extreme changes in regional water availability (Greve et al., 2018).

The findings from the analysis for the mean response by Greve et al.
(2018) are qualitatively consistent with results from Wartenburger et
al. (2017), who used an ESR (Section 3.2) rather than a pattern scaling
approach for a range of drought and dryness indices. They are also
consistent with a study by Lehner et al. (2017), who assessed changes
in droughts based on soil moisture changes and the Palmer-Drought
Severity Index. Notably, these two publications do not provide a

Chapter 3

specific assessment of changes in the tails of the drought and dryness
distribution. The conclusions of Lehner et al. (2017) are that (i) risks of
consecutive drought years show little change in the US Southwest and
Central Plains, but robust increases in Europe and the Mediterranean’,
and that (ii) ‘limiting warming to 1.5°C may have benefits for future
drought risk, but such benefits are regional, and in some cases highly
uncertain’.

Figure 3.13 features projected changes in CDD as a function of global
temperature increase, using a similar approach as for Figures 3.5 (based
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Figure 3.13 | Projected changes in consecutive dry days (CDD) as a function of global warming for IPCC Special Report on Managing the Risk of Extreme Events and Disasters
to Advance Climate Change Adaptation (SREX) regions, based on an empirical scaling relationship applied to Coupled Model Intercomparison Project Phase 5 (CMIP5) data
together with projected changes from the HAPPI multimodel experiment (bar plots on regional analyses and central plot, respectively). The underlying methodology and the
data basis are the same as for Figure 3.5 (see Supplementary Material 3.SM.2 for more details).
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Figure 3.14 | Significance of differences in regional drought and dryness indices between the 1.5°C and 2°C global mean temperature targets (rows). Definition of indices:
CDD: consecutive dry days; P—E: precipitation minus evapotranspiration; SMA: soil moisture anomalies; SPI12: 12-month Standarized Precipitation Index. Columns indicate
analysed regions and global land (see Figure 3.2 for definitions). Significant differences are shown in light blue/brown shading (increases indicated with +, decreases indicated
with —; light blue shading indicates decreases in dryness (decreases in CDD, or increases in P—E, SMA or SPI12) and light brown shading indicates increases in dryness (increases
in CDD, or decreases in P—E, SMA or SPI12). Non-significant differences are shown in grey shading. The underlying methodology and the data basis are the same as for Figure
3.7 (see Supplementary Material 3.SM.2 for more details).
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on Wartenburger et al., 2017). The figure also include results from the
HAPPI experiment (Mitchell et al., 2017). Again, the CMIP5-based ESR
estimates and the results of the HAPPI experiment agree well. Note
that the responses vary widely among the considered regions.

Similar to Figures 3.8 and 3.11, Figure 3.14 features an objective
identification of ‘hotspots’ / key risks in dryness indices subdivided
by region, based on the approach by Wartenburger et al. (2017). This
analysis reveals the following hotspots of drying (i.e. increases in CDD
and/or decreases in P—E, soil moisture anomalies (SMA) and 12-month
Standardized Precipitation Index (SPI12), with at least one of the
indices displaying statistically significant drying): the Mediterranean
region (MED; including southern Europe, northern Africa, and the Near
East), northeastern Brazil (NEB) and southern Africa.

Consistent with this analysis, the available literature particularly
supports robust increases in dryness and decreases in water availability
in southern Europe and the Mediterranean with a shift from 1.5°C to
2°C of global warming (medium confidence) (Figure 3.13; Schleussner
et al, 2016b; Lehner et al., 2017; Wartenburger et al., 2017; Greve et
al, 2018; Samaniego et al., 2018). This region is already displaying
substantial drying in the observational record (Seneviratne et al., 2012;
Sheffield et al.,, 2012; Greve et al., 2014; Gudmundsson and Seneviratne,
2016; Gudmundsson et al., 2017), which provides additional evidence
supporting this tendency and suggests that it will be a hotspot of
dryness change at global warming levels beyond 1.5°C (see also Box
3.2). The other identified hotspots, southern Africa and northeastern
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Brazil, also consistently display drying trends under higher levels of
forcing in other publications (e.g., Orlowsky and Seneviratne, 2013),
although no published studies could be found reporting observed
drying trends in these regions. There are substantial increases in
the risk of increased dryness (medium confidence) in both the
Mediterranean region and Southern Africa at 2°C versus 1.5°C of
global warming because these regions display significant changes
in two dryness indicators (CDD and SMA) between these two global
warming levels (Figure 3.14); the strongest effects are expected for
extreme droughts (medium confidence) (Figure 3.12). There is low
confidence elsewhere, owing to a lack of consistency in analyses
with different models or different dryness indicators. However, in
many regions there is medium confidence that most extreme risks of
changes in dryness are avoided if global warming is constrained at
1.5°C instead of 2°C (Figure 3.12).

In summary, in terms of drought and dryness, limiting global warming
to 1.5°C is expected to substantially reduce the probability of extreme
changes in water availability in some regions compared to changes
under 2°C of global warming (medium confidence). For shift from 1.5°C
to 2°C of GMST warming, the available studies and analyses suggest
strong increases in the probability of dryness and reduced water
availability in the Mediterranean region (including southern Europe,
northern Africa and the Near East) and in southern Africa (medium
confidence). Based on observations and modelling experiments, a
drying trend is already detectable in the Mediterranean region, that is,
at global warming of less than 1°C (medium confidence).

Box 3.2 | Droughts in the Mediterranean Basin and the Middle East

Human society has developed in tandem with the natural environment of the Mediterranean basin over several millennia, laying
the groundwork for diverse and culturally rich communities. Even if advances in technology may offer some protection from climatic
hazards, the consequences of climatic change for inhabitants of this region continue to depend on the long-term interplay between an
array of societal and environmental factors (Holmgren et al., 2016). As a result, the Mediterranean is an example of a region with high
vulnerability where various adaptation responses have emerged. Previous IPCC assessments and recent publications project regional
changes in climate under increased temperatures, including consistent climate model projections of increased precipitation deficit
amplified by strong regional warming (Section 3.3.3; Seneviratne et al., 2012; Christensen et al., 2013; Collins et al., 2013; Greve and
Seneviratne, 2015).

The long history of resilience to climatic change is especially apparent in the eastern Mediterranean region, which has experienced a
strong negative trend in precipitation since 1960 (Mathbout et al., 2017) and an intense and prolonged drought episode between 2007
and 2010 (Kelley et al., 2015). This drought was the longest and most intense in the last 900 years (Cook et al., 2016). Some authors
(e.g., Trigo et al,, 2010; Kelley et al., 2015) assert that very low precipitation levels have driven a steep decline in agricultural productivity
in the Euphrates and Tigris catchment basins, and displaced hundreds of thousands of people, mainly in Syria. Impacts on the water
resources (Yazdanpanah et al., 2016) and crop performance in Iran have also been reported (Saeidi et al., 2017). Many historical periods
of turmoil have coincided with severe droughts, for example the drought which occurred at the end of the Bronze Age approximately
3200 years ago (Kaniewski et al., 2015). In this instance, a number of flourishing eastern Mediterranean civilizations collapsed, and rural
settlements re-emerged with agro-pastoral activities and limited long-distance trade. This illustrates how some vulnerable regions are
forced to pursue drastic adaptive responses, including migration and societal structure changes.

