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Foreword

This IPCC Special Report on the Ocean and Cryosphere in a Changing
Climate (SROCC), is the third Special Report to be produced in
the Intergovernmental Panel on Climate Change's (IPCC) Sixth
Assessment Report (AR6) cycle. SROCC is unique because — for the
first time — the IPCC has produced an in-depth report examining
the farthest corners of the Earth — from the highest mountains
and remote polar regions to the deepest oceans. The report finds
that even and especially in these places, human-caused climate
change is evident. These changes show that the world’s ocean
and cryosphere have been ‘taking the heat’ for climate change for
decades. The consequences for nature and humanity are sweeping
and severe. This report highlights the urgency of timely, ambitious,
coordinated, and enduring action.

SROCC was jointly prepared by Working Groups | and Il, and provides
the latest state of knowledge on the ocean and cryosphere in
a changing climate. It focuses on changes to mountain cryosphere,
polar regions and ecosystems, sea level rise and coastal extremes,
ocean and marine life, as well as providing key information to enable
action at all scales and to manage risks and build resilience through
adaptation for the benefit of ecosystems and human societies. The
report highlights the observed and projected changes in the ocean
and cryosphere, the associated impacts and risks for human societies
and ecosystems, as well as assessing a range of response options
and adaption measures. SROCC clearly presents the level of risks
and the limits of adaptation for high emission scenarios and thereby
the benefits of ambitious and effective adaptation for sustainable
development. It highlights the importance of irreversible and
committed changes on timescales of decades to centuries. It stresses
the urgency of near-term action to reduce risks also by reducing
emissions of greenhouse gases, strengthening findings from the SR15
and SRCCL reports.

The IPCC provides policymakers with regular scientific assessments
on climate change, its impacts and risks, as well as adaptation and
mitigation options. Since it was established jointly in 1988 by the World
Meteorological Organisation and the United Nations Environment
Programme, the IPCC has produced a series of Assessment Reports,
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Special Reports, Technical Papers and Methodological Reports
and other products that have become the gold standard scientific
resource on climate change issues for policymakers.
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for hosting the Second Joint Session of Working Group | and Working
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Technical Support Unit of Working Group |, and to the Government
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funding the Technical Support Unit of Working Group Il. We also
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Preface

This IPCC Special Report on the Ocean and Cryosphere in a Changing
Climate (SROCC), is the third Special Report to be produced in the
Intergovernmental Panel on Climate Change's (IPCC) Sixth Assessment
Report (AR6) cycle. Its findings reinforce those of the two earlier
Special Reports, the IPCC Special Report on Global Warming of 1.5°C
and the IPCC Special Report on Climate Change and Land. The report
was jointly prepared by Working Groups | and Il, with the Working
Group Il Technical Support Unit leading the operational production. It
was prepared following IPCC principles and procedures. This Special
Report builds upon the IPCC's Fifth Assessment Report (AR5) in 2013—
2014 and on relevant research published in the scientific, technical
and socio-economic literature. The report sits alongside other related
reports from other UN Bodies, including Intergovernmental Science
Policy Platform on Biodiversity and Ecosystem Services (IPBES) Global
Assessment Report on Biodiversity and Ecosystem Services.

Scope of the Report

The IPCC SROCC responds to proposals for Special Reports from
governments and observer organisations provided at the start of the
IPCC ARG cycle. It assesses the observed and projected changes to
the ocean and cryosphere and their associated impacts and risks,
with a focus on resilience, risk management response options, and
adaptation measures, considering both their potential and limitations.
SROCC brings together knowledge on physical and biogeochemical
changes, the interplay with ecosystem changes, and the implications
for human communities. The report was produced with careful
attention to other assessments, with the aim of achieving coherence
and complementarity, as well as providing an updated assessment
of the current state of knowledge. The Special Report considered
literature accepted for publication up to 15 May 2019.

Structure of the Report

This report consists of a short Summary for Policymakers, a Technical
Summary, six Chapters, an Integrative Cross-Chapter Box, four
Annexes, as well as online Supplementary Material.

Chapter 1: Framing and Context introduces the reader to the structure
of the report and the content presented in more detail in subsequent
chapters. It highlights the role of the ocean and cryosphere in the
Earth system, assessment of climate impacts and future risks for
ecosystems and human societies from the high mountains to the
deep ocean, the knowledge systems informing responses to climate
change. as well as the capacities of governance and institutions to
implement such responses, and it highlights key concepts and terms
as well as linkages between chapters.

Chapter 2: High Mountain Areas provides a wide-ranging assessment
of the observed and projected cryosphere (including snow, glaciers,
permafrost, lake and river ice) changes in high mountain areas, as
well as associated impacts, risks, and adaptation measures related to
natural and human systems.

Preface

Chapter 3: Polar Regions presents the state of knowledge concerning
changes in the Arctic and Antarctic oceans and marine and land
cryosphere, how they are affected by climate change, and projections
for the future. It assesses impacts of individual and interacting polar
system changes, as well as response options to reduce risk and build
resilience in the polar regions.

Chapter 4: Sea Level Rise and Implications for Low-lying Islands,
Coasts and Communities assesses past and future contributions of
various processes to global, regional and extreme sea level changes,
the associated risks, and response options and pathways to resilience
and sustainable development.

Chapter 5: Changing Ocean, Marine Ecosystems, and Dependent
Communities focuses on observations of climate-related trends,
impacts and adaptation, projected changes and associated risks, as
well as the response options to enhance resilience.

Chapter 6: Extremes, Abrupt Changes and Managing Risks assesses
extreme as well as abrupt or irreversible changes in the ocean and
cryosphere including recent anomalous extreme events, compound
risk, cascading effects, their impacts on human and natural systems,
and sustainable and resilient risk management strategies.

Finally, the Integrative Cross-Chapter Box on Low-Lying Islands and
Coasts highlights the key assessment findings relating to low lying
islands and coasts. It includes summary information on the critical
climate-related drivers, their observed and projected impacts on
related geographies and major sectors, and responses, including
adaptation strategies in practice.

The Process

The IPCC SROCC was 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 SROCC was held in Monaco in December 2016, and the
final outline was agreed by the Panel at its 45th Session in March 2017
in Guadalajara, Mexico. Governments and IPCC observer organisations
nominated more than 500 experts for the chapter team. The team of
14 Coordinating Lead Authors, 75 Lead Authors, and 15 Review Editors
were selected by Working Groups | and Il Bureaux. In addition, 222
Contributing Authors were invited by the chapter teams to provide
scientific and technical information in the form of text, graphs or data.
The 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 over 31,000 written review comments,
submitted by 824 expert reviewers and 43 governments. The Review
Editors for the chapters monitored the review process to ensure that
all substantive review comments received appropriate consideration.
The Summary for Policymakers was approved at the Second Joint
Session of Working Groups | and Il, and the Summary for Policymakers
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and the underlying chapters were then accepted by the IPCC at its
51st Session in September 2019 in Monaco.
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Summary for Policymakers

Introduction

This Special Report on the Ocean and Cryosphere' in a Changing Climate (SROCC) was prepared following an IPCC Panel
decision in 2016 to prepare three Special Reports during the Sixth Assessment Cycle?. By assessing new scientific literature?,
the SROCC* responds to government and observer organization proposals. The SROCC follows the other two Special Reports
on Global Warming of 1.5°C (SR1.5) and on Climate Change and Land (SRCCL)> and the Intergovernmental Science Policy
Platform on Biodiversity and Ecosystem Services (IPBES) Global Assessment Report on Biodiversity and Ecosystem Services.

This Summary for Policymakers (SPM) compiles key findings of the report and is structured in three parts: SPM.A: Observed
Changes and Impacts, SPM.B: Projected Changes and Risks, and SPM.C: Implementing Responses to Ocean and Cryosphere
Change. To assist navigation of the SPM, icons indicate where content can be found. Confidence in key findings is reported
using IPCC calibrated language® and the underlying scientific basis for each key finding is indicated by references to sections
of the underlying report.

Key of icons to indicate content

o AEE

The cryosphere is defined in this report (Annex I: Glossary) as the components of the Earth System at and below the land and ocean surface that are
frozen, including snow cover, glaciers, ice sheets, ice shelves, icebergs, sea ice, lake ice, river ice, permafrost, and seasonally frozen ground.

The decision to prepare a Special Report on Climate Change and Oceans and the Cryosphere was made at the Forty-Third Session of the IPCC in
Nairobi, Kenya, 11-13 April 2016.

Cut-off dates: 15 October 2018 for manuscript submission, 15 May 2019 for acceptance for publication.

The SROCC is produced under the scientific leadership of Working Group | and Working Group I1. In line with the approved outline, mitigation options
(Working Group IIl) are not assessed with the exception of the mitigation potential of blue carbon (coastal ecosystems).

The full titles of these two Special Reports are: “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”; “Climate Change and Land: an IPCC special report on climate change,
desertification, land degradation, sustainable land management, food security, and greenhouse gas fluxes in terrestrial ecosystems”.

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, e.g., 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%. Assessed likelihood is typeset in italics, e.g., very likely. This is consistent with AR5 and the other
ARG Special Reports. Additional terms (extremely likely 95-100%, more likely than not >50-100%, more unlikely than likely 0-<50%, extremely
unlikely 0-5%) are used when appropriate. This Report also uses the term ‘likely range’ or ‘very likely range’ to indicate that the assessed likelihood
of an outcome lies within the 17-83% or 5-95% probability range. {1.9.2, Figure 1.4}
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Startup Box | The Importance of the Ocean and Cryosphere for People

All people on Earth depend directly or indirectly on the ocean and cryosphere. The global ocean covers 71% of the
Earth surface and contains about 97% of the Earth’s water. The cryosphere refers to frozen components of the Earth
system'. Around 10% of Earth’s land area is covered by glaciers or ice sheets. The ocean and cryosphere support
unique habitats, and are interconnected with other components of the climate system through global exchange of
water, energy and carbon. The projected responses of the ocean and cryosphere to past and current human-induced
greenhouse gas emissions and ongoing global warming include climate feedbacks, changes over decades to millennia
that cannot be avoided, thresholds of abrupt change, and irreversibility. {Box 1.1, 1.2}

Human communities in close connection with coastal environments, small islands (including Small Island Developing
States, SIDS), polar areas and high mountains’ are particularly exposed to ocean and cryosphere change, such as sea
level rise, extreme sea level and shrinking cryosphere. Other communities further from the coast are also exposed to
changes in the ocean, such as through extreme weather events. Today, around 4 million people live permanently in
the Arctic region, of whom 10% are Indigenous. The low-lying coastal zone® is currently home to around 680 million
people (nearly 10% of the 2010 global population), projected to reach more than one billion by 2050. SIDS are home
to 65 million people. Around 670 million people (nearly 10% of the 2010 global population), including Indigenous
peoples, live in high mountain regions in all continents except Antarctica. In high mountain regions, population is
projected to reach between 740 and 840 million by 2050 (about 8.4-8.7% of the projected global population).
{1.1, 2.1, 3.1, Cross-Chapter Box 9, Figure 2.1}

In addition to their role within the climate system, such as the uptake and redistribution of natural and anthropogenic
carbon dioxide (CO;) and heat, as well as ecosystem support, services provided to people by the ocean and/or
cryosphere include food and water supply, renewable energy, and benefits for health and well-being, cultural values,
tourism, trade, and transport. The state of the ocean and cryosphere interacts with each aspect of sustainability
reflected in the United Nations Sustainable Development Goals (SDGs). {1.1, 1.2, 1.5}

High mountain areas include all mountain regions where glaciers, snow or permafrost are prominent features of the landscape. For a list of high
mountain regions covered in this report, see Chapter 2. Population in high mountain regions is calculated for areas less than 100 kilometres from
glaciers or permafrost in high mountain areas assessed in this report. {2.1} Projections for 2050 give the range of population in these regions across
all five of the Shared Socioeconomic Pathways. {Cross-Chapter Box 1 in Chapter 1}

Population in the low elevation coastal zone is calculated for land areas connected to the coast, including small island states, that are less than
10 metres above sea level. {Cross-Chapter Box 9} Projections for 2050 give the range of population in these regions across all five of the Shared
Socioeconomic Pathways. {Cross-Chapter Box 1in Chapter 1}
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A.

Observed Changes and Impacts

Observed Physical Changes

A1

A1

Over the last decades, global warming has led to widespread shrinking of the cryosphere,
with mass loss from ice sheets and glaciers (very high confidence), reductions in snow cover
(high confidence) and Arctic sea ice extent and thickness (very high confidence), and increased
permafrost temperature (very high confidence). {2.2, 3.2, 3.3, 3.4, Figures SPM.1, SPM.2}

'A‘ n Ice sheets and glaciers worldwide have lost mass (very high confidence). Between 2006 and
2015, the Greenland Ice Sheet® lost ice mass at an average rate of 278 + 11 Gtyr™' (equivalentto 0.77 + 0.03 mmyr~' of
global sea level rise)'?, mostly due to surface melting (high confidence). In 2006-2015, the Antarctic Ice Sheet lost
mass at an average rate of 155 + 19 Gt yr~' (0.43 + 0.05 mm yr™'), mostly due to rapid thinning and retreat of major
outlet glaciers draining the West Antarctic Ice Sheet (very high confidence). Glaciers worldwide outside Greenland
and Antarctica lost mass at an average rate of 220 + 30 Gt yr™' (equivalent to 0.61 = 0.08 mm yr' sea level rise) in
2006-2015. {3.3.1, 4.2.3, Appendix 2.A, Figure SPM.1}

'A‘ Arctic June snow cover extent on land declined by 13.4 + 5.4% per decade from 1967
to 2018, a total loss of approximately 2.5 million km?, predominantly due to surface air temperature increase
(high confidence). In nearly all high mountain areas, the depth, extent and duration of snow cover have declined over
recent decades, especially at lower elevation (high confidence). {2.2.2, 3.4.1, Figure SPM.1}

'A‘ Permafrost temperatures have increased to record high levels (1980s—present)
(very high confidence) including the recent increase by 0.29°C = 0.12°C from 2007 to 2016 averaged across polar
and high mountain regions globally. Arctic and boreal permafrost contain 1460—1600 Gt organic carbon, almost twice
the carbon in the atmosphere (medium confidence). There is medium evidence with low agreement whether northern
permafrost regions are currently releasing additional net methane and CO; due to thaw. Permafrost thaw and glacier
retreat have decreased the stability of high mountain slopes (high confidence).{2.2.4,2.3.2, 3.4.1, 3.4.3, Figure SPM.1}

—~

ﬁb Between 1979 and 2018, Arctic sea ice extent has very likely decreased for all months of the
year. September sea ice reductions are very likely 12.8 + 2.3% per decade. These sea ice changes in September are
likely unprecedented for at least 1000 years. Arctic sea ice has thinned, concurrent with a transition to younger ice:
between 1979 and 2018, the areal proportion of multi-year ice at least five years old has declined by approximately
90% (very high confidence). Feedbacks from the loss of summer sea ice and spring snow cover on land have
contributed to amplified warming in the Arctic (high confidence) where surface air temperature likely increased
by more than double the global average over the last two decades. Changes in Arctic sea ice have the potential to
influence mid-latitude weather (medium confidence), but there is low confidence in the detection of this influence
for specific weather types. Antarctic sea ice extent overall has had no statistically significant trend (1979-2018) due
to contrasting regional signals and large interannual variability (high confidence). {3.2.1, 6.3.1, Box 3.1, Box 3.2,
SPM A.1.2, Figures SPM.1, SPM.2}

 Including peripheral glaciers.

10360 Gt ice corresponds to 1 mm of global mean sea level.
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Past and future changes in the ocean and cryosphere
Historical changes (observed and modelled) and projections under RCP2.6 and RCP8.5 for key indicators
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Figure SPM.1 | Observed and modelled historical changes in the ocean and cryosphere since 1950, and projected future changes under low
(RCP2.6) and high (RCP8.5) greenhouse gas emissions scenarios. {Box SPM.1}

"' This does not imply that the changes started in 1950. Changes in some variables have occurred since the pre-industrial period.
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Figure SPM.1 (continued): Changes are shown for: (a) Global mean surface air temperature change with likely range. {Box SPM.1, Cross-Chapter
Box 1 in Chapter 1} Ocean-related changes with very likely ranges for (b) Global mean sea surface temperature change {Box 5.1, 5.2.2}; (c)
Change factor in surface ocean marine heatwave days {6.4.1}; (d) Global ocean heat content change (0-2000 m depth). An approximate steric sea
level equivalent is shown with the right axis by multiplying the ocean heat content by the global-mean thermal expansion coefficient (e ~ 0.125 m per
1024 Joules)'? for observed warming since 1970 {Figure 5.1}; (h) Global mean surface pH (on the total scale). Assessed observational trends are
compiled from open ocean time series sites longer than 15 years {Box 5.1, Figure 5.6, 5.2.2}; and (i) Global mean ocean oxygen change (100-600
m depth). Assessed observational trends span 1970-2010 centered on 1996 {Figure 5.8, 5.2.2}. Sea level changes with /ikely ranges for (m) Global
mean sea level change. Hashed shading reflects ow confidence in sea level projections beyond 2100 and bars at 2300 reflect expert elicitation on the
range of possible sea level change {4.2.3, Figure 4.2}; and components from (e,f) Greenland and Antarctic ice sheet mass loss {3.3.1}; and (g) Glacier
mass loss {Cross-Chapter Box 6 in Chapter 2, Table 4.1}. Further cryosphere-related changes with very fikely ranges for (j) Arctic sea ice extent
change for September' {3.2.1, 3.2.2 Figure 3.3}; (k) Arctic snow cover change for June (land areas north of 60°N) {3.4.1, 3.4.2, Figure 3.10}; and
(I) Change in near-surface (within 3—4 m) permafrost area in the Northern Hemisphere {3.4.1, 3.4.2, Figure 3.10}. Assessments of projected changes
under the intermediate RCP4.5 and RCP6.0 scenarios are not available for all variables considered here, but where available can be found in the
underlying report. {For RCP4.5 see: 2.2.2, Cross-Chapter Box 6 in Chapter 2, 3.2.2, 3.4.2, 4.2.3, for RCP6.0 see Cross-Chapter Box 1 in Chapter 1}

Box SPM.1 | Use of Climate Change Scenarios in SROCC

Assessments of projected future changes in this report are based largely on CMIP5'* climate model projections using
Representative Concentration Pathways (RCPs). RCPs are scenarios that include time series of emissions
and concentrations of the full suite of greenhouse gases (GHGs) and aerosols and chemically active gases, as well as
land use / land cover. RCPs provide only one set of many possible scenarios that would lead to different levels of
global warming. {Annex I: Glossary}

This report uses mainly RCP2.6 and RCP8.5 in its assessment, reflecting the available literature. RCP2.6 represents
a low greenhouse gas emissions, high mitigation future, that in CMIP5 simulations gives a two in three chance of
limiting global warming to below 2°C by 2100'. By contrast, RCP8.5 is a high greenhouse gas emissions scenario
in the absence of policies to combat climate change, leading to continued and sustained growth in atmospheric
greenhouse gas concentrations. Compared to the total set of RCPs, RCP8.5 corresponds to the pathway with the
highest greenhouse gas emissions. The underlying chapters also reference other scenarios, including RCP4.5 and
RCP6.0 that have intermediate levels of greenhouse gas emissions and result in intermediate levels of warming.
{Annex I: Glossary, Cross-Chapter Box 1 in Chapter 1}

Table SPM.1 provides estimates of total warming since the pre-industrial period under four different RCPs for key
assessment intervals used in SROCC. The warming from the 1850—1900 period until 1986-2005 has been assessed
as 0.63°C (0.57°C to 0.69°C likely range) using observations of near-surface air temperature over the ocean and over
land."® Consistent with the approach in AR5, modelled future changes in global mean surface air temperature relative
to 1986—2005 are added to this observed warming. {Cross-Chapter Box 1 in Chapter 1}

Table SPM.1 | Projected global mean surface temperature change relative to 1850—1900 for two time periods under four RCPs' {Cross-Chapter
Box 1in Chapter 1}

Near-term: 2031-2050 End-of-century: 2081-2100
Scenario Mean (°C) Likely range (°C) Mean (°C) Likely range (°C)
RCP2.6 1.6 1.1t02.0 1.6 09t024
RCP4.5 1.7 131022 2.5 1.7t03.3
RCP6.0 1.6 121020 2.9 2.0t03.8
RCP8.5 2.0 15t02.4 43 3.2t054

12 This scaling factor (global-mean ocean expansion as sea level rise in metres per unit heat) varies by about 10% between different models, and it will
systematically increase by about 10% by 2100 under RCP8.5 forcing due to ocean warming increasing the average thermal expansion coefficient.
(4.2.1,4.2.2,5.2.2}

13 Antarctic sea ice is not shown here due to Jow confidence in future projections. {3.2.2}
14 CMIP5 is Phase 5 of the Coupled Model Intercomparison Project (Annex I: Glossary).
15 A pathway with lower emissions (RCP1.9), which would correspond to a lower level of projected warming than RCP2.6, was not part of CMIP5.

16 In some instances this report assesses changes relative to 2006-2015. The warming from the 1850—1900 period until 2006-2015 has been assessed
as 0.87°C (0.75 to 0.99°C likely range). {Cross-Chapter Box 1 in Chapter 1}
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A.2 ltis virtually certain that the global ocean has warmed unabated since 1970 and has taken up
more than 90% of the excess heat in the climate system (high confidence). Since 1993, the rate
of ocean warming has more than doubled (/ikely). Marine heatwaves have very likely doubled
in frequency since 1982 and are increasing in intensity (very high confidence). By absorbing
more CO2, the ocean has undergone increasing surface acidification (virtually certain). A loss
of oxygen has occurred from the surface to 1000 m (medium confidence).{1.4, 3.2,5.2, 6.4, 6.7,
Figures SPM.1, SPM.2}

r—~
A.2.1. ﬂ‘b The ocean warming trend documented in the IPCC Fifth Assessment Report (AR5) has
continued. Since 1993 the rate of ocean warming and thus heat uptake has more than doubled (/ikely) from 3.22
+1.61 Z) yr' (0~700 m depth) and 0.97 + 0.64 ZJ yr~' (700-2000 m) between 1969 and 1993, to 6.28 + 0.48 Z)
yr~' (0700 m) and 3.86 + 2.09 ZJ yr~' (700-2000 m) between 1993 and 2017 "7, and is attributed to anthropogenic
forcing (very likely). {1.4.1, 5.2.2, Table 5.1, Figure SPM.1}

—~
A2.2 ﬁb The Southern Ocean accounted for 35-43% of the total heat gain in the upper 2000
m global ocean between 1970 and 2017 (high confidence). Its share increased to 45—62% between 2005 and 2017
(high confidence). The deep ocean below 2000 m has warmed since 1992 (likely), especially in the Southern Ocean.
{1.4,3.2.1,5.2.2, Table 5.1, Figure SPM.2}

—~
A23 ﬂ‘b Globally, marine heat-related events have increased; marine heatwaves'®, defined when
the daily sea surface temperature exceeds the local 99th percentile over the period 1982 to 2016, have doubled
in frequency and have become longer-lasting, more intense and more extensive (very likely). It is very likely that
between 84-90% of marine heatwaves that occurred between 2006 and 2015 are attributable to the anthropogenic
temperature increase. {Table 6.2, 6.4, Figures SPM.1, SPM.2}

—~
A2.4 ﬁb Density stratification'? has increased in the upper 200 m of the ocean since 1970 (very likely).
Observed surface ocean warming and high latitude addition of freshwater are making the surface ocean less dense
relative to deeper parts of the ocean (high confidence) and inhibiting mixing between surface and deeper waters
(high confidence). The mean stratification of the upper 200 m has increased by 2.3 + 0.1% (very likely range) from
the 1971-1990 average to the 1998-2017 average. {5.2.2}

—~
A25 ﬁb The ocean has taken up between 20-30% (very likely) of total anthropogenic CO, emissions
since the 1980s causing further ocean acidification. Open ocean surface pH has declined by a very likely range
of 0.017-0.027 pH units per decade since the late 198052, with the decline in surface ocean pH very likely to have
already emerged from background natural variability for more than 95% of the ocean surface area. {3.2.1, 5.2.2,
Box 5.1, Figures SPM.1, SPM.2}

17" 7Jis Zettajoule and is equal to 102" Joules. Warming the entire ocean by 1°C requires about 5500 ZJ; 144 ZJ would warm the top 100 m by about 1°C.

18 A marine heatwave is a period of extreme warm near-sea surface temperature that persists for days to months and can extend up to thousands of
kilometres (Annex I: Glossary).

In this report density stratification is defined as the density contrast between shallower and deeper layers. Increased stratification reduces the vertical
exchange of heat, salinity, oxygen, carbon, and nutrients.

20 Based on in-situ records longer than fifteen years.
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—~
A2.6 ﬂ‘b Datasets spanning 1970-2010 show that the open ocean has lost oxygen by a very likely
range of 0.5-3.3% over the upper 1000 m, alongside a likely expansion of the volume of oxygen minimum zones
by 3-8% (medium confidence). Oxygen loss is primarily due to increasing ocean stratification, changing ventilation
and biogeochemistry (high confidence). {5.2.2, Figures SPM.1, SPM.2}

—~
A.2.7 ﬂ‘b Observations, both in situ (2004-2017) and based on sea surface temperature reconstructions,
indicate that the Atlantic Meridional Overturning Circulation (AMOC)?' has weakened relative to 1850-1900
(medium confidence). There is insufficient data to quantify the magnitude of the weakening, or to properly attribute
it to anthropogenic forcing due to the limited length of the observational record. Although attribution is currently not
possible, CMIP5 model simulations of the period 1850-2015, on average, exhibit a weakening AMOC when driven by
anthropogenic forcing. {6.7}

A.3 Global mean sea level (GMSL) is rising, with acceleration in recent decades due to increasing
rates of ice loss from the Greenland and Antarctic ice sheets (very high confidence), as well as
continued glacier mass loss and ocean thermal expansion. Increases in tropical cyclone winds
and rainfall, and increases in extreme waves, combined with relative sea level rise, exacerbate
extreme sea level events and coastal hazards (high confidence). {3.3, 4.2, 6.2, 6.3, 6.8, Figures
SPM.1, SPM.2, SPM.4, SPM.5}

A3.1 'A‘ n Total GMSL rise for 1902—2015 is 0.16 m (/ikely range 0.12—0.21 m). The rate of GMSL rise for
20062015 of 3.6 mmyr™" (3.1-4.1 mm yr™', very likely range), is unprecedented over the last century (high confidence),
and about 2.5 times the rate for 1901-1990 of 1.4 mm yr~' (0.8— 2.0 mm yr™', very likely range). The sum of ice
sheet and glacier contributions over the period 2006-2015 is the dominant source of sea level rise (1.8 mm yr~', very
likely range 1.7-1.9 mm yr™"), exceeding the effect of thermal expansion of ocean water (1.4 mm yr™', very likely
range 1.1-1.7 mm yr )22 (very high confidence). The dominant cause of global mean sea level rise since 1970 is
anthropogenic forcing (high confidence). {4.2.1, 4.2.2, Figure SPM.1}

A3.2 n Sea level rise has accelerated (extremely likely) due to the combined increased ice loss from
the Greenland and Antarctic ice sheets (very high confidence). Mass loss from the Antarctic ice sheet over the period
2007-2016 tripled relative to 1997-2006. For Greenland, mass loss doubled over the same period (/ikely, medium
confidence). {3.3.1, Figures SPM.1, SPM.2, SPM A.1.1}

A33 Acceleration of ice flow and retreat in Antarctica, which has the potential to lead to sea
level rise of several metres within a few centuries, is observed in the Amundsen Sea Embayment of West Antarctica
and in Wilkes Land, East Antarctica (very high confidence). These changes may be the onset of an irreversible?? ice
sheet instability. Uncertainty related to the onset of ice sheet instability arises from limited observations, inadequate
model representation of ice sheet processes, and limited understanding of the complex interactions between the
atmosphere, ocean and the ice sheet. {3.3.1, Cross-Chapter Box 8 in Chapter 3, 4.2.3}

A34 n Sea level rise is not globally uniform and varies regionally. Regional differences, within +30%
of the global mean sea level rise, result from land ice loss and variations in ocean warming and circulation. Differences
from the global mean can be greater in areas of rapid vertical land movement including from local human activities
(e.g. extraction of groundwater). (high confidence) {4.2.2,5.2.2, 6.2.2, 6.3.1, 6.8.2, Figure SPM.2}

21" The Atlantic Meridional Overturning Circulation (AMOC) is the main current system in the South and North Atlantic Oceans (Annex I: Glossary).