The potential evolution of drought conditions under 1.5°C or 2°C of global warming (Section 3.3.4) can be analysed by comparing the
2008 drought (high temperature, low precipitation) with the 1960 drought (low temperature, low precipitation) (Kelley et al., 2015).
Though the precipitation deficits were comparable, the 2008 drought was amplified by increased evapotranspiration induced by much
higher temperatures (a mean increase of 1°C compared with the 1931-2008 period in Syria) and a large population increase (from

200



Impacts of 1.5°C of Global Warming on Natural and Human Systems

Box 3.2 (continued)
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5 million in 1960 to 22 million in 2008). Koutroulis et al. (2016) reported that only 6% out of the total 18% decrease in water availability
projected for Crete under 2°C of global warming at the end of the 21st century would be due to decreased precipitation, with the
remaining 12% due to an increase in evapotranspiration. This study and others like it confirm an important risk of extreme drought
conditions for the Middle East under 1.5°C of global warming (Jacob et al., 2018), with risks being even higher in continental locations
than on islands; these projections are consistent with current observed changes (Section 3.3.4; Greve et al., 2014). Risks of drying in the
Mediterranean region could be substantially reduced if global warming is limited to 1.5°C compared to 2°C or higher levels of warming
(Section 3.4.3; Guiot and Cramer, 2016). Higher warming levels may induce high levels of vulnerability exacerbated by large changes

in demography.

3.3.5  Runoff and Fluvial Flooding

3.3.5.1 Observed and attributed changes in runoff and river
flooding

There has been progress since AR5 in identifying historical changes
in streamflow and continental runoff. Using the available streamflow
data, Dai (2016) showed that long-term (1948-2012) flow trends
are statistically significant only for 27.5% of the world’s 200 major
rivers, with negative trends outnumbering the positive ones. Although
streamflow trends are mostly not statistically significant, they are
consistent with observed regional precipitation changes. From 1950 to
2012, precipitation and runoff have increased over southeastern South
America, central and northern Australia, the central and northeastern
United States, central and northern Europe, and most of Russia, and
they have decreased over most of Africa, East and South Asia, eastern
coastal Australia, the southeastern and northwestern United States,
western and eastern Canada, the Mediterranean region and some
regions of Brazil (Dai, 2016).

A large part of the observed regional trends in streamflow and runoff
might have resulted from internal multi-decadal and multi-year climate
variations, especially the Pacific decadal variability (PDV), the Atlantic
Multi-Decadal Oscillation (AMO) and the El Nifio—Southern Oscillation
(ENSO), although the effect of anthropogenic greenhouse gases
and aerosols could also be important (Hidalgo et al., 2009; Gu and
Adler, 2013, 2015; Chiew et al., 2014; Luo et al., 2016; Gudmundsson
et al, 2017). Additionally, other human activities can influence the
hydrological cycle, such as land-use/land-cover change, modifications
in river morphology and water table depth, construction and
operation of hydropower plants, dikes and weirs, wetland drainage,
and agricultural practices such as water withdrawal for irrigation. All
of these activities can also have a large impact on runoff at the river
basin scale, although there is less agreement over their influence on
global mean runoff (Gerten et al., 2008; Sterling et al., 2012; Hall et al,,
2014; Betts et al., 2015; Arheimer et al., 2017). Some studies suggest
that increases in global runoff resulting from changes in land cover
or land use (predominantly deforestation) are counterbalanced by
decreases resulting from irrigation (Gerten et al., 2008; Sterling et al.,
2012). Likewise, forest and grassland fires can modify the hydrological
response at the watershed scale when the burned area is significant
(Versini et al., 2013; Springer et al., 2015; Wine and Cadol, 2016).

Few studies have explored observed changes in extreme streamflow
and river flooding since the IPCC AR5. Mallakpour and Villarini (2015)

analysed changes of flood magnitude and frequency in the central
United States by considering stream gauge daily records with at least
50 years of data ending no earlier than 2011. They showed that flood
frequency has increased, whereas there was limited evidence of a
decrease in flood magnitude in this region. Stevens et al. (2016) found
a rise in the number of reported floods in the United Kingdom during
the period 1884-2013, with flood events appearing more frequently
towards the end of the 20th century. A peak was identified in 2012,
when annual rainfall was the second highest in over 100 years. Do et al.
(2017) computed the trends in annual maximum daily streamflow data
across the globe over the 19662005 period. They found decreasing
trends for a large number of stations in western North America and
Australia, and increasing trends in parts of Europe, eastern North
America, parts of South America, and southern Africa.

In summary, streamflow trends since 1950 are not statistically
significant in most of the world's largest rivers (high confidence),
while flood frequency and extreme streamflow have increased in some
regions (high confidence).

3.3.5.2 Projected changes in runoff and river flooding at 1.5°C
versus 2°C of global warming

Global-scale assessments of projected changes in freshwater systems
generally suggest that areas with either positive or negative changes
in mean annual streamflow are smaller for 1.5°C than for 2°C of
global warming (Betts et al., 2018; Doll et al., 2018). Déll et al. (2018)
found that only 11% of the global land area (excluding Greenland and
Antarctica) shows a statistically significantly larger hazard at 2°C than
at 1.5°C. Significant decreases are found for 13% of the global land
area for both global warming levels, while significant increases are
projected to occur for 21% of the global land area at 1.5°C, and rise
to between 26% (Doll et al., 2018) and approximately 50% (Betts et
al,, 2018) at 2°C.

At the regional scale, projected runoff changes generally follow the
spatial extent of projected changes in precipitation (see Section 3.3.3).
Emerging literature includes runoff projections for different warming
levels. For 2°C of global warming, an increase in runoff is projected
for much of the high northern latitudes, Southeast Asia, East Africa,
northeastern Europe, India, and parts of, Austria, China, Hungary,
Norway, Sweden, the northwest Balkans and Sahel (Schleussner et
al., 2016b; Donnelly et al., 2017; Déll et al., 2018; Zhai et al., 2018).
Additionally, decreases are projected in the Mediterranean region,
southern Australia, Central America, and central and southern South
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America (Schleussner et al., 2016b; Donnelly et al., 2017; Déll et al.,
2018). Differences between 1.5°C and 2°C would be most prominent
in the Mediterranean, where the median reduction in annual runoff
is expected to be about 9% (likely range 4.5-15.5%) at 1.5°C,
while at 2°C of warming runoff could decrease by 17% (likely range
8-25%) (Schleussner et al., 2016b). Consistent with these projections,
Déll et al. (2018) found that statistically insignificant changes in the
mean annual streamflow around the Mediterranean region became
significant when the global warming scenario was changed from 1.5°C
to 2°C, with decreases of 10-30% between these two warming levels.
Donnelly et al. (2017) found an intense decrease in runoff along both
the Iberian and Balkan coasts with an increase in warming level.

Basin-scale projections of river runoff at different warming levels
are available for many regions. Betts et al. (2018) assessed runoff
changes in 21 of the world's major river basins at 1.5°C and 2°C of
global warming (Figure 3.15). They found a general tendency towards
increased runoff, except in the Amazon, Orange, Danube and Guadiana
basins where the range of projections indicate decreased mean flows
(Figure 3.13). In the case of the Amazon, mean flows are projected
to decline by up to 25% at 2°C global warming (Betts et al., 2018).
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Gosling et al. (2017) analysed the impact of global warming of 1°C, 2°C
and 3°C above pre-industrial levels on river runoff at the catchment
scale, focusing on eight major rivers in different continents: Upper
Amazon, Darling, Ganges, Lena, Upper Mississippi, Upper Niger, Rhine
and Tagus. Their results show that the sign and magnitude of change
with global warming for the Upper Amazon, Darling, Ganges, Upper
Niger and Upper Mississippi is unclear, while the Rhine and Tagus may
experience decreases in projected runoff and the Lena may experience
increases. Donnelly et al. (2017) analysed the mean flow response to
different warming levels for six major European rivers: Glomma, Wisla,
Lule, Ebro, Rhine and Danube. Consistent with the increases in mean
runoff projected for large parts of northern Europe, the Glomma, Wisla
and Lule rivers could experience increased discharges with global
warming while discharges from the Ebro could decrease, in part due
to a decrease in runoff in southern Europe. In the case of the Rhine
and Danube rivers, Donnelly et al. (2017) did not find clear results.
Mean annual runoff of the Yiluo River catchment in northern China
is projected to decrease by 22% at 1.5°C and by 21% at 2°C, while
the mean annual runoff for the Beijiang River catchment in southern
China is projected to increase by less than 1% at 1.5°C and 3% at
2°C in comparison to the studied baseline period (L. Liu et al., 2017).
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Figure 3.15 | Runoff changes in twenty-one of the world's major river basins at 1.5°C (blue) and 2°C (orange) of global warming, simulated by the Joint UK Land Environment
Simulator (JULES) ecosystem—hydrology model under the ensemble of six climate projections. Boxes show the 25th and 75th percentile changes, whiskers show the range, circles
show the four projections that do not define the ends of the range, and crosses show the ensemble means. Numbers in square brackets show the ensemble-mean flow in the

baseline (millimetres of rain equivalent) (Source: Betts et al., 2018).
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Chen et al. (2017) assessed the future changes in water resources in
the Upper Yangtze River basin for the same warming levels and found
a slight decrease in the annual discharge at 1.5°C but a slight increase
at 2°C. Montroull et al. (2018) studied the hydrological impacts of the
main rivers (Paraguay, Parang, Iguazt and Uruguay) in La Plata basin
in South America under 1.5°C and 2°C of global warming and for two
emissions scenarios. The Uruguay basin shows increases in streamflow
for all scenarios/warming targets except for the combination of
RCP8.5/1.5°C of warming. The increase is approximately 15% above
the 1981-2000 reference period for 2°C of global warming and the
RCPA4.5 scenario. For the other three rivers the sign of the change in
mean streamflow depends strongly on the RCP and GCM used.

Marx et al. (2018) analysed how hydrological low flows in Europe are
affected under different global warming levels (1.5°C, 2°C and 3°C).
The Alpine region showed the strongest low flow increase, from 22%
at 1.5°C to 30% at 2°C, because of the relatively large snow melt
contribution, while in the Mediterranean low flows are expected to
decrease because of the decreases in annual precipitation projected
for that region. Doll et al. (2018) found that extreme low flows in the
tropical Amazon, Congo and Indonesian basins could decrease by 10%
at 1.5°C, whereas they could increase by 30% in the southwestern part
of Russia under the same warming level. At 2°C, projected increases in
extreme low flows are exacerbated in the higher northern latitudes and
in eastern Africa, India and Southeast Asia, while projected decreases
intensify in the Amazon basin, western United States, central Canada,
and southern and western Europe, although not in the Congo basin or
Indonesia, where models show less agreement.

Recent analyses of projections in river flooding and extreme runoff and
flows are available for different global warming levels. At the global
scale, Alfieri et al. (2017) assessed the frequency and magnitude of river
floods and their impacts under 1.5°C, 2°C and 4°C global warming
scenarios. They found that flood events with an occurrence interval
longer than the return period of present-day flood protections are
projected to increase in all continents under all considered warming
levels, leading to a widespread increment in the flood hazard. Déll et al.
(2018) found that high flows are projected to increase significantly on
11% and 21% of the global land area at 1.5°C and 2°C, respectively.
Significantly increased high flows are expected to occur in South and
Southeast Asia and Central Africa at 1.5°C, with this effect intensifying
and including parts of South America at 2°C.

Regarding the continental scale, Donnelly et al. (2017) and Thober et
al. (2018) explored climate change impacts on European high flows
and/or floods under 1.5°C, 2°C and 3°C of global warming. Thober et
al. (2018) identified the Mediterranean region as a hotspot of change,
with significant decreases in high flows of —11% and -13% at 1.5°C
and 2°C, respectively, mainly resulting from reduced precipitation (Box
3.2). In northern regions, high flows are projected to rise by 1% and
5% at 1.5°C and 2°C, respectively, owing to increasing precipitation,
although floods could decrease by 6% in both scenarios because of
less snowmelt. Donnelly et al. (2017) found that high runoff levels
could rise in intensity, robustness and spatial extent over large parts
of continental Europe with an increasing warming level. At 2°C, flood
magnitudes are expected to increase significantly in Europe south of
60°N, except for some regions (Bulgaria, Poland and southern Spain);
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in contrast, they are projected to decrease at higher latitudes (e.g.,
in most of Finland, northwestern Russia and northern Sweden), with
the exception of southern Sweden and some coastal areas in Norway
where flood magnitudes may increase (Roudier et al., 2016). At the
basin scale, Mohammed et al. (2017) found that floods are projected to
be more frequent and flood magnitudes greater at 2°C than at 1.5°C
in the Brahmaputra River in Bangladesh. In coastal regions, increases
in heavy precipitation associated with tropical cyclones (Section
3.3.6) combined with increased sea levels (Section 3.3.9) may lead to
increased flooding (Section 3.4.5).

In summary, there is medium confidence that global warming of 2°C
above the pre-industrial period would lead to an expansion of the
area with significant increases in runoff, as well as the area affected
by flood hazard, compared to conditions at 1.5°C of global warming.
A global warming of 1.5°Cwould also lead to an expansion of the global
land area with significant increases in runoff (medium confidence) and
to an increase in flood hazard in some regions (medium confidence)
compared to present-day conditions.