22 The total rate of sea level rise is greater than the sum of cryosphere and ocean contributions due to uncertainties in the estimate of landwater storage change.
2 The recovery time scale is hundreds to thousands of years (Annex I: Glossary).
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Extreme wave heights, which contribute to extreme sea level events, coastal erosion and
flooding, have increased in the Southern and North Atlantic Oceans by around 1.0 cm yr~! and 0.8 cm yr™" over the
period 1985-2018 (medium confidence). Sea ice loss in the Arctic has also increased wave heights over the period
1992-2014 (medium confidence). {4.2.2, 6.2, 6.3, 6.8, Box 6.1}

Anthropogenic climate change has increased observed precipitation (medium confidence),

winds (low confidence), and extreme sea level events (high confidence) associated with some tropical cyclones, which
has increased intensity of multiple extreme events and associated cascading impacts (high confidence). Anthropogenic
climate change may have contributed to a poleward migration of maximum tropical cyclone intensity in the western
North Pacific in recent decades related to anthropogenically-forced tropical expansion (fow confidence). There is
emerging evidence for an increase in annual global proportion of Category 4 or 5 tropical cyclones in recent decades
(low confidence). {6.2, Table 6.2, 6.3, 6.8, Box 6.1}

Observed Impacts on Ecosystems

A4

A4

A4.2

A43

Cryospheric and associated hydrological changes have impacted terrestrial and freshwater
species and ecosystems in high mountain and polar regions through the appearance of land
previously covered by ice, changes in snow cover, and thawing permafrost. These changes have
contributed to changing the seasonal activities, abundance and distribution of ecologically,
culturally, and economically important plant and animal species, ecological disturbances, and
ecosystem functioning. (high confidence) {2.3.2, 2.3.3, 3.4.1, 3.4.3, Box 3.4, Figure SPM.2}

'A‘ Over the last century some species of plants and animals have increased in abundance, shifted
their range, and established in new areas as glaciers receded and the snow-free season lengthened (high confidence).
Together with warming, these changes have increased locally the number of species in high mountains, as
lower-elevation species migrate upslope (very high confidence). Some cold-adapted or snow-dependent species
have declined in abundance, increasing their risk of extinction, notably on mountain summits (high confidence). In
polar and mountain regions, many species have altered seasonal activities especially in late winter and spring (high
confidence). {2.3.3, Box 3.4}

'A‘ Increased wildfire and abrupt permafrost thaw, as well as changes in Arctic and mountain
hydrology have altered frequency and intensity of ecosystem disturbances (high confidence). This has included positive
and negative impacts on vegetation and wildlife such as reindeer and salmon (high confidence). {2.3.3, 3.4.1, 3.4.3}

'A‘ Across tundra, satellite observations show an overall greening, often indicative of increased
plant productivity (high confidence). Some browning areas in tundra and boreal forest are indicative that productivity
has decreased (high confidence). These changes have negatively affected provisioning, regulating and cultural
ecosystem services, with also some transient positive impacts for provisioning services, in both high mountains
(medium confidence) and polar regions (high confidence). {2.3.1, 2.3.3, 3.4.1, 3.4.3, Annex |: Glossary}

1
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A5

A.5.1

A5.2

A53

A54

Since about 1950 many marine species across various groups have undergone shifts in
geographical range and seasonal activities in response to ocean warming, sea ice change and
biogeochemical changes, such as oxygen loss, to their habitats (high confidence). This has
resulted in shifts in species composition, abundance and biomass production of ecosystems,
from the equator to the poles. Altered interactions between species have caused cascading
impacts on ecosystem structure and functioning (medium confidence). In some marine
ecosystems species are impacted by both the effects of fishing and climate changes (medium
confidence). {3.2.3, 3.2.4, Box 3.4, 5.2.3, 5.3, 5.4.1, Figure SPM.2}

—~

ﬁb Rates of poleward shifts in distributions across different marine species since the 1950s
are 52 + 33 km per decade and 29 + 16 km per decade (very likely ranges) for organisms in the epipelagic
(upper 200 m from sea surface) and seafloor ecosystems, respectively. The rate and direction of observed shifts in
distributions are shaped by local temperature, oxygen, and ocean currents across depth, latitudinal and longitudinal
gradients (high confidence). Warming-induced species range expansions have led to altered ecosystem structure
and functioning such as in the North Atlantic, Northeast Pacific and Arctic (medium confidence). {5.2.3, 5.3.2, 5.3.6,
Box 3.4, Figure SPM.2}

—~

ﬁb In recent decades, Arctic net primary production has increased in ice-free waters
(high confidence) and spring phytoplankton blooms are occurring earlier in the year in response to sea ice change
and nutrient availability with spatially variable positive and negative consequences for marine ecosystems (medium
confidence). In the Antarctic, such changes are spatially heterogeneous and have been associated with rapid local
environmental change, including retreating glaciers and sea ice change (medium confidence). Changes in the
seasonal activities, production and distribution of some Arctic zooplankton and a southward shift in the distribution
of the Antarctic krill population in the South Atlantic are associated with climate-linked environmental changes
(medium confidence). In polar regions, ice associated marine mammals and seabirds have experienced habitat
contraction linked to sea ice changes (high confidence) and impacts on foraging success due to climate impacts on
prey distributions (medium confidence). Cascading effects of multiple climate-related drivers on polar zooplankton
have affected food web structure and function, biodiversity as well as fisheries (high confidence). {3.2.3, 3.2.4,
Box 3.4, 5.2.3, Figure SPM.2}

—~

ﬂ‘b Eastern Boundary Upwelling Systems (EBUS) are amongst the most productive ocean
ecosystems. Increasing ocean acidification and oxygen loss are negatively impacting two of the four major upwelling
systems: the California Current and Humboldt Current (high confidence). Ocean acidification and decrease in oxygen
level in the California Current upwelling system have altered ecosystem structure, with direct negative impacts on
biomass production and species composition (medium confidence). {Box 5.3, Figure SPM.2}

—~

Y. Ocean warming in the 20th century and beyond has contributed to an overall decrease in
maximum catch potential (medium confidence), compounding the impacts from overfishing for some fish stocks
(high confidence). In many regions, declines in the abundance of fish and shellfish stocks due to direct and indirect
effects of global warming and biogeochemical changes have already contributed to reduced fisheries catches
(high confidence). In some areas, changing ocean conditions have contributed to the expansion of suitable habitat and/
or increases in the abundance of some species (high confidence). These changes have been accompanied by changes
in species composition of fisheries catches since the 1970s in many ecosystems (medium confidence). {3.2.3, 5.4.1,
Figure SPM.2}



A.6

A.6.1

A.6.2

A.6.3

Ab.4

Summary for Policymakers

Coastal ecosystems are affected by ocean warming, including intensified marine heatwaves,
acidification, loss of oxygen, salinity intrusion and sea level rise, in combination with adverse
effects from human activities on ocean and land (high confidence). Impacts are already
observed on habitat area and biodiversity, as well as ecosystem functioning and services
(high confidence). {4.3.2, 4.3.3, 5.3, 5.4.1, 6.4.2, Figure SPM.2}

Y _ .
v.&u Vegetated coastal ecosystems protect the coastline from storms and erosion and help

buffer the impacts of sea level rise. Nearly 50% of coastal wetlands have been lost over the last 100 years, as
a result of the combined effects of localised human pressures, sea level rise, warming and extreme climate events
(high confidence). Vegetated coastal ecosystems are important carbon stores; their loss is responsible for the
current release of 0.04-1.46 GtC yr™' (medium confidence). In response to warming, distribution ranges of seagrass
meadows and kelp forests are expanding at high latitudes and contracting at low latitudes since the late 1970s
(high confidence), and in some areas episodic losses occur following heatwaves (medium confidence). Large-scale
mangrove mortality that is related to warming since the 1960s has been partially offset by their encroachment into
subtropical saltmarshes as a result of increase in temperature, causing the loss of open areas with herbaceous plants
that provide food and habitat for dependent fauna (high confidence). {4.3.3, 5.3.2, 5.3.6, 5.4.1, 5.5.1, Figure SPM.2}

_a o1
Y. Increased sea water intrusion in estuaries due to sea level rise has driven upstream

redistribution of marine species (medium confidence) and caused a reduction of suitable habitats for estuarine
communities (medium confidence). Increased nutrient and organic matter loads in estuaries since the 1970s from
intensive human development and riverine loads have exacerbated the stimulating effects of ocean warming on
bacterial respiration, leading to expansion of low oxygen areas (high confidence). {5.3.1}

n r—~
v.au  The impacts of sea level rise on coastal ecosystems include habitat contraction, geographical
shift of associated species, and loss of biodiversity and ecosystem functionality. Impacts are exacerbated by
direct human disturbances, and where anthropogenic barriers prevent landward shift of marshes and mangroves
(termed coastal squeeze) (high confidence). Depending on local geomorphology and sediment supply, marshes and
mangroves can grow vertically at rates equal to or greater than current mean sea level rise (high confidence).
{43.2,433,5.3.2,53.7,5.4.1}

& j~
v.du  Warm-water coral reefs and rocky shores dominated by immobile, calcifying (e.g., shell and

skeleton producing) organisms such as corals, barnacles and mussels, are currently impacted by extreme temperatures
and ocean acidification (high confidence). Marine heatwaves have already resulted in large-scale coral bleaching
events at increasing frequency (very high confidence) causing worldwide reef degradation since 1997, and recovery
is slow (more than 15 years) if it occurs (high confidence). Prolonged periods of high environmental temperature and
dehydration of the organisms pose high risk to rocky shore ecosystems (high confidence). {SR.1.5; 5.3.4, 5.3.5, 6.4.2,
Figure SPM.2}
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Observed regional impacts from changes in the ocean and the cryosphere
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2including Hindu Kush, Karakoram, Hengduan Shan, and Tien Shan; * tropical Andes, Mexico, eastern Africa, and Indonesia;
“includes Finland, Norway, and Sweden; ° includes adjacent areas in Yukon Territory and British Columbia, Canada; © Migration refers to an
increase or decrease in net migration, not to beneficial/adverse value.

Figure SPM.2 | Synthesis of observed regional hazards and impacts in ocean?* (top) and high mountain and polar land regions (bottom) assessed
in SROCC. For each region, physical changes, impacts on key ecosystems, and impacts on human systems and ecosystem function and services are
shown. For physical changes, yellow/green refers to an increase/decrease, respectively, in amount or frequency of the measured variable. For impacts
on ecosystems, human systems and ecosystems services blue or red depicts whether an observed impact is positive (beneficial) or negative (adverse),
respectively, to the given system or service. Cells assigned ‘increase and decrease” indicate that within that region, both increase and decrease of
physical changes are found, but are not necessarily equal; the same holds for cells showing ‘positive and negative’ attributable impacts. For ocean
regions, the confidence level refers to the confidence in attributing observed changes to changes in greenhouse gas forcing for physical changes and to
climate change for ecosystem, human systems, and ecosystem services. For high mountain and polar land regions, the level of confidence in attributing
physical changes and impacts at least partly to a change in the cryosphere is shown. No assessment means: not applicable, not assessed at regional
scale, or the evidence is insufficient for assessment. The physical changes in the ocean are defined as: Temperature change in 0-700 m layer of the
ocean except for Southern Ocean (0-2000 m) and Arctic Ocean (upper mixed layer and major inflowing branches); Oxygen in the 0—1200 m layer
or oxygen minimum layer; Ocean pH as surface pH (decreasing pH corresponds to increasing ocean acidification). Ecosystems in the ocean: Coral
refers to warm-water coral reefs and cold-water corals. The ‘upper water column’ category refers to epipelagic zone for all ocean regions except Polar
Regions, where the impacts on some pelagic organisms in open water deeper than the upper 200 m were included. Coastal wetland includes salt
marshes, mangroves and seagrasses. Kelp forests are habitats of a specific group of macroalgae. Rocky shores are coastal habitats dominated by
immobile calcified organisms such as mussels and barnacles. Deep sea is seafloor ecosystems that are 3000-6000 m deep. Sea-ice associated includes
ecosystems in, on and below sea ice. Habitat services refer to supporting structures and services (e.g., habitat, biodiversity, primary production).
Coastal Carbon Sequestration refers to the uptake and storage of carbon by coastal blue carbon ecosystems. Ecosystems on Land: Tundra refers to
tundra and alpine meadows, and includes terrestrial Antarctic ecosystems.

24 Marginal seas are not assessed individually as ocean regions in this report.
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Figure SPM.2 (continued): Migration refers to an increase or decrease in net migration, not to beneficial/adverse value. Impacts on tourism refer
to the operating conditions for the tourism sector. Cultural services include cultural identity, sense of home, and spiritual, intrinsic and aesthetic
values, as well as contributions from glacier archaeology. The underlying information is given for land regions in tables SM2.6, SM2.7, SM2.8, SM3.8,
SM3.9, and SM3.10, and for ocean regions in tables SM5.10, SM5.11, SM3.8, SM3.9, and SM3.10. {2.3.1, 2.3.2, 2.3.3, 2.3.4, 2.3.5, 2.3.6, 2.3.7,
Figure 2.1,3.2.1,3.2.3,3.2.4,3.3.3,3.4.1,3.4.3,3.5.2, Box 3.4, 4.2.2, 5.2.2, 5.2.3, 5.3.3, 5.4, 5.6, Figure 5.24, Box 5.3}

Observed Impacts on People and Ecosystem Services

A7

A7

A7.2

A73

A74

A75

A7.6

Since the mid-20th century, the shrinking cryosphere in the Arctic and high mountain areas
has led to predominantly negative impacts on food security, water resources, water quality,
livelihoods, health and well-being, infrastructure, transportation, tourism and recreation, as
well as culture of human societies, particularly for Indigenous peoples (high confidence). Costs
and benefits have been unequally distributed across populations and regions. Adaptation
efforts have benefited from the inclusion of Indigenous knowledge and local knowledge
(high confidence). {1.1, 1.5, 1.6.2, 2.3, 2.4, 3.4, 3.5, Figure SPM.2}

'A‘ Food and water security have been negatively impacted by changes in snow cover, lake and
river ice, and permafrost in many Arctic regions (high confidence). These changes have disrupted access to, and food
availability within, herding, hunting, fishing, and gathering areas, harming the livelihoods and cultural identity of
Arctic residents including Indigenous populations (high confidence). Glacier retreat and snow cover changes have
contributed to localized declines in agricultural yields in some high mountain regions, including Hindu Kush Himalaya
and the tropical Andes (medium confidence). {2.3.1, 2.3.7, Box 2.4, 3.4.1, 3.4.2, 3.4.3, 3.5.2, Figure SPM.2}

'A‘ In the Arctic, negative impacts of cryosphere change on human health have included
increased risk of food- and waterborne diseases, malnutrition, injury, and mental health challenges especially among
Indigenous peoples (high confidence). In some high mountain areas, water quality has been affected by contaminants,
particularly mercury, released from melting glaciers and thawing permafrost (medium confidence). Health-related
adaptation efforts in the Arctic range from local to international in scale, and successes have been underpinned by
Indigenous knowledge (high confidence). {1.8, Cross-Chapter Box 4 in Chapter 1, 2.3.1, 3.4.3}

Arctic residents, especially Indigenous peoples, have adjusted the timing of activities to respond
to changes in seasonality and safety of land, ice, and snow travel conditions. Municipalities and industry are beginning
to address infrastructure failures associated with flooding and thawing permafrost and some coastal communities
have planned for relocation (high confidence). Limited funding, skills, capacity, and institutional support to engage
meaningfully in planning processes have challenged adaptation (high confidence). {3.5.2, 3.5.4, Cross-Chapter Box 9}

—~
ﬁb Summertime Arctic ship-based transportation (including tourism) increased over the past two
decades concurrent with sea ice reductions (high confidence). This has implications for global trade and economies
linked to traditional shipping corridors, and poses risks to Arctic marine ecosystems and coastal communities
(high confidence), such as from invasive species and local pollution. {3.2.1, 3.2.4, 3.5.4, 5.4.2, Figure SPM.2}

'A‘ In past decades, exposure of people and infrastructure to natural hazards has increased due
to growing population, tourism and socioeconomic development (high confidence). Some disasters have been linked
to changes in the cryosphere, for example in the Andes, high mountain Asia, Caucasus and European Alps (medium
confidence). {2.3.2, Figure SPM.2}

"l Changes in snow and glaciers have changed the amount and seasonality of runoff and
water resources in snow dominated and glacier-fed river basins (very high confidence). Hydropower facilities have
experienced changes in seasonality and both increases and decreases in water input from high mountain areas, for
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A7

A.8

A.8.1

A8.2

A.9

A.9.1

A9.2

example, in central Europe, Iceland, Western USA/Canada, and tropical Andes (medium confidence). However, there
is only /limited evidence of resulting impacts on operations and energy production. {SPM B.1.4, 2.3.1}

'A‘ High mountain aesthetic and cultural aspects have been negatively impacted by glacier
and snow cover decline (e.g. in the Himalaya, East Africa, the tropical Andes) (medium confidence). Tourism and
recreation, including ski and glacier tourism, hiking, and mountaineering, have also been negatively impacted in
many mountain regions (medium confidence). In some places, artificial snowmaking has reduced negative impacts
on ski tourism (medium confidence). {2.3.5, 2.3.6, Figure SPM.2}

Changes in the ocean have impacted marine ecosystems and ecosystem services with regionally
diverse outcomes, challenging their governance (high confidence). Both positive and negative
impacts result for food security through fisheries (medium confidence), local cultures and
livelihoods (medium confidence), and tourism and recreation (medium confidence). The
impacts on ecosystem services have negative consequences for health and well-being (medium
confidence), and for Indigenous peoples and local communities dependent on fisheries
(high confidence). {1.1, 1.5, 3.2.1, 5.4.1, 5.4.2, Figure SPM.2}

—~

ﬁb Warming-induced changes in the spatial distribution and abundance of some fish and
shellfish stocks have had positive and negative impacts on catches, economic benefits, livelihoods, and local
culture (high confidence). There are negative consequences for Indigenous peoples and local communities that are
dependent on fisheries (high confidence). Shifts in species distributions and abundance has challenged international
and national ocean and fisheries governance, including in the Arctic, North Atlantic and Pacific, in terms of
regulating fishing to secure ecosystem integrity and sharing of resources between fishing entities (high confidence).
{3.2.4,3.5.3,5.4.2,5.5.2, Figure SPM.2}

_a o1
v.au  Harmful algal blooms display range expansion and increased frequency in coastal areas

since the 1980s in response to both climatic and non-climatic drivers such as increased riverine nutrients run-off
(high confidence). The observed trends in harmful algal blooms are attributed partly to the effects of ocean warming,
marine heatwaves, oxygen loss, eutrophication and pollution (high confidence). Harmful algal blooms have had
negative impacts on food security, tourism, local economy, and human health (high confidence). The human
communities who are more vulnerable to these biological hazards are those in areas without sustained monitoring
programs and dedicated early warning systems for harmful algal blooms (medium confidence). {Box 5.4, 5.4.2, 6.4.2}

Coastal communities are exposed to multiple climate-related hazards, including tropical
cyclones, extreme sea levels and flooding, marine heatwaves, sea ice loss, and permafrost
thaw (high confidence). A diversity of responses has been implemented worldwide, mostly
after extreme events, but also some in anticipation of future sea level rise, e.g., in the case of
large infrastructure. {3.2.4, 3.4.3, 4.3.2, 4.3.3, 4.3.4, 4.4.2, 5.4.2, 6.2, 6.4.2, 6.8, Box 6.1, Cross
Chapter Box 9, Figure SPM.5}

ol
- Attribution of current coastal impacts on people to sea level rise remains difficult in

most locations since impacts were exacerbated by human-induced non-climatic drivers, such as land subsidence
(e.g., groundwater extraction), pollution, habitat degradation, reef and sand mining (high confidence). {4.3.2, 4.3.3}

Coastal protection through hard measures, such as dikes, seawalls, and surge barriers, is
widespread in many coastal cities and deltas. Ecosystem-based and hybrid approaches combining ecosystems and
built infrastructure are becoming more popular worldwide. Coastal advance, which refers to the creation of new
land by building seawards (e.g., land reclamation), has a long history in most areas where there are dense coastal
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populations and a shortage of land. Coastal retreat, which refers to the removal of human occupation of coastal areas,
is also observed, but is generally restricted to small human communities or occurs to create coastal wetland habitat.
The effectiveness of the responses to sea level rise are assessed in Figure SPM.5. {3.5.3, 4.3.3, 4.4.2, 6.3.3, 6.9.1,
Cross-Chapter Box 9}

Projected Changes and Risks

Projected Physical Changes?

B.1

B.1.1

B.1.2

B.1.3

Global-scale glacier mass loss, permafrost thaw, and decline in snow cover and Arctic sea ice
extent are projected to continue in the near-term (2031-2050) due to surface air temperature
increases (high confidence), with unavoidable consequences for river runoff and local hazards
(high confidence). The Greenland and Antarctic Ice Sheets are projected to lose mass at an
increasing rate throughout the 21st century and beyond (high confidence). The rates and
magnitudes of these cryospheric changes are projected to increase further in the second half
of the 21st century in a high greenhouse gas emissions scenario (high confidence). Strong
reductions in greenhouse gas emissions in the coming decades are projected to reduce further
changes after 2050 (high confidence). {2.2, 2.3, Cross-Chapter Box 6 in Chapter 2, 3.3, 3.4,
Figure SPM.1, SPM Box SPM.1}

'A‘ —~ Projected glacier mass reductions between 2015 and 2100 (excluding the ice sheets) range
from 18 + 7% (likely range) for RCP2.6 to 36 = 11% (likely range) for RCP8.5, corresponding to a sea level contribution
of 94 + 25 mm (likely range) sea level equivalent for RCP2.6, and 200 + 44 mm (likely range) for RCP8.5 (medium
confidence). Regions with mostly smaller glaciers (e.g., Central Europe, Caucasus, North Asia, Scandinavia, tropical
Andes, Mexico, eastern Africa and Indonesia), are projected to lose more than 80% of their current ice mass by 2100
under RCP8.5 (medium confidence), and many glaciers are projected to disappear regardless of future emissions
(very high confidence). {Cross-Chapter Box 6 in Chapter 2, Figure SPM.1}

[\ In 2100, the Greenland Ice Sheet's projected contribution to GMSL rise is 0.07 m (0.04-0.12 m,
likely range) under RCP2.6, and 0.15 m (0.08-0.27 m, likely range) under RCP8.5. In 2100, the Antarctic Ice Sheet
is projected to contribute 0.04 m (0.01-0.11 m, /ikely range) under RCP2.6, and 0.12 m (0.03-0.28 m, likely range)
under RCP8.5. The Greenland Ice Sheet is currently contributing more to sea level rise than the Antarctic Ice Sheet
(high confidence), but Antarctica could become a larger contributor by the end of the 21st century as a consequence
of rapid retreat (Jow confidence). Beyond 2100, increasing divergence between Greenland and Antarctica’s relative
contributions to GMSL rise under RCP8.5 has important consequences for the pace of relative sea level rise in the
Northern Hemisphere. {3.3.1, 4.2.3, 4.2.5, 4.3.3, Cross-Chapter Box 8 in Chapter 3, Figure SPM.1}

'A‘ Arctic autumn and spring snow cover are projected to decrease by 5-10%, relative to
1986—2005, in the near-term (2031-2050), followed by no further losses under RCP2.6, but an additional 15-25%
loss by the end of century under RCP8.5 (high confidence). In high mountain areas, projected decreases in low
elevation mean winter snow depth, compared to 1986-2005, are likely 10-40% by 2031-2050, regardless of
emissions scenario (high confidence). For 2081-2100, this projected decrease is likely 10-40% for RCP2.6 and
50-90% for RCP8.5.{2.2.2, 3.3.2, 3.4.2, Figure SPM.1}

% This report primarily uses RCP2.6 and RCP8.5 for the following reasons: These scenarios largely represent the assessed range for the topics covered
in this report; they largely represent what is covered in the assessed literature, based on CMIP5; and they allow a consistent narrative about projected
changes. RCP4.5 and RCP6.0 are not available for all topics addressed in the report. {Box SPM.1}
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B.1.4

B.1.5

B.1.6

B.1.7

B.2

B.2.1

'A‘ Widespread permafrost thaw is projected for this century (very high confidence) and beyond.
By 2100, projected near-surface (within 3-4 m) permafrost area shows a decrease of 24 + 16% (likely range) for
RCP2.6 and 69 + 20% (likely range) for RCP8.5. The RCP8.5 scenario leads to the cumulative release of tens to
hundreds of billions of tons (GtC) of permafrost carbon as C0,2® and methane to the atmosphere by 2100 with
the potential to exacerbate climate change (medium confidence). Lower emissions scenarios dampen the response
of carbon emissions from the permafrost region (high confidence). Methane contributes a small fraction of the
total additional carbon release but is significant because of its higher warming potential. Increased plant growth is
projected to replenish soil carbon in part, but will not match carbon releases over the long term (medium confidence).
{2.2.4, 3.4.2, 3.4.3, Figure SPM.1, Cross-Chapter Box 5 in Chapter 1}

'A‘ In many high mountain areas, glacier retreat and permafrost thaw are projected to further
decrease the stability of slopes, and the number and area of glacier lakes will continue to increase (high confidence).
Floods due to glacier lake outburst or rain-on-snow, landslides and snow avalanches, are projected to occur also in
new locations or different seasons (high confidence). {2.3.2}

'A‘ River runoff in snow-dominated or glacier-fed high mountain basins is projected to change
regardless of emissions scenario (very high confidence), with increases in average winter runoff (high confidence)
and earlier spring peaks (very high confidence). In all emissions scenarios, average annual and summer runoff from
glaciers are projected to peak at or before the end of the 21st century (high confidence), e.g., around mid-century in
High Mountain Asia, followed by a decline in glacier runoff. In regions with little glacier cover (e.g., tropical Andes,
European Alps) most glaciers have already passed this peak (high confidence). Projected declines in glacier runoff by
2100 (RCP8.5) can reduce basin runoff by 10% or more in at least one month of the melt season in several large river
basins, especially in High Mountain Asia during the dry season (Jow confidence). {2.3.1}

—~
ﬁb Arctic sea ice loss is projected to continue through mid-century, with differences thereafter
depending on the magnitude of global warming: for stabilised global warming of 1.5°C the annual probability of
a sea ice-free September by the end of century is approximately 1%, which rises to 10-35% for stabilised global
warming of 2°C (high confidence). There is low confidence in projections for Antarctic sea ice. {3.2.2, Figure SPM.1}

Over the 21st century, the ocean is projected to transition to unprecedented conditions with
increased temperatures (virtually certain), greater upper ocean stratification (very likely),
further acidification (virtually certain), oxygen decline (medium confidence), and altered net
primary production (low confidence). Marine heatwaves (very high confidence) and extreme
El Nifio and La Nina events (medium confidence) are projected to become more frequent. The
Atlantic Meridional Overturning Circulation (AMOC) is projected to weaken (very likely). The
rates and magnitudes of these changes will be smaller under scenarios with low greenhouse
gas emissions (very likely). {3.2, 5.2, 6.4, 6.5, 6.7, Box 5.1, Figures SPM.1, SPM.3}

—~

ﬂ‘b The ocean will continue to warm throughout the 21st century (virtually certain). By 2100,
the top 2000 m of the ocean are projected to take up 5-7 times more heat under RCP8.5 (or 2—4 times more
under RCP2.6) than the observed accumulated ocean heat uptake since 1970 (very likely). The annual mean density
stratification'® of the top 200 m, averaged between 60°S and 60°N, is projected to increase by 12-30% for RCP8.5
and 1-9% for RCP2.6, for 2081-2100 relative to 1986—2005 (very likely), inhibiting vertical nutrient, carbon and
oxygen fluxes. {5.2.2, Figure SPM.1}

% For context, total annual anthropogenic CO emissions were 10.8 + 0.8 GtC yr~' (39.6 + 2.9 GtCO; yr™') on average over the period 2008-2017.
Total annual anthropogenic methane emissions were 0.35 + 0.01 GtCHs yr', on average over the period 2003-2012. {5.5.1}
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—~

ﬂ‘b By 2081-2100 under RCP8.5, ocean oxygen content (medium confidence), upper ocean nitrate
content (medium confidence), net primary production (low confidence) and carbon export (medium confidence) are
projected to decline globally by very likely ranges of 3—4%, 9-14%, 4-11% and 9-16% respectively, relative to
2006-2015. Under RCP2.6, globally projected changes by 2081-2100 are smaller compared to RCP8.5 for oxygen
loss (very likely), nutrient availability (about as likely as not) and net primary production (high confidence). {5.2.2,
Box 5.1, Figures SPM.1, SPM.3}

—~

ﬂ‘b Continued carbon uptake by the ocean by 2100 is virtually certain to exacerbate ocean
acidification. Open ocean surface pH is projected to decrease by around 0.3 pH units by 2081-2100, relative to
2006-2015, under RCP8.5 (virtually certain). For RCP8.5, there are elevated risks for keystone aragonite shell-forming
species due to crossing an aragonite stability threshold year-round in the Polar and sub-Polar Oceans by 2081-2100
(very likely). For RCP2.6, these conditions will be avoided this century (very likely), but some eastern boundary
upwelling systems are projected to remain vulnerable (high confidence). {3.2.3, 5.2.2, Box 5.1, Box 5.3, Figure SPM.1}

—~

ﬂ‘b Climate conditions, unprecedented since the preindustrial period, are developing in the
ocean, elevating risks for open ocean ecosystems. Surface acidification and warming have already emerged in the
historical period (very likely). Oxygen loss between 100 and 600 m depth is projected to emerge over 59-80% of
the ocean area by 2031-2050 under RCP8.5 (very likely). The projected time of emergence for five primary drivers of
marine ecosystem change (surface warming and acidification, oxygen loss, nitrate content and net primary production
change) are all prior to 2100 for over 60% of the ocean area under RCP8.5 and over 30% under RCP2.6 (very likely).
{Annex I: Glossary, Box 5.1, Box 5.1 Figure 1}

—~
ﬁb Marine heatwaves are projected to further increase in frequency, duration, spatial extent
and intensity (maximum temperature) (very high confidence). Climate models project increases in the frequency of
marine heatwaves by 2081-2100, relative to 1850-1900, by approximately 50 times under RCP8.5 and 20 times
under RCP2.6 (medium confidence). The largest increases in frequency are projected for the Arctic and the tropical
oceans (medium confidence). The intensity of marine heatwaves is projected to increase about 10-fold under RCP8.5
by 2081-2100, relative to 1850—1900 (medium confidence). {6.4, Figure SPM.1}

o 4

ﬂ‘b Extreme El Nifio and La Nifia events are projected to /ikely increase in frequency in the 21st
century and to likely intensify existing hazards, with drier or wetter responses in several regions across the globe.
Extreme El Nifio events are projected to occur about as twice as often under both RCP2.6 and RCP8.5 in the 21st
century when compared to the 20th century (medium confidence). Projections indicate that extreme Indian Ocean
Dipole events also increase in frequency (low confidence). {6.5, Figures 6.5, 6.6}

r—~

ﬂ‘b The AMOC is projected to weaken in the 21st century under all RCPs (very likely), although
a collapse is very unlikely (medium confidence). Based on CMIP5 projections, by 2300, an AMOC collapse is about
as likely as not for high emissions scenarios and very unlikely for lower ones (medium confidence). Any substantial
weakening of the AMOC is projected to cause a decrease in marine productivity in the North Atlantic (medium
confidence), more storms in Northern Europe (medium confidence), less Sahelian summer rainfall (high confidence)
and South Asian summer rainfall (medium confidence), a reduced number of tropical cyclones in the Atlantic (medium
confidence), and an increase in regional sea level along the northeast coast of North America (medium confidence).
Such changes would be in addition to the global warming signal. {6.7, Figures 6.8-6.10}
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B.3

B.3.1

B.3.2

B3.3

B.3.4

Sea level continues to rise at an increasing rate. Extreme sea level events that are historically
rare (once per century in the recent past) are projected to occur frequently (at least once
per year) at many locations by 2050 in all RCP scenarios, especially in tropical regions (high
confidence). The increasing frequency of high water levels can have severe impacts in many
locations depending on exposure (high confidence). Sea level rise is projected to continue
beyond 2100 in all RCP scenarios. For a high emissions scenario (RCP8.5), projections of global
sea level rise by 2100 are greater than in AR5 due to a larger contribution from the Antarctic
Ice Sheet (medium confidence). In coming centuries under RCP8.5, sea-level rise is projected to
exceed rates of several centimetres per year resulting in multi-metre rise (medium confidence),
while for RCP2.6 sea level rise is projected to be limited to around 1 m in 2300 (Jow confidence).
Extreme sea levels and coastal hazards will be exacerbated by projected increases in tropical
cyclone intensity and precipitation (high confidence). Projected changes in waves and tides
vary locally in whether they amplify or ameliorate these hazards (medium confidence).
{Cross-Chapter Box 5 in Chapter 1, Cross-Chapter Box 8 in Chapter 3, 4.1, 4.2, 5.2.2, 6.3.1,
Figures SPM.1, SPM.4, SPM.5}

The global mean sea level (GMSL) rise under RCP2.6 is projected to be 0.39 m (0.26—0.53 m,
likely range) for the period 2081-2100, and 0.43 m (0.29-0.59 m, likely range) in 2100 with respect to 1986—2005. For
RCP8.5, the corresponding GMSL rise is 0.71 m (0.51-0.92 m, likely range) for 2081-2100 and 0.84 m (0.61-1.10 m,
likely range) in 2100. Mean sea level rise projections are higher by 0.1 m compared to AR5 under RCP8.5 in 2100, and
the likely range extends beyond 1 m in 2100 due to a larger projected ice loss from the Antarctic Ice Sheet (medium
confidence). The uncertainty at the end of the century is mainly determined by the ice sheets, especially in Antarctica.
{4.2.3, Figures SPM.1, SPM.5}

& J~
v.du  Sea level projections show regional differences around GMSL. Processes not driven by

recent climate change, such as local subsidence caused by natural processes and human activities, are important to
relative sea level changes at the coast (high confidence). While the relative importance of climate-driven sea level
rise is projected to increase over time, local processes need to be considered for projections and impacts of sea level
(high confidence). {SPM A.3.4, 4.2.1, 4.2.2, Figure SPM.5}

The rate of global mean sea level rise is projected to reach 15 mm yr=" (10-20 mm yr~', likely
range) under RCP8.5 in 2100, and to exceed several centimetres per year in the 22nd century. Under RCP2.6, the rate
is projected to reach 4 mm yr' (2-6 mm yr, likely range) in 2100. Model studies indicate multi-meter rise in sea
level by 2300 (2.3-5.4 m for RCP8.5 and 0.6—1.07 m under RCP2.6) (fow confidence), indicating the importance of
reduced emissions for limiting sea level rise. Processes controlling the timing of future ice-shelf loss and the extent of
ice sheet instabilities could increase Antarctica’s contribution to sea level rise to values substantially higher than the
likely range on century and longer time-scales (low confidence). Considering the consequences of sea level rise that
a collapse of parts of the Antarctic Ice Sheet entails, this high impact risk merits attention. {Cross-Chapter Box 5 in
Chapter 1, Cross-Chapter Box 8 in Chapter 3, 4.1, 4.2.3}

Global mean sea level rise will cause the frequency of extreme sea level events at most

locations to increase. Local sea levels that historically occurred once per century (historical centennial events) are
projected to occur at least annually at most locations by 2100 under all RCP scenarios (high confidence). Many
low-lying megacities and small islands (including SIDS) are projected to experience historical centennial events at
least annually by 2050 under RCP2.6, RCP4.5 and RCP8.5. The year when the historical centennial event becomes
an annual event in the mid-latitudes occurs soonest in RCP8.5, next in RCP4.5 and latest in RCP2.6. The increasing
frequency of high water levels can have severe impacts in many locations depending on the level of exposure (high
confidence). {4.2.3, 6.3, Figures SPM.4, SPM.5}
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Blak~

v.&  Significant wave heights (the average height from trough to crest of the highest one-third
of waves) are projected to increase across the Southern Ocean and tropical eastern Pacific (high confidence) and
Baltic Sea (medium confidence) and decrease over the North Atlantic and Mediterranean Sea under RCP8.5 (high
confidence). Coastal tidal amplitudes and patterns are projected to change due to sea level rise and coastal adaptation
measures (very likely). Projected changes in waves arising from changes in weather patterns, and changes in tides
due to sea level rise, can locally enhance or ameliorate coastal hazards (medium confidence). {6.3.1, 5.2.2}

L&)

—~ The average intensity of tropical cyclones, the proportion of Category 4 and 5 tropical cyclones

and the associated average precipitation rates are projected to increase for a 2°C global temperature rise above any
baseline period (medium confidence). Rising mean sea levels will contribute to higher extreme sea levels associated
with tropical cyclones (very high confidence). Coastal hazards will be exacerbated by an increase in the average
intensity, magnitude of storm surge and precipitation rates of tropical cyclones. There are greater increases projected
under RCP8.5 than under RCP2.6 from around mid-century to 2100 (medium confidence). There is low confidence in
changes in the future frequency of tropical cyclones at the global scale. {6.3.1}

Projected Risks for Ecosystems

B.4

B.4.1

B.4.2

B.4.3

Future land cryosphere changes will continue to alter terrestrial and freshwater ecosystems in
high mountain and polar regions with major shifts in species distributions resulting in changes
in ecosystem structure and functioning, and eventual loss of globally unique biodiversity
(medium confidence). Wildfire is projected to increase significantly for the rest of this
century across most tundra and boreal regions, and also in some mountain regions (medium
confidence). {2.3.3, Box 3.4, 3.4.3}