3.3.6  Tropical Cyclones and Extratropical Storms

Most recent studies on observed trends in the attributes of tropical
cyclones have focused on the satellite era starting in 1979 (Rienecker
et al,, 2011), but the study of observed trends is complicated by the
heterogeneity of constantly advancing remote sensing techniques and
instrumentation during this period (e.g., Landsea, 2006; Walsh et al.,
2016). Numerous studies leading up to and after AR5 have reported
a decreasing trend in the global number of tropical cyclones and/or
the globally accumulated cyclonic energy (Emanuel, 2005; Elsner et al.,
2008; Knutson et al., 2010; Holland and Bruyeére, 2014; Klotzbach and
Landsea, 2015; Walsh et al., 2016). A theoretical physical basis for such
a decrease to occur under global warming was recently provided by
Kang and Elsner (2015). However, using a relatively short (20 year)
and relatively homogeneous remotely sensed record, Klotzbach (2006)
reported no significant trends in global cyclonic activity, consistent
with more recent findings of Holland and Bruyere (2014). Such
contradictions, in combination with the fact that the almost four-
decade-long period of remotely sensed observations remains relatively
short to distinguish anthropogenically induced trends from decadal
and multi-decadal variability, implies that there is only low confidence
regarding changes in global tropical cyclone numbers under global
warming over the last four decades.

Studies in the detection of trends in the occurrence of very intense
tropical cyclones (category 4 and 5 hurricanes on the Saffir-Simpson
scale) over recent decades have yielded contradicting results. Most
studies have reported increases in these systems (Emanuel, 2005;
Webster et al., 2005; Klotzbach, 2006; Elsner et al., 2008; Knutson et al.,
2010; Holland and Bruyére, 2014; Walsh et al., 2016), in particular for the
North Atlantic, North Indian and South Indian Ocean basins (e.g., Singh
etal,, 2000; Singh, 2010; Kossin et al.,, 2013; Holland and Bruyére, 2014;
Walsh et al., 2016). In the North Indian Ocean over the Arabian Sea, an
increase in the frequency of extremely severe cyclonic storms has been
reported and attributed to anthropogenic warming (Murakami et al.,
2017). However, to the east over the Bay of Bengal, tropical cyclones
and severe tropical cyclones have exhibited decreasing trends over
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the period 1961-2010, although the ratio between severe tropical
cyclones and all tropical cyclones is increasing (Mohapatra et al.,
2017). Moreover, studies that have used more homogeneous records,
but were consequently limited to rather short periods of 20 to 25 years,
have reported no statistically significant trends or decreases in the
global number of these systems (Kamabhori et al., 2006; Klotzbach and
Landsea, 2015). Likewise, CMIP5 model simulations of the historical
period have not produced anthropogenically induced trends in very
intense tropical cyclones (Bender et al., 2010; Knutson et al., 2010,
2013; Camargo, 2013; Christensen et al., 2013), consistent with the
findings of Klotzbach and Landsea (2015). There is consequently fow
confidence in the conclusion that the number of very intense cyclones
is increasing globally.

General circulation model (GCM) projections of the changing
attributes of tropical cyclones under high levels of greenhouse gas
forcing (3°C to 4°C of global warming) consistently indicate decreases
in the global number of tropical cyclones (Knutson et al., 2010, 2015;
Sugi and Yoshimura, 2012; Christensen et al., 2013; Yoshida et al.,
2017). A smaller number of studies based on statistical downscaling
methodologies contradict these findings, however, and indicate
increases in the global number of tropical cyclones under climate
change (Emanuel, 2017). Most studies also indicate increases in the
global number of very intense tropical cyclones under high levels of
global warming (Knutson et al., 2015; Sugi et al., 2017), consistent
with dynamic theory (Kang and Elsner, 2015), although a few studies
contradict this finding (e.g., Yoshida et al., 2017). Hence, it is assessed
that under 3°C to 4°C of warming that the global number of tropical
cyclones would decrease whilst the number of very intense cyclones
would increase (medium confidence).

To date, only two studies have directly explored the changing tropical
cyclone attributes under 1.5°C versus 2°C of global warming. Using
a high resolution global atmospheric model, Wehner et al. (2018a)
concluded that the differences in tropical cyclone statistics under 1.5°C
versus 2°C stabilization scenarios, as defined by the HAPPI protocols
(Mitchell et al., 2017) are small. Consistent with the majority of studies
performed for higher degrees of global warming, the total number
of tropical cyclones is projected to decrease under global warming,
whilst the most intense (categories 4 and 5) cyclones are projected
to occur more frequently. These very intense storms are projected
to be associated with higher peak wind speeds and lower central
pressures under 2°C versus 1.5°C of global warming. The accumulated
cyclonic energy is projected to decrease globally from 1.5°C to 2°C, in
association with a decrease in the global number of tropical cyclones
under progressively higher levels of global warming. It is also noted
that heavy rainfall associated with tropical cyclones was assessed in
the IPCC SREX as likely to increase under increasing global warming
(Seneviratne et al., 2012). Two recent articles suggest that there is
high confidence that the current level of global warming (i.e., about
1°C, see Section 3.3.1) increased the heavy precipitation associated
with the 2017 Hurricane Harvey by about 15% or more (Risser and
Wehner, 2017; van Oldenborgh et al., 2017). Hence, it can be inferred,
under the assumption of linear dynamics, that further increases in
heavy precipitation would occur under 1.5°C, 2°C and higher levels of
global warming (medium confidence). Using a high resolution regional
climate model, Muthige et al. (2018) explored the effects of different
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degrees of global warming on tropical cyclones over the southwest
Indian Ocean, using transient simulations that downscaled a number of
RCP8.5 GCM projections. Decreases in tropical cyclone frequencies are
projected under both 1.5°C and 2°C of global warming. The decreases
in cyclone frequencies under 2°C of global warming are somewhat
larger than under 1.5°C, but no further decreases are projected under
3°C. This suggests that 2°C of warming, at least in these downscaling
simulations, represents a type of stabilization level in terms of tropical
cyclone formation over the southwest Indian Ocean and landfall over
southern Africa (Muthige et al., 2018). There is thus limited evidence
that the global number of tropical cyclones will be lower under 2°C
compared to 1.5°C of global warming, but with an increase in the
number of very intense cyclones (Jow confidence).