'A‘ In high mountain regions, further upslope migration by lower-elevation species, range
contractions, and increased mortality will lead to population declines of many alpine species, especially glacier- or
snow-dependent species (high confidence), with local and eventual global species loss (medium confidence). The
persistence of alpine species and sustaining ecosystem services depends on appropriate conservation and adaptation
measures (high confidence). {2.3.3}

On Arctic land, a loss of globally unique biodiversity is projected as limited refugia exist for
some High-Arctic species and hence they are outcompeted by more temperate species (medium confidence). Woody
shrubs and trees are projected to expand to cover 24-52% of Arctic tundra by 2050 (medium confidence). The boreal
forest is projected to expand at its northern edge, while diminishing at its southern edge where it is replaced by lower
biomass woodland/shrublands (medium confidence). {3.4.3, Box 3.4}

'A‘ Permafrost thaw and decrease in snow will affect Arctic and mountain hydrology and wildfire,
with impacts on vegetation and wildlife (medium confidence). About 20% of Arctic land permafrost is vulnerable to
abrupt permafrost thaw and ground subsidence, which is projected to increase small lake area by over 50% by 2100
for RCP8.5 (medium confidence). Even as the overall regional water cycle is projected to intensify, including increased
precipitation, evapotranspiration, and river discharge to the Arctic Ocean, decreases in snow and permafrost may
lead to soil drying with consequences for ecosystem productivity and disturbances (medium confidence). Wildfire is
projected to increase for the rest of this century across most tundra and boreal regions, and also in some mountain
regions, while interactions between climate and shifting vegetation will influence future fire intensity and frequency
(medium confidence).{2.3.3, 3.4.1, 3.4.2, 3.4.3, SPM B.1}
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B.5

B.5.1

B.5.2

B.5.3

B.5.4

A decrease in global biomass of marine animal communities, their production, and fisheries
catch potential, and a shift in species composition are projected over the 21st century in
ocean ecosystems from the surface to the deep seafloor under all emission scenarios (medium
confidence). The rate and magnitude of decline are projected to be highest in the tropics
(high confidence), whereas impacts remain diverse in polar regions (medium confidence) and
increase for high emissions scenarios. Ocean acidification (medium confidence), oxygen loss
(medium confidence) and reduced sea ice extent (medium confidence) as well as non-climatic
human activities (medium confidence) have the potential to exacerbate these warming-induced
ecosystem impacts. {3.2.3, 3.3.3, 5.2.2, 5.2.3, 5.2.4, 5.4.1, Figure SPM.3}

—~
ﬁb Projected ocean warming and changes in net primary production alter biomass, production
and community structure of marine ecosystems. The global-scale biomass of marine animals across the foodweb is
projected to decrease by 15.0 + 5.9% (very likely range) and the maximum catch potential of fisheries by 20.5-24.1%
by the end of the 21st century relative to 1986—2005 under RCP8.5 (medium confidence). These changes are projected
to be very likely three to four times larger under RCP8.5 than RCP2.6. {3.2.3, 3.3.3, 5.2.2, 5.2.3, 5.4.1, Figure SPM.3}

—~

ﬁb Under enhanced stratification reduced nutrient supply is projected to cause tropical ocean
net primary production to decline by 7-16% (very likely range) for RCP8.5 by 2081-2100 (medium confidence). In
tropical regions, marine animal biomass and production are projected to decrease more than the global average
under all emissions scenarios in the 21st century (high confidence). Warming and sea ice changes are projected to
increase marine net primary production in the Arctic (medium confidence) and around Antarctica (low confidence),
modified by changing nutrient supply due to shifts in upwelling and stratification. Globally, the sinking flux of organic
matter from the upper ocean is projected to decrease, linked largely due to changes in net primary production
(high confidence). As a result, 95% or more of the deep sea (3000-6000 m depth) seafloor area and cold-water
coral ecosystems are projected to experience declines in benthic biomass under RCP8.5 (medium confidence).
{3.2.3,5.2.2. 5.2.4, Figure SPM.1}

—~

ﬁb Warming, ocean acidification, reduced seasonal sea ice extent and continued loss of
multi-year sea ice are projected to impact polar marine ecosystems through direct and indirect effects on habitats,
populations and their viability (medium confidence). The geographical range of Arctic marine species, including
marine mammals, birds and fish is projected to contract, while the range of some sub-Arctic fish communities is
projected to expand, further increasing pressure on high-Arctic species (medium confidence). In the Southern Ocean,
the habitat of Antarctic krill, a key prey species for penguins, seals and whales, is projected to contract southwards
under both RCP2.6 and RCP8.5 (medium confidence). {3.2.2, 3.2.3, 5.2.3}

o 4

ﬂ‘b Ocean warming, oxygen loss, acidification and a decrease in flux of organic carbon from the
surface to the deep ocean are projected to harm habitat-forming cold-water corals, which support high biodiversity,
partly through decreased calcification, increased dissolution of skeletons, and bioerosion (medium confidence).
Vulnerability and risks are highest where and when temperature and oxygen conditions both reach values outside
species’ tolerance ranges (medium confidence). {Box 5.2, Figure SPM.3}
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Projected changes, impacts and risks for ocean ecosystems
as a result of climate change
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Figure SPM.3 | Projected changes, impacts and risks for ocean regions and ecosystems.
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Figure SPM.3 (continued): (a) depth integrated net primary production (NPP from CMIP5%), (b) total animal biomass (depth integrated, including
fishes and invertebrates from FISHMIP?8), (c) maximum fisheries catch potential and (d) impacts and risks for coastal and open ocean ecosystems. The
three left panels represent the simulated (a,b) and observed (c) mean values for the recent past (1986—2005), the middle and right panels represent
projected changes (%) by 2081-2100 relative to recent past under low (RCP2.6) and high (RCP8.5) greenhouse gas emissions scenario {Box SPM.1},
respectively. Total animal biomass in the recent past (b, left panel) represents the projected total animal biomass by each spatial pixel relative to the
global average. (c) *Average observed fisheries catch in the recent past (based on data from the Sea Around Us global fisheries database); projected
changes in maximum fisheries catch potential in shelf seas are based on the average outputs from two fisheries and marine ecosystem models. To
indicate areas of model inconsistency, shaded areas represent regions where models disagree in the direction of change for more than: (a) and (b)
3 out of 10 model projections, and (c) one out of two models. Although unshaded, the projected change in the Arctic and Antarctic regions in (b) total
animal biomass and (c) fisheries catch potential have low confidence due to uncertainties associated with modelling multiple interacting drivers and
ecosystem responses. Projections presented in (b) and (c) are driven by changes in ocean physical and biogeochemical conditions e.g., temperature,
oxygen level, and net primary production projected from CMIP5 Earth system models. **The epipelagic refers to the uppermost part of the ocean
with depth <200 m from the surface where there is enough sunlight to allow photosynthesis. (d) Assessment of risks for coastal and open ocean
ecosystems based on observed and projected climate impacts on ecosystem structure, functioning and biodiversity. Impacts and risks are shown in
relation to changes in Global Mean Surface Temperature (GMST) relative to pre-industrial level. Since assessments of risks and impacts are based
on global mean Sea Surface Temperature (SST), the corresponding SST levels are shown??. The assessment of risk transitions is described in Chapter
5 Sections 5.2, 5.3, 5.2.5 and 5.3.7 and Supplementary Materials SM5.3, Table SM5.6, Table SM5.8 and other parts of the underlying report. The
figure indicates assessed risks at approximate warming levels and increasing climate-related hazards in the ocean: ocean warming, acidification,
deoxygenation, increased density stratification, changes in carbon fluxes, sea level rise, and increased frequency and/or intensity of extreme events.
The assessment considers the natural adaptive capacity of the ecosystems, their exposure and vulnerability. Impact and risk levels do not consider
risk reduction strategies such as human interventions, or future changes in non-climatic drivers. Risks for ecosystems were assessed by considering
biological, biogeochemical, geomorphological and physical aspects. Higher risks associated with compound effects of climate hazards include
habitat and biodiversity loss, changes in species composition and distribution ranges, and impacts/risks on ecosystem structure and functioning,
including changes in animal/plant biomass and density, productivity, carbon fluxes, and sediment transport. As part of the assessment, literature was
compiled and data extracted into a summary table. A multi-round expert elicitation process was undertaken with independent evaluation of threshold
judgement, and a final consensus discussion. Further information on methods and underlying literature can be found in Chapter 5, Sections 5.2
and 5.3 and Supplementary Material. {3.2.3, 3.2.4, 5.2, 5.3, 5.2.5, 5.3.7, SM5.6, SM5.8, Figure 5.16, Cross Chapter Box 1 in Chapter 1 Table CCB1}

B.6 Risks of severe impacts on biodiversity, structure and function of coastal ecosystems are
projected to be higher for elevated temperatures under high compared to low emissions
scenarios in the 21st century and beyond. Projected ecosystem responses include losses
of species habitat and diversity, and degradation of ecosystem functions. The capacity of
organisms and ecosystems to adjust and adapt is higher at lower emissions scenarios (high
confidence). For sensitive ecosystems such as seagrass meadows and kelp forests, high risks
are projected if global warming exceeds 2°C above pre-industrial temperature, combined with
other climate-related hazards (high confidence). Warm-water corals are at high risk already
and are projected to transition to very high risk even if global warming is limited to 1.5°C
(very high confidence). {4.3.3, 5.3, 5.5, Figure SPM.3}

n r—~
B.6.1 v.du  All coastal ecosystems assessed are projected to face increasing risk level, from moderate to

high risk under RCP2.6 to high to very high risk under RCP8.5 by 2100. Intertidal rocky shore ecosystems are projected
to be at very high risk by 2100 under RCP8.5 (medium confidence) due to exposure to warming, especially during
marine heatwaves, as well as to acidification, sea level rise, loss of calcifying species and biodiversity (high confidence).
Ocean acidification challenges these ecosystems and further limits their habitat suitability (medium confidence) by
inhibiting recovery through reduced calcification and enhanced bioerosion. The decline of kelp forests is projected to
continue in temperate regions due to warming, particularly under the projected intensification of marine heatwaves,
with high risk of local extinctions under RCP8.5 (medium confidence). {5.3, 5.3.5, 5.3.6, 5.3.7, 6.4.2, Figure SPM.3}

n~
—~U @&« . .
B.6.2 Y. Seagrass meadows and saltmarshes and associated carbon stores are at moderate risk

at 1.5°C global warming and increase with further warming (medium confidence). Globally, 20-90% of current coastal
wetlands are projected to be lost by 2100, depending on projected sea level rise, regional differences and wetland
types, especially where vertical growth is already constrained by reduced sediment supply and landward migration is
constrained by steep topography or human modification of shorelines (high confidence). {4.3.3, 5.3.2, Figure SPM.3,
SPM A.6.1}

27" NPP is estimated from the Coupled Models Intercomparison Project 5 (CMIP5).
28 Total animal biomass is from the Fisheries and Marine Ecosystem Models Intercomparison Project (FISHMIP).

22 The conversion between GMST and SST is based on a scaling factor of 1.44 derived from changes in an ensemble of RCP8.5 simulations; this scaling
factor has an uncertainty of about 4% due to differences between the RCP2.6 and RCP8.5 scenarios. {Table SPM.1}

24



B.6.3

B.6.4

Summary for Policymakers

& J~
Y. Ocean warming, sea level rise and tidal changes are projected to expand salinization and

hypoxia in estuaries (high confidence) with high risks for some biota leading to migration, reduced survival, and local
extinction under high emission scenarios (medium confidence). These impacts are projected to be more pronounced
in more vulnerable eutrophic and shallow estuaries with low tidal range in temperate and high latitude regions
(medium confidence). {5.2.2, 5.3.1, Figure SPM.3}

e~ . -
vidu  Almost all warm-water coral reefs are projected to suffer significant losses of area and

local extinctions, even if global warming is limited to 1.5°C (high confidence). The species composition and diversity
of remaining reef communities is projected to differ from present-day reefs (very high confidence). {5.3.4, 5.4.1,
Figure SPM.3}

Projected Risks for People and Ecosystem Services

B.7

B.7.1

B.7.2

B.7.3

Future cryosphere changes on land are projected to affect water resources and their uses, such
as hydropower (high confidence) and irrigated agriculture in and downstream of high mountain
areas (medium confidence), as well as livelihoods in the Arctic (medium confidence). Changes
in floods, avalanches, landslides, and ground destabilization are projected to increase risk for
infrastructure, cultural, tourism, and recreational assets (medium confidence). {2.3, 2.3.1, 3.4.3}

'A‘ Disaster risks to human settlements and livelihood options in high mountain areas and
the Arctic are expected to increase (medium confidence), due to future changes in hazards such as floods, fires,
landslides, avalanches, unreliable ice and snow conditions, and increased exposure of people and infrastructure (high
confidence). Current engineered risk reduction approaches are projected to be less effective as hazards change in
character (medium confidence). Significant risk reduction and adaptation strategies help avoid increased impacts
from mountain flood and landslide hazards as exposure and vulnerability are increasing in many mountain regions
during this century (high confidence). {2.3.2, 3.4.3, 3.5.2}

'A‘ Permafrost thaw-induced subsidence of the land surface is projected to impact overlying
urban and rural communication and transportation infrastructure in the Arctic and in high mountain areas (medium
confidence). The majority of Arctic infrastructure is located in regions where permafrost thaw is projected to intensify
by mid-century. Retrofitting and redesigning infrastructure has the potential to halve the costs arising from permafrost
thaw and related climate-change impacts by 2100 (medium confidence).{2.3.4, 3.4.1, 3.4.3}

'A‘ High mountain tourism, recreation and cultural assets are projected to be negatively affected
by future cryospheric changes (high confidence). Current snowmaking technologies are projected to be less effective
in reducing risks to ski tourism in a warmer climate in most parts of Europe, North America, and Japan, in particular
at 2°C global warming and beyond (high confidence). {2.3.5, 2.3.6}
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B.8

B.8.1

B.8.2

B.8.3

B.8.4

Future shifts in fish distribution and decreases in their abundance and fisheries catch potential
due to climate change are projected to affect income, livelihoods, and food security of marine
resource-dependent communities (medium confidence). Long-term loss and degradation of
marine ecosystems compromises the ocean’s role in cultural, recreational, and intrinsic values
important for human identity and well-being (medium confidence).{3.2.4,3.4.3,5.4.1,5.4.2, 6.4}

—~

ﬁb Projected geographical shifts and decreases of global marine animal biomass and fish catch
potential are more pronounced under RCP8.5 relative to RCP2.6 elevating the risk for income and livelihoods of
dependent human communities, particularly in areas that are economically vulnerable (medium confidence). The
projected redistribution of resources and abundance increases the risk of conflicts among fisheries, authorities or
communities (medium confidence). Challenges to fisheries governance are widespread under RCP8.5 with regional
hotspots such as the Arctic and tropical Pacific Ocean (medium confidence). {3.5.2, 5.4.1, 5.4.2, 5.5.2, 5.5.3, 6.4.2,
Figure SPM.3}

m r—~

—~ ﬁb The decline in warm-water coral reefs is projected to greatly compromise the services they
provide to society, such as food provision (high confidence), coastal protection (high confidence) and tourism
(medium confidence). Increases in the risks for seafood security (medium confidence) associated with decreases in
seafood availability are projected to elevate the risk to nutritional health in some communities highly dependent
on seafood (medium confidence), such as those in the Arctic, West Africa, and Small Island Developing States. Such
impacts compound any risks from other shifts in diets and food systems caused by social and economic changes and
climate change over land (medium confidence). {3.4.3, 5.4.2, 6.4.2}

& J~
@~ . . . .

v.a  Global warming compromises seafood safety (medium confidence) through human
exposure to elevated bioaccumulation of persistent organic pollutants and mercury in marine plants and animals
(medium confidence), increasing prevalence of waterborne Vibrio pathogens (medium confidence), and heightened
likelihood of harmful algal blooms (medium confidence). These risks are projected to be particularly large for human
communities with high consumption of seafood, including coastal Indigenous communities (medium confidence),
and for economic sectors such as fisheries, aquaculture, and tourism (high confidence). {3.4.3, 5.4.2, Box 5.3}

@lak

v, Climate change impacts on marine ecosystems and their services put key cultural dimensions
of lives and livelihoods at risk (medium confidence), including through shifts in the distribution or abundance of
harvested species and diminished access to fishing or hunting areas. This includes potentially rapid and irreversible
loss of culture and local knowledge and Indigenous knowledge, and negative impacts on traditional diets and food
security, aesthetic aspects, and marine recreational activities (medium confidence). {3.4.3, 3.5.3, 5.4.2}



B.9

B.9.1

B.9.2

B.9.3

Summary for Policymakers

Increased mean and extreme sea level, alongside ocean warming and acidification, are projected
to exacerbate risks for human communities in low-lying coastal areas (high confidence). In Arctic
human communities without rapid land uplift, and in urban atoll islands, risks are projected
to be moderate to high even under a low emissions scenario (RCP2.6) (medium confidence),
including reaching adaptation limits (high confidence). Under a high emissions scenario (RCP8.5),
delta regions and resource rich coastal cities are projected to experience moderate to high
risk levels after 2050 under current adaptation (medium confidence). Ambitious adaptation
including transformative governance is expected to reduce risk (high confidence), but with
context-specific benefits. {4.3.3, 4.3.4, SM4.3, 6.9.2, Cross-Chapter Box 9, Figure SPM.5}

L&)

- In the absence of more ambitious adaptation efforts compared to today, and under current

trends of increasing exposure and vulnerability of coastal communities, risks, such as erosion and land loss, flooding,
salinization, and cascading impacts due to mean sea level rise and extreme events are projected to significantly
increase throughout this century under all greenhouse gas emissions scenarios (very high confidence). Under the
same assumptions, annual coastal flood damages are projected to increase by 2—3 orders of magnitude by 2100
compared to today (high confidence). {4.3.3, 4.3.4, Box 6.1, 6.8, SM.4.3, Figures SPM.4, SPM.5}

@lak~

v.au  High to very high risks are approached for vulnerable communities in coral reef environments,
urban atoll islands and low-lying Arctic locations from sea level rise well before the end of this century in case of high
emissions scenarios. This entails adaptation limits being reached, which are the points at which an actor’s objectives
(or system needs) cannot be secured from intolerable risks through adaptive actions (high confidence). Reaching
adaptation limits (e.g., biophysical, geographical, financial, technical, social, political, and institutional) depends on the
emissions scenario and context-specific risk tolerance, and is projected to expand to more areas beyond 2100, due to the
long-term commitment of sea level rise (medium confidence). Some island nations are likely to become uninhabitable
due to climate-related ocean and cryosphere change (medium confidence), but habitability thresholds remain extremely
difficult to assess. {4.3.4, 4.4.2, 4.4.3, 5.5.2, Cross-Chapter Box 9, SM.4.3, SPM C.1, Glossary, Figure SPM.5}

Globally, a slower rate of climate-related ocean and cryosphere change provides greater
adaptation opportunities (high confidence). While there is high confidence that ambitious adaptation, including
governance for transformative change, has the potential to reduce risks in many locations, such benefits can vary
between locations. At global scale, coastal protection can reduce flood risk by 2-3 orders of magnitude during
the 21st century, but depends on investments on the order of tens to several hundreds of billions of US$ per year
(high confidence). While such investments are generally cost efficient for densely populated urban areas, rural and
poorer areas may be challenged to afford such investments with relative annual costs for some small island states
amounting to several percent of GDP (high confidence). Even with major adaptation efforts, residual risks and
associated losses are projected to occur (medium confidence), but context-specific limits to adaptation and residual
risks remain difficult to assess. {4.1.3, 4.2.2.4, 4.3.1, 4.3.2, 4.3.4., 4.4.3, 6.9.1, 6.9.2, Cross-Chapter Boxes 1-2 in
Chapter 1, SM.4.3, Figure SPM.5}
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Extreme sea level events

Due to projected global mean sea level (GMSL) rise, local sea levels that historically occurred once per century
(historical centennial events, HCEs) are projected to become at least annual events at most locations during the
21st century. The height of a HCE varies widely, and depending on the level of exposure can already cause severe
impacts. Impacts can continue to increase with rising frequency of HCEs.

(a) Schematic effect of regional sea level rise on (b) Year when HCEs are projected to
recur once per year on average

projected extreme sea level events (not to scale)
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(c) Difference between RCP8.5 and RCP2.6
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becomes annual at least 10 years later under RCP2.6
than under RCP8.5.

Figure SPM.4 | The effect of regional sea level rise on extreme sea level events at coastal locations. (a) Schematic illustration of extreme sea level
events and their average recurrence in the recent past (1986—2005) and the future. As a consequence of mean sea level rise, local sea levels that
historically occurred once per century (historical centennial events, HCEs) are projected to recur more frequently in the future. (b) The year in which
HCEs are expected to recur once per year on average under RCP8.5 and RCP2.6, at the 439 individual coastal locations where the observational
record is sufficient. The absence of a circle indicates an inability to perform an assessment due to a lack of data but does not indicate absence of
exposure and risk. The darker the circle, the earlier this transition is expected. The fikely range is +10 years for locations where this transition is
expected before 2100. White circles (33% of locations under RCP2.6 and 10% under RCP8.5) indicate that HCEs are not expected to recur once per
year before 2100. (c) An indication at which locations this transition of HCEs to annual events is projected to occur more than 10 years later under
RCP2.6 compared to RCP8.5. As the scenarios lead to small differences by 2050 in many locations results are not shown here for RCP4.5 but they are
available in Chapter 4. {4.2.3, Figure 4.10, Figure 4.12}
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Implementing Responses to Ocean and Cryosphere Change

Challenges

C1

C1.4

Impacts of climate-related changes in the ocean and cryosphere increasingly challenge current
governance efforts to develop and implement adaptation responses from local to global
scales, and in some cases pushing them to their limits. People with the highest exposure
and vulnerability are often those with lowest capacity to respond (high confidence). {1.5, 1.7,
Cross-Chapter Boxes 2-3 in Chapter 1, 2.3.1, 2.3.2, 2.3.3, 2.4, 3.2.4, 3.4.3, 3.5.2,3.5.3,4.1,4.3.3,
4.4.3,5.5.2,5.5.3, 6.9}

r—~—

'A‘ n ﬁ» The temporal scales of climate change impacts in ocean and cryosphere and their societal
consequences operate on time horizons which are longer than those of governance arrangements (e.g., planning cycles,
public and corporate decision making cycles, and financial instruments). Such temporal differences challenge the ability
of societies to adequately prepare for and respond to long-term changes including shifts in the frequency and intensity
of extreme events (high confidence). Examples include changing landslides and floods in high mountain regions and
risks to important species and ecosystems in the Arctic, as well as to low-lying nations and islands, small island nations,
other coastal regions and to coral reef ecosystems. {2.3.2, 3.5.2, 3.5.4, 4.4.3,5.2, 5.3, 5.4, 5.5.1,5.5.2, 5.5.3, 6.9}

o4

'A‘ @ n ﬁ» Governance arrangements (e.g., marine protected areas, spatial plans and water management
systems) are, in many contexts, too fragmented across administrative boundaries and sectors to provide integrated
responses to the increasing and cascading risks from climate-related changes in the ocean and/or cryosphere (high
confidence). The capacity of governance systems in polar and ocean regions to respond to climate change impacts
has strengthened recently, but this development is not sufficiently rapid or robust to adequately address the scale
of increasing projected risks (high confidence). In high mountains, coastal regions and small islands, there are also
difficulties in coordinating climate adaptation responses, due to the many interactions of climatic and non-climatic
risk drivers (such as inaccessibility, demographic and settlement trends, or land subsidence caused by local activities)
across scales, sectors and policy domains (high confidence). {2.3.1, 3.5.3, 4.4.3, 5.4.2, 5.5.2, 5.5.3, Box 5.6, 6.9,
Cross-Chapter Box 3 in Chapter 1}

o4
'A‘ n ﬁ» There are a broad range of identified barriers and limits for adaptation to climate change
in ecosystems (high confidence). Limitations include the space that ecosystems require, non-climatic drivers and
human impacts that need to be addressed as part of the adaptation response, the lowering of adaptive capacity
of ecosystems because of climate change, and the slower ecosystem recovery rates relative to the recurrence of
climate impacts, availability of technology, knowledge and financial support, and existing governance arrangements
(medium confidence). {3.5.4, 5.5.2}

o4

'A‘ @ n ﬁ» Financial, technological, institutional and other barriers exist for implementing responses to
current and projected negative impacts of climate-related changes in the ocean and cryosphere, impeding resilience
building and risk reduction measures (high confidence). Whether such barriers reduce adaptation effectiveness or
correspond to adaptation limits depends on context specific circumstances, the rate and scale of climate changes
and on the ability of societies to turn their adaptive capacity into effective adaptation responses. Adaptive capacity
continues to differ between as well as within communities and societies (high confidence). People with highest
exposure and vulnerability to current and future hazards from ocean and cryosphere changes are often also those
with lowest adaptive capacity, particularly in low-lying islands and coasts, Arctic and high mountain regions with
development challenges (high confidence). {2.3.1, 2.3.2, 2.3.7, Box 2.4, 3.5.2, 4.3.4, 44.2, 4.4.3, 55.2, 6.9,
Cross-Chapter Boxes 2 and 3 in Chapter 1, Cross-Chapter Box 9}
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Strengthening Response Options

C.2

C2.1

C22

C23

C24

C25

The far-reaching services and options provided by ocean and cryosphere-related ecosystems
can be supported by protection, restoration, precautionary ecosystem-based management
of renewable resource use, and the reduction of pollution and other stressors (high
confidence). Integrated water management (medium confidence) and ecosystem-based
adaptation (high confidence) approaches lower climate risks locally and provide
multiple societal benefits. However, ecological, financial, institutional and governance
constraints for such actions exist (high confidence), and in many contexts ecosystem-based
adaptation will only be effective under the lowest levels of warming (high confidence).
{2.3.1,2.3.3,3.2.4,3.5.2,3.5.4,4.4.2,5.2.2,5.4.2, 5.5.1, 5.5.2, Figure SPM.5}

o4
'A‘ @ nﬂ‘» Networks of protected areas help maintain ecosystem services, including carbon uptake
and storage, and enable future ecosystem-based adaptation options by facilitating the poleward and altitudinal
movements of species, populations, and ecosystems that occur in response to warming and sea level rise (medium
confidence). Geographic barriers, ecosystem degradation, habitat fragmentation and barriers to regional cooperation
limit the potential for such networks to support future species range shifts in marine, high mountain and polar land
regions (high confidence). {2.3.3, 3.2.3, 3.3.2, 3.5.4, 5.5.2, Box 3.4}

e~ . _— . .
[\ v, Terrestrial and marine habitat restoration, and ecosystem management tools such as assisted

species relocation and coral gardening, can be locally effective in enhancing ecosystem-based adaptation (high
confidence). Such actions are most successful when they are community-supported, are science-based whilst also
using local knowledge and Indigenous knowledge, have long-term support that includes the reduction or removal of
non-climatic stressors, and under the lowest levels of warming (high confidence). For example, coral reef restoration
options may be ineffective if global warming exceeds 1.5°C, because corals are already at high risk (very high
confidence) at current levels of warming. {2.3.3, 4.4.2, 5.3.7, 5.5.1, 5.5.2, Box 5.5, Figure SPM.3}

—~
ﬁb Strengthening precautionary approaches, such as rebuilding overexploited or depleted
fisheries, and responsiveness of existing fisheries management strategies reduces negative climate change impacts
on fisheries, with benefits for regional economies and livelihoods (medium confidence). Fisheries management that
regularly assesses and updates measures over time, informed by assessments of future ecosystem trends, reduces risks
for fisheries (medium confidence) but has limited ability to address ecosystem change. {3.2.4, 3.5.2,5.4.2,5.5.2,5.5.3,
Figure SPM.5}

_a o1 , .
v.&  Restoration of vegetated coastal ecosystems, such as mangroves, tidal marshes and seagrass

meadows (coastal 'blue carbon’ ecosystems), could provide climate change mitigation through increased carbon
uptake and storage of around 0.5% of current global emissions annually (medium confidence). Improved protection
and management can reduce carbon emissions from these ecosystems. Together, these actions also have multiple
other benefits, such as providing storm protection, improving water quality, and benefiting biodiversity and fisheries
(high confidence). Improving the quantification of carbon storage and greenhouse gas fluxes of these coastal
ecosystems will reduce current uncertainties around measurement, reporting and verification (high confidence).
{Box 4.3, 5.4, 5.5.1, 5.5.2, Annex I: Glossary}

8~ . o .
¥v:& Ocean renewable energy can support climate change mitigation, and can comprise energy

extraction from offshore winds, tides, waves, thermal and salinity gradient and algal biofuels. The emerging demand
for alternative energy sources is expected to generate economic opportunities for the ocean renewable energy sector
(high confidence), although their potential may also be affected by climate change (low confidence). {5.4.2, 5.5.1,
Figure 5.23}
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C3

C3.1

C3.2

C33

C34
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'A‘ Integrated water management approaches across multiple scales can be effective at
addressing impacts and leveraging opportunities from cryosphere changes in high mountain areas. These approaches
also support water resource management through the development and optimization of multi-purpose storage
and release of water from reservoirs (medium confidence), with consideration of potentially negative impacts to
ecosystems and communities. Diversification of tourism activities throughout the year supports adaptation in high
mountain economies (medium confidence).{2.3.1, 2.3.5}

Coastal communities face challenging choices in crafting context-specific and integrated
responses to sea level rise that balance costs, benefits and trade-offs of available options
and that can be adjusted over time (high confidence). All types of options, including
protection, accommodation, ecosystem-based adaptation, coastal advance and retreat,
wherever possible, can play important roles in such integrated responses (high confidence).
{4.4.2,4.4.3,4.4.4, 6.9.1, Cross-Chapter Box 9, Figure SPM.5}

The higher the sea levels rise, the more challenging is coastal protection, mainly due to

economic, financial and social barriers rather than due to technical limits (high confidence). In the coming decades,
reducing local drivers of exposure and vulnerability such as coastal urbanization and human-induced subsidence
constitute effective responses (high confidence). Where space is limited, and the value of exposed assets is high
(e.g., in cities), hard protection (e.g., dikes) is likely to be a cost-efficient response option during the 21st century
taking into account the specifics of the context (high confidence), but resource-limited areas may not be able to
afford such investments. Where space is available, ecosystem-based adaptation can reduce coastal risk and provide
multiple other benefits such as carbon storage, improved water quality, biodiversity conservation and livelihood
support (medium confidence). {4.3.2, 4.4.2, Box 4.1, Cross-Chapter Box 9, Figure SPM.5}

L&)

Some coastal accommodation measures, such as early warning systems and flood-proofing of

buildings, are often both low cost and highly cost-efficient under current sea levels (high confidence). Under projected
sea level rise and increase in coastal hazards some of these measures become less effective unless combined with
other measures (high confidence). All types of options, including protection, accommodation, ecosystem-based
adaptation, coastal advance and planned relocation, if alternative localities are available, can play important roles in
such integrated responses (high confidence). Where the community affected is small, or in the aftermath of a disaster,
reducing risk by coastal planned relocations is worth considering if safe alternative localities are available. Such
planned relocation can be socially, culturally, financially and politically constrained (very high confidence). {4.4.2,
Box 4.1, Cross-Chapter Box 9, SPM B.3}

>y

- Responses to sea level rise and associated risk reduction present society with profound

governance challenges, resulting from the uncertainty about the magnitude and rate of future sea level rise, vexing
trade-offs between societal goals (e.g., safety, conservation, economic development, intra- and inter-generational
equity), limited resources, and conflicting interests and values among diverse stakeholders (high confidence).
These challenges can be eased using locally appropriate combinations of decision analysis, land-use planning,
public participation, diverse knowledge systems and conflict resolution approaches that are adjusted over time as
circumstances change (high confidence). {Cross-Chapter Box 5 in Chapter 1, 4.4.3, 4.4.4, 6.9}

>y

- Despite the large uncertainties about the magnitude and rate of post 2050 sea level rise, many

coastal decisions with time horizons of decades to over a century are being made now (e.g., critical infrastructure,
coastal protection works, city planning) and can be improved by taking relative sea level rise into account, favouring
flexible responses (i.e., those that can be adapted over time) supported by monitoring systems for early warning
signals, periodically adjusting decisions (i.e., adaptive decision making), using robust decision-making approaches,
expert judgement, scenario-building, and multiple knowledge systems (high confidence). The sea level rise range
that needs to be considered for planning and implementing coastal responses depends on the risk tolerance of
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stakeholders. Stakeholders with higher risk tolerance (e.g., those planning for investments that can be very easily
adapted to unforeseen conditions) often prefer to use the likely range of projections, while stakeholders with a lower
risk tolerance (e.g., those deciding on critical infrastructure) also consider global and local mean sea level above
the upper end of the likely range (globally 1.1 m under RCP8.5 by 2100) and from methods characterised by lower
confidence such as from expert elicitation. {1.8.1, 1.9.2, 4.2.3, 4.4.4, Figure 4.2, Cross-Chapter Box 5 in Chapter 1,
Figure SPM.5, SPM B.3}

Sea level rise risk and responses

The term response is used here instead of adaptation because some responses, such as retreat, may or may not be considered to be adaptation.