The global response of the mid-latitude atmospheric circulation to
1.5°C and 2°C of warming was investigated using the HAPP| ensemble
with a focus on the winter season (Li et al., 2018). Under 1.5°C of
global warming a weakening of storm activity over North America,
an equatorward shift of the North Pacific jet exit and an equatorward
intensification of the South Pacific jet are projected. Under an additional
0.5°C of warming a poleward shift of the North Atlantic jet exit and
an intensification on the flanks of the Southern Hemisphere storm
track are projected to become more pronounced. The weakening of
the Mediterranean storm track that is projected under low mitigation
emerges in the 2°C warmer world (Li et al., 2018). AR5 assessed that
under high greenhouse gas forcing (3°C or 4°C of global warming)
there is low confidence in projections of poleward shifts of the
Northern Hemisphere storm tracks, while there is high confidence that
there would be a small poleward shift of the Southern Hemisphere
storm tracks (Stocker et al., 2013). In the context of this report, the
assessment is that there is limited evidence and low confidence in
whether any projected signal for higher levels of warming would be
clearly manifested under 2°C of global warming.

3.3.7  Ocean Circulation and Temperature

It is virtually certain that the temperature of the upper layers of the
ocean (0-700 m in depth) has been increasing, and that the global
mean for sea surface temperature (SST) has been changing at a rate
just behind that of GMST. The surfaces of three ocean basins has
warmed over the period 1950-2016 (by 0.11°C, 0.07°C and 0.05°C
per decade for the Indian, Atlantic and Pacific Oceans, respectively;
Hoegh-Guldberg et al., 2014), with the greatest changes occurring
at the highest latitudes. Isotherms (i.e., lines of equal temperature) of
sea surface temperature (SST) are shifting to higher latitudes at rates
of up to 40 km per year (Burrows et al., 2014; Garcia Molinos et al.,
2015). Long-term patterns of variability make detecting signals due to
climate change complex, although the recent acceleration of changes
to the temperature of the surface layers of the ocean has made the
climate signal more distinct (Hoegh-Guldberg et al., 2014). There is also
evidence of significant increases in the frequency of marine heatwaves
in the observational record (Oliver et al, 2018), consistent with
changes in mean ocean temperatures (high confidence). Increasing
climate extremes in the ocean are associated with the general rise in
global average surface temperature, as well as more intense patterns
of climate variability (e.g., climate change intensification of ENSO)
(Section 3.5.2.5). Increased heat in the upper layers of the ocean is
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also driving more intense storms and greater rates of inundation in
some regions, which, together with sea level rise, are already driving
significant impacts to sensitive coastal and low-lying areas (Section
3.3.6).

Increasing land-sea temperature gradients have the potential to
strengthen upwelling systems associated with the eastern boundary
currents (Benguela, Canary, Humboldt and Californian Currents;
Bakun, 1990). Observed trends support the conclusion that a general
strengthening of longshore winds has occurred (Sydeman et al., 2014),
but the implications of trends detected in upwelling currents themselves
are unclear (Lluch-Cota et al., 2014). Projections of the scale of changes
between 1°C and 1.5°C of global warming and between 1.5°C and
2°C are only informed by the changes during the past increase in GMST
of 0.5°C (fow confidence). However, evidence from GCM projections
of future climate change indicates that a general strengthening of the
Benguela, Canary and Humboldt upwelling systems under enhanced
anthropogenic forcing (D. Wang et al.,, 2015) is projected to occur
(medium confidence). This strengthening is projected to be stronger
at higher latitudes. In fact, evidence from regional climate modelling
is supportive of an increase in long-shore winds at higher latitudes,
whereas long-shore winds may decrease at lower latitudes as a
consequence of the poleward displacement of the subtropical highs
under climate change (Christensen et al., 2007; Engelbrecht et al,
2009).

It is more likely than not that the Atlantic Meridional Overturning
Circulation (AMOC) has been weakening in recent decades, given
the detection of the cooling of surface waters in the North Atlantic
and evidence that the Gulf Stream has slowed since the late 1950s
(Rahmstorf et al., 2015b; Srokosz and Bryden, 2015; Caesar et al,
2018). There is only /imited evidence linking the current anomalously
weak state of AMOC to anthropogenic warming (Caesar et al., 2018). It
is very likely that the AMOC will weaken over the 21st century. The best
estimates and ranges for the reduction based on CMIP5 simulations
are 11% (1- 24%) in RCP2.6 and 34% (12— 54%) in RCP8.5 (AR5).
There is no evidence indicating significantly different amplitudes of
AMOC weakening for 1.5°C versus 2°C of global warming.

3.3.8 Sealce

Summer sea ice in the Arctic has been retreating rapidly in recent
decades. During the period 1997 to 2014, for example, the monthly
mean sea ice extent during September (summer) decreased on average
by 130,000 km? per year (Serreze and Stroeve, 2015). This is about four
times as fast as the September sea ice loss during the period 1979
to 1996. Sea ice thickness has also decreased substantially, with an
estimated decrease in ice thickness of more than 50% in the central
Arctic (Lindsay and Schweiger, 2015). Sea ice coverage and thickness
also decrease in CMIP5 simulations of the recent past, and are
projected to decrease in the future (Collins et al., 2013). However,
the modelled sea ice loss in most CMIP5 models is much smaller
than observed losses. Compared to observations, the simulations are
less sensitive to both global mean temperature rise (Rosenblum and
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Eisenman, 2017) and anthropogenic CO, emissions (Notz and Stroeve,
2016). This mismatch between the observed and modelled sensitivity
of Arctic sea ice implies that the multi-model-mean responses of future
sea ice evolution probably underestimates the sea ice loss for a given
amount of global warming. To address this issue, studies estimating
the future evolution of Arctic sea ice tend to bias correct the model
simulations based on the observed evolution of Arctic sea ice in
response to global warming. Based on such bias correction, pre-ARS
and post-AR5 studies generally agree that for 1.5°C of global warming
relative to pre-industrial levels, the Arctic Ocean will maintain a sea ice
cover throughout summer in most years (Collins et al., 2013; Notz and
Stroeve, 2016; Screen and Williamson, 2017; Jahn, 2018; Niederdrenk
and Notz, 2018; Sigmond et al., 2018). For 2°C of global warming,
chances of a sea ice-free Arctic during summer are substantially higher
(Screen and Williamson, 2017; Jahn, 2018; Niederdrenk and Notz,
2018; Screen et al., 2018; Sigmond et al., 2018). Model simulations
suggest that there will be at least one sea ice-free Arctic® summer after
approximately 10 years of stabilized warming at 2°C, as compared
to one sea ice-free summer after 100 years of stabilized warming at
1.5°C above pre-industrial temperatures (Jahn, 2018; Screen et al,
2018; Sigmond et al., 2018). For a specific given year under stabilized
warming of 2°C, studies based on large ensembles of simulations with
a single model estimate the likelihood of ice-free conditions as 35%
without a bias correction of the underlying model (Sanderson et al.,
2017; Jahn, 2018); as between 10% and >99% depending on the
observational record used to correct the sensitivity of sea ice decline
to global warming in the underlying model (Niederdrenk and Notz,
2018); and as 19% based on a procedure to correct for biases in the
climatological sea ice coverage in the underlying model (Sigmond et
al., 2018). The uncertainty of the first year of the occurrence of an ice-
free Arctic Ocean arising from internal variability is estimated to be
about 20 years (Notz, 2015; Jahn et al., 2016).