(a) Risk in 2100 under different sea level rise and response scenarios
Risk for illustrative geographies based on mean sea level changes (medium confidence)

| Levels of risk Purple: Very high probability of severe impacts/risks
R i I and the presence of significant irreversibility or the
§ 1.0+ — Very high persistence of climate-related hazards, combined with
2 | High emission ich limited ability to adapt due to the nature of the hazard
= [scenario — Hig o impacts/risks.
= (RCP8.5)
= 1 : — Moderate Red: Significant and widespread impacts/risks.
% |— Undetectable Yellow: Impacts/risks are detectable and attributable
gos to climate change with at least medium confidence.
g I l» Assessment White: Impacts/risks are undetectable.
3 || data(Chapter 4)
;E 1 i Interpolation
° No-to-moderate Relative contribution of response options
@i response to risk reduction (per geography)
Resource-rich  Large tropical Arctic Urban ®7 Maximum potential - =Insitu = Planned
coastal cities  agricultural deltas  communities atoll islands response responses relocation
In this assessment, the term response refers to in situ responses to sea level rise (hard engineered coastal defenses, restoration of degraded ecosystems,
subsidence limitation) and planned relocation. Planned relocation in this assessment refers to proactive managed retreat or resettlement only at a local scale, and
according to the specificities of a particular context (e.g., in urban atoll islands: within the island, in a neighbouring island or in artificially raised islands). Forced
displacement and international migration are not considered in this assessment.
The illustrative geographies are based on a limited number of case studies well covered by the peer reviewed literature. The realisation of risk will depend on
context specifities.
Sea level rise scenarios: RCP4.5 and RCP6.0 are not considered in this risk assessment because the literature underpinning this assessment is only available for
RCP2.6 and RCP8.5.
(b) Benefits of responses to sea level rise and mitigation
Risk delay through
Level of Schematic illustration of risk reduction and the delay of Risk delay respgnses o sea level rise @ . Risk reduction
risk related a given risk level through responses to sea level rise Total risk delay through mitigation " through mitigation
and/or mitigation. The amount of risk reduction and (mitigation + responses
to sea level delay depends on sea level and response scenarios and to 563 level rise)

varies between contexts and localities. . X
Risk reduction

l through responses

to sea level rise

" Total risk reduction

(mitigation + responses

Present day » Future 1o sea level rise)

Figure SPM.5| a, b
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(c) Responses to rising mean and extreme sea levels
The table illustrates responses and their characteristics. It is not exhaustive. Whether a response is applicable depends on geography and context.

Summary for Policymakers

Confidence levels (assessed for effectiveness): esee =Very High ~ eee=High ee=Medium o= "low
Responses Potential Advantages Co-benefits Drawbacks Economic Governance
effectiveness efficiency challenges
in terms of reducing (beyond risk reduction)
sea level rise (SLR) risks
(technical/biophysical limits)
Up to multiple metres | Predictable levels of Multifunctional dikes Destruction of habitat | High if the value Often unaffordable for
of SLR {4.4.2.2.4} safety {4.4.2.2.4} such as for recreation, | through coastal of assets behind poorer areas. Conflicts
ooo or other land use squeeze, flooding & protection is high, as between objectives
{4.4.2.2.5} erosion downdrift, found in many urban (e.g., conservation,
lock—in, disastrous and densely populated | safety and tourism),
consequence in case coastal areas conflicts about the
Hard of defence failure {4.4.2.2.7} distribution of public
protection 43.2.4,44.2.2.5} budgets, lack of
finance {4.3.3.2,
4.4.2.2.6}
Sediment— Effective but depends | High flexibility Preservation of Destruction of habitat, | High if tourism Conflicts about the
based on sediment availability | {4.4.2.2.4} beaches for recreation/ | where sediment is revenues are high distribution of public
protection (4.42.2.4) eee tourism {4.4.2.2.5} sourced {4.4.2.2.5} 4.4.2.2.7} budgets {4.4.2.2.6}
Coral Effective up to Opportunity for Habitat gain, Long-term Limited evidence on Permits for
conservation | 0.5cmyr' SLR. ee community biodiversity, carbon effectiveness depends benefit—cost ratios; implementation are
Strongly limited by involvement, sequestration, income | on ocean warming, Depends on population | difficult to obtain. Lack
Coral ocean warming and {4.4.2.3.1} from tourism, acidification and density and the of finance. Lack of
restoration | acidification. enhanced fishery emission scenarios availability of land enforcement of
Constrained at 1.5°C productivity, improved | {4.3.3.5.2,4.4.2.3.2} | {44.23.7} conservation policies.

warming and lost at
2°C at many places.
{43.35.2,44.232,

water quality.
Provision of food,
medicine, fuel, wood

EbA options dismissed
due to short—term
economic interest,

g
g 5.3.4} eee and cultural benefits availability of land
g {4.4.2.3.5) (4.4.2.3.6)
§ Wetland Effective up to 0.5-1 Safet.y levels less
& | conservation | myr1SIR, ee predictable, )
£ decreased at 2°C developmenl benefits
i (Mlvlanrshes, {433.5.1,44232, not realized {4.4.2.3.5,
Z groves) 537) 44.23.2)
8 D (11}
w
Wetland Safety levels less
restoration predictable, a lot of
(Marshes, land required, barriers
Mangroves) for landward expan—
sion of ecosystems has
to be removed
{4.4.23.5,44.23.2}
Coastal Up to multiple metres | Predictable levels of Generates land and Groundwater salinisa— | Very high if land prices | Often unaffordable for
advance of SLR {4.4.2.2.4} safety {4.4.2.2.4} land sale revenues that | tion, enhanced erosion | are high as found in poorer areas. Social
oo can be used to finance | and loss of coastal many urban coasts conflicts with regards
adaptation {4.4.2.4.5} | ecosystems and habitat | {4.4.2.4.7} to access and
{4.4.2.4.5} distribution of new
land {4.4.2.4.6}
Coastal Very effective for small | Mature technology; Maintains landscape Does not prevent Very high for early Early wamning systems
accommodation SLR {4.4.2.5.4} eee sediments deposited connectivity {4.4.2.5.5} | flooding/impacts warning systems and require effective insti—
(Flood—proofing buildings, during floods can raise {4.4.25.5) building—scale tutional arrangements

early warning systems for
flood events, etc.)

elevation {4.4.2.5.5}

measures {4.4.2.5.7}

{4.4.2.6.6}

Planned Effective if alternative | Sea level risks at Access to improved Loss of social cohesion, | - Limited evidence Reconciling the
relocation safe localities are origin can be services (health, cultural identity and [4.4.2.6.7} divergent interests
available {4.4.2.6.4} eliminated {4.4.2.6.4} education, housing), well-being. Depressed arising from relocating
ece job opportunities and | services (health, people from point of
economic growth education, housing), origin and destination
{4.4.2.6.5} job opportunities and {4.4.2.6.6}
economic growth
= {4.4.26.5)
E
k1
S g Addresses only Not applicable Not applicable Range from loss of life | Not applicable Raises complex
displacement immediate risk at place to loss of livelihoods humanitarian
of origin and sovereignty questions on
{4.4.2.6.5} livelihoods, human
rights and equity
{4.4.2.6.6}
(d) Choosing and enabling sea level rise responses
Generic steps of adaptive decision making Enabling conditions
Stage setting ———> Dynamic plan —————> Impl| ion —p- ing and « Long-term perspective

corrective action
Monitor and take
corrective action upon
observed situation

Identify risks,
objectives, options,
uncertainties and
criteria for evaluating
options

Develop initial plan of initial plan and
(combinations of options over monitoring system
time) plus corrective actions  for progressing

to be carried out based on change and success
observed situation

* Cross—scale coordination

© Address vulnerability and equity
* Inclusive public participation

* Capability to address complexity

Figure SPM.5| ¢, d

33



Summary for Policymakers

Figure SPM.5 | Sea level rise risks and responses. The term response is used here instead of adaptation because some responses, such as retreat,
may or may not be considered to be adaptation. (a) shows the combined risk of coastal flooding, erosion and salinization for illustrative geographies
in 2100, due to changing mean and extreme sea levels under RCP2.6 and RCP8.5 and under two response scenarios. Risks under RCPs 4.5 and 6.0
were not assessed due to a lack of literature for the assessed geographies. The assessment does not account for changes in extreme sea level beyond
those directly induced by mean sea level rise; risk levels could increase if other changes in extreme sea levels were considered (e.g., due to changes
in cyclone intensity). Panel a) considers a socioeconomic scenario with relatively stable coastal population density over the century. {SM4.3.2} Risks to
illustrative geographies have been assessed based on relative sea level changes projected for a set of specific examples: New York City, Shanghai and
Rotterdam for resource-rich coastal cities covering a wide range of response experiences; South Tarawa, Fongafale and Male’ for urban atoll islands;
Mekong and Ganges-Brahmaputra-Meghna for large tropical agricultural deltas; and Bykovskiy, Shishmaref, Kivalina, Tuktoyaktuk and Shingle Point
for Arctic communities located in regions remote from rapid glacio-isostatic adjustment. {4.2, 4.3.4, SM4.2} The assessment distinguishes between
two contrasting response scenarios. “No-to-moderate response” describes efforts as of today (i.e., no further significant action or new types of
actions). “Maximum potential response” represents a combination of responses implemented to their full extent and thus significant additional efforts
compared to today, assuming minimal financial, social and political barriers. The assessment has been conducted for each sea level rise and response
scenario, as indicated by the burning embers in the figure; in-between risk levels are interpolated. {4.3.3} The assessment criteria include exposure
and vulnerability (density of assets, level of degradation of terrestrial and marine buffer ecosystems), coastal hazards (flooding, shoreline erosion,
salinization), in-situ responses (hard engineered coastal defenses, ecosystem restoration or creation of new natural buffers areas, and subsidence
management) and planned relocation. Planned relocation refers to managed retreat or resettlement as described in Chapter 4, i.e., proactive and
local-scale measures to reduce risk by relocating people, assets and infrastructure. Forced displacement is not considered in this assessment. Panel (a)
also highlights the relative contributions of in-situ responses and planned relocation to the total risk reduction. (b) schematically illustrates the risk
reduction (vertical arrows) and risk delay (horizontal arrows) through mitigation and/or responses to sea level rise. (c) summarizes and assesses
responses to sea level rise in terms of their effectiveness, costs, co-benefits, drawbacks, economic efficiency and associated governance challenges.
{4.4.2} (d) presents generic steps of an adaptive decision-making approach, as well as key enabling conditions for responses to sea level rise.
(4.4.4,4.4.5)

Enabling Conditions

C.4 Enabling climate resilience and sustainable development depends critically on urgent
and ambitious emissions reductions coupled with coordinated sustained and increasingly
ambitious adaptation actions (very high confidence). Key enablers for implementing effective
responses to climate-related changes in the ocean and cryosphere include intensifying
cooperation and coordination among governing authorities across spatial scales and planning
horizons. Education and climate literacy, monitoring and forecasting, use of all available
knowledge sources, sharing of data, information and knowledge, finance, addressing social
vulnerability and equity, and institutional support are also essential. Such investments
enable capacity-building, social learning, and participation in context-specific adaptation, as
well as the negotiation of trade-offs and realisation of co-benefits in reducing short-term
risks and building long-term resilience and sustainability. (high confidence). This report
reflects the state of science for ocean and cryosphere for low levels of global warming
(1.5°C), as also assessed in earlier IPCC and IPBES reports. {1.1, 1.5, 1.8.3, 2.3.1, 2.3.2, 2.4,
Figure 2.7, 2.5, 3.5.2, 3.5.4, 4.4, 5.2.2, Box 5.3, 5.4.2, 5.5.2, 6.4.3, 6.5.3, 6.8, 6.9, Cross-Chapter
Box 9, Figure SPM.5}

o d

C4.1 'A‘ n ﬁ» In light of observed and projected changes in the ocean and cryosphere, many nations will
face challenges to adapt, even with ambitious mitigation (very high confidence). In a high emissions scenario, many
ocean- and cryosphere-dependent communities are projected to face adaptation limits (e.g. biophysical, geographical,
financial, technical, social, political and institutional) during the second half of the 21st century. Low emission
pathways, for comparison, limit the risks from ocean and cryosphere changes in this century and beyond and enable
more effective responses (high confidence), whilst also creating co-benefits. Profound economic and institutional
transformative change will enable Climate Resilient Development Pathways in the ocean and cryosphere context
(high confidence).{1.1, 1.4-1.7, Cross-Chapter Boxes 1-3 in Chapter 1, 2.3.1, 2.4, Box 3.2, Figure 3.4, Cross-Chapter
Box 7 in Chapter 3, 3.4.3, 4.2.2, 4.2.3, 43.4, 4.4.2, 443, 4.4.6, 5.4.2, 5.5.3, 6.9.2, Cross-Chapter Box 9, Figure
SPM.5}

o4
C4.2 'A‘ @ n ﬁ» Intensifying cooperation and coordination among governing authorities across scales,
jurisdictions, sectors, policy domains and planning horizons can enable effective responses to changes in the ocean,
cryosphere and to sea level rise (high confidence). Regional cooperation, including treaties and conventions, can
support adaptation action; however, the extent to which responding to impacts and losses arising from changes
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in the ocean and cryosphere is enabled through regional policy frameworks is currently limited (high confidence).
Institutional arrangements that provide strong multiscale linkages with local and Indigenous communities benefit
adaptation (high confidence). Coordination and complementarity between national and transboundary regional
policies can support efforts to address risks to resource security and management, such as water and fisheries
(medium confidence). {2.3.1, 2.3.2, 2.4, Box 2.4, 2.5, 3.5.2, 3.5.3, 3.5.4, 4.4.4, 4.4.5, Table 4.9, 5.5.2, 6.9.2}

o4
'A‘ @ n ﬁ» Experience to date — for example, in responding to sea level rise, water-related risks in some
high mountains, and climate change risks in the Arctic — also reveal the enabling influence of taking a long-term
perspective when making short-term decisions, explicitly accounting for uncertainty of context-specific risks
beyond 2050 (high confidence), and building governance capabilities to tackle complex risks (medium confidence).
{2.3.1,3.5.4,4.4.4,4.4.5,Table 4.9, 5.5.2, 6.9, Figure SPM.5}

o d

'A‘ @ n ﬁ» Investments in education and capacity building at various levels and scales facilitates
social learning and long-term capability for context-specific responses to reduce risk and enhance resilience (high
confidence). Specific activities include utilization of multiple knowledge systems and regional climate information
into decision making, and the engagement of local communities, Indigenous peoples, and relevant stakeholders in
adaptive governance arrangements and planning frameworks (medium confidence). Promotion of climate literacy and
drawing on local, Indigenous and scientific knowledge systems enables public awareness, understanding and social
learning about locality-specific risk and response potential (high confidence). Such investments can develop, and in
many cases transform existing institutions and enable informed, interactive and adaptive governance arrangements
(high confidence). {1.8.3, 2.3.2, Figure 2.7, Box 2.4, 2.4, 3.5.2, 3.5.4, 4.4.4, 4.4.5, Table 4.9, 5.5.2, 6.9}

o d

'A‘ @ nﬂ‘» Context-specific monitoring and forecasting of changes in the ocean and the cryosphere
informs adaptation planning and implementation, and facilitates robust decisions on trade-offs between short- and
long-term gains (medium confidence). Sustained long-term monitoring, sharing of data, information and knowledge
and improved context-specific forecasts, including early warning systems to predict more extreme El Nifio/La Nifa
events, tropical cyclones, and marine heatwaves, help to manage negative impacts from ocean changes such as losses
in fisheries, and adverse impacts on human health, food security, agriculture, coral reefs, aquaculture, wildfire, tourism,
conservation, drought and flood (high confidence). {2.4, 2.5, 3.5.2, 4.4.4,5.5.2, 6.3.1, 6.3.3, 6.4.3, 6.5.3, 6.9}

o4
'A‘ @ n ﬁ» Prioritising measures to address social vulnerability and equity underpins efforts to promote
fair and just climate resilience and sustainable development (high confidence), and can be helped by creating safe
community settings for meaningful public participation, deliberation and conflict resolution (medium confidence).
{Box 2.4, 4.4.4, 4.4.5, Table 4.9, Figure SPM.5}

o d
'A‘ n ﬁ» This assessment of the ocean and cryosphere in a changing climate reveals the benefits of
ambitious mitigation and effective adaptation for sustainable development and, conversely, the escalating costs and
risks of delayed action. The potential to chart Climate Resilient Development Pathways varies within and among
ocean, high mountain and polar land regions. Realising this potential depends on transformative change. This
highlights the urgency of prioritising timely, ambitious, coordinated and enduring action (very high confidence).
{1.1, 1.8, Cross-Chapter Box 1 in Chapter 1, 2.3, 2.4, 3.5, 4.2.1, 4.2.2, 4.3.4, 4.4, Table 4.9, 5.5, 6.9, Cross-Chapter
Box 9, Figure SPM.5}
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TS.0 Introduction

This Technical Summary of the IPCC Special Report on Ocean and
Cryosphere in a Changing Climate (SROCC) consists of the Executive
Summaries of all chapters (1-6) of the Special Report, the Executive
Summary from the Integrative Cross-Chapter Box on Low-Lying
Islands and Coasts, and supporting figures drawn from the chapters
and the Summary for Policymakers. The Technical Summary follows
the structure of the Report (Table TS.1).

Section TS.1 (Chapter 1) introduces important key concepts,
summarizes the characteristics and interconnection of ocean and
cryosphere and highlights their importance in the earth system and
for human societies in the light of climate change. T5.2 (Chapter 2)
assesses changes in high mountain cryosphere and their impacts
on local mountain communities and far beyond. TS.3 (Chapter 3)
evaluates the state of knowledge concerning changes and impacts
in the Arctic and Antarctic ocean and cryosphere systems, including
challenges and opportunities for societies. TS.4 (Chapter 4) focusses
on regional and global changes in sea level, the associated risk to
low-lying islands, coasts and human settlements, and response
options. TS.5 (Chapter 5) assesses changes in the ocean and marine
ecosystems, including risks to ecosystem services and vulnerability
of the dependent communities. TS.6 (Chapter 6) examines extremes
and abrupt or irreversible changes in the ocean and cryosphere
in a changing climate, and identifies sustainable and resilient risk
management strategies. All chapters and their Executive Summaries
build on findings since the IPCC Fifth Assessment Report (AR5) and,
whenever applicable, outcomes of the IPCC Special Report on Global
Warming of 1.5°C (SR15).

SROCC uses IPCC calibrated language' for the communication of
confidence in the assessment process (see Chapter 1 and references
therein). This calibrated language is designed to consistently
evaluate and communicate uncertainties that arise from incomplete
knowledge due to a lack of information, or from disagreement about
what is known or even knowable. The IPCC calibrated language
uses qualitative expressions of confidence based on the robustness
of evidence for a finding, and (where possible) uses quantitative
expressions to describe the likelihood of a finding (Figure TS.1).

Step 1: Evaluate evidence and agreement

Observations  Theory Statistics Models Experiments ~ Process
| v v v v v v
|7 Sufficient evidence and agreement to evaluate confidence?
Step 2: Evaluate confidence
Confidence
High agreement High agreement High agf Language
Limited evidence ~ Medium evidence  Robust evi -_ Very high
(Emerging) (Robust) v hig
High
+= Medium agreement Medium agreement Medium agreement o8- g
g Limited evidence ~ Medium evidence ~ Robust evidence o— Medium
(<5}
D
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|7 Sufficient confidence and quantitative/probabilistic evidence to evaluate likelihood?

Step 3: Evaluate statistical likelihood

Likelihood Statistical Level Statistical Range
Language (assessing change) (assessing range)
Virtually certain >99%
Extremely likely >95%
Very likely >90% 5-95% range
Likely >66% 17-83% range
More likely than not >50% 25-75% range
About as likely as not 33-66%
Unlikely <33% <17% and >83% (both tails)
Very unlikely <10% <5% and >95% (both tails)
Extremely unlikely <5%
Exceptionally unlikely <1%

Figure TS.1 | Schematic of the IPCC usage of calibrated language (for more details
see Section 1.9.2, Figure 1.4 and Cross-Chapter Box 5 in Chapter 1).

References to chapter sections, boxes, cross-chapter boxes as well as
to figures and tables are provided in curly brackets {} at the end of
each statement below.

Table TS.1 | Structure of the Technical Summary (TS) and Chapters included in the IPCC Special Report on Ocean and Cryosphere in a Changing Climate (SROCC).

TS1 Chapter 1: Framing and Context of the Report

TS.2 Chapter 2: High Mountain Areas

TS.3 Chapter 3: Polar Regions

TS.4 Chapter 4: Sea Level Rise and Implications for Low-Lying Islands, Coasts and Communities
TS5 Chapter 5: Changing Ocean, Marine Ecosystems, and Dependent Communities

TS.6 Chapter 6: Extremes, Abrupt Changes and Managing Risks

1S.7 Integrative Cross-Chapter Box: Low-lying Islands and Coasts

Each finding is grounded in an evaluation of underlying evidence and agreement. The summary terms for evidence are: limited, medium or robust. For agreement, they are

low, medium or high. In many cases, a synthesis of evidence and agreement supports an assignment of confidence. A level of confidence is expressed using five qualifiers:
very low, low, medium, high and very high, and typeset in italics, e.g., 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, e.g., very likely. This Report also uses the term ‘likely range’ or ‘very likely range’ to indicate
that the assessed likelihood of an outcome lies within the 17-83% or 5-95% probability range. For more details see Chapter 1, Section 1.9.2 and Figure 1.4.
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TS.1  Framing and Context of the Report

This special report assesses new knowledge since the IPCC 5th
Assessment Report (AR5) and the Special Report on Global Warming
of 1.5°C (SR15) on how the ocean and cryosphere have and are
expected to change with ongoing global warming, the risks and
opportunities these changes bring to ecosystems and people,
and mitigation, adaptation and governance options for reducing
future risks. Chapter 1 provides context on the importance of the
ocean and cryosphere, and the framework for the assessments in
subsequent chapters of the report.

All people on Earth depend directly or indirectly on the
ocean and cryosphere. The fundamental roles of the ocean and
cryosphere in the Earth system include the uptake and redistribution
of anthropogenic carbon dioxide and heat by the ocean, as well as
their crucial involvement of in the hydrological cycle. The cryosphere
also amplifies climate changes through snow, ice and permafrost
feedbacks. Services provided to people by the ocean and/or
cryosphere include food and freshwater, renewable energy, health
and wellbeing, cultural values, trade and transport. {1.1, 1.2, 1.5,
Figure TS.2}

Sustainable development is at risk from emerging and
intensifying ocean and cryosphere changes. Ocean and
cryosphere changes interact with each of the United Nations
Sustainable Development Goals (SDGs). Progress on climate action
(SDG 13) would reduce risks to aspects of sustainable development
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that are fundamentally linked to the ocean and cryosphere and
the services they provide (high confidence). Progress on achieving the
SDGs can contribute to reducing the exposure or vulnerabilities of
people and communities to the risks of ocean and cryosphere change
(medium confidence). {1.1}

Communities living in close connection with polar, mountain,
and coastal environments are particularly exposed to the
current and future hazards of ocean and cryosphere change.
Coasts are home to approximately 28% of the global population,
including around 11% living on land less than 10 m above sea level.
Almost 10% of the global population lives in the Arctic or high
mountain regions. People in these regions face the greatest exposure
to ocean and cryosphere change, and poor and marginalised people
here are particularly vulnerable to climate-related hazards and risks
(very high confidence). The adaptive capacity of people, communities
and nations is shaped by social, political, cultural, economic,
technological, institutional, geographical and demographic factors.
{1.1,1.5, 1.6, Cross-Chapter Box 2 in Chapter 1}

Ocean and cryosphere changes are pervasive and observed
from high mountains, to the polar regions, to coasts, and into
the deep ocean. AR5 assessed that the ocean is warming (0 to
700 m: virtually certain; 700 to 2000 m: /ikely), sea level is rising (high
confidence), and ocean acidity is increasing (high confidence). Most
glaciers are shrinking (high confidence), the Greenland and Antarctic
ice sheets are losing mass (high confidence), sea ice extent in the
Arctic is decreasing (very high confidence), Northern Hemisphere
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Figure TS.2 | Schematic illustration of key components and changes of the ocean and cryosphere, and their linkages in the Earth system through the global exchange of
heat, water, and carbon (Section 1.2). Climate change-related effects (increase/decrease indicated by arrows in pictograms) in the ocean include sea level rise, increasing
ocean heat content and marine heat waves, increasing ocean oxygen loss and ocean acidification (Section 1.4.1). Changes in the cryosphere include the decline of Arctic sea
ice extent, Antarctic and Greenland ice sheet mass loss, glacier mass loss, permafrost thaw, and decreasing snow cover extent (Section 1.4.2). For illustration purposes, a few
examples of where humans directly interact with ocean and cryosphere are shown (for more details see Box 1.1).
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Past and future changes in the ocean and cryosphere

Historical changes (observed and modelled) and projections under RCP2.6 and RCP8.5 for key indicators
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Figure TS.3 | Observed and modelled historical changes in the ocean and cryosphere since 19502, and projected future changes under low (RCP2.6) and high (RCP8.5)
greenhouse gas emissions scenarios. Changes are shown for: (a) Global mean surface air temperature change with likely range. {Box SPM.1, Cross-Chapter Box 1in Chapter 1}
Ocean-related changes with very likely ranges for (b) Global mean sea surface temperature change {Box 5.1, 5.2.2}; (c) Change factor in surface ocean marine heatwave days
{6.4.1}; (d) Global ocean heat content change (0—2000 m depth). An approximate steric sea level equivalent is shown with the right axis by multiplying the ocean heat content
by the global-mean thermal expansion coefficient (€ =~ 0.125 m per 1024 Joules®) for observed warming since 1970 {Figure 5.1}; (h) Global mean surface pH (on the total
scale). Assessed observational trends are compiled from open ocean time series sites longer than 15 years {Box 5.1, Figure 5.6, 5.2.2}; and (i) Global mean ocean oxygen change
(100-600 m depth). Assessed observational trends span 1970-2010 centered on 1996 {Figure 5.8, 5.2.2}. Sea level changes with likely ranges for (m) Global mean sea level
change. Hashed shading reflects low confidence in sea level projections beyond 2100 and bars at 2300 reflect expert elicitation on the range of possible sea level change {4.2.3,
Figure 4.2}; and components from (e,f) Greenland and Antarctic ice sheet mass loss {3.3.1}; and (g) Glacier mass loss {Cross-Chapter Box 6 in Chapter 2, Table 4.1}. Further
cryosphere-related changes with very likely ranges for (j) Arctic sea ice extent change for September® {3.2.1, 3.2.2 Figure 3.3}; (k) Arctic snow cover change for June (land areas
north of 60°N) {3.4.1, 3.4.2, Figure 3.10}; and (I) Change in near-surface (within 3—4 m) permafrost area in the Northern Hemisphere {3.4.1, 3.4.2, Figure 3.10}. Assessments
of projected changes under the intermediate RCP4.5 and RCP6.0 scenarios are not available for all variables considered here, but where available can be found in the underlying

report. {For RCP4.5 see: 2.2.2, Cross-Chapter Box 6 in Chapter 2, 3.2.2, 3.4.2, 4.2.3, for RCP6.0 see Cross-Chapter Box 1 in Chapter 1}

snow cover is decreasing (very high confidence), and permafrost
temperatures are increasing (high confidence). Improvements
since AR5 in observation systems, techniques, reconstructions and
model developments, have advanced scientific characterisation and
understanding of ocean and cryosphere change, including in previously
identified areas of concern such as ice sheets and Atlantic Meridional
Overturning Circulation (AMOC). {1.1, 1.4, 1.8.1, Figure TS.3}

Evidence and understanding of the human causes of climate
warming, and of associated ocean and cryosphere changes,
has increased over the past 30 years of IPCC assessments (very
high confidence). Human activities are estimated to have caused
approximately 1.0°C of global warming above pre-industrial levels
(SR15). Areas of concern in earlier IPCC reports, such as the expected
acceleration of sea level rise, are now observed (high confidence).
Evidence for expected slow-down of AMOC is emerging in sustained
observations and from long-term palaeoclimate reconstructions
(medium confidence), and may be related with anthropogenic forcing
according to model simulations, although this remains to be properly
attributed. Significant sea level rise contributions from Antarctic ice
sheet mass loss (very high confidence), which earlier reports did not
expect to manifest this century, are already being observed. {1.1, 1.4}

Ocean and cryosphere changes and risks by the end-of-century
(2081-2100) will be larger under high greenhouse gas emission
scenarios, compared with low emission scenarios (very high
confidence). Projections and assessments of future climate, ocean
and cryosphere changes in the Special Report on the Ocean and
Cryosphere in a Changing Climate (SROCC) are commonly based
on coordinated climate model experiments from the Coupled Model
Intercomparison Project Phase 5 (CMIP5) forced with Representative
Concentration Pathways (RCPs) of future radiative forcing. Current
emissions continue to grow at a rate consistent with a high emission
future without effective climate change mitigation policies (referred
to as RCP8.5). The SROCC assessment contrasts this high greenhouse
gas emission future with a low greenhouse gas emission, high
mitigation future (referred to as RCP2.6) that gives a two in three
chance of limiting warming by the end of the century to less than 2°C
above pre-industrial. {Cross-Chapter Box 1 in Chapter 1, Table TS.2}

Characteristics of ocean and cryosphere change include
thresholds of abrupt change, long-term changes that cannot be
avoided, and irreversibility (high confidence). Ocean warming,
acidification and deoxygenation, ice sheet and glacier mass loss, and
permafrost degradation are expected to be irreversible on time scales
relevant to human societies and ecosystems. Long response times
of decades to millennia mean that the ocean and cryosphere are
committed to long-term change even after atmospheric greenhouse
gas concentrations and radiative forcing stabilise (high confidence).
Ice-melt or the thawing of permafrost involve thresholds (state
changes) that allow for abrupt, nonlinear responses to ongoing
climate warming (high confidence). These characteristics of ocean
and cryosphere change pose risks and challenges to adaptation.
{1.1, Box 1.1, 1.3}

Societies will be exposed, and challenged to adapt, to changes
in the ocean and cryosphere even if current and future efforts
to reduce greenhouse gas emissions keep global warming well
below 2°C (very high confidence). Ocean and cryosphere-related
mitigation and adaptation measures include options that address the
causes of climate change, support biological and ecological adaptation,
or enhance societal adaptation. Most ocean-based local mitigation
and adaptation measures have limited effectiveness to mitigate
climate change and reduce its consequences at the global scale, but
are useful to implement because they address local risks, often have
co-benefits such as biodiversity conservation, and have few adverse
side effects. Effective mitigation at a global scale will reduce the need
and cost of adaptation, and reduce the risks of surpassing limits to
adaptation. Ocean-based carbon dioxide removal at the global scale
has potentially large negative ecosystem consequences. {1.6.1, 1.6.2,
Cross-Chapter Box 2 in Chapter 1, Figure TS.4}

The scale and cross-boundary dimensions of changes in the
ocean and cryosphere challenge the ability of communities,
cultures and nations to respond effectively within existing
governance frameworks (high confidence). Profound economic
and institutional transformations are needed if climate-resilient
development is to be achieved (high confidence). Changes in
the ocean and cryosphere, the ecosystem services that they provide,

2 This does not imply that the changes started in 1950. Changes in some variables have occurred since the pre-industrial period.

3 This scaling factor (global-mean ocean expansion as sea level rise in metres per unit heat) varies by about 10% between different models, and it will systematically increase
by about 10% by 2100 under RCP8.5 forcing due to ocean warming increasing the average thermal expansion coefficient. {4.2.1, 4.2.2, 5.2.2}

Antarctic sea ice is not shown here due to low confidence in future projections. {3.2.2}
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Table TS.2 | Projected change in global mean surface air temperature and key ocean variables for the near-term (2031-2050) and end-of-century (2081-2100) relative to
the recent past (1986—2005) reference period from CMIP5. Small differences in the projections given here compared with AR5 reflect differences in the number of models
available now compared to at the time of the AR5 assessment (for more details see Cross-Chapter Box 1in Chapter 1).