The more recent estimates of the warming necessary to produce an ice-
free Arctic Ocean during summer are lower than the ones given in AR5
(about 2.6°C-3.1°C of global warming relative to pre-industrial levels
or 1.6°C-2.1°C relative to present-day conditions), which were similar
to the estimate of 3°C of global warming relative to pre-industrial
levels (or 2°C relative to present-day conditions) by Mahlstein and
Knutti (2012) based on bias-corrected CMIP3 models. Rosenblum and
Eisenman (2016) explained why the sensitivity estimated by Mahlstein
and Knutti (2012) might be too low, estimating instead that September
sea ice in the Arctic would disappear at 2°C of global warming
relative to pre-industrial levels (or about 1°C relative to present-day
conditions), in line with the other recent estimates. Notz and Stroeve
(2016) used the observed correlation between September sea ice
extent and cumulative CO, emissions to estimate that the Arctic Ocean
would become nearly free of sea ice during September with a further
1000 Gt of emissions, which also implies a sea ice loss at about 2°C of
global warming. Some of the uncertainty in these numbers stems from
the possible impact of aerosols (Gagne et al., 2017) and of volcanic
forcing (Rosenblum and Eisenman, 2016). During winter, little Arctic
sea ice is projected to be lost for either 1.5°C or 2°C of global warming
(Niederdrenk and Notz, 2018).

> lIce free is defined for the Special Report as when the sea ice extent is less than 106 km?. Ice coverage less than this is considered to be equivalent to an ice-free Arctic Ocean

for practical purposes in all recent studies.
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A substantial number of pre-AR5 studies found that there is no
indication of hysteresis behaviour of Arctic sea ice under decreasing
temperatures following a possible overshoot of a long-term
temperature target (Holland et al., 2006; Schroder and Connolley, 2007;
Armour et al., 2011; Sedlacek et al., 2011; Tietsche et al., 2011; Boucher
et al,, 2012; Ridley et al,, 2012). In particular, the relationship between
Arctic sea ice coverage and GMST was found to be indistinguishable
between a warming scenario and a cooling scenario. These results have
been confirmed by post-AR5 studies (Li et al., 2013; Jahn, 2018), which
implies high confidence that an intermediate temperature overshoot
has no long-term consequences for Arctic sea ice coverage.

In the Antarctic, sea ice shows regionally contrasting trends, such as a
strong decrease in sea ice coverage near the Antarctic peninsula but
increased sea ice coverage in the Amundsen Sea (Hobbs et al., 2016).
Averaged over these contrasting regional trends, there has been a slow
long-term increase in overall sea ice coverage in the Southern Ocean,
although with comparably low ice coverage from September 2016
onwards. Collins et al. (2013) assessed low confidence in Antarctic
sea ice projections because of the wide range of model projections
and an inability of almost all models to reproduce observations such
as the seasonal cycle, interannual variability and the long-term slow
increase. No existing studies have robustly assessed the possible future
evolution of Antarctic sea ice under low-warming scenarios.

In summary, the probability of a sea-ice-free Arctic Ocean during
summer is substantially higher at 2°C compared to 1.5°C of global
warming relative to pre-industrial levels, and there is medium
confidence that there will be at least one sea ice-free Arctic summer
after about 10 years of stabilized warming at 2°C, while about
100 years are required at 1.5°C. There is high confidence that an
intermediate temperature overshoot has no long-term consequences
for Arctic sea ice coverage with regrowth on decadal time scales.
3.3.9  Sea Level

Sea level varies over a wide range of temporal and spatial scales, which
can be divided into three broad categories. These are global mean sea
level (GMSL), regional variation about this mean, and the occurrence of
sea-level extremes associated with storm surges and tides. GMSL has
been rising since the late 19th century from the low rates of change that
characterized the previous two millennia (Church et al., 2013). Slowing
in the reported rate over the last two decades (Cazenave et al., 2014)
may be attributable to instrumental drift in the observing satellite
system (Watson et al., 2015) and increased volcanic activity (Fasullo
et al., 2016). Accounting for the former results in rates (1993 to mid-
2014) between 2.6 and 2.9 mm yr' (Watson et al., 2015). The relative
contributions from thermal expansion, glacier and ice-sheet mass loss,
and freshwater storage on land are relatively well understood (Church
et al,, 2013; Watson et al., 2015) and their attribution is dominated by
anthropogenic forcing since 1970 (15 + 55% before 1950, 69 + 31%
after 1970) (Slangen et al., 2016).

There has been a significant advance in the literature since AR5, which
has included the development of semi-empirical models (SEMs) into a
broader emulation-based approach (Kopp et al., 2014; Mengel et al.,
2016; Nauels et al.,, 2017) that is partially based on the results from
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more detailed, process-based modelling Church et al. (2013) assigned
low confidence to SEMs because these models assume that the
relation between climate forcing and GMSL is the same in the past
(calibration) and future (projection). Probable future changes in the
relative contributions of thermal expansion, glaciers and (in particular)
ice sheets invalidate this assumption. However, recent emulation-
based studies overcame this shortcoming by considering individual
GMSL contributors separately, and they are therefore employed in
this assessment. In this subsection, the process-based literature of
individual contributors to GMSL is considered for scenarios close to
1.5°C and 2°C of global warming before emulation-based approaches
are assessed.

A limited number of processes-based studies are relevant to GMSL in
1.5°Cand 2°Cworlds. Marzeion et al. (2018) used a global glacier model
with temperature-scaled scenarios based on RCP2.6 to investigate
the difference between 1.5°C and 2°C of global warming and found
little difference between scenarios in the glacier contribution to GMSL
for the year 2100 (54-97 mm relative to present-day levels for 1.5°C
and 63-112 mm for 2°C, using a 90% confidence interval). This arises
because glacier melt during the remainder of the century is dominated
by the response to warming from pre-industrial to present-day levels,
which is in turn a reflection of the slow response times of glaciers. Fiirst
et al. (2015) made projections of the Greenland ice sheet's contribution
to GMSL using an ice-flow model forced by the regional climate
model Modeéle Atmosphérique Régional (MAR; considered by Church
et al. (2013) to be the 'most realistic’ such model). They projected an
RCP2.6 range of 24-60 mm (1 standard deviation) by the end of the
century (relative to the year 2000 and consistent with the assessment
of Church et al. (2013); however, their projections do not allow the
difference between 1.5°C and 2°C worlds to be evaluated.