Near-term: 2031-2050 End-of-century: 2081-2100
NET) Mean 5-95% range Mean 5-95% range
RCP2.6 0.9 0.5-1.4 1.0 0.3-1.7
Global Mean Surface RCP4.5 1.1 0.7-1.5 1.8 1.0-2.6
H o\a
Air Temperature (°C) RCP6.0 1.0 0.5-1.4 23 1.4-32
RCP8.5 1.4 0.9-1.8 3.7 2.6-4.8
Global Mean Sea Surface RCP2.6 0.64 0.33-0.96 0.73 0.20-1.27
Temperature (°C)°
(Section 5.2.5) RCP8.5 0.95 0.60-1.29 2.58 1.64-3.51
b RCP2.6 —-0.072 —0.072 t0 —-0.072 —0.065 —0.065 to —0.066
Surface pH (units)
(Section 5.2.2.3) RCP8.5 -0.108 ~0.106 t0 ~0.110 -0315 ~0313t0-0.317
Dissolved Oxygen RCP2.6 -0.9 -03to-15 -0.6 0.0to-1.2
(100-600 m) (% change)
(Section 5.2.2.4)P RCP8.5 -1.4 -1.0t0-1.8 -39 -2.9t0-5.0
Notes:

2 Calculated following the same procedure as the IPCC 5th Assessment Report (AR5). The 5-95% model range of global mean surface air temperature across CMIP5 projections
was assessed in AR5 as the /ikely range, after accounting for additional uncertainties or different levels of confidence in models.

b The 5-95% model range for global mean sea surface temperature, surface pH and dissolved oxygen (100-600 m) as referred to in the SROCC assessment as the very likely

range (see also Chapter 1, Section 1.9.2, Figure 1.4).
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Figure TS.4 | There are options for risk reduction through adaptation. Adaptation can reduce risk by addressing one or more of the three risk factors: vulnerability,
exposure, and/or hazard. The reduction of vulnerability, exposure, and/or hazard potential can be achieved through different policy and action choices over time until limits
to adaptation might be reached. The figure builds on the conceptual framework of risk used in AR5 (for more details see Cross-Chapter Box 2 in Chapter 1).
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the drivers of those changes, and the risks to marine, coastal, polar
and mountain ecosystems, occur on spatial and temporal scales that
may not align within existing governance structures and practices
(medium confidence). This report highlights the requirements
for transformative governance, international and transboundary
cooperation, and greater empowerment of local communities in
the governance of the ocean, coasts, and cryosphere in a changing
climate. {1.5, 1.7, Cross-Chapter Box 2 in Chapter 1, Cross-Chapter
Box 3 in Chapter 1}

Robust assessments of ocean and cryosphere change, and the
development of context-specific governance and response
options, depend on utilising and strengthening all available
knowledge systems (high confidence). Scientific knowledge from
observations, models and syntheses provides global to local scale
understandings of climate change (very high confidence). Indigenous
knowledge (IK) and local knowledge (LK) provide context-specific and
socio-culturally relevant understandings for effective responses and
policies (medium confidence). Education and climate literacy enable
climate action and adaptation (high confidence). {1.8, Cross-Chapter
Box 4 in Chapter 1}

Long-term sustained observations and continued modelling
are critical for detecting, understanding and predicting ocean
and cryosphere change, providing the knowledge to inform
risk assessments and adaptation planning (high confidence).
Knowledge gaps exist in scientific knowledge for important regions,
parameters and processes of ocean and cryosphere change, including
for physically plausible, high impact changes like high end sea level
rise scenarios that would be costly if realised without effective
adaptation planning and even then may exceed limits to adaptation.
Means such as expert judgement, scenario building, and invoking
multiple lines of evidence enable comprehensive risk assessments
even in cases of uncertain future ocean and cryosphere changes.
{1.8.1,1.9.2, Cross-Chapter Box 5 in Chapter 1}

TS.2  High Mountain Areas

The cryosphere (including, snow, glaciers, permafrost, lake and
river ice) is an integral element of high mountain regions, which
are home to roughly 10% of the global population. Widespread
cryosphere changes affect physical, biological and human systems in
the mountains and surrounding lowlands, with impacts evident even
in the ocean. Building on the IPCC's 5th Assessment Report (AR5),
this chapter assesses new evidence on observed recent and projected
changes in the mountain cryosphere as well as associated impacts,
risks and adaptation measures related to natural and human systems.
Impacts in response to climate changes independently of changes in
the cryosphere are not assessed in this chapter. Polar mountains are
included in Chapter 3, except those in Alaska and adjacent Yukon,
Iceland and Scandinavia, which are included in this chapter.

Technical Summary

Observations of cryospheric changes, impacts,
and adaptation in high mountain areas

Observations show general decline in low-elevation snow
cover (high confidence) glaciers (very high confidence) and
permafrost (high confidence) due to climate change in recent
decades. Snow cover duration has declined in nearly all regions,
especially at lower elevations, on average by 5 days per decade,
with a likely range from 0-10 days per decade. Low elevation snow
depth and extent have declined, although year-to-year variation is
high. Mass change of glaciers in all mountain regions (excluding the
Canadian and Russian Arctic, Svalbard, Greenland and Antarctica)
was very likely =490 + 100 kg m=2 yr™' (=123 + 24 Gt yr™") in 2006
2015. Regionally averaged mass budgets were likely most negative
(less than =850 kg m= yr™") in the southern Andes, Caucasus and the
European Alps/Pyrenees, and least negative in High Mountain Asia
(=150 + 110 kg m= yr™") but variations within regions are strong.
Between 3.6-5.2 million km? are underlain by permafrost in the
eleven high mountain regions covered in this chapter corresponding
to 27-29% of the global permafrost area (medium confidence).
Sparse and unevenly distributed measurements show an increase
in permafrost temperature (high confidence), for example, by
0.19°C + 0.05°C on average for about 28 locations in the European
Alps, Scandinavia, Canada and Asia during the past decade. Other
observations reveal decreasing permafrost thickness and loss of ice
in the ground. {2.2.2, 2.2.3, 2.2.4, Figure TS.5}

Glacier, snow and permafrost decline has altered the frequency,
magnitude and location of most related natural hazards (high
confidence). Exposure of people and infrastructure to natural
hazards has increased due to growing population, tourism and
socioeconomic development (high confidence). Glacier retreat
and permafrost thaw have decreased the stability of mountain slopes
and the integrity of infrastructure (high confidence). The number
and area of glacier lakes has increased in most regions in recent
decades (high confidence), but there is only limited evidence that
the frequency of glacier lake outburst floods (GLOF) has changed. In
some regions, snow avalanches involving wet snow have increased
(medium confidence), and rain-on-snow floods have decreased at
low elevations in spring and increased at high elevations in winter
(medium confidence). The number and extent of wildfires have
increased in the Western USA partly due to early snowmelt (medium
confidence).{2.3.2, 2.3.3}

Changes in snow and glaciers have changed the amount and
seasonality of runoff in snow-dominated and glacier-fed river
basins (very high confidence) with local impacts on water
resources and agriculture (medium confidence). Winter runoff
has increased in recent decades due to more precipitation falling as
rain (high confidence). In some glacier-fed rivers, summer and annual
runoff have increased due to intensified glacier melt, but decreased
where glacier melt water has lessened as glacier area shrinks.
Decreases were observed especially in regions dominated by small
glaciers, such as the European Alps (medium confidence). Glacier
retreat and snow cover changes have contributed to localized declines
in agricultural yields in some high mountain regions, including the
Hindu Kush Himalaya and the tropical Andes (medium confidence).
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There is limited evidence of impacts on operation and productivity
of hydropower facilities resulting from changes in seasonality and
both increases and decreases in water input, for example, in the
European Alps, Iceland, Western Canada and USA, and the tropical
Andes. {2.3.1}

Species composition and abundance have markedly changed
in high mountain ecosystems in recent decades (very high
confidence), partly due to changes in the cryosphere (high
confidence). Habitats for establishment by formerly absent species
have opened up or been altered by reduced snow cover (high
confidence), retreating glaciers (very high confidence), and thawing
of permafrost (medium confidence). Reductions in glacier and
snow cover have directly altered the structure of many freshwater
communities (high confidence). Reduced snow cover has negatively
impacted the reproductive fitness of some snow-dependent
plant and animal species, including foraging and predator-prey
relationships of mammals (high confidence). Upslope migration
of individual species, mostly due to warming and to a lesser extent
due to cryosphere-related changes, has often increased local species
richness (very high confidence). Some cold-adapted species, including
endemics, in terrestrial and freshwater communities have declined
in abundance (high confidence). While the plant productivity has
generally increased, the actual impact on provisioning, regulating and
cultural ecosystem services varies greatly (high confidence). {2.3.3}

Tourism and recreation activities such as skiing, glacier
tourism and mountaineering have been negatively impacted
by declining snow cover, glaciers and permafrost (medium
confidence). In several regions, worsening route safety has reduced
mountaineering opportunities (medium confidence). Variability and
decline in natural snow cover have compromised the operation of
low-elevation ski resorts (high confidence). Glacier and snow decline
have impacted aesthetic, spiritual and other cultural aspects of
mountain landscapes (medium confidence), reducing the well-being
of people (e.g., in the Himalaya, eastern Africa, and the tropical
Andes). {2.3.5, 2.3.6}

Adaptation in agriculture, tourism and drinking water supply
has aimed to reduce the impacts of cryosphere change
(medium confidence), though there is limited evidence on their
effectiveness owing to a lack of formal evaluations, or technical,
financial and institutional barriers to implementation. In some
places, artificial snowmaking has reduced the negative impacts on
ski tourism (medium confidence). Release and storage of water from
reservoirs according to sectoral needs (agriculture, drinking water,
ecosystems) has reduced the impact of seasonal variability on runoff
(medium confidence).{2.3.1, 2.3.5}

Future projections of cryospheric changes, their impacts
and risks, and adaptation in high mountain areas

Snow cover, glaciers and permafrost are projected to continue
to decline in almost all regions throughout the 21st century
(high confidence). Compared to 1986-2005, low elevation snow
depth will /ikely decrease by 10-40% for 2031-2050, regardless of
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Representative Concentration Pathway (RCP) and for 2081-2100,
likely by 10-40 % for RCP2.6 and by 50-90% for RCP8.5. Projected
glacier mass reductions between 2015-2100 are likely 22—-44% for
RCP2.6 and 37-57% for RCP8.5. In regions with mostly smaller
glaciers and relatively little ice cover (e.g., European Alps, Pyrenees,
Caucasus, North Asia, Scandinavia, tropical Andes, Mexico, eastern
Africa and Indonesia), glaciers will lose more than 80% of their
current mass by 2100 under RCP8.5 (medium confidence), and
many glaciers will disappear regardless emission scenario (very high
confidence). Permafrost thaw and degradation will increase during
the 21st century (very high confidence) but quantitative projections
are scarce. {2.2.2, 2.2.3, 2.2.4}

Most types of natural hazards are projected to change in
frequency, magnitude and areas affected as the cryosphere
continues to decline (high confidence). Glacier retreat and
permafrost thaw are projected to decrease the stability of mountain
slopes and increase the number and area of glacier lakes (high
confidence). Resulting landslides and floods, and cascading events,
will also emerge where there is no record of previous events (high
confidence). Snow avalanches are projected to decline in number
and runout distance at lower elevation, and avalanches involving wet
snow even in winter will occur more frequently (medium confidence).
Rain-on-snow floods will occur earlier in spring and later in autumn,
and be more frequent at higher elevations and less frequent at lower
elevations (high confidence). {2.3.2, 2.3.3}

River runoff in snow dominated and glacier-fed river basins
will change further in amount and seasonality in response to
projected snow cover and glacier decline (very high confidence)
with negative impacts on agriculture, hydropower and water
quality in some regions (medium confidence). The average
winter snowmelt runoff is projected to increase (high confidence), and
spring peaks to occur earlier (very high confidence). Projected trends
in annual runoff vary substantially among regions, and can even be
opposite in direction, but there is high confidence that in all regions
average annual runoff from glaciers will have reached a peak that
will be followed by declining runoff at the latest by the end of the
21st century. Declining runoff is expected to reduce the productivity
of irrigated agriculture in some regions (medium confidence).
Hydropower operations will increasingly be impacted by altered
amount and seasonality of water supply from snow and glacier melt
(high confidence). The release of heavy metals, particularly mercury,
and other legacy contaminants currently stored in glaciers and
permafrost, is projected to reduce water quality for freshwater biota,
household use and irrigation (medium confidence). {2.3.1}

Current trends in cryosphere-related changes in high mountain
ecosystems are expected to continue and impacts to intensify
(very high confidence). While high mountains will provide new and
greater habitat area, including refugia for lowland species, both range
expansion and shrinkage are projected, and at high elevations this
will lead to population declines (high confidence). The latter increases
the risk of local extinctions, in particular for freshwater cold-adapted
species (medium confidence). Without genetic plasticity and/or
behavioural shifts, cryospheric changes will continue to negatively
impact endemic and native species, such as some coldwater fish



(e.g., trout) and species whose traits directly depend on snow
(e.g., snowshoe hares) or many large mammals (medium confidence).
The survival of such species will depend on appropriate conservation
and adaptation measures (medium confidence). Many projected
ecological changes will alter ecosystem services (high confidence),
affecting ecological disturbances (e.g., fire, rock fall, slope erosion)
with considerable impacts on people (medium confidence). {2.3.3}

Cultural assets, such as snow- and ice-covered peaks in many
UNESCO World Heritage sites, and tourism and recreation
activities, are expected to be negatively affected by future
cryospheric change in many regions (high confidence). Current
snowmaking technologies are projected to be less effective in
a warmer climate in reducing risks to ski tourism in most parts of
Europe, North America and Japan, in particular at 2°C global warming
and beyond (high confidence). Diversification through year-round
activities supports adaptation of tourism under future climate change
(medium confidence). {2.3.5, 2.3.6}

Enablers and response options to promote adaptation
and sustainable development in high mountain areas

The already committed and unavoidable climate change
affecting all cryosphere elements, irrespective of the emission
scenario, points to integrated adaptation planning to support
and enhance water availability, access, and management
(medium confidence). Integrated management approaches
for water across all scales, in particular for energy, agriculture,
ecosystems and drinking water supply, can be effective at dealing
with impacts from changes in the cryosphere. These approaches also
offer opportunities to support social-ecological systems, through the
developmentand optimisation of storage and the release of water from
reservoirs (medium confidence), while being cognisant of potential
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negative implications for some ecosystems. Success in implementing
such management options depends on the participation of relevant
stakeholders, including affected communities, diverse knowledge
and adequate tools for monitoring and projecting future conditions,
and financial and institutional resources to support planning and
implementation (medium confidence). {2.3.1, 2.3.3, 2.4}

Effective governance is a key enabler for reducing disaster
risk, considering relevant exposure factors such as planning,
zoning, and urbanisation pressures, as well as vulnerability
factors such as poverty, which can challenge efforts towards
resilience and sustainable development for communities
(medium confidence). Reducing losses to disasters depend on
integrated and coordinated approaches to account for the hazards
concerned, the degree of exposure, and existing vulnerabilities.
Diverse knowledge that includes community and multi-stakeholder
experience with past impacts complements scientific knowledge to
anticipate future risks. {Cross-Chapter Box 2 in Chapter 1, 2.3.2, 2.4}

International cooperation, treaties and conventions exist for
some mountain regions and transboundary river basins with
potential to support adaptation action. However, there is
limited evidence on the extent to which impacts and losses
arising from changes in the cryosphere are specifically
monitored and addressed in these frameworks. A wide range
of institutional arrangements and practices have emerged over the
past three decades that respond to a shared global mountain agenda
and specific regional priorities. There is potential to strengthen
them to also respond to climate-related cryosphere risks and open
opportunities for development through adaptation (limited evidence,
high agreement). The Sustainable Development Goals (SDGs), Sendai
Framework and Paris Agreement have directed some attention in
mountain-specific research and practice towards the monitoring and
reporting on targets and indicators specified therein. {2.3.1, 2.4}

Figure TS.5 (next pages) | Synthesis of observed regional hazards and impacts in acean® (top) and high mountain and polar land regions (bottom) assessed in SROCC. The same data
are shown in different formats in (a) and (b). For each region, physical changes, impacts on key ecosystems, and impacts on human systems and ecosystem function and services are shown.
For physical changes, yellow/green refers to an increase/decrease, respectively, in amount or frequency of the measured variable. For impacts on ecosystems, human systems and ecosystems
services blue or red depicts whether an observed impact is positive (beneficial) or negative (adverse), respectively, to the given system or service. Cells assigned ‘increase and decrease’
indicate that within that region, both increase and decrease of physical changes are found, but are not necessarily equal; the same holds for cells showing ‘positive and negative” attributable
impacts. For ocean regions, the confidence level refers to the confidence in attributing observed changes to changes in greenhouse gas forcing for physical changes and to climate change for
ecosystem, human systems, and ecosystem services. For high mountain and polar land regions, the level of confidence in attributing physical changes and impacts at least partly to a change
in the cryosphere is shown. No assessment means: not applicable, not assessed at regional scale, or the evidence is insufficient for assessment. The physical changes in the ocean are defined
as: Temperature change in 0-700 m layer of the ocean except for Southern Ocean (0-2000 m) and Arctic Ocean (upper mixed layer and major inflowing branches); Oxygen in the 0-1200 m
layer or oxygen minimum layer; Ocean pH as surface pH (decreasing pH corresponds to increasing ocean acidification). Ecosystems in the ocean: Coral refers to warm-water coral reefs and
cold-water corals. The ‘upper water column’ category refers to epipelagic zone for all ocean regions except Polar Regions, where the impacts on some pelagic organisms in open water deeper
than the upper 200 m were included. Coastal wetland includes salt marshes, mangroves and seagrasses. Kelp forests are habitats of a specific group of macroalgae. Rocky shores are coastal
habitats dominated by immobile calcified organisms such as mussels and barnacles. Deep sea is seafloor ecosystems that are 3000-6000 m deep. Sea-ice associated includes ecosystems
in, on and below sea ice. Habitat services refer to supporting structures and services (e.g., habitat, biodiversity, primary production). Coastal Carbon Sequestration refers to the uptake and
storage of carbon by coastal blue carbon ecosystems. Ecosystems on Land: Tundra refers to tundra and alpine meadows, and includes terrestrial Antarctic ecosystems. Migration refers to an
increase or decrease in net migration, not to beneficial/adverse value. Impacts on tourism refer to the operating conditions for the tourism sector. Cultural services include cultural identity,
sense of home, and spiritual, intrinsic and aesthetic values, as well as contributions from glacier archaeology. The underlying information is given for land regions in tables SM2.6, SM2.7,
SM2.8, SM3.8, SM3.9, and SM3.10, and for ocean regions in tables SM5.10, SM5.11, SM3.8, SM3.9, and SM3.10.{2.3.1, 2.3.2, 2.3.3, 2.3.4, 2.3.5, 2.3.6, 2.3.7, Figure 2.1,3.2.1,3.2.3,
3.24,333,3.4.1,343,3.5.2,B0x3.4,4.2.2,5.2.2,5.2.3,5.3.3, 5.4, 5.6, Figure 5.24, Box 5.3}

> Marginal seas are not assessed individually as ocean regions in this report.
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TS.3  Polar Regions

This chapter assesses the state of physical, biological and social
knowledge concerning the Arctic and Antarctic ocean and cryosphere,
how they are affected by climate change, and how they will evolve
in future. Concurrently, it assesses the local, regional and global
consequences and impacts of individual and interacting polar system
changes, and it assesses response options to reduce risk and build
resilience in the polar regions. Key findings are:

The polar regions are losing ice, and their oceans are changing
rapidly. The consequences of this polar transition extend to
the whole planet, and are affecting people in multiple ways.

Arctic surface air temperature has likely increased by more
than double the global average over the last two decades, with
feedbacks from loss of sea ice and snow cover contributing to
the amplified warming. For each of the five years since the IPCC
5th Asesssment Report (AR5) (2014-2018), Arctic annual surface
air temperature exceeded that of any year since 1900. During the
winters (January to March) of 2016 and 2018, surface temperatures
in the central Arctic were 6°C above the 1981-2010 average,
contributing to unprecedented regional sea ice absence. These trends
and extremes provide medium evidence with high agreement of the
contemporary coupled atmosphere-cryosphere system moving well
outside the 20th century envelope. {Box 3.1, 3.2.1.1}
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The Arctic and Southern Oceans are continuing to remove
carbon dioxide from the atmosphere and to acidify (high
confidence). There is medium confidence that the amount of CO;
drawn into the Southern Ocean from the atmosphere has experienced
significant decadal variations since the 1980s. Rates of calcification (by
which marine organisms form hard skeletons and shells) declined in the
Southern Ocean by 3.9 + 1.3% between 1998 and 2014. In the Arctic
Ocean, the area corrosive to organisms that form shells and skeletons
using the mineral aragonite expanded between the 1990s and 2010,
with instances of extreme aragonite undersaturation. {3.2.1.2.4}

Both polar oceans have continued to warm in recent years,
with the Southern Ocean being disproportionately and
increasingly important in global ocean heat increase (high
confidence). Over large sectors of the seasonally ice-free Arctic,
summer upper mixed layer temperatures increased at around 0.5°C
per decade during 1982-2017, primarily associated with increased
absorbed solar radiation accompanying sea ice loss, and the inflow
of ocean heat from lower latitude increased since the 2000s (high
confidence). During 1970-2017, the Southern Ocean south of 30°S
accounted for 35-43% of the global ocean heat gain in the upper
2000 m (high confidence), despite occupying ~25% of the global
ocean area. In recent years (2005-2017), the Southern Ocean was
responsible for an increased proportion of the global ocean heat
increase (45—-62%) (high confidence). {3.2.1.2.1, Figure TS.5}

Climate-induced changes in seasonal sea ice extent and
thickness and ocean stratification are altering marine primary
production (high confidence), with impacts on ecosystems
(medium confidence). Changes in the timing, duration and intensity
of primary production have occurred in both polar oceans, with
marked regional or local variability (high confidence). In the Antarctic,
such changes have been associated with locally-rapid environmental
change, including retreating glaciers and sea ice change (medium
confidence). In the Arctic, changes in primary production have
affected regional species composition, spatial distribution, and
abundance of many marine species, impacting ecosystem structure
(medium confidence). {3.2.1, 3.2.3, 3.2.4}

In both polar regions, climate-induced changes in ocean
and sea ice, together with human introduction of non-native
species, have expanded the range of temperate species and
contracted the range of polar fish and ice-associated species
(high confidence). Commercially and ecologically important fish
stocks like Atlantic cod, haddock and mackerel have expanded their
spatial distributions northwards many hundreds of kilometres, and
increased their abundance. In some Arctic areas, such expansions have
affected the whole fish community, leading to higher competition and
predation on smaller sized fish species, while some commercial fisheries
have benefited. There has been a southward shift in the distribution of
Antarctic krill in the South Atlantic, the main area for the krill fishery
(medium confidence). These changes are altering biodiversity in polar
marine ecosystems (medium confidence). {3.2.3, Box 3.4}

Arctic sea ice extent continues to decline in all months of

the year (very high confidence); the strongest reductions in
September (very likely —12.8 + 2.3% per decade; 1979-2018)

52

are unprecedented in at least 1000 years (medium confidence).
Arctic sea ice has thinned, concurrent with a shift to younger ice:
since 1979, the areal proportion of thick ice at least 5 years old has
declined by approximately 90% (very high confidence). Approximately
half the observed sea ice loss is attributable to increased atmospheric
greenhouse gas concentrations (medium confidence). Changes in Arctic
sea ice have potential to influence mid-latitude weather on timescales
of weeks to months (low to medium confidence). {3.2.1.1, Box 3.2}

It is very likely that Antarctic sea ice cover exhibits no
significant trend over the period of satellite observations
(1979-2018). While the drivers of historical decadal variability are
known with medium confidence, there is currently limited evidence
and Jow agreement concerning causes of the strong recent decrease
(2016-2018), and /ow confidence in the ability of current-generation
climate models to reproduce and explain the observations. {3.2.1.1}

Shipping activity during the Arctic summer increased over the
past two decades in regions for which there is information,
concurrent with reductions in sea ice extent (high confidence).
Transit times across the Northern Sea Route have shortened due
to lighter ice conditions, and while long-term, pan-Arctic datasets
are incomplete, the distance travelled by ships in Arctic Canada
nearly tripled during 1990-2015 (high confidence). Greater levels
of Arctic ship-based transportation and tourism have socioeconomic
and political implications for global trade, northern nations, and
economies linked to traditional shipping corridors; they will also
exacerbate region specific risks for marine ecosystems and coastal
communities if further action to develop and adequately implement
regulations does not keep pace with increased shipping (high
confidence).{3.2.1.1,3.2.4.2,3.2.4.3,3.43.3.2,3.5.2.7}

Permafrost temperatures have increased to record high levels
(very high confidence), but there is medium evidence and low
agreement that this warming is currently causing northern
permafrost regions to release additional methane and
carbon dioxide. During 2007-2016, continuous-zone permafrost
temperatures in the Arctic and Antarctic increased by 0.39 + 0.15°C
and 0.37 = 0.10°C respectively. Arctic and boreal permafrost region
soils contain 1460-1600 Gt organic carbon (medium confidence).
Changes in permafrost influence global climate through emissions of
carbon dioxide and methane released from the microbial breakdown
of organic carbon, or the release of trapped methane. {3.4.1, 3.4.3}

Climate-related changes to Arctic hydrology, wildfire and
abrupt thaw are occurring (high confidence), with impacts
on vegetation and water and food security. Snow and lake
ice cover has declined, with June snow extent decreasing 13.4
+ 5.4% per decade (1967-2018) (high confidence). Runoff into
the Arctic Ocean increased for Eurasian and North American rivers
by 3.3 + 1.6% and 2.0 + 1.8% respectively (1976-2017; medium
confidence). Area burned and frequency of fires (including extreme
fires) are unprecedented over the last 10,000 years (high confidence).
There has been an overall greening of the tundra biome, but also
browning in some regions of tundra and boreal forest, and changes
in the abundance and distribution of animals including reindeer and
salmon (high confidence). Together, these impact access to (and food



availability within) herding, hunting, fishing, forage and gathering
areas, affecting the livelihood, health and cultural identity of residents
including Indigenous peoples (high confidence). {3.4.1, 3.4.3, 3.5.2}

Limited knowledge, financial resources, human capital and
organisational capacity are constraining adaptation in many
human sectors in the Arctic (high confidence). Harvesters of
renewable resources are adjusting timing of activities to changes
in seasonality and less safe ice travel conditions. Municipalities
and industry are addressing infrastructure failures associated with
flooding and thawing permafrost, and coastal communities and
cooperating agencies are in some cases planning for relocation
(high confidence). In spite of these adaptations, many groups are
making decisions without adequate knowledge to forecast near- and
long-term conditions, and without the funding, skills and institutional
support to engage fully in planning processes (high confidence).
{3.5.2, 3.5.4, Cross-Chapter Box 9}

It is extremely likely that the rapid ice loss from the Greenland
and Antarctic ice sheets during the early 21st century has
increased into the near present day, adding to the ice sheet
contribution to global sea level rise. From Greenland, the 2012—
2016 ice losses (-247 + 15 Gt yr™") were similar to those from 2002
to 2011 (=263 = 21 Gt yr™") and extremely likely greater than from
1992 to 2001 (-8 + 82 Gt yr™'). Summer melting of the Greenland
Ice Sheet (GIS) has increased since the 1990s (very high confidence)
to a level unprecedented over at least the last 350 years, and
two-to-fivefold the pre-industrial level (medium confidence). From
Antarctica, the 20122016 losses (—199 + 26 Gt yr™') were extremely
likely greater than those from 2002 to 2011 (82 + 27 Gt yr™") and
likely greater than from 1992 to 2001 (=51 + 73 Gt yr™'). Antarctic
ice loss is dominated by acceleration, retreat and rapid thinning
of major West Antarctic Ice Sheet (WAIS) outlet glaciers (very high
confidence), driven by melting of ice shelves by warm ocean waters
(high confidence). The combined sea level rise contribution from both
ice sheets for 2012-2016 was 1.2 = 0.1 mm yr~', a 29% increase on
the 2002-2011 contribution and a ~700% increase on the 1992-
2001 period. {3.3.1}

Mass loss from Arctic glaciers (-212 = 29 Gt yr™") during
2006-2015 contributed to sea level rise at a similar rate
(0.6 = 0.1 mm yr~") to the GIS (high confidence). Over the same
period in Antarctic and subantarctic regions, glaciers separate from
the ice sheets changed mass by =11 + 108 Gt yr™' (low confidence).
{2.2.3,3.3.2}

There is limited evidence and high agreement that recent
Antarctic Ice Sheet (AIS) mass losses could be irreversible
over decades to millennia. Rapid mass loss due to glacier flow
acceleration in the Amundsen Sea Embayment (ASE) of West
Antarctica and in Wilkes Land, East Antarctica, may indicate the
beginning of Marine Ice Sheet Instability (MISI), but observational
data are not yet sufficient to determine whether these changes mark
the beginning of irreversible retreat. {3.3.1, Cross-Chapter Box 8 in
Chapter 3,4.2.3.1.2}

Technical Summary

The polar regions will be profoundly different in future
compared with today, and the degree and nature of that
difference will depend strongly on the rate and magnitude
of global climatic change®. This will challenge adaptation
responses regionally and worldwide.

It is very likely that projected Arctic warming will result in
continued loss of sea ice and snow on land, and reductions in
the mass of glaciers. Important differences in the trajectories
of loss emerge from 2050 onwards, depending on mitigation
measures taken (high confidence). For stabilised global warming
of 1.5°C, an approximately 1% chance of a given September being sea
ice free at the end of century is projected; for stabilised warming at
a 2°C increase, this rises to 10-35% (high confidence). The potential
for reduced (further 5-10%) but stabilised Arctic autumn and spring
snow extent by mid-century for Representative Concentration
Pathway (RCP)2.6 contrasts with continued loss under RCP8.5
(a further 15-25% reduction to end of century) (high confidence).
Projected mass reductions for polar glaciers between 2015 and 2100
range from 16 + 7% for RCP2.6 to 33 + 11% for RCP8.5 (medium
confidence). {3.2.2, 3.3.2, 3.4.2, Cross-Chapter Box 6 in Chapter 2}

Both polar oceans will be increasingly affected by CO;
uptake, causing conditions corrosive for calcium carbonate
shell-producing organisms (high confidence), with associated
impacts on marine organisms and ecosystems (medium
confidence). It is very likely that both the Southern Ocean and the
Arctic Ocean will experience year-round conditions of surface water
undersaturation for mineral forms of calcium carbonate by 2100
under RCP8.5; under RCP2.6 the extent of undersaturated waters
are reduced markedly. Imperfect representation of local processes
and sea ice interaction in global climate models limit the ability to
project the response of specific polar areas and the precise timing of
undersaturation at seasonal scales. Differences in sensitivity and the
scope for adaptation to projected levels of ocean acidification exist
across a broad range of marine species groups. {3.2.1, 3.2.2.3, 3.2.3}

Future climate-induced changes in the polar oceans, sea ice,
snow and permafrost will drive habitat and biome shifts,
with associated changes in the ranges and abundance of
ecologically important species (medium confidence). Projected
shifts will include further habitat contraction and changes in
abundance for polar species, including marine mammals, birds, fish,
and Antarctic krill (medium confidence). Projected range expansion
of subarctic marine species will increase pressure for high-Arctic
species (medium confidence), with regionally variable impacts.
Continued loss of Arctic multi-year sea ice will affect ice-related and
pelagic primary production (high confidence), with impacts for whole
ice-associated, seafloor and open ocean ecosystems. On Arctic land,
projections indicate a loss of globally unique biodiversity as some
high Arctic species will be outcompeted by more temperate species
and very limited refugia exist (medium confidence). Woody shrubs
and trees are projected to expand, covering 24-52% of the current
tundra region by 2050. {3.2.2.1, 3.2.3, 3.2.3.1, Box 3.4, 3.4.2, 3.4.3}

6 Projections for ice sheets and glaciers in the polar regions are summarized in Chapters 4 and 2, respectively.
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The projected effects of climate-induced stressors on
polar marine ecosystems present risks for commercial and
subsistence fisheries with implications for regional economies,
cultures and the global supply of fish, shellfish, and Antarctic
krill (high confidence). Future impacts for linked human
systems depend on the level of mitigation and especially the
responsiveness of precautionary management approaches
(medium confidence). Polar regions support several of the
world’s largest commercial fisheries. Specific impacts on the stocks
and economic value in both regions will depend on future climate
change and on the strategies employed to manage the effects on
stocks and ecosystems (medium confidence). Under high emission
scenarios current management strategies of some high-value stocks
may not sustain current catch levels in the future (low confidence);
this exemplifies the limits to the ability of existing natural resource
management frameworks to address ecosystem change. Adaptive
management that combines annual measures and within-season
provisions informed by assessments of future ecosystem trends
reduces the risks of negative climate change impacts on polar
fisheries (medium confidence). {3.2.4, 3.5.2, 3.5.4}

Widespread disappearance of Arctic near-surface permafrost
is projected to occur this century as a result of warming (very
high confidence), with important consequences for global
climate. By 2100, near-surface permafrost area will decrease
by 2-66% for RCP2.6 and 30-99% for RCP8.5. This is projected
to release 10s to 100s of billions of tons (Gt C), up to as much as
240 Gt C, of permafrost carbon as carbon dioxide and methane to
the atmosphere with the potential to accelerate climate change.
Methane will contribute a small proportion of these additional carbon
emissions, on the order of 0.01-0.06 Gt CHz yr™", but could contribute
40-70% of the total permafrost-affected radiative forcing because of
its higher warming potential. There is medium evidence but with fow
agreement whether the level and timing of increased plant growth
and replenishment of soil will compensate these permafrost carbon
losses. {3.4.2, 3.4.3}

Projected permafrost thaw and decrease in snow will affect
Arctic hydrology and wildfire, with impacts on vegetation and
human infrastructure (medium confidence). About 20% of Arctic
land permafrost is vulnerable to abrupt permafrost thaw and ground
subsidence, which is expected to increase small lake area by over
50% by 2100 for RCP8.5 (medium confidence). Even as the overall
regional water cycle intensifies, including increased precipitation,
evapotranspiration, and river discharge to the Arctic Ocean, decreases
in snow and permafrost may lead to soil drying (medium confidence).
Fire is projected to increase for the rest of this century across most
tundra and boreal regions, while interactions between climate and
shifting vegetation will influence future fire intensity and frequency
(medium confidence). By 2050, 70% of Arctic infrastructure is located
in regions at risk from permafrost thaw and subsidence; adaptation
measures taken in advance could reduce costs arising from thaw and
other climate change related impacts such as increased flooding,
precipitation, and freeze-thaw events by half (medium confidence).
{3.4.1,3.4.2,3.4.3,3.5.2}
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Response options exist that can ameliorate the impacts of
polar change, build resilience and allow time for effective
mitigation measures. Institutional barriers presently limit
their efficacy.

Responding to climate change in polar regions will be more
effective if attention to reducing immediate risks (short-term
adaptation) is concurrent with long-term planning that builds
resilience to address expected and unexpected impacts (high
confidence). Emphasis on short-term adaptation to specific problems
will ultimately not succeed in reducing the risks and vulnerabilities to
society given the scale, complexity and uncertainty of climate change.
Moving toward a dual focus of short- and long-term adaptation
involves knowledge co-production, linking knowledge with decision
making and implementing ecosystem-based stewardship, which
involves the transformation of many existing institutions (high
confidence). {3.5.4}

Innovative tools and practices in polar resource management
and planning show strong potential in improving society's
capacity to respond to climate change (high confidence).
Networks of protected areas, participatory scenario analysis, decision
support systems, community-based ecological monitoring that
draws on local and indigenous knowledge, and self assessments
of community resilience contribute to strategic plans for sustaining
biodiversity and limit risk to human livelihoods and wellbeing. Such
practices are most effective when linked closely to the policy process.
Experimenting, assessing, and continually refining practices while
strengthening the links with decision making has the potential to
ready society for the expected and unexpected impacts of climate
change (high confidence). {3.5.1, 3.5.2, 3.5.4}

Institutional arrangements that provide for strong multiscale
linkages with Arctic local communities can benefit from
including indigenous knowledge and local knowledge in the
formulation of adaptation strategies (high confidence). The
tightly coupled relationship of northern local communities and their
environment provide an opportunity to better understand climate
change and its effects, support adaptation and limit unintended
consequences. Enabling conditions for the involvement of local
communities in climate adaptation planning include investments in
human capital, engagement processes for knowledge co-production
and systems of adaptive governance. {3.5.3}

The capacity of governance systems in polar regions to
respond to climate change has strengthened recently, but
the development of these systems is not sufficiently rapid or
robust to address the challenges and risks to societies posed
by projected changes (high confidence). Human responses
to climate change in the polar regions occur in a fragmented
governance landscape. Climate change, new polar interests from
outside the regions, and an increasingly active role played by informal
organisations are compelling stronger coordination and integration
between different levels and sectors of governance. The governance
landscape is currently not sufficiently equipped to address cascading
risks and uncertainty in an integrated and precautionary way within
existing legal and policy frameworks (high confidence). {3.5.3, 3.5.4}



TS.4  Sea Level Rise and Implications for Low-

lying Islands, Coasts and Communities

This chapter assesses past and future contributions to global, regional
and extreme sea level changes, associated risk to low-lying islands,
coasts, cities, and settlements, and response options and pathways to
resilience and sustainable development along the coast.

Observations

Global mean sea level (GMSL) is rising (virtually certain)
and accelerating (high confidence)’. The sum of glacier and
ice sheet contributions is now the dominant source of GMSL
rise (very high confidence). GMSL from tide gauges and altimetry
observations increased from 1.4 mm yr~' over the period 1901-1990
to 2.1 mm yr' over the period 1970-2015 to 3.2 mm yr' over
the period 1993-2015 to 3.6 mm yr~' over the period 2006-2015
(high confidence). The dominant cause of GMSL rise since 1970 is
anthropogenic forcing (high confidence). {4.2.2.1.1, 4.2.2.2}

GMSL was considerably higher than today during past climate
states that were warmer than pre-industrial, including the
Last Interglacial (LIG; 129-116 ka), when global mean surface
temperature was 0.5°C-1.0°C warmer, and the mid-Pliocene
Warm Period (mPWP; ~3.3 to 3.0 million years ago), 2°C-4°C
warmer. Despite the modest global warmth of the Last
Interglacial, GMSL was likely 6-9 m higher, mainly due to
contributions from the Greenland and Antarctic ice sheets
(GIS and AlS, respectively), and unlikely more than 10m higher
(medium confidence). Based on new understanding about
geological constraints since the IPCC 5th Assessment Report
(AR5), 25 m is a plausible upper bound on GMSL during the
mPWP (low confidence). Ongoing uncertainties in palaeo sea level
reconstructions and modelling hamper conclusions regarding the
total magnitudes and rates of past sea level rise (SLR). Furthermore,
the long (multi-millennial) time scales of these past climate and
sea level changes, and regional climate influences from changes in
Earth’s orbital configuration and climate system feedbacks, lead to
low confidence in direct comparisons with near-term future changes.
{Cross-Chapter Box 5 in Chapter 1,4.2.2,4.2.2.1,4.2.2.5, SM 4.1}

Non-climatic anthropogenic drivers, including recent
and historical demographic and settlement trends and
anthropogenic subsidence, have played an important role
in increasing low-lying coastal communities’ exposure and
vulnerability to SLR and extreme sea level (ESL) events (very
high confidence). In coastal deltas, for example, these drivers have
altered freshwater and sediment availability (high confidence). In
low-lying coastal areas more broadly, human-induced changes can
be rapid and modify coastlines over short periods of time, outpacing
the effects of SLR (high confidence). Adaptation can be undertaken in
the short- to medium-term by targeting local drivers of exposure and
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vulnerability, notwithstanding uncertainty about local SLR impacts
in coming decades and beyond (high confidence). {4.2.2.4, 4.3.1,
43.2.2, 43.2.3}

Coastal ecosystems are already impacted by the combination
of SLR, other climate-related ocean changes, and adverse
effects from human activities on ocean and land (high
confidence). Attributing such impacts to SLR, however, remains
challenging due to the influence of other climate-related and
non-climatic drivers such as infrastructure development and
human-induced habitat degradation (high confidence). Coastal
ecosystems, including saltmarshes, mangroves, vegetated dunes and
sandy beaches, can build vertically and expand laterally in response to
SLR, though this capacity varies across sites (high confidence). These
ecosystems provide important services that include coastal protection
and habitat for diverse biota. However, as a consequence of human
actions that fragment wetland habitats and restrict landward
migration, coastal ecosystems progressively lose their ability to adapt
to climate-induced changes and provide ecosystem services, including
acting as protective barriers (high confidence). {4.3.2.3}

Coastal risk is dynamic and increased by widely observed
changes in coastal infrastructure, community livelihoods,
agriculture and habitability (high confidence). As with coastal
ecosystems, attribution of observed changes and associated
risk to SLR remains challenging. Drivers and processes inhibiting
attribution include demographic, resource and land use changes and
anthropogenic subsidence. {4.3.3, 4.3.4}

A diversity of adaptation responses to coastal impacts
and risks have been implemented around the world, but
mostly as a reaction to current coastal risk or experienced
disasters (high confidence). Hard coastal protection measures
(dikes, embankments, sea walls and surge barriers) are widespread,
providing predictable levels of safety in northwest Europe, East
Asia, and around many coastal cities and deltas. Ecosystem-based
adaptation (EbA) is continuing to gain traction worldwide, providing
multiple co-benefits, but there is still low agreement on its cost and
long-term effectiveness. Advance, which refers to the creation of
new land by building into the sea (e.g., land reclamation), has a long
history in most areas where there are dense coastal populations.
Accommodation measures, such as early warning systems (EWS) for
ESL events, are widespread. Retreat is observed but largely restricted
to small communities or carried out for the purpose of creating new
wetland habitat. {4.4.2.3, 4.4.2.4, 4.4.2.5}

Projections

Future rise in GMSL caused by thermal expansion, melting
of glaciers and ice sheets and land water storage changes, is
strongly dependent on which Representative Concentration
Pathway (RCP) emission scenario is followed. SLR at the end

Statements about uncertainty in Section 4.2 are contingent upon the RCP or other emissions assumptions that accompany them. In Section 4.4, the entirety of information

facing a decision maker is taken into consideration, including the unknown path of future emissions, in assessing uncertainty. Depending on which perspective is chosen,

uncertainty may or may not be characterised as ‘deep’.
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of the century is projected to be faster under all scenarios,
including those compatible with achieving the long-term
temperature goal set out in the Paris Agreement. GMSL will
rise between 0.43 m (0.29-0.59 m, likely range; RCP2.6) and
0.84 m (0.61-1.10 m, likely range; RCP8.5) by 2100 (medium
confidence) relative to 1986-2005. Beyond 2100, sea level will
continue to rise for centuries due to continuing deep ocean heat
uptake and mass loss of the GIS and AIS and will remain elevated
for thousands of years (high confidence). Under RCP8.5, estimates
for 2100 are higher and the uncertainty range larger than in ARS5.
Antarctica could contribute up to 28 cm of SLR (RCP8.5, upper end of
likely range) by the end of the century (medium confidence). Estimates
of SLR higher than the likely range are also provided here for decision
makers with low risk tolerance. {SR1.5, 4.1, 4.2.3.2, 4.2.3.5}

Under RCP8.5, the rate of SLRwill be 15 mmyr™ (10-20 mmyr',
likely range) in 2100, and could exceed several cm yr~' in the
22nd century. These high rates challenge the implementation of
adaptation measures that involve a long lead time, but this has not
yet been studied in detail. {4.2.3.2, 4.4.2.2.3}

Processes controlling the timing of future ice shelf loss and
the spatial extent of ice sheet instabilities could increase
Antarctica’s contribution to SLR to values higher than
the likely range on century and longer time scales (low
confidence). Evolution of the AIS beyond the end of the 21st century
is characterized by deep uncertainty as ice sheet models lack realistic
representations of some of the underlying physical processes. The
few model studies available addressing time scales of centuries to
millennia indicate multi-metre (2.3-5.4 m) rise in sea level for RCP8.5
(low confidence). There is low confidence in threshold temperatures
for ice sheet instabilities and the rates of GMSL rise they can produce.
{Cross-Chapter Box 5 in Chapter 1, Cross-Chapter Box 8 in Chapter 3,
and Sections 4.1, 4.2.3.1.1,4.2.3.1.2, 4.2.3.6}

Sea level rise is not globally uniform and varies regionally.
Thermal expansion, ocean dynamics and land ice loss
contributions will generate regional departures of about +30%
around the GMSL rise. Differences from the global mean can be
greater than +30% in areas of rapid vertical land movements,
including those caused by local anthropogenic factors such as
groundwater extraction (high confidence). Subsidence caused by
human activities is currently the most important cause of relative sea
level rise (RSL) change in many delta regions. While the comparative
importance of climate-driven RSL rise will increase over time, these
findings on anthropogenic subsidence imply that a consideration of
local processes is critical for projections of sea level impacts at local
scales (high confidence). {4.2.1.6, 4.2.2.4}

Due to projected GMSL rise, ESLs that are historically rare (for
example, today’s hundred-year event) will become common
by 2100 under all RCPs (high confidence). Many low-lying cities
and small islands at most latitudes will experience such events
annually by 2050. Greenhouse gas (GHG) mitigation envisioned in
low-emission scenarios (e.g., RCP2.6) is expected to sharply reduce
but not eliminate risk to low-lying coasts and islands from SLR and
ESL events. Low-emission scenarios lead to slower rates of SLR and
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allow for a wider range of adaptation options. For the first half of the
21st century differences in ESL events among the scenarios are small,
facilitating adaptation planning. {4.2.2.5, 4.2.3.4, Figure TS.6}

Non-climatic anthropogenic drivers will continue to increase
the exposure and vulnerability of coastal communities to future
SLR and ESL events in the absence of major adaptation efforts
compared to today (high confidence). {4.3.4, Cross-Chapter Box 9}

The expected impacts of SLR on coastal ecosystems over
the course of the century include habitat contraction, loss
of functionality and biodiversity, and lateral and inland
migration. Impacts will be exacerbated in cases of land
reclamation and where anthropogenic barriers prevent inland
migration of marshes and mangroves and limit the availability
and relocation of sediment (high confidence). Under favourable
conditions, marshes and mangroves have been found to keep pace
with fast rates of SLR (e.g., >10 mm yr™"), but this capacity varies
significantly depending on factors such as wave exposure of the
location, tidal range, sediment trapping, overall sediment availability
and coastal squeeze (high confidence). {4.3.3.5.1}

In the absence of adaptation, more intense and frequent ESL
events, together with trends in coastal development will
increase expected annual flood damages by 2-3 orders of
magnitude by 2100 (high confidence). However, well designed
coastal protection is very effective in reducing expected
damages and cost efficient for urban and densely populated
regions, but generally unaffordable for rural and poorer areas
(high confidence). Effective protection requires investments on the
order of tens to several hundreds of billions of USD yr~" globally (high
confidence). While investments are generally cost efficient for densely
populated and urban areas (high confidence), rural and poorer areas
will be challenged to afford such investments with relative annual
costs for some small island states amounting to several percent of
GDP (high confidence). Even with well-designed hard protection, the
risk of possibly disastrous consequences in the event of failure of
defences remains. {4.3.4, 4.4.2.2, 4.4.3.2, Cross-Chapter Box 9}

Risk related to SLR (including erosion, flooding and
salinisation) is expected to significantly increase by the end of
this century along all low-lying coasts in the absence of major
additional adaptation efforts (very high confidence). While
only urban atoll islands and some Arctic communities are expected
to experience moderate to high risk relative to today in a low
emission pathway, almost high to very high risks are expected in all
low-lying coastal settings at the upper end of the /ikely range for high
emission pathways (medium confidence). However, the transition
from moderate to high and from high to very high risk will vary from
one coastal setting to another (high confidence). While a slower
rate of SLR enables greater opportunities for adapting, adaptation
benefits are also expected to vary between coastal settings. Although
ambitious adaptation will not necessarily eradicate end-century SLR
risk (medium confidence), it will help to buy time in many locations
and therefore help to lay a robust foundation for adaptation beyond
2100. {4.1.3,4.3.4, Box 4.1, SM4.2}



Technical Summary

(b) Year when HCEs are projected to

(a) Schematic effect of regional sea level rise on
recur once per year on average

projected extreme sea level events (not to scale)

Historical Centennial extreme sea level
Events (HCEs) become more common
due to sea level rise

&
g
o
% HCE 1/decade
s | - 1lyear
g 1/decade 1/month .
2 1lyear
= e mean sea level 9
g 1/month sea s
] level oo
2 mean sea level rise J
& | recent past future L 3 Ree
' Time ' RCP8.5 .
.
Year
2000 2020 2040 2060 2080 2100
e 6 o o o o o O O O
I [
Black: White:
Locations where Locations where
HCEs already HCEs recur

recur annually annually after 2100

Difference
>10 years later

@ Difference
<10 years later

no relative sea level
rise before 2100

(c) Difference between RCP8.5 and RCP2.6
The difference map shows locations where the HCE
becomes annual at least 10 years later under RCP2.6
than under RCP8.5.

Figure TS.6 | The effect of regional sea level rise on extreme sea level events at coastal locations. Due to projected global mean sea level (GMSL) rise, local sea levels that
historically occurred once per century (historical centennial events, HCEs) are projected to become at least annual events at most locations during the 21st century. The
height of a HCE varies widely, and depending on the level of exposure can already cause severe impacts. Impacts can continue to increase with rising frequency of HCEs.
(a) Schematic illustration of extreme sea level events and their average recurrence in the recent past (1986—2005) and the future. As a consequence of mean sea level rise,
HCEs are projected to recur more frequently in the future. (b) The year in which HCEs are expected to recur once per year on average under RCP8.5 and RCP2.6, at the 439
individual coastal locations where the observational record is sufficient. The absence of a circle indicates an inability to perform an assessment due to a lack of data but
does not indicate absence of exposure and risk. The darker the circle, the earlier this transition is expected. The likely range is +10 years for locations where this transition
is expected before 2100. White circles (33% of locations under RCP2.6 and 10% under RCP8.5) indicate that HCEs are not expected to recur once per year before 2100.
() An indication at which locations this transition of HCEs to annual events is projected to occur more than 10 years later under RCP2.6 compared to RCP8.5. As the
scenarios lead to small differences by 2050 in many locations results are not shown here for RCP4.5 but they are available in Chapter 4. {4.2.3, Figure 4.10, Figure 4.12}

risks are already high, and population size and density are low, or in
the aftermath of a coastal disaster, retreat may be especially effective,
albeit socially, culturally and politically challenging. {4.4.2.2, 4.4.2.3,
44.2.4,44.25,44.2.6,4.4.3}

Choosing and Implementing Responses

All types of responses to SLR, including protection,
accommodation, EbA, advance and retreat, have important
and synergistic roles to play in an integrated and sequenced

response to SLR (high confidence). Hard protection and advance  Technical limits to hard protection are expected to be reached

(building into the sea) are economically efficient in most urban
contexts facing land scarcity (high confidence), but can lead to
increased exposure in the long term. Where sufficient space is
available, EbA can both reduce coastal risks and provide multiple
other benefits (medium confidence). Accommodation such as flood
proofing buildings and EWS for ESL events are often both low-cost and
highly cost-efficient in all contexts (high confidence). Where coastal

under high emission scenarios (RCP8.5) beyond 2100 (high
confidence) and biophysical limits to EbA may arise during
the 21st century, but economic and social barriers arise well
before the end of the century (medium confidence). Economic
challenges to hard protection increase with higher sea levels and will
make adaptation unaffordable before technical limits are reached
(high confidence). Drivers other than SLR are expected to contribute
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more to biophysical limits of EbA. For corals, limits may be reached
during this century, due to ocean acidification and ocean warming,
and for tidal wetlands due to pollution and infrastructure limiting
their inland migration. Limits to accommodation are expected to occur
well before limits to protection occur. Limits to retreat are uncertain,
reflecting research gaps. Social barriers (including governance
challenges) to adaptation are already encountered. {4.4.2.2, 4.4.2.3,
4.4.2.3.2,4.4.25,4.4.2.6,4.4.3, Cross-Chapter Box 9}

Choosing and implementing responses to SLR presents society
with profound governance challenges and difficult social choices,
which are inherently political and value laden (high confidence).
The large uncertainties about post 2050 SLR, and the substantial
impact expected, challenge established planning and decision
making practises and introduce the need for coordination within and
between governance levels and policy domains. SLR responses also
raise equity concerns about marginalising those most vulnerable and
could potentially spark or compound social conflict (high confidence).
Choosing and implementing responses is further challenged through
a lack of resources, vexing trade-offs between safety, conservation and
economic development, multiple ways of framing the ‘sea level rise
problem’, power relations, and various coastal stakeholders having
conflicting interests in the future development of heavily used coastal
zones (high confidence). {4.4.2, 4.4.3}

Despite the large uncertainties about post 2050 SLR,
adaptation decisions can be made now, facilitated by using
decision analysis methods specifically designed to address
uncertainty (high confidence). These methods favour flexible
responses (i.e., those that can be adapted over time) and periodically
adjusted decisions (i.e.,, adaptive decision making). They use
robustness criteria (i.e., effectiveness across a range of circumstances)
for evaluating alternative responses instead of standard expected
utility criteria (high confidence). One example is adaptation pathway
analysis, which has emerged as a low-cost tool to assess long-term
coastal responses as sequences of adaptive decisions in the face of
dynamic coastal risk characterised by deep uncertainty (medium
evidence, high agreement). The range of SLR to be considered
in decisions depends on the risk tolerance of stakeholders, with
stakeholders whose risk tolerance is low also considering SLR higher
than the likely range. {4.1, 4.4.4.3}

Adaptation experience to date demonstrates that using a locally
appropriate combination of decision analysis, land use planning,
public participation and conflict resolution approaches can help
to address the governance challenges faced in responding to
SLR (high confidence). Effective SLR responses depend, first, on
taking a long-term perspective when making short-term decisions,
explicitly accounting for uncertainty of locality-specific risks beyond
2050 (high confidence), and building governance capabilities to
tackle the complexity of SLR risk (medium evidence, high agreement).
Second, improved coordination of SLR responses across scales, sectors
and policy domains can help to address SLR impacts and risk (high
confidence). Third, prioritising consideration of social vulnerability and
equity underpins efforts to promote fair and just climate resilience
and sustainable development (high confidence) and can be helped by
creating safe community arenas for meaningful public deliberation and
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conflict resolution (medium evidence, high agreement). Finally, public
awareness and understanding about SLR risks and responses can be
improved by drawing on local, indigenous and scientific knowledge
systems, together with social learning about locality-specific SLR risk
and response potential (high confidence). {4.4.4.2, 4.4.5, Table 4.9,
Figure TS.7}

Achieving the United Nations Sustainable Development Goals
(SDGs) and charting Climate Resilient Development Pathways
depends in part on ambitious and sustained mitigation
efforts to contain SLR coupled with effective adaptation
actions to reduce SLR impacts and risk (medium evidence,
high agreement).

TS.5 Changing Ocean, Marine Ecosystems,

and Dependent Communities

The ocean is essential for all aspects of human well-being and
livelihood. It provides key services like climate regulation, through
the energy budget, carbon cycle and nutrient cycle. The ocean is the
home of biodiversity ranging from microbes to marine mammals
that form a wide variety of ecosystems in open pelagic and
coastal ocean.

Observations: Climate-related trends, impacts, adaptation

Carbon emissions from human activities are causing ocean
warming, acidification and oxygen loss with some evidence
of changes in nutrient cycling and primary production. The
warming ocean is affecting marine organisms at multiple
trophic levels, impacting fisheries with implications for food
production and human communities. Concerns regarding the
effectiveness of existing ocean and fisheries governance
have already been reported, highlighting the need for timely
mitigation and adaptation responses.

The ocean has warmed unabated since 2005, continuing the
clear multi-decadal ocean warming trends documented in
the IPCC Fifth Assessment Report (AR5). The warming trend is
further confirmed by the improved ocean temperature measurements
over the last decade. The 0—700 m and 700-2000 m layers of the
ocean have warmed at rates of 5.31 + 0.48 and 4.02 + 0.97 ZJ yr'
from 2005 to 2017. The long-term trend for 0-700 m and 700-
2000 m layers have warmed 4.35 + 0.8 and 2.25 + 0.64 ZJ) yr'
from between the averages of 1971-1990 and 1998-2017 and is
attributed to anthropogenic influences. It is /ikely the ocean warming
has continued in the abyssal and deep ocean below 2000 m (southern
hemisphere and Southern Ocean). {1.8.1, 1.2, 5.2.2}

It is likely that the rate of ocean warming has increased since
1993. The 0-700 m and 700-2000 m layers of the ocean have
warmed by 3.22 + 1.61 ZJ and 0.97 + 0.64 ZJ from 1969 to 1993, and
6.28 + 0.48 Z) and 3.86 + 2.09 ZJ from 1993 to 2017. This represents
at least a two-fold increase in heat uptake. {Table 5.1, 5.2.2}



The upper ocean is very likely to have been stratifying since
1970. Observed warming and high-latitude freshening are making
the surface ocean less dense over time relative to the deeper ocean
(high confidence) and inhibiting the exchange between surface and
deep waters. The upper 200 m stratification increase is in the very
likely range of between 2.18-2.42% from 1970 to 2017. {5.2.2}

Multiple datasets and models show that the rate of ocean
uptake of atmospheric CO, has continued to strengthen
in the recent two decades in response to the increasing
concentration of CO, in the atmosphere. The very likely range for
ocean uptake is between 20-30% of total anthropogenic emissions
in the recent two decades. Evidence is growing that the ocean
carbon sink is dynamic on decadal timescales, especially in the
Southern Ocean, which has affected the total global ocean carbon
sink (medium confidence). {5.2.2.3}

(a) Risk in 2100 under different sea level rise and response scenarios
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The ocean is continuing to acidify in response to ongoing ocean
carbon uptake. The open ocean surface water pH is observed to be
declining (virtually certain) by a very likely range of 0.017-0.027 pH
units per decade since the late 1980s across individual time series
observations longer than 15 years. The anthropogenic pH signal is very
likely to have emerged for three-quarters of the near-surface open
ocean prior to 1950 and it is very likely that over 95% of the near
surface open ocean has already been affected. These changes in pH
have reduced the stability of mineral forms of calcium carbonate due
to a lowering of carbonate ion concentrations, most notably in the
upwelling and high-latitude regions of the ocean. {5.2.2.3, Box 5.1}

There is a growing consensus that the open ocean is losing
oxygenoverallwithaverylikelyloss of0.5-3.3%between 1970-
2010 from the ocean surface to 1000 m (medium confidence).
Globally, the oxygen loss due to warming is reinforced by

Risk for illustrative geographies based on mean sea level changes (medium confidence)
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In this assessment, the term response refers to in situ responses to sea level rise (hard engineered coastal defenses, restoration of degraded ecosystems,
subsidence limitation) and planned relocation. Planned relocation in this assessment refers to proactive managed retreat or resettiement only at a local scale, and
according to the specificities of a particular context (e.g., in urban atoll islands: within the island, in a neighbouring island or in artificially raised islands). Forced
displacement and international migration are not considered in this assessment.

The illustrative geographies are based on a limited number of case studies well covered by the peer reviewed literature. The realisation of risk will depend on

context specifities.

Sea level rise scenarios: RCP4.5 and RCP6.0 are not considered in this risk assessment because the literature underpinning this assessment is only available for

RCP2.6 and RCP8.5.

(b) Benefits of responses to sea level rise and mitigation
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FigureTS.7| a, b
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(c) Responses to rising mean and extreme sea levels
The table illustrates responses and their characteristics. It is not exhaustive. Whether a response is applicable depends on geography and context.

Confidence levels (assessed for effectiveness): eeee=VeryHigh  eee=High ee=Medium  e=Low
Responses Potential Advantages Co-benefits Drawbacks Economic Governance
effectiveness efficiency challenges
in terms of reducing (beyond risk reduction)
sea level rise (SLR) risks
(technical/biophysical limits)
Up to multiple metres | Predictable levels of Multifunctional dikes Destruction of habitat ~ High if the value of Often unaffordable for
of SLR {4.4.2.2.4} safety {4.4.2.2.4} such as for recreation,  through coastal assets behind poorer areas. Conflicts
oo or other land use squeeze,flooding & protection is high, as between objectives
{44.2.2.5} erosion downdrift, found in many urban (e.g., conservation,
lock-in, disastrous and densely populated  safety and tourism),
consequence in case coastal areas conflicts about the
Hard of defence failure {44.22.7} distribution of public
protection {4.3.24,44.2.2.5) budgets, lack of
finance {4.3.3.2,
44.2.2.6}
Sediment- Effective but depends  High flexibility Preservation of Destruction of habitat,  High if tourism Conflicts about the
based on sediment availability = {4.4.2.2.4} beaches for recreation/ =~ where sediment is revenues are high distribution of public
protection {44224} eee tourism {4.4.2.2.5} sourced {4.4.2.2.5} {44227} budgets {4.4.2.2.6}
Coral Effective up to Opportunity for Habitat gain, Long-term Limited evidence on Permits for
conservation | 0.5cmyr' SLR. ee community biodiversity, carbon effectiveness depends  benefit-cost ratios; implementation are
Strongly limited by involvement, sequestration, income  on ocean warming, Depends on population | difficult to obtain. Lack
Coral ocean warming and {4423.1} from tourism, acidification and density and the of finance. Lack of
restoration acidification. enhanced fishery emission scenarios availability of land enforcement of
Constrained at 1.5°C productivity, improved | {4.3.3.5.2.,4.4.2.3.2} {44.23.7} conservation policies.
warming and lost at water quality. Provision EbA options dismissed
2°C at many places. of food, medicine, fuel, due to short-term
s 43352,44232, wood and cultural economic interest,
g 534} eee benefits {4.4.2.3.5} availability of land
_‘.: {4.4.2.36}
§ Wetland Effective up to 0.5-1 Safelty levels less
&  conservation | cmyrt SLR ee predictable, )
E (Marshes o asedel 2 :z;’igﬂ;”:; 24? éeln; f?lytz
2 | Mangowes) | (13351,44232, 44232
g 53.7} eee i
w
Wetland Safety levels less
restoration predictable, a lot of
(Marshes, land required, barriers
Mangroves) for landward expan-
sion of ecosystems
has to be removed
{44235,44232)
Coastal Up to multiple metres Predictable levels of Generates land and Groundwater salinisa—  Very high if land prices  Often unaffordable for
e of SLR {4.4.2.2.4} safety {4.4.2.2.4} land sale revenues that = tion, enhanced erosion  are high as found in poorer areas. Social
X can be used to finance  and loss of coastal many urban coasts conflicts with regards
adaptation {4.4.2.4.5}  ecosystems and habitat = {4.4.2.4.7} to access and
{44245} distribution of new land
{44246}
Coastal Very effective for small |~ Mature technology; Maintains landscape Does not prevent Very high for early Early warning systems
accommodation SLR{4.42.5.4} eee sediments deposited connectivity {4.4.2.5.5} | flooding/impacts warning systems and require effective insti-
(Flood-proofing buildings, during floods can raise {4.4.25.5) building-scale tutional arrangements
early warning systems for elevation {4.4.2.5.5} measures {4.4.2.5.7} {4.4.2.6.6}
flood events, etc.)
Planned Effective if alternative Sea level risks at Access to improved Loss of social cohesion,  Limited evidence Reconciling the
relocation safe localities are origin can be services (health, cultural identity and [4.4.2.6.7} divergent interests
available {4.4.2.6.4} eliminated {4.4.2.6.4} education, housing), well-being. Depressed arising from relocating
oo job opportunities and services (health, people from point of
economic growth education, housing), job origin and destination
{4.4.2.6.5) opportunities and {4.4.2.6.6}
economic growth
o {44265
e
3 ! ! ! —
Forced Addresses only Not applicable Not applicable Range from loss of life . Not applicable Raises complex
displacement | Immediate risk at place to loss of livelihoods humanitarian questions
of origin and sovereignty on livelihoods, human
{4.4.2.6.5} rights and equity
{4.4.2.6.6)
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Figure TS.7 | Sea level rise risks and responses. The term response is used here instead of adaptation because some responses, such as retreat, may or may not be
considered to be adaptation. (a) shows the combined risk of coastal flooding, erosion and salinization for illustrative geographies in 2100, due to changing mean and
extreme sea levels under RCP2.6 and RCP8.5 and under two response scenarios. Risks under RCPs 4.5 and 6.0 were not assessed due to a lack of literature for the
assessed geographies. The assessment does not account for changes in extreme sea level beyond those directly induced by mean sea level rise; risk levels could increase
if other changes in extreme sea levels were considered (e.g., due to changes in cyclone intensity). Panel (a) considers a socioeconomic scenario with relatively stable
coastal population density over the century. {SM4.3.2} Risks to illustrative geographies have been assessed based on relative sea level changes projected for a set of
specific examples: New York City, Shanghai and Rotterdam for resource-rich coastal cities covering a wide range of response experiences; South Tarawa, Fongafale and
Male' for urban atoll islands; Mekong and Ganges-Brahmaputra-Meghna for large tropical agricultural deltas; and Bykovskiy, Shishmaref, Kivalina, Tuktoyaktuk and Shingle
Point for Arctic communities located in regions remote from rapid glacio-isostatic adjustment. {4.2, 4.3.4, SM4.2} The assessment distinguishes between two contrasting
response scenarios. “No-to-moderate response” describes efforts as of today (i.e., no further significant action or new types of actions). “Maximum potential response”
represents a combination of responses implemented to their full extent and thus significant additional efforts compared to today, assuming minimal financial, social and
political barriers. The assessment has been conducted for each sea level rise and response scenario, as indicated by the burning embers in the figure; in-between risk levels
are interpolated. {4.3.3} The assessment criteria include exposure and vulnerability (density of assets, level of degradation of terrestrial and marine buffer ecosystems),
coastal hazards (flooding, shoreline erosion, salinization), in-situ responses (hard engineered coastal defenses, ecosystem restoration or creation of new natural buffers
areas, and subsidence management) and planned relocation. Planned relocation refers to managed retreat or resettlement as described in Chapter 4, i.e., proactive and
local-scale measures to reduce risk by relocating people, assets and infrastructure. Forced displacement is not considered in this assessment. Panel (a) also highlights the
relative contributions of in-situ responses and planned relocation to the total risk reduction. (b) schematically illustrates the risk reduction (vertical arrows) and risk delay
(horizontal arrows) through mitigation and/or responses to sea level rise. (c) summarizes and assesses responses to sea level rise in terms of their effectiveness, costs,
co-benefits, drawbacks, economic efficiency and associated governance challenges. {4.4.2} (d) presents generic steps of an adaptive decision-making approach, as well as

key enabling conditions for responses to sea level rise. {4.4.4, 4.4.5}

other processes associated with ocean physics and biogeochemistry,
which cause the majority of the observed oxygen decline (high
confidence). The oxygen minimum zones (OMZs) are expanding by
a very likely range of 3-8%, most notably in the tropical oceans, but
there is substantial decadal variability that affects the attribution
of the overall oxygen declines to human activity in tropical regions
(high confidence). {5.2.2.4, Figure TS.3, Figure TS.5}