The Antarctic ice sheet can contribute both positively, through increases
in outflow (solid ice lost directly to the ocean), and negatively, through
increases in snowfall (owing to the increased moisture-bearing capacity
of a warmer atmosphere), to future GMSL rise. Frieler et al. (2015)
suggested a range of 3.5-8.7% °C™" for this effect, which is consistent
with AR5. Observations from the Amundsen Sea sector of Antarctica
suggest an increase in outflow (Mouginot et al.,, 2014) over recent
decades associated with grounding line retreat (Rignot et al., 2014)
and the influx of relatively warm Circumpolar Deepwater (Jacobs et al.,
2011). Literature on the attribution of these changes to anthropogenic
forcing is still in its infancy (Goddard et al., 2017; Turner et al.,, 2017a).
RCP2.6-based projections of Antarctic outflow (Levermann et al,
2014; Golledge et al., 2015; DeConto and Pollard, 2016, who include
snowfall changes) are consistent with the AR5 assessment of Church
et al. (2013) for end-of-century GMSL for RCP2.6, and do not support
substantial additional GMSL rise by Marine Ice Sheet Instability or
associated instabilities (see Section 3.6). While agreement is relatively
good, concerns about the numerical fidelity of these models still exist,
and this may affect the quality of their projections (Drouet et al., 2013;
Durand and Pattyn, 2015). An assessment of Antarctic contributions
beyond the end of the century, in particular related to the Marine Ice
Sheet Instability, can be found in Section 3.6.

While some literature on process-based projections of GMSL for the
period up to 2100 is available, it is insufficient for distinguishing
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between emissions scenarios associated with 1.5°C and 2°C warmer
worlds. This literature is, however, consistent with the assessment by
Church et al. (2013) of a likely range of 0.28-0.61 m in 2100 (relative
to 1986-2005), suggesting that the AR5 assessment is still appropriate.
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Recent emulation-based studies show convergence towards this
AR5 assessment (Table 3.1) and offer the advantage of allowing a
comparison between 1.5°C and 2°C warmer worlds. Table 3.1 features
a compilation of recent emulation-based and SEM studies.

Table 3.1 | Compilation of recent projections for sea level at 2100 (in cm) for Representative Concentration Pathway (RCP)2.6, and 1.5°C and 2°C scenarios. Upper and lower
limits are shown for the 17-84% and 5-95% confidence intervals quoted in the original papers.

Study Baseline RCP2.6 1.5°C 2°C
67% 90% 67% 90% 67% 90%

AR5 1986-2005 28-61
Kopp et al. (2014) 2000 37-65 29-82
Jevrejeva et al. (2016) 1986-2005 29-58
Kopp et al. (2016) 2000 28-51 24-61
Mengel et al. (2016) 1986-2005 28-56
Nauels et al. (2017) 1986-2005 35-56
Goodwin et al. 2017) 1986-2005 31-59

45-70

45-72
Schaeffer et al. (2012) 2000 52-96 54-99 56-105
Schleussner et al. (2016b) 2000 26-53 36-65
Bittermann et al. (2017) 2000 29-46 39-61
Jackson et al. (2018) 1986-2005 30-58 20-67 35-64 24-74

40-77 28-93 47-93 32-117

Sanderson et al. (2017) 50-80 60-90
Nicholls et al. (2018) 1986-2005 24-54 31-65
Rasmussen et al. (2018) 2000 35-64 28-82 39-76 28-96
Goodwin et al. (2018) 1986-2005 26-62 30-69

There is little consensus between the reported ranges of GMSL rise
(Table 3.1). Projections vary in the range 0.26—0.77 m and 0.35-0.93
m for 1.5°C and 2°C respectively for the 17-84% confidence interval
(0.20-0.99 m and 0.24-1.17 m for the 5-95% confidence interval).
There is, however, medium agreement that GMSL in 2100 would be
0.04-0.16 m higher in a 2°C warmer world compared to a 1.5°C
warmer world based on the 17-84% confidence interval (0.00-0.24
m based on 5-95% confidence interval) with a value of around 0.1
m. There is medium confidence in this assessment because of issues
associated with projections of the Antarctic contribution to GMSL
that are employed in emulation-based studies (see above) and the
issues previously identified with SEMs (Church et al., 2013).

Translating projections of GMSL to the scale of coastlines and
islands requires two further steps. The first step accounts for regional
changes associated with changing water and ice loads (such as
Earth's gravitational field and rotation, and vertical land movement),
as well as spatial differences in ocean heat uptake and circulation.
The second step maps regional sea level to changes in the return
periods of particular flood events to account for effects not included
in global climate models, such as tides, storm surges, and wave setup
and runup. Kopp et al. (2014) presented a framework to do this and
gave an example application for nine sites located in the US, Japan,
northern Europe and Chile. Of these sites, seven (all except those in
northern Europe) were found to experience at least a quadrupling
in the number of years in the 21st century with 1-in-100-year floods
under RCP2.6 compared to under no future sea level rise. Rasmussen

et al. (2018) used this approach to investigate the difference
between 1.5°C and 2°C warmer worlds up to 2200. They found that
the reduction in the frequency of 1-in-100-year floods in a 1.5°C
compared to a 2°C warmer world would be greatest in the eastern
USA and Europe, with ESL event frequency amplification being
reduced by about a half and with smaller reductions for small island
developing states (SIDS). This last result contrasts with the finding
of Vitousek et al. (2017) that regions with low variability in extreme
water levels (such as SIDS in the tropics) are particularly sensitive to
GMSL rise, such that a doubling of frequency may be expected for
even small (0.1-0.2 m) rises. Schleussner et al. (2011) emulated the
AMOC based on a subset of CMIP-class climate models. When forced
using global temperatures appropriate for the CP3-PD scenario (1°C
of warming in 2100 relative to 2000 or about 2°C of warming relative
to pre-industrial) the emulation suggests an 11% median reduction
in AMOC strength at 2100 (relative to 2000) with an associated
0.04 m dynamic sea level rise along the New York City coastline.

In summary, there is medium confidence that GMSL rise will be about
0.1 m (within a 0.00-0.20 m range based on 17-84% confidence-
interval projections) less by the end of the 21st century in a 1.5°C
compared to a 2°C warmer world. Projections for 1.5°C and 2°C
global warming cover the ranges 0.2-0.8 m and 0.3—1.00 m relative
to 1986-2005, respectively (medium confidence). Sea level rise
beyond 2100 is discussed in Section 3.6; however, recent literature
strongly supports the assessment by Church et al. (2013) that sea
level rise will continue well beyond 2100 (high confidence).
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Box 3.3 | Lessons from Past Warm Climate Episodes

Climate projections and associated risk assessments for a future warmer world are based on climate model simulations. However,
Coupled Model Intercomparison Project Phase 5 (CMIP5) climate models do not include all existing Earth system feedbacks and
may therefore underestimate both rates and extents of changes (Knutti and Sedlacek, 2012). Evidence from natural archives of three
moderately warmer (1.5°C-2°C) climate episodes in Earth’s past help to assess such long-term feedbacks (Fischer et al., 2018).