In response to ocean warming and increased stratification,
open ocean nutrient cycles are being perturbed and there
is high confidence that this is having a regionally variable
impact on primary producers. There is currently Jow confidence
in appraising past open ocean productivity trends, including those
determined by satellites, due to newly identified region-specific
drivers of microbial growth and the lack of corroborating in situ time
series datasets. {5.2.2.5, 5.2.2.6}

Ocean warming has contributed to observed changes in
biogeography of organisms ranging from phytoplankton to
marine mammals (high confidence), consequently changing
community composition (high confidence), and in some
cases, altering interactions between organisms (medium
confidence). Observed rate of range shifts since the 1950s and its
very likely range are estimated to be 51.5 + 33.3 km per decade
and 29.0 + 15.5 km per decade for organisms in the epipelagic and
seafloor ecosystems, respectively. The direction of the majority of
the shifts of epipelagic organisms are consistent with a response to
warming (high confidence). {5.2.3, 5.3}

Warming-induced range expansion of tropical species to higher
latitudes has led to increased grazing on some coral reefs, rocky
reefs, seagrass meadows and epipelagic ecosystems, leading
to altered ecosystem structure (medium confidence). Warming,
sea level rise (SLR) and enhanced loads of nutrients and sediments in
deltas have contributed to salinisation and deoxygenation in estuaries
(high confidence), and have caused upstream redistribution of benthic
and pelagic species according to their tolerance limits (medium
confidence).{5.3.4, 5.3.5, 5.3.6, 5.2.3}

Fisheries catches and their composition in many regions are
already impacted by the effects of warming and changing

primary production on growth, reproduction and survival
of fish stocks (high confidence). Ocean warming and changes
in primary production in the 20th century are related to changes
in productivity of many fish stocks (high confidence), with an
average decrease of approximately 3% per decade in population
replenishment and 4.1% (very likely range of 9.0% decline to
0.3% increase) in maximum catch potential (robust evidence,
low agreement between fish stocks, medium confidence). Species
composition of fisheries catches since the 1970s in many shelf seas
ecosystems of the world is increasing dominated by warm water
species (medium confidence). {5.2.3, 5.4.1}

Warming-induced changes in spatial distribution and abundance
of fish stocks have already challenged the management of
some important fisheries and their economic benefits (high
confidence). For existing international and national ocean and fisheries
governance, there are concerns about the reduced effectiveness to
achieve mandated ecological, economic, and social objectives because
of observed climate impacts on fisheries resources (high confidence).
{5.4.2,5.5.2}

Coastal ecosystems are observed to be under stress from
ocean warming and SLR that are exacerbated by non-climatic
pressures from human activities on ocean and land (high
confidence). Global wetland area has declined by nearly 50%
relative to pre-industrial level as a result of warming, SLR, extreme
climate events and other human impacts (medium confidence).
Warming related mangrove encroachment into subtropical salt
marshes has been observed in the past 50 years (high confidence).
Distributions of seagrass meadows and kelp forests are contracting
at low-latitudes that is attributable to warming (high confidence),
and in some areas a loss of 36-43% following heat waves (medium
confidence). Inundation, coastline erosion and salinisation are
causing inland shifts in plant species distributions, which has been
accelerating in the last decades (medium confidence). Warming has
increased the frequency of large-scale coral bleaching events, causing
worldwide reef degradation since 1997-1998 with cases of shifts to
algal-dominated reefs (high confidence). Sessile calcified organisms
(e.g., barnacles and mussels) in intertidal rocky shores are highly
sensitive to extreme temperature events and acidification (high
confidence), a reduction in their biodiversity and abundance have
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been observed in naturally-acidified rocky reef ecosystems (medium
confidence). Increased nutrient and organic matter loads in estuaries
since the 1970s have exacerbated the effects of warming on bacterial
respiration and eutrophication, leading to expansion of hypoxic areas
(high confidence). {5.3.1,5.3.2, 5.3.4, 5.3.6}

Coastal and near-shore ecosystems including salt marshes,
mangroves and vegetated dunes in sandy beaches have
a varying capacity to build vertically and expand laterally
in response to SLR. These ecosystems provide important services
including coastal protection, carbon sequestration and habitat for
diverse biota (high confidence). The carbon emission associated
with the loss of vegetated coastal ecosystems is estimated to be
0.04-1.46 Gt C yr' (high confidence). The natural capacity of
ecosystems to adapt to climate impacts may be limited by human
activities that fragment wetland habitats and restrict landward
migration (high confidence). {5.3.2,5.3.3,5.4.1,5.5.1}

Three out of the four major Eastern Boundary Upwelling
Systems (EBUS) have shown large-scale wind intensification
in the past 60 years (high confidence). However, the interaction
of coastal warming and local winds may have affected upwelling
strength, with the direction of changes varies between and within
EBUS (low confidence). Increasing trends in ocean acidification in
the California Current EBUS and deoxygenation in California Current
and Humboldt Current EBUS are observed in the last few decades
(high confidence), although there is low confidence to distinguish
anthropogenic forcing from internal climate variability. The expanding
California EBUS OMZ has altered ecosystem structure and fisheries
catches (medium confidence). {Box 5.3}

Since the early 1980s, the occurrence of harmful algal blooms
(HABs) and pathogenic organisms (e.g., Vibrio) has increased
in coastal areas in response to warming, deoxygenation and
eutrophication, with negative impacts on food provisioning,
tourism, the economy and human health (high confidence). These
impacts depend on species-specific responses to the interactive effects
of climate change and other human drivers (e.g., pollution). Human
communities in poorly monitored areas are among the most vulnerable
to these biological hazards (medium confidence). {Box 5.4, 5.4.2}

Many frameworks for climate resilient coastal adaptation
have been developed since AR5, with substantial variations
in approach between and within countries, and across
development status (high confidence). Few studies have assessed
the success of implementing these frameworks due to the time-lag
between implementation, monitoring, evaluation and reporting
(medium confidence). {5.5.2}

Projections: scenarios and time horizons

Climate models project significant changes in the ocean state
over the coming century. Under the high emissions scenario
(Representative Concentration Pathway (RCP)8.5) the impacts
by 2090 are substantially larger and more widespread than for
the low emissions scenario (RCP2.6) throughout the surface
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and deep ocean, including: warming (virtually certain); ocean
acidification (virtually certain); decreased stability of mineral
forms of calcite (virtually certain); oxygen loss (very likely);
reduced near-surface nutrients (likely as not); decreased net
primary productivity (high confidence); reduced fish production
(likely) and loss of key ecosystems services (medium confidence)
that are important for human well-being and sustainable
development. {5.2.2, Box 5.1,5.2.3,5.2.4, 5.4}

By 2100 the ocean is very likely to warm by 2 to 4 times as much
for low emissions (RCP2.6) and 5 to 7 times as much for the
high emissions scenario (RCP8.5) compared with the observed
changes since 1970. The 0-2000 m layer of the ocean is projected to
warm by a further 2150 ZJ (very likely range 1710-2790 ZJ) between
2017 and 2100 for the RCP8.5 scenario. The 0-2000 m layer is
projected to warm by 900 ZJ (very likely range 650—1340 ZJ) by 2100
for the RCP2.6 scenario, and the overall warming of the ocean will
continue this century even after radiative forcing and mean surface
temperatures stabilise (high confidence). {5.2.2.2}

The upper ocean will continue to stratify. By the end of the
century the annual mean stratification of the top 200 m (averaged
between 60°5—60°N relative to the 1986—2005 period) is projected
to increase in the very likely range of 1-9% and 12-30% for RCP2.6
and RCP8.5 respectively. {5.2.2.2}

It is very likely that the majority of coastal regions will
experience statistically significant changes in tidal amplitudes
over the course of the 21st century. The sign and amplitude of
local changes to tides are very likely to be impacted by both human
coastal adaptation measures and climate drivers. {5.2.2.2.3}

It is virtually certain that surface ocean pH will decline, by
0.036-0.042 or 0.287-0.29 pH units by 2081-2100, relative to
2006-2015, for the RCP2.6 or RCP8.5 scenarios, respectively.
These pH changes are very likely to cause the Arctic and Southern
Oceans, as well as the North Pacific and Northwestern Atlantic Oceans
to become corrosive for the major mineral forms of calcium carbonate
under RCP8.5, but these changes are virtually certain to be avoided
under the RCP2.6 scenario. There is increasing evidence of an increase
in the seasonal exposure to acidified conditions in the future (high
confidence), with a very likely increase in the amplitude of seasonal
cycle of hydrogen iron concentrations of 71-90% by 2100, relative to
2000 for the RCP8.5 scenario, especially at high latitudes. {5.2.2.3}

Oxygen is projected to decline further. Globally, the oxygen content
of the ocean is very likely to decline by 3.2-3.7% by 2081-2100,
relative to 2006-2015, for the RCP8.5 scenario or by 1.6-2.0% for
the RCP2.6 scenario. The volume of the oceans OMZ is projected to
grow by a very likely range of 7.0 + 5.6% by 2100 during the RCP8.5
scenario, relative to 1850-1900. The climate signal of oxygen loss
will very likely emerge from the historical climate by 2050 with a very
likely range of 59-80% of ocean area being affected by 2031-2050
and rising with a very likely range of 79-91% by 2081-2100 (RCP8.5
emissions scenario). The emergence of oxygen loss is very likely smaller
in area for the RCP2.6 scenario in the 21st century and by 2090 the
emerged area is declining. {5.2.2.4, Box 5.1 Figure 1}



Overall, nitrate concentrations in the upper 100 m are very
likely to decline by 9-14% across CMIP5 models by 2081-2100,
relative to 2006-2015, in response to increased stratification
for RCP8.5, with medium confidence in these projections due
to the limited evidence of past changes that can be robustly
understood and reproduced by models. There is low confidence
regarding projected increases in surface ocean iron levels due to
systemic uncertainties in these models. {5.2.2.5}

Climate models project that net primary productivity will very
likely decline by 4-11% for RCP8.5 by 2081-2100, relative to
2006-2015. The decline is due to the combined effects of warming,
stratification, light, nutrients and predation and will show regional
variations between low and high latitudes (low confidence). The
tropical ocean NPP will very likely decline by 7-16% for RCP8.5, with
medium confidence as there are improved constraints from historical
variability in this region. Globally, the sinking flux of organic matter
from the upper ocean into the ocean interior is very likely to decrease
by 9-16% for RCP8.5 in response to increased stratification and
reduced nutrient supply, especially in tropical regions (medium
confidence), which will reduce organic carbon supply to deep sea
ecosystems (high confidence). The reduction in food supply to the
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deep sea is projected to lead to a 5-6% reduction in biomass of
benthic biota over more than 97% of the abyssal seafloor by 2100
(medium confidence). {5.2.2.6, 5.2.4.2, Figure TS.8}

New ocean states for a broad suite of climate indices will
progressively emerge over a substantial fractions of the
ocean in the coming century (relative to past internal ocean
variability), with Earth System Models (ESMs) showing an
ordered emergence of first pH, followed by sea surface
temperature (SST), interior oxygen, upper ocean nutrient levels
and finally net primary production (NPP). The anthropogenic pH
signal has very likely emerged for three quarters of the ocean prior to
1950, with little difference between scenarios. Oxygen changes will
very likely emerge over 59-80% of the ocean area by 2031-2050
and rises to 79-91% by 2081-2100 (RCP8.5 emissions scenario).
The projected time of emergence for five primary drivers of marine
ecosystem change (surface warming and acidification, oxygen loss,
nitrate content and net primary production change) are all prior to
2100 for over 60% of the ocean area under RCP8.5 and over 30%
under RCP2.6 (very likely). {Box 5.1, Box 5.1 Figure 1}
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(d) Impacts and risks to ocean ecosystems from climate change Global mean sea surface temperature (SST)
change relative to pre-industrial levels (°C)
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Figure TS.8 | Projected changes, impacts and risks for ocean regions and ecosystems. (a) depth integrated net primary production (NPP from CMIP5)%, (b) total animal
biomass (depth integrated, including fishes and invertebrates from FISHMIP)?, (c) maximum fisheries catch potential and (d) impacts and risks for coastal and open ocean
ecosystems. The three left panels represent the simulated (a,b) and observed (c) mean values for the recent past (1986—2005), the middle and right panels represent
projected changes (%) by 2081-2100 relative to recent past under low (RCP2.6) and high (RCP8.5) greenhouse gas emissions scenario (see Table TS.2), respectively. Total
animal biomass in the recent past (b, left panel) represents the projected total animal biomass by each spatial pixel relative to the global average. (c) *Average observed
fisheries catch in the recent past (based on data from the Sea Around Us global fisheries database); projected changes in maximum fisheries catch potential in shelf seas
are based on the average outputs from two fisheries and marine ecosystem models. To indicate areas of model inconsistency, shaded areas represent regions where models
disagree in the direction of change for more than: (a) and (b) 3 out of 10 model projections, and (c) one out of two models. Although unshaded, the projected change in
the Arctic and Antarctic regions in (b) total animal biomass and (c) fisheries catch potential have low confidence due to uncertainties associated with modelling multiple
interacting drivers and ecosystem responses. Projections presented in (b) and (c) are driven by changes in ocean physical and biogeochemical conditions e.g., temperature,
oxygen level, and net primary production projected from CMIP5 Earth system models. **The epipelagic refers to the uppermost part of the ocean with depth <200 m from
the surface where there is enough sunlight to allow photosynthesis. (d) Assessment of risks for coastal and open ocean ecosystems based on observed and projected
climate impacts on ecosystem structure, functioning and biodiversity. Impacts and risks are shown in relation to changes in Global Mean Surface Temperature (GMST)
relative to pre-industrial level. Since assessments of risks and impacts are based on global mean Sea Surface Temperature (SST), the corresponding SST levels are shown'”.
The assessment of risk transitions is described in Chapter 5 Sections 5.2, 5.3, 5.2.5 and 5.3.7 and Supplementary Materials SM5.3, Table SM5.6, Table SM5.8 and other
parts of the underlying report. The figure indicates assessed risks at approximate warming levels and increasing climate-related hazards in the ocean: ocean warming,
acidification, deoxygenation, increased density stratification, changes in carbon fluxes, sea level rise, and increased frequency and/or intensity of extreme events. The
assessment considers the natural adaptive capacity of the ecosystems, their exposure and vulnerability. Impact and risk levels do not consider risk reduction strategies such
as human interventions, or future changes in non-climatic drivers. Risks for ecosystems were assessed by considering biological, biogeochemical, geomorphological and
physical aspects. Higher risks associated with compound effects of climate hazards include habitat and biodiversity loss, changes in species composition and distribution
ranges, and impacts/risks on ecosystem structure and functioning, including changes in animal/plant biomass and density, productivity, carbon fluxes, and sediment
transport. As part of the assessment, literature was compiled and data extracted into a summary table. A multi-round expert elicitation process was undertaken with
independent evaluation of threshold judgement, and a final consensus discussion. Further information on methods and underlying literature can be found in Chapter 5,
Sections 5.2 and 5.3 and Supplementary Material. {3.2.3, 3.2.4, 5.2, 5.3, 5.2.5, 5.3.7, SM5.6, SM5.8, Figure 5.16, Cross Chapter Box 1 in Chapter 1 Table CCB1}

& NPPis estimated from the Coupled Models Intercomparison Project 5 (CMIP5).

Total animal biomass is from the Fisheries and Marine Ecosystem Models Intercomparison Project (FISHMIP).

10 The conversion between GMST and SST is based on a scaling factor of 1.44 derived from changes in an ensemble of RCP8.5 simulations; this scaling factor has

an uncertainty of about 4% due to differences between the RCP2.6 and RCP8.5 scenarios. {Table SPM. 1}
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Simulated ocean warming and changes in NPP during the 21st
century are projected to alter community structure of marine
organisms (high confidence), reduce global marine animal
biomass (medium confidence) and the maximum potential
catches of fish stocks (medium confidence) with regional
differences in the direction and magnitude of changes (high
confidence). The global biomass of marine animals, including those
that contribute to fisheries, is projected to decrease with a very likely
range under RCP2.6 and RCP8.5 of 4.3 + 2.0% and 15.0 + 5.9%,
respectively, by 2080-2099 relative to 1986—2005. The maximum
catch potential is projected to decrease by 3.4% to 6.4% (RCP2.6)
and 20.5% to 24.1% (RCP8.5) in the 21st century. {5.4.1}

Projected decreases in global marine animal biomass and
fish catch potential could elevate the risk of impacts on
income, livelihood and food security of the dependent human
communities (medium confidence). Projected climate change
impacts on fisheries also increase the risk of potential conflicts among
fishery area users and authorities or between two different communities
within the same country (medium confidence), exacerbated through
competing resource exploitation from international actors and
mal-adapted policies (low confidence). {5.2.3, 5.4, 5.5.3}

Projected decrease in upper ocean export of organic carbon
to the deep seafloor is expected to result in a loss of animal
biomass on the deep seafloor by 5.2-17.6% by 2090-2100
compared to the present (2006-2015) under RCP8.5 with
regional variations (medium confidence). Some increases are
projected in the polar regions, due to enhanced stratification in
the surface ocean, reduced primary production and shifts towards
small phytoplankton (medium confidence). The projected impacts on
biomass in the abyssal seafloor are larger under RCP8.5 than RCP4.5
(very likely). The increase in climatic hazards beyond thresholds of
tolerance of deep sea organisms will increase the risk of loss of
biodiversity and impacts on functioning of deep water column and
seafloor that is important to support ecosystem services, such as
carbon sequestration (medium confidence). {5.2.4}

Structure and functions of all types of coastal ecosystems
will continue to be at moderate to high risk under the
RCP2.6 scenario (medium confidence) and will face high to
very high risk under the RCP8.5 scenario (high confidence)
by 2100. Seagrass meadows (high confidence) and kelp forests
(high confidence) will face moderate to high risk at temperature
above 1.5°C global sea surface warming. Coral reefs will face very
high risk at temperatures 1.5°C of global sea surface warming
(very high confidence). Intertidal rocky shores are also expected
to be at very high risk (transition above 3°C) under the RCP8.5
scenario (medium confidence). These ecosystems have low to
moderate adaptive capacity, as they are highly sensitive to ocean
temperatures and acidification. The ecosystems with moderate to
high risk (transition above 1.8°C) under future emissions scenarios
are mangrove forests, sandy beaches, estuaries and salt marshes
(medium confidence). Estuaries and sandy beaches are subject
to highly dynamic hydrological and geomorphological processes,
giving them more natural adaptive capacity to climate hazards. In
these systems, sediment relocation, soil accretion and landward
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expansion of vegetation may initially mitigate against flooding and
habitat loss, but salt marshes in particular will be at very high risk
in the context of SLR and extreme climate-driven erosion under
RCP8.5. {5.3, Figure 5.16}

Expected coastal ecosystem responses over the 21st century
are habitat contraction, migration and loss of biodiversity
and functionality. Pervasive human coastal disturbances will limit
natural ecosystem adaptation to climate hazards (high confidence).
Global coastal wetlands will lose between 20-90% of their area
depending on emissions scenario with impacts on their contributions
to carbon sequestration and coastal protection (high confidence).
Kelp forests at low-latitudes and temperate seagrass meadows will
continue to retreat as a result of intensified extreme temperatures,
and their low dispersal ability will elevate the risk of local extinction
under RCP8.5 (high confidence). Intertidal rocky shores will continue
to be affected by ocean acidification, warming, and extreme heat
exposure during low tide emersion, causing reduction of calcareous
species and loss of ecosystem biodiversity and complexity shifting
towards algae dominated habitats (high confidence). Salinisation and
expansion of hypoxic conditions will intensify in eutrophic estuaries,
especially in mid and high latitudes with microtidal regimes (high
confidence). Sandy beach ecosystems will increasingly be at risk of
eroding, reducing the habitable area for dependent organisms (high
confidence). {5.3, 5.4.1}

Almost all coral reefs will degrade from their current state, even
if global warming remains below 2°C (very high confidence),
and the remaining shallow coral reef communities will differ
in species composition and diversity from present reefs (very
high confidence). These declines in coral reef health will greatly
diminish the services they provide to society, such as food provision
(high confidence), coastal protection (high confidence) and tourism
(medium confidence). {5.3.4, 5.4.1}

Multiple hazards of warming, deoxygenation, aragonite under-
saturation and decrease in flux of organic carbon from the
surface ocean will decrease calcification and exacerbate the
bioerosion and dissolution of the non-living component of cold
water coral. Habitat-forming, cold water corals will be vulnerable
where temperature and oxygen exceed the species’ thresholds
(medium confidence). Reduced particulate food supply is projected
to be experienced by 95% of cold water coral ecosystems by 2100
under RCP8.5 relative to the present, leading to a very likely range of
8.6 + 2% biomass loss (medium confidence). {5.2.4, Box 5.2}

Anthropogenic changes in EBUS will emerge primarily in the
second half of the 21st century (medium confidence). EBUS will
be impacted by climate change in different ways, with strong regional
variability with consequences for fisheries, recreation and climate
requlation (medium confidence). The Pacific EBUS are projected
to have calcium carbonate undersaturation in surface waters
within a few decades under RCP8.5 (high confidence); combined
with warming and decreasing oxygen levels, this will increase the
impacts on shellfish larvae, benthic invertebrates and demersal fishes
(high confidence) and related fisheries and aquaculture (medium
confidence). The inherent natural variability of EBUS, together with
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uncertainties in present and future trends in the intensity and
seasonality of upwelling, coastal warming and stratification, primary
production and biogeochemistry of source waters poses large
challenges in projecting the response of EBUS to climate change and
to the adaptation of governance of biodiversity conservation and
living marine resources in EBUS (high confidence). {Box 5.3}

Climate change impacts on ecosystems and their goods
and services threatens key cultural dimensions of lives and
livelihoods. These threats include erosion of Indigenous and
non-indigenous culture, their knowledge about the ocean and
knowledge transmission, reduced access to traditional food, loss
of opportunities for aesthetic and spiritual appreciation of the
ecosystems, and marine recreational activities (medium confidence).
Ultimately, these can lead to the loss of part of people’s cultural
identity and values beyond the rate at which identify and values can
be adjusted or substituted (medium confidence). {5.4.2}

Climate change increases the exposure and bioaccumulation
of contaminants such as persistent organic pollutants and
mercury (medium confidence), and their risk of impacts on
marine ecosystems and seafood safety (high agreement,
medium evidence, medium confidence). Such risks are particularly
large for top predators and for human communities that have high
consumption on these organisms, including coastal Indigenous
communities (medium confidence). {5.4.2}

Shifting distributions of fish stocks between governance
jurisdictions will increase the risk of potential conflicts among
fishery area users and authorities or between two different
communities within the same country (medium confidence).
These fishery governance related risks are widespread under high
emissions scenarios with regional hotspots (medium confidence),
and highlight the limits of existing natural resource management
frameworks for addressing ecosystem change (high confidence).
{5.2.5,5.4.2.1.3,5.5,5.5.2}

Response options to enhance resilience

There is clear evidence for observed climate change impacts
throughout the ocean with consequences for human
communities and require options to reduce risks and impacts.
Coastal blue carbon can contribute to mitigation for many
nations but its global scope is modest (offset of <2% of
current emissions) (likely). Some ocean indices are expected
to emerge earlier than others (e.g., warming, acidification
and effects on fish stocks) and could therefore be used to
prioritise planning and building resilience. The survival of
some keystone ecosystems (e.g., coral reefs) are at risk, while
governance structures are not well-matched to the spatial and
temporal scale of climate change impacts on ocean systems.
Ecosystem restoration may be able to locally reduce climate
risks (medium confidence) but at relatively high cost and
effectiveness limited to low emissions scenarios and to less
sensitive systems (high confidence). {5.2, 5.3, 5.4, 5.5}
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Coastal blue carbon ecosystems, such as mangroves, salt
marshes and seagrasses, can help reduce the risks and impacts
of climate change, with multiple co-benefits. Some 151 countries
around the world contain at least one of these coastal blue carbon
ecosystems and 71 countries contain all three. Below-ground carbon
storage in vegetated marine habitats can be up to 1000 tC ha™", much
higher than most terrestrial ecosystems (high confidence). Successful
implementation of measures to maintain and promote carbon
storage in such coastal ecosystems could assist several countries in
achieving a balance between emissions and removals of greenhouse
gases (medium confidence). Conservation of these habitats would
also sustain the wide range of ecosystem services they provide and
assist with climate adaptation through improving critical habitats
for biodiversity, enhancing local fisheries production, and protecting
coastal communities from SLR and storm events (high confidence).
The climate mitigation effectiveness of other natural carbon removal
processes in coastal waters, such as seaweed ecosystems and
proposed non-biological marine CO; removal methods, are smaller or
currently have higher associated uncertainties. Seaweed aquaculture
warrants further research attention. {5.5.1.1, 5.5.1.1, 5.5.1, 5.5.2,
5.5.1.1.3,5.5.1.1.4}

The potential climatic benefits of blue carbon ecosystems
can only be a very modest addition to, and not a replacement
for, the very rapid reduction of greenhouse gas emissions.
The maximum global mitigation benefits of cost-effective coastal
wetland restoration is unlikely to be more than 2% of current
total emissions from all sources. Nevertheless, the protection
and enhancement of coastal blue carbon can be an important
contribution to both mitigation and adaptation at the national scale.
The feasibility of climate mitigation by open ocean fertilisation of
productivity is limited to negligible, due to the likely decadal-scale
return to the atmosphere of nearly all the extra carbon removed,
associated difficulties in carbon accounting, risks of unintended
side effects and low acceptability. Other human interventions to
enhance marine carbon uptake, for example, ocean alkalinisation
(enhanced weathering), would also have governance challenges,
with the increased risk of undesirable ecological consequences (high
confidence). {5.5.1.2}

Socioinstitutional adaptation responses are more frequently
reported in the literature than ecosystem-based and built
infrastructure approaches. Hard engineering responses are more
effective when supported by ecosystem-based adaptation (EbA)
approaches (high agreement), and both approaches are enhanced by
combining with socioinstitutional approaches for adaptation (high
confidence). Stakeholder engagement is necessary (robust evidence,
high agreement). {5.5.2}

EbA is a cost-effective coastal protection tool that can
have many co-benefits, including supporting livelihoods,
contributing to carbon sequestration and the provision of
arange of other valuable ecosystem services (high confidence).
Such adaptation does, however, assume that the climate can be
stabilised. Under changing climatic conditions there are limits to the
effectiveness of ecosystem-based adaptation, and these limits are
currently difficult to determine. {5.5.2.1}



Socioinstitutional adaptation responses, including community-
based adaptation, capacity-building, participatory processes,
institutional support for adaptation planning and support
mechanisms for communities are important tools to address
climate change impacts (high confidence). For fisheries
management, improving coordination of integrated coastal
management and marine protected areas (MPAs) have emerged in
the literature as important adaptation governance responses (robust
evidence, medium agreement). {5.5.2.2, 5.5.2.6}

Observed widespread decline in warm water corals has led
to the consideration of alternative restoration approaches
to enhance climate resilience. Approaches, such as ‘coral reef
gardening’ have been tested, and ecological engineering and
other approaches such as assisted evolution, colonisation and
chimerism are being researched for reef restoration. However,
the effectiveness of these approaches to increase resilience to
climate stressors and their large-scale implementation for reef
restoration will be limited unless warming and ocean acidification
are rapidly controlled (high confidence). {Box 5.5, 5.5.2}

Existing ocean governance structures are already facing
multi-dimensional, scale-related challenges because of climate
change. This trend of increasing complexity will continue (high
confidence). The mechanisms for the governance of marine Areas
Beyond National Jurisdiction (ABNJ), such as ocean acidification,
would benefit from further development (high confidence). There
is also scope to increase the overall effectiveness of international
and national ocean governance regimes by increasing cooperation,
integration and widening participation (medium confidence). Diverse
adaptations of ocean related governance are being tried, and some are
producing promising results. However, rigorous evaluation is needed of
the effectiveness of these adaptations in achieving their goals. {5.5.3}

There are a broad range of identified barriers and limits
for adaptation to climate change in ecosystems and human
systems (high confidence). Limitations include the space that
ecosystems require, non-climatic drivers and human impacts that need
to be addressed as part of the adaptation response, the lowering of
adaptive capacity of ecosystems because of climate change, and the
slower ecosystem recovery rates relative to the recurrence of climate
impacts, availability of technology, knowledge and financial support
and existing governance structures (medium confidence). {5.5.2}

TS.6  Extremes, Abrupt Changes

and Managing Risks

This chapter assesses extremes and abrupt or irreversible changes in
the ocean and cryosphere in a changing climate, to identify regional
hot spots, cascading effects, their impacts on human and natural
systems, and sustainable and resilient risk management strategies.
It is not comprehensive in terms of the systems assessed and some
information on extremes, abrupt and irreversible changes, in particular
for the cryosphere, may be found in other chapters.