While evidence over the last 2000 years and during the Last Glacial Maximum (LGM) was discussed in detail in the IPCC Fifth
Assessment Report (Masson-Delmotte et al., 2013), the climate system response during past warm intervals was the focus of a recent
review paper (Fischer et al., 2018) summarized in this Box. Examples of past warmer conditions with essentially modern physical
geography include the Holocene Thermal Maximum (HTM; broadly defined as about 10-5 kyr before present (BP), where present
is defined as 1950), the Last Interglacial (LIG; about 129-116 kyr BP) and the Mid Pliocene Warm Period (MPWP; 3.3—3.0 Myr BP).

Changes in insolation forcing during the HTM (Marcott et al., 2013) and the LIG (Hoffman et al., 2017) led to a global temperature
up to 1°C higher than that in the pre-industrial period (1850—1900); high-latitude warming was 2°C-4°C (Capron et al., 2017), while
temperature in the tropics changed little (Marcott et al., 2013). Both HTM and LIG experienced atmospheric CO, levels similar to
pre-industrial conditions (Masson-Delmotte et al. 2013). During the MPWP, the most recent time period when CO, concentrations
were similar to present-day levels, the global temperature was >1°C and Arctic temperatures about 8°C warmer than pre-industrial
(Brigham-Grette et al., 2013).

Although imperfect as analogues for the future, these regional changes can inform risk assessments such as the potential for
crossing irreversible thresholds or amplifying anthropogenic changes (Box 3.3, Figure 1). For example, HTM and LIG greenhouse gas
(GHG) concentrations show no evidence of runaway greenhouse gas releases under limited global warming. Transient releases of
€0, and CH, may follow permafrost melting, but these occurrences may be compensated by peat growth over longer time scales (Yu
et al., 2010). Warming may release CO, by enhancing soil respiration, counteracting CO, fertilization of plant growth (Frank et al.,
2010). Evidence of a collapse of the Atlantic Meridional Overturning Circulation (AMOC) during these past events of limited global
warming could not be found (Galaasen et al., 2014).

The distribution of ecosystems and biomes (major ecosystem types) changed significantly during past warming events, both in
the ocean and on land. For example, some tropical and temperate forests retreated because of increased aridity, while savannas
expanded (Dowsett et al., 2016). Further, poleward shifts of marine and terrestrial ecosystems, upward shifts in alpine regions, and
reorganizations of marine productivity during past warming events are recorded in natural archives (Williams et al., 2009; Haywood
et al., 2016). Finally, past warming events are associated with partial sea ice loss in the Arctic. The limited amount of data collected
so far on Antarctic sea ice precludes firm conclusions about Southern Hemisphere sea ice losses (de Vernal et al., 2013).

Reconstructed global sea level rise of 6-9 m during the LIG and possibly >6 m during the MPWP requires a retreat of either the
Greenland or Antarctic ice sheets or both (Dutton et al., 2015). While ice sheet and climate models suggest a substantial retreat
of the West Antarctic ice sheet (WAIS) and parts of the East Antarctic ice sheet (DeConto and Pollard, 2016) during these periods,
direct observational evidence is still lacking. Evidence for ice retreat in Greenland is stronger, although a complete collapse of the
Greenland ice sheet during the LIG can be excluded (Dutton et al., 2015). Rates of past sea level rises under modest warming were
similar to or up to two times larger than rises observed over the past two decades (Kopp et al., 2013). Given the long time scales
required to reach equilibrium in a warmer world, sea level rise will likely continue for millennia even if warming is limited to 2°C.

Finally, temperature reconstructions from these past warm intervals suggest that current climate models underestimate regional

warming at high latitudes (polar amplification) and long-term (multi-millennial) global warming. None of these past warm climate
episodes involved the high rate of change in atmospheric CO, and temperatures that we are experiencing today (Fischer et al., 2018).
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Box 3.3 (continued)

Arcticseaice:
HTM: reduced
LIG: reduced

MPWP: reduced GIS:

HIM: deglacial reequilibration
LIG: partial'retreat
MPWP: smaller
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boreal forests:

HTM: northward expansion
LIG: expansion

MPWP: northward expansion

Savanna:
HTM: expansion
LIG: expansion likely

marine ecosystems:
HTM: rather unchanged
LIG: poleward shift
MPWP: poleward shift

Antarcticseaice:
HTM: limited evidence
LIG: reduced
MPWP: reduced

WAIS

HIM: deglacial reequilibration
LIG: partial retreat likely
MPWP: retreat likely

MPWP: expansion

marine ecosystems:
HTM: rather unchanged
LIG: poleward shift
MPWP: poleward shift

EAIS:

HTM: deglacial reequilibration

LIG: partial retreat possible
MPWP: partial retreat possible

Box 3.3, Figure 1| Impacts and responses of components of the Earth System. Summary of typical changes found for warmer periods in the paleorecord, as discussed
by Fischer et al. (2018). All statements are relative to pre-industrial conditions. Statements in italics indicate that no conclusions can be drawn for the future. Note that
significant spatial variability and uncertainty exists in the assessment of each component, and this figure therefore should not be referred to without reading the
publication in detail. HTM: Holocene Thermal Maximum, LIG: Last Interglacial, MPWP: Mid Pliocene Warm Period. (Adapted from Fischer et al., 2018).

3.3.10 Ocean Chemistry

Ocean chemistry includes pH, salinity, oxygen, CO,, and a range of other
ions and gases, which are in turn affected by precipitation, evaporation,
storms, river runoff, coastal erosion, up-welling, ice formation, and the
activities of organisms and ecosystems (Stocker et al., 2013). Ocean
chemistry is changing alongside increasing global temperature, with
impacts projected at 1.5°C and, more so, at 2°C of global warming
(Doney et al., 2014) (medium to high confidence). Projected changes in
the upper layers of the ocean include altered pH, oxygen content and
sea level. Despite its many component processes, ocean chemistry has
been relatively stable for long periods of time prior to the industrial
period (Honisch et al., 2012). Ocean chemistry is changing under the
influence of human activities and rising greenhouse gases (virtually
certain; Rhein et al., 2013; Stocker et al,, 2013). About 30% of CO,
emitted by human activities, for example, has been absorbed by
the upper layers of the ocean, where it has combined with water to
produce a dilute acid that dissociates and drives ocean acidification

(high confidence) (Cao et al., 2007; Stocker et al., 2013). Ocean pH has
decreased by 0.1 pH units since the pre-industrial period, a shift that
is unprecedented in the last 65 Ma (high confidence) (Ridgwell and
Schmidt, 2010) or even 300 Ma of Earth's history (medium confidence)
(Honisch et al., 2012).

Ocean acidification is a result of increasing CO, in the atmosphere
(very high confidence) and is most pronounced where temperatures
are lowest (e.g., polar regions) or where CO-rich water is brought to
the ocean surface by upwelling (Feely et al., 2008). Acidification can
also be influenced by effluents from natural or disturbed coastal land
use (Salisbury et al., 2008),