Technical Summary

Ongoing and Emerging Changes in the Ocean
and Cryosphere, and their Impacts on Ecosystems
and Human Societies

Anthropogenic climate change has increased observed
precipitation (medium confidence), winds (low confidence),
and extreme sea level events (high confidence) associated
with some tropical cyclones, which has increased intensity of
multiple extreme events and associated cascading impacts
(high confidence). Anthropogenic climate change may have
contributed to a poleward migration of maximum tropical cyclone
intensity in the western North Pacific in recent decades related to
anthropogenically-forced tropical expansion (low confidence).
There is emerging evidence for an increase in the annual global
proportion of Category 4 or 5 tropical cyclones in recent decades
(low confidence). {6.3, Table 6.2, Figure 6.2, Box 6.1}

Changes in Arctic sea ice have the potential to influence
mid-latitude weather (medium confidence), but there is low
confidence in the detection of this influence for specific
weather types. {6.3}

Extreme wave heights, which contribute to extreme sea level
events, coastal erosion and flooding, have increased in the
Southern and North Atlantic Oceans by around 1.0 cm yr' and
0.8 cm yr~' over the period 1985-2018 (medium confidence).
Sea ice loss in the Arctic has also increased wave heights over
the period 1992-2014 (medium confidence). {6.3}

Marine heatwaves (MHWs), periods of extremely high ocean
temperatures, have negatively impacted marine organisms
and ecosystems in all ocean basins over the last two decades,
including critical foundation species such as corals, seagrasses
and kelps (very high confidence). Globally, marine heat related
events have increased; marine heatwaves, defined when the daily sea
surface temperature exceeds the local 99th percentile over the period
1982 to 2016, have doubled in frequency and have become longer-
lasting, more intense and more extensive (very likely). It is very likely
that between 84-90% of marine heatwaves that occurred between
2006 and 2015 are attributable to the anthropogenic temperature
increase. {6.4, Figures 6.3, 6.4}

Both palaeoclimate and modern observations suggest that the
strongest El Nifio and La Nifia events since the pre-industrial
period have occurred during the last fifty years (medium
confidence). There have been three occurrences of extreme El Nifio
events during the modern observational period (1982-1983,
1997-1998, 2015-2016), all characterised by pronounced rainfall
in the normally dry equatorial East Pacific. There have been two
occurrences of extreme La Nifia (1988-1989, 1998-1999). El Nifio
and La Nifa variability during the last 50 years is unusually high
compared with average variability during the last millennium.
{6.5, Figure 6.5}

The equatorial Pacific trade wind system experienced an

unprecedented intensification during 2001-2014, resulting in
enhanced ocean heat transport from the Pacific to the Indian
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Ocean, influencing the rate of global temperature change
(medium confidence). In the last two decades, total water transport
from the Pacific to the Indian Ocean by the Indonesian Throughflow (ITF),
and the Indian Ocean to Atlantic Ocean has increased (high confidence).
Increased ITF has been linked to Pacific cooling trends and basin-wide
warming trends in the Indian Ocean. Pacific sea surface temperature
(SST) cooling trends and strengthened trade winds have been linked to
an anomalously warm tropical Atlantic. {6.6, Figure 6.7}

Observations, both in situ (2004-2017) and based on sea
surface temperature reconstructions, indicate that the Atlantic
Meridional Overturning Circulation (AMOC) has weakened
relative to 1850-1900 (medium confidence). There is insufficient
data to quantify the magnitude of the weakening, or to properly
attribute it to anthropogenic forcing due to the limited length of the
observational record. Although attribution is currently not possible,
CMIP5 model simulations of the period 1850-2015, on average,
exhibit a weakening AMOC when driven by anthropogenic forcing.
{6.7, Figure 6.8}

Climate change is modifying multiple types of climate-related
events or hazards in terms of occurrence, intensity and
periodicity. It increases the likelihood of compound hazards
that comprise simultaneously or sequentially occurring events
to cause extreme impacts in natural and human systems.
Compound events in turn trigger cascading impacts (high
confidence). Three case studies are presented in the chapter,
(i) Tasmania's Summer of 2015-2016, (ii) The Coral Triangle and
(ii) Hurricanes of 2017. {6.8, Box 6.1}

Projections of Ocean and Cryosphere Change
and Hazards to Ecosystems and Human Society
Under Low and High Emission Futures

The average intensity of tropical cyclones, the proportion
of Category 4 and 5 tropical cyclones and the associated
average precipitation rates are projected to increase for a 2°C
global temperature rise above any baseline period (medium
confidence). Rising mean sea levels will contribute to higher
extreme sea levels associated with tropical cyclones (very high
confidence). Coastal hazards will be exacerbated by an increase in
the average intensity, magnitude of storm surge and precipitation
rates of tropical cyclones. There are greater increases projected
under RCP8.5 than under RCP2.6 from around mid-century to 2100
(medium confidence). There is low confidence in changes in the
future frequency of tropical cyclones at the global scale. {6.3.1}

Significant wave heights (the average height from trough to
crest of the highest one-third of waves) are projected to increase
across the Southern Ocean and tropical eastern Pacific (high
confidence) and Baltic Sea (medium confidence) and decrease
over the North Atlantic and Mediterranean Sea under RCP8.5
(high confidence). Coastal tidal amplitudes and patterns are projected
to change due to sea level rise and coastal adaptation measures (very
likely). Projected changes in waves arising from changes in weather

68

patterns, and changes in tides due to sea level rise, can locally enhance
or ameliorate coastal hazards (medium confidence). {6.3.1, 5.2.2}

Marine heatwaves are projected to further increase in
frequency, duration, spatial extent and intensity (maximum
temperature) (very high confidence). Climate models project
increases in the frequency of marine heatwaves by 2081-2100,
relative to 1850-1900, by approximately 50 times under RCP8.5 and
20 times under RCP2.6 (medium confidence). The largest increases
in frequency are projected for the Arctic and the tropical oceans
(medium confidence). The intensity of marine heatwaves is projected
to increase about 10-fold under RCP8.5 by 2081-2100, relative to
1850-1900 (medium confidence). {6.4}

Extreme El Nifio and La Nifia events are projected to likely
increase in frequency in the 21st century and to likely intensify
existing hazards, with drier or wetter responses in several
regions across the globe. Extreme El Nifio events are projected to
occur about as twice as often under both RCP2.6 and RCP8.5 in the
21st century when compared to the 20th century (medium confidence).
Projections indicate that extreme Indian Ocean Dipole events also
increase in frequency (low confidence). {6.5, Figures 6.5, 6.6}

Lack of long-term sustained Indian and Pacific Ocean
observations, and inadequacies in the ability of climate models
to simulate the magnitude of trade wind decadal variability
and the inter-ocean link, mean there is low confidence in
future projections of the trade wind system. {6.6, Figure 6.7}

The AMOC will very likely weaken over the 21st century (high
confidence), although a collapse is very unlikely (medium
confidence). Nevertheless, a substantial weakening of the
AMOC remains a physically plausible scenario. Such a weakening
would strongly impact natural and human systems, leading to
a decrease in marine productivity in the North Atlantic, more winter
storms in Europe, a reduction in Sahelian and South Asian summer
rainfall, a decrease in the number of TCs in the Atlantic, and an increase
in regional sea level around the Atlantic especially along the northeast
coast of North America (medium confidence). Such impacts would be
superimposed on the global warming signal. {6.7, Figure 6.8}

Impacts from further changes in TCs and ETCs, MHWs, extreme
El Nifio and La Nifia events and other extremes will exceed
the limits of resilience and adaptation of ecosystems and
people, leading to unavoidable loss and damage (medium
confidence). {6.9.2}

Strengthening the Global Responses in the Context

of Sustainable Development Goals (SDGs) and Charting
Climate Resilient Development Pathways for Oceans
and Cryosphere

There is medium confidence that including extremes and abrupt
changes, such as AMOC weakening, ice sheet collapse (West
Antarctic Ice Sheet (WAIS) and Greenland Ice Sheet (GIS)),
leads to a several-fold increase in the cost of carbon emissions



(medium confidence). If carbon emissions decline, the risk of
extremes and abrupt changes are reduced, creating co-benefits.
{6.8.6}

For TCs and ETCs, investment in disaster risk reduction, flood
management (ecosystem and engineered) and early warning
systems decreases economic loss (medium confidence), but
such investments may be hindered by limited local capacities,
such as increased losses and mortality from extreme winds and
storm surges in less developed countries despite adaptation
efforts. There is emerging evidence of increasing risks for locations
impacted by unprecedented storm trajectories (low confidence).
Managing the risk from such changing storm trajectories and intensity
proves challenging because of the difficulties of early warning and its
receptivity by the affected population (high confidence). {6.3, 6.9}

Limiting global warming would reduce the risk of impacts of
MHWs, but critical thresholds for some ecosystems (e.g., kelp
forests, coral reefs) will be reached at relatively low levels of
future global warming (high confidence). Early warning systems,
producing skillful forecasts of MHWSs, can further help to reduce the
vulnerability in the areas of fisheries, tourism and conservation, but
are yet unproven at large scale (medium confidence). {6.4}

Sustained long-term monitoring and improved forecasts
can be used in managing the risks of extreme El Nifio and
La Nifa events associated with human health, agriculture,
fisheries, coral reefs, aquaculture, wildfire, drought and flood
management (high confidence). {6.5}

Extreme change in the trade wind system and its impacts
on global variability, biogeochemistry, ecosystems and
society have not been adequately understood and represent
significant knowledge gaps. {6.6}

By 2300, an AMOC collapse is as likely as not for high emission
pathways and very unlikely for lower ones, highlighting that
an AMOC collapse can be avoided in the long term by CO;
mitigation (medium confidence). Nevertheless, the human impact
of these physical changes have not been sufficiently quantified and
there are considerable knowledge gaps in adaptation responses to
a substantial AMOC weakening. {6.7}

The ratio between risk reduction investment and reduction of
damages of extreme events varies. Investing in preparation
and prevention against the impacts from extreme events is
very likely less than the cost of impacts and recovery (medium
confidence). Coupling insurance mechanisms with risk reduction
measures can enhance the cost-effectiveness of adapting to climate
change (medium confidence). {6.9}

Climate change adaptation and disaster risk reduction require
capacity building and an integrated approach to ensure
trade-offs between short- and long-term gains in dealing
with the uncertainty of increasing extreme events, abrupt
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changes and cascading impacts at different geographic scales
(high confidence). {6.9}

Limiting the risk from the impact of extreme events and abrupt
changes leads to successful adaptation to climate change
with the presence of well-coordinated climate-affected
sectors and disaster management relevant agencies (high
confidence). Transformative governance inclusive of successful
integration of disaster risk management (DRM) and climate
change adaptation, empowerment of vulnerable groups, and
accountability of governmental decisions promotes climate-
resilient development pathways (high confidence). {6.9}

TS.7 Low-lying Islands and Coasts

(Integrative Cross-Chapter Box)

Ocean and cryosphere changes already impact Low-lying
Islands and Coasts (LLIC), including Small Island Developing
States (SIDS), with cascading and compounding risks.
Disproportionately higher risks are expected in the course
of the 21st century. Reinforcing the findings of the IPCC
Special Report on Global Warming of 1.5°C, vulnerable human
communities, especially those in coral reef environments and
polar regions, may exceed adaptation limits well before the
end of this century and even in a low greenhouse gas emission
pathway (high confidence). Depending on the effectiveness of
21st century mitigation and adaptation pathways under all
emission scenarios, most of the low-lying regions around the
world may face adaptation limits beyond 2100, due to the
long-term commitment of sea level rise (medium confidence).
LLIC host around 11% of the global population, generate about
14% of the global Gross Domestic Product and comprise many
world cultural heritage sites. LLIC already experience climate-related
ocean and cryosphere changes (high confidence), and they share
both commonalities in their exposure and vulnerability to climate
change (e.g., low elevation, human disturbances to terrestrial
and marine ecosystems), and context-specificities (e.g., variable
ecosystem climate sensitivities and risk perceptions by populations).
Options to adapt to rising seas, e.g., range from hard engineering
to ecosystem-based measures, and from securing current settings to
relocating people, built assets and activities. Effective combinations
of measures vary across geographies (cities and megacities, small
islands, deltas and Arctic coasts), and reflect the scale of observed
and projected impacts, ecosystems’ and societies’ adaptive capacity,
and the existence of transformational governance (high confidence)
{Sections 3.5.3, 4.4.2 to 4.45, 55.2, 6.8, 6.9, Cross-Chapter
Box 2 in Chapter 1}.
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Framing and Context of the Report

Executive Summary

This special report assesses new knowledge since the IPCC 5th
Assessment Report (AR5) and the Special Report on Global Warming
of 1.5°C (SR15) on how the ocean and cryosphere have and are
expected to change with ongoing global warming, the risks and
opportunities these changes bring to ecosystems and people,
and mitigation, adaptation and governance options for reducing
future risks. Chapter 1 provides context on the importance of the
ocean and cryosphere, and the framework for the assessments in
subsequent chapters of the report.

All people on Earth depend directly or indirectly on the
ocean and cryosphere. The fundamental roles of the ocean and
cryosphere in the Earth system include the uptake and redistribution
of anthropogenic carbon dioxide and heat by the ocean, as well as
their crucial involvement of in the hydrological cycle. The cryosphere
also amplifies climate changes through snow, ice and permafrost
feedbacks. Services provided to people by the ocean and/or
cryosphere include food and freshwater, renewable energy, health
and wellbeing, cultural values, trade and transport. {1.1, 1.2, 1.5}

Sustainable development is at risk from emerging and
intensifying ocean and cryosphere changes. Ocean and
cryosphere changes interact with each of the United Nations
Sustainable Development Goals (SDGs). Progress on climate action
(SDG 13) would reduce risks to aspects of sustainable development
that are fundamentally linked to the ocean and cryosphere and
the services they provide (high confidence"). Progress on achieving the
SDGs can contribute to reducing the exposure or vulnerabilities of
people and communities to the risks of ocean and cryosphere change
(medium confidence). {1.1}

Communities living in close connection with polar, mountain,
and coastal environments are particularly exposed to the
current and future hazards of ocean and cryosphere change.
Coasts are home to approximately 28% of the global population,
including around 11% living on land less than 10 m above sea level.
Almost 10% of the global population lives in the Arctic or high
mountain regions. People in these regions face the greatest exposure
to ocean and cryosphere change, and poor and marginalised people
here are particularly vulnerable to climate-related hazards and risks
(very high confidence). The adaptive capacity of people, communities
and nations is shaped by social, political, cultural, economic,
technological, institutional, geographical and demographic factors.
{1.1, 1.5, 1.6, Cross-Chapter Box 2 in Chapter 1}

Chapter 1

Ocean and cryosphere changes are pervasive and observed
from high mountains, to the polar regions, to coasts, and into
the deep ocean. AR5 assessed that the ocean is warming (0 to
700 m: virtually certain®; 700 to 2,000 m: likely), sea level is rising
(high confidence), and ocean acidity is increasing (high confidence).
Most glaciers are shrinking (high confidence), the Greenland and
Antarcticice sheets are losing mass (high confidence), sea ice extentin
the Arctic is decreasing (very high confidence), Northern Hemisphere
snow cover is decreasing (very high confidence), and permafrost
temperatures are increasing (high confidence). Improvements
since AR5 in observation systems, techniques, reconstructions and
model developments, have advanced scientific characterisation
and understanding of ocean and cryosphere change, including in
previously identified areas of concern such as ice sheets and Atlantic
Meridional Overturning Circulation (AMOC). {1.1, 1.4, 1.8.1}

Evidence and understanding of the human causes of climate
warming, and of associated ocean and cryosphere changes,
has increased over the past 30 years of IPCC assessments (very
high confidence). Human activities are estimated to have caused
approximately 1.0°C of global warming above pre-industrial levels
(SR15). Areas of concern in earlier IPCC reports, such as the expected
acceleration of sea level rise, are now observed (high confidence).
Evidence for expected slow-down of AMOC is emerging in sustained
observations and from long-term palaeoclimate reconstructions
(medium confidence), and may be related with anthropogenic forcing
according to model simulations, although this remains to be properly
attributed. Significant sea level rise contributions from Antarctic ice
sheet mass loss (very high confidence), which earlier reports did not
expect to manifest this century, are already being observed. {1.1, 1.4}

Ocean and cryosphere changes and risks by the end-of-century
(2081-2100) will be larger under high greenhouse gas emission
scenarios, compared with low emission scenarios (very high
confidence). Projections and assessments of future climate, ocean
and cryosphere changes in the Special Report on the Ocean and
Cryosphere in a Changing Climate (SROCC) are commonly based
on coordinated climate model experiments from the Coupled Model
Intercomparison Project Phase 5 (CMIP5) forced with Representative
Concentration Pathways (RCPs) of future radiative forcing. Current
emissions continue to grow at a rate consistent with a high emission
future without effective climate change mitigation policies (referred
to as RCP8.5). The SROCC assessment contrasts this high greenhouse
gas emission future with a low greenhouse gas emission, high
mitigation future (referred to as RCP2.6) that gives a two in three
chance of limiting warming by the end of the century to less than 2°C
above pre-industrial. {Cross-Chapter Box 1 in Chapter 1}

In this report, the following summary terms are used to describe the available evidence: limited, medium, or robust; and for the degree of agreement: low, medium or

high. 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. For a given
evidence and agreement statement, different confidence levels can be assigned, but increasing levels of evidence and degrees of agreement are correlated with increasing

confidence (see Section 1.9.2 and Figure 1.4 for more details).

2 Inthis report, 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%, and Exceptionally unlikely 0—1%. Additional terms (Extremely likely: 95-100%,
More likely than not >50-100%, and Extremely unlikely 0-5%) may also be used when appropriate. Assessed likelihood is typeset in italics, for example, very likely
(see Section 1.9.2 and Figure 1.4 for more details). This Report also uses the term 'likely range’ to indicate that the assessed likelihood of an outcome lies within the

17-83% probability range.
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Characteristics of ocean and cryosphere change include
thresholds of abrupt change, long-term changes that cannot be
avoided, and irreversibility (high confidence). Ocean warming,
acidification and deoxygenation, ice sheet and glacier mass loss, and
permafrost degradation are expected to be irreversible on time scales
relevant to human societies and ecosystems. Long response times
of decades to millennia mean that the ocean and cryosphere are
committed to long-term change even after atmospheric greenhouse
gas concentrations and radiative forcing stabilise (high confidence).
Ice-melt or the thawing of permafrost involve thresholds (state
changes) that allow for abrupt, nonlinear responses to ongoing
climate warming (high confidence). These characteristics of ocean
and cryosphere change pose risks and challenges to adaptation.
{1.1,Box 1.1, 1.3}

Societies will be exposed, and challenged to adapt, to changes
in the ocean and cryosphere even if current and future efforts
to reduce greenhouse gas emissions keep global warming well
below 2°C (very high confidence). Ocean and cryosphere-related
mitigation and adaptation measures include options that address
the causes of climate change, support biological and ecological
adaptation, or enhance societal adaptation. Most ocean-based local
mitigation and adaptation measures have limited effectiveness to
mitigate climate change and reduce its consequences at the global
scale, but are useful to implement because they address local risks,
often have co-benefits such as biodiversity conservation, and have
few adverse side effects. Effective mitigation at a global scale
will reduce the need and cost of adaptation, and reduce the risks
of surpassing limits to adaptation. Ocean-based carbon dioxide
removal at the global scale has potentially large negative ecosystem
consequences. {1.6.1, 1.6.2, Cross-Chapter Box 2 in Chapter 1}

The scale and cross-boundary dimensions of changes in the
ocean and cryosphere challenge the ability of communities,
cultures and nations to respond effectively within existing
governance frameworks (high confidence). Profound
economic and institutional transformations are needed
if climate-resilient development is to be achieved (high
confidence). Changes in the ocean and cryosphere, the ecosystem
services that they provide, the drivers of those changes, and the risks
to marine, coastal, polar and mountain ecosystems, occur on spatial
and temporal scales that may not align within existing governance
structures and practices (medium confidence). This report highlights
the requirements for transformative governance, international and
transboundary cooperation, and greater empowerment of local
communities in the governance of the ocean, coasts, and cryosphere
in a changing climate. {1.5, 1.7, Cross-Chapter Box 2 in Chapter 1,
Cross-Chapter Box 3 in Chapter 1}
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Robust assessments of ocean and cryosphere change, and the
development of context-specific governance and response
options, depend on utilising and strengthening all available
knowledge systems (high confidence). Scientific knowledge from
observations, models and syntheses provides global to local scale
understandings of climate change (very high confidence). Indigenous
knowledge (IK) and local knowledge (LK) provide context-specific and
socio-culturally relevant understandings for effective responses and
policies (medium confidence). Education and climate literacy enable
climate action and adaptation (high confidence). {1.8, Cross-Chapter
Box 4 in Chapter 1}

Long-term sustained observations and continued modelling
are critical for detecting, understanding and predicting ocean
and cryosphere change, providing the knowledge to inform
risk assessments and adaptation planning (high confidence).
Knowledge gaps exist in scientific knowledge for important regions,
parameters and processes of ocean and cryosphere change, including
for physically plausible, high impact changes like high end sea level
rise scenarios that would be costly if realised without effective
adaptation planning and even then may exceed limits to adaptation.
Means such as expert judgement, scenario building, and invoking
multiple lines of evidence enable comprehensive risk assessments
even in cases of uncertain future ocean and cryosphere changes.
{1.8.1, 1.9.2; Cross-Chapter Box 5 in Chapter 1}
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1.1 Why this Special Report?

All people depend directly or indirectly on the ocean and cryosphere
(see FAQ1.1). Coasts are the most densely populated areas on Earth.
As of 2010, 28% of the global population (1.9 billion people) were
living in areas less than 100 km from the coastline and less than
100 m above sea level, including 17 major cities which are each home
to more than 5 million people (Kummu et al., 2016). Small Island
Developing States are together home to around 65 million people
(UN, 2015a). The low elevation coastal zone (land less than 10 m
above sea level), where people and infrastructure are most exposed
to coastal hazards, is currently home to around 11% of the global
population (around 680 million people), and by 2050 the population
in this zone is projected to grow to more than one billion under all
Shared Socioeconomic Pathways (SSPs) (Section 4.3.3.2; Merkens
et al., 2016; O'Neill et al., 2017). In 2010, approximately 4 million
people lived in the Arctic (Section 3.5.1), and an increase of only
4% is projected for 2030 (Heleniak, 2014) compared to 16-23%
for the global population increase (O'Neill et al., 2017). Almost 10%
of the global population (around 670 million people) lived in high
mountain regions in 2010, and by 2050 the population in these
regions is expected to grow to between 736—844 million across the
SSPs (Section 2.1). For people living in close contact with the ocean
and cryosphere, these systems provide essential livelihoods, food
security, well-being and cultural identity, but are also a source of
hazards (Sections 1.5.1, 1.5.2).

Even people living far from the ocean or cryosphere depend on these
systems. Snow and glacier melt from high mountains helps to sustain
the rivers that deliver water resources to downstream populations
(Kaser et al., 2010; Sharma et al., 2019). In the Indus and Ganges river
basins, for example, snow and glacier melt provides enough water to
grow food crops to sustain a balanced diet for 38 million people, and
supports the livelihoods of 129 million farmers (Biemans et al., 2019).
The ocean and cryosphere regulate global climate and weather; the
ocean is the primary source of rain and snowfall needed to sustain
life on land, and uptake of heat and carbon into the ocean has so
far limited the magnitude of anthropogenic warming experienced at
the Earth’s surface (Section 1.2). The ocean’s biosphere is responsible
for about half of the primary production on Earth, and around 17%
of the non-grain protein in human diets is derived from the ocean
(FAO, 2018). Communities far from the coast can also be exposed
to changes in the ocean through extreme weather events. Ocean
and cryosphere changes can result in differing consequences and
benefits on local to global scales; for example, declining sea ice in
the Arctic is allowing access to shorter international shipping routes
but restricting traditional sea ice based travel for Arctic communities.

Human activities are estimated to have so far caused approximately
1°C of global warming (0.8°C—1.2°C likely range; above pre-industrial
levels; IPCC, 2018). The IPCC Fifth Assessment Report (AR5)
concluded that, ‘Warming of the climate system is unequivocal, and
since the 1950s, many of the observed changes are unprecedented
over decades to millennia. The atmosphere and ocean have warmed,
the amounts of snow and ice have diminished, sea level has risen,
and the concentrations of greenhouse gases have increased’ (IPCC,
2013). Subsequently, Parties to the Paris Agreement aimed to
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strengthen the global response to the threats of climate change,
including by ‘holding the increase in global average temperature
to well below 2°C above pre-industrial levels and pursuing efforts to
limit the temperature increase to 1.5°C' (UNFCCC, 2015).

Pervasive ocean and cryosphere changes that are already being
caused by human-induced climate change are observed from high
mountains, to the polar regions, to coasts and into the deep reaches
of the ocean. Changes by the end of this century are expected to
be larger under high greenhouse gas emission futures compared
with low-emission futures (Cross-Chapter Box 1 in Chapter 1), and
inaction on reducing emissions will have large economic costs.
If human impacts on the ocean continue unabated, declines in
ocean health and services are projected to cost the global economy
428 hillion USD yr' by 2050, and 1.979 trillion USD yr~' by 2100.
Alternatively, steps to reduce these impacts could save more than
a trillion dollars USD yr~' by 2100 (Ackerman, 2013). Similarly, sea
level rise scenarios of 25 to 123 ¢m by 2100 without adaptation
are expected to see 0.2-4.6% of the global population impacted by
coastal flooding annually, with average annual losses amounting
to 0.3-9.3% of global GDP. Investment in adaptation reduces by 2 to
3 orders of magnitude the number of people flooded and the losses
caused (Hinkel et al., 2014).

The United Nations 2030 SDGs (UN, 2015b) are all connected
to varying extents with the ocean and cryosphere (see FAQ1.2).
Climate action (SDG 13) would limit future ocean and cryosphere
changes (high confidence; Cross-Chapter Box 1 in Chapter 1,
Figure 1.5, Chapter 2 to 6), and would reduce risks to SDGs that
are fundamentally linked to the ocean and cryosphere, including life
below water, and clean water and sanitation. (Sections 2.4, 4.4, 5.4;
Szabo et al,, 2016; LeBlanc et al., 2017; Singh et al., 2018; Visheck,
2018; Wymann von Dach et al., 2018; Kulonen, Accepted). Other
goals for sustainable development depend on the services the ocean
and cryosphere provide or are impacted by ocean and cryosphere
change; including, life on land, health and wellbeing, eradicating
poverty and hunger, economic growth, clean energy, infrastructure,
and sustainable cities and communities. Progress on the other
SDGs (education, gender equality, reduced inequalities, responsible
consumption, strong institutions, and partnerships for the goals) are
important for reducing the vulnerability of people and communities
to the risks of ocean and cryosphere changes (Section 1.5; 2.3), and
for supporting mitigation and adaptation responses (Sections 1.6, 1.7
and 1.8.3; medium confidence).

The characteristics of ocean and cryosphere change (Section 1.3)
present particular challenges to climate-resilient development
pathways (CRDPs). Ocean acidification and deoxygenation, ice sheet
and glacier mass loss, and permafrost degradation are expected to be
irreversible on time scales relevant to human societies and ecosystems
(Lenton et al., 2008; Solomon et al., 2009; Frolicher and Joos, 2010;
Cai et al., 2016; Kopp et al., 2016). Ocean and cryosphere changes
also have the potential to worsen anthropogenic climate change,
globally and regionally; for example, by additional greenhouse gas
emissions released through permafrost thaw that would intensify
anthropogenic climate change globally, or by increasing the
absorption of solar radiation through snow and ice loss in the Arctic
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that is causing regional climate to warm at more than twice the
global rate (AMAP, 2017; Steffen et al., 2018). Ocean and cryosphere
changes place particular pressures on the adaptive capacities of
cultures who maintain centuries to millennia-old relationships to
the planet’s polar, mountain, and coastal environments, as well as
on cities, states and nations whose territorial boundaries are being
transformed by ongoing sea level rise (Gerrard and Wannier, 2013).
The scale and cross-boundary dimensions of changes in the ocean
and cryosphere challenge the ability of current local, regional and
international governance structures to respond (Section 1.7).
Profound economic and institutional transformations are needed if
climate-resilient development is to be achieved, including ambitious
mitigation efforts to avoid the risks of large-scale and abrupt ocean
and cryosphere changes.

Framing and Context of the Report

to change in a warming climate. SROCC assesses new knowledge
since AR5 and provides an integrated approach across IPCC working
groups | and I, linking physical changes with their ecological and
human impacts, and the strategies to respond and adapt to future
risks. It is one of three special reports being produced by the IPCC
during its Sixth Assessment Cycle (in addition to the three working
groups’ main assessment reports). The concurrent IPCC Special
Report on Climate Change and Land (released August 2019) links to
SROCC where terrestrial environments and their habitability interact
closely with the ocean or cryosphere, such as in mountain, Arctic,
and coastal regions. SR15 concluded that human-induced warming
will reach 1.5°C between 2030-2052 if it continues to increase at
the current rate (high confidence), and that there are widespread
benefits to human and natural systems of limiting warming to 1.5°C

compared with 2°C or more (high confidence; IPCC, 2018).
The commissioning of this IPCC special report recognises the
interconnected ways in which the ocean and cryosphere are expected

Box 1.1 | Major Components and Characteristics of the Ocean and Cryosphere

Ocean

The global ocean is the interconnected body of saline water that encompasses polar to equatorial climate zones and covers 71% of the
Earth surface. It includes the Arctic, Pacific, Atlantic, Indian and Southern Oceans, as well as their marginal seas. The ocean contains
about 97% of the Earth’s water, supplies 99% of the Earth’s biologically habitable space, and provides roughly half of the primary
production on Earth.

Coasts are where ocean and land processes interact, and includes coastal cities, deltas, estuaries, and other coastal ecosystems
such as mangrove forests. Low elevation coastal zones (less than 10 m above sea level) are densely populated and particularly exposed
to hazards from the ocean (Chapters 4 to 6, Cross-Chapter Box 9). Moving into the ocean, the continental shelf represents the shallow
ocean areas (depth <200 m) that surround continents and islands, before the seafloor descends at the continental slope into the deep
ocean. The edge of the continental shelf is often used to identify the coastal ocean from the open ocean. Ocean depth and distance from
the coast may influence the governance and economic access that applies to ocean areas (Cross-Chapter Box 3 in Chapter 1).

The average depth of the global ocean is about 3,700 m, with a maximum depth of more than 10,000 m. The ocean is vertically
stratified with less dense water sitting above more dense layers, determined by the seawater temperature, salinity and pressure. The
surface of the ocean is in direct contact with the atmosphere, except for sea ice covered regions. Sunlight penetrates the water column
and supports primary production (by phytoplankton) down to 50-200 m depth (epipelagic zone). Atmospheric-driven mixing occurs
from the sea surface and into the mesopelagic zone (200—1,000 m). The distinction between the upper ocean and deep ocean depends
on the processes being considered.

The ocean is a fundamental climate regulator on seasonal to millennial time scales. Seawater has a heat capacity four times larger
than air and holds vast quantities of dissolved carbon. Heat, water, and biogeochemically relevant gases (e.g., 0; and CO;) exchange
at the air-sea interface, and ocean currents and mixing caused by winds, tides, wave dynamics, density differences and turbulence
redistribute these throughout the global ocean (Box 1.1, Figure 1).

Cryosphere

The cryosphere refers to frozen components of the Earth system that are at or below the land and ocean surface. These include snow,
glaciers, ice sheets, ice shelves, icebergs, sea ice, lake ice, river ice, permafrost and seasonally frozen ground. Cryosphere is widespread
in polar regions (Chapter 3) and high mountains (Chapter 2), and changes in the cryosphere can have far-reaching and even global
impacts (Chapters 2 to 6, Cross-Chapter Box 9).

Snow is common in polar and mountain regions. It can ultimately either melt seasonally or transform into ice layers that build glaciers
and ice sheets. Snow feeds groundwater and river runoff together with glacier melt causes natural hazards (avalanches, rain-on-snow
flood events) and is a critical economic resource for hydropower and tourism. Snow plays a major role in maintaining high mountain
and Arctic ecosystems, affects the Earth’s energy budget by reflecting solar radiation (albedo effect), and influences the temperature
of underlying permafrost.
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Box 1.1 (continued)

Ice sheets and glaciers are land-based ice, built up by accumulating snowfall on their surface. Presently, around 10% of Earth's
land area is covered by glaciers or ice sheets, which in total hold about 69% of Earth’s freshwater (Gleick, 1996). Ice sheets and
glaciers flow, and at their margins ice and/or melt water is discharged into lakes, rivers or the ocean. The largest ice bodies on Earth
are the Greenland and Antarctic ice sheets. Marine-based sections of ice sheets (e.g., West Antarctic Ice Sheet) sit upon bedrock that
largely lies below sea level and are in contact with ocean heat, making them vulnerable to rapid and irreversible ice loss. Ice sheets
and glaciers that lose more ice than they accumulate contribute to global sea level rise.

Ice shelves are extensions of ice sheets and glaciers that float in the surrounding ocean. The transition between the grounded part of
an ice sheet and a floating ice shelf is called the grounding line. Changes in ice shelf size do not directly contribute to sea level rise,
but buttressing of ice shelves restrict the flow of land-based ice past the grounding line into the ocean.

Sea ice forms from freezing of seawater, and sea ice on the ocean surface is further thickened by snow accumulation. Sea ice may be
discontinuous pieces moved on the ocean surface by wind and currents (pack ice), or a motionless sheet attached to the coast or to ice
shelves (fast ice). Sea ice provides many critical functions: it provides essential habitat for polar species and supports the livelihoods
of people in the Arctic (including Indigenous peoples); regulates climate by reflecting solar radiation; inhibits ocean-atmosphere
exchange of heat, momentum and gases (including CO3); supports global deep ocean circulation via dense (cold and salty) water
formation; and aids or hinders transportation and travel routes in the polar regions.

Permafrost is ground (soil or rock containing ice and frozen organic material) that remains at or below 0°C for at least two consecutive
years. It occurs on land in polar and high mountain areas, and also as submarine permafrost in shallow parts of the Arctic and Southern
Oceans. Permafrost thickness ranges from less than 1 m to greater than 1,000 m. It usually occurs beneath an active layer, which thaws
and freezes annually. Unlike glaciers and snow, the spatial distribution and temporal changes of permafrost cannot easily be observed.
Permafrost thaw can cause hazards, including ground subsidence or landslides, and influence global climate through emissions of
greenhouse gases from microbial breakdown of previously frozen organic carbon.
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Box 1.1, Figure 1| Schematic illustration of key components and changes of the ocean and cryosphere, and their linkages in the Earth system through the movement
of heat, water, and carbon dioxide (Section 1.2). Climate change-related effects in the ocean include sea level rise, increasing ocean heat content and marine heat
waves, ocean deoxygenation, and ocean acidification (Section 1.4.1). Changes in the cryosphere include the decline of Arctic sea ice extent, Antarctic and Greenland
ice sheet mass loss, glacier mass loss, permafrost thaw and decreasing snow cover extent (Section 1.4.2). For illustration purposes, a few examples of where humans
directly interact with ocean and cryosphere are shown.
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1.2 Role of the Ocean and Cryosphere
in the Earth System
1.2.1 Ocean and Cryosphere in Earth’s

Energy, Water and Biogeochemical Cycles

The ocean and cryosphere play a key role in the Earth system.
Powered by the Sun’s energy, large quantities of energy, water and
biogeochemical elements (predominantly carbon, nitrogen, oxygen
and hydrogen) are exchanged between all components of the Earth
system, including between the ocean and cryosphere (Box 1.1,
Figure 1).

During an equilibrium (stable) climate state, the amount of incoming
solar energy is balanced by an equal amount of outgoing radiation
at the top of Earth’s atmosphere (Hansen et al., 2011). At the Earth’s
surface energy from the Sun is transformed into various forms (heat,
potential, latent, kinetic, and chemical), that drive weather systems
in the atmosphere and currents in the ocean, fuel photosynthesis
on land and in the ocean, and fundamentally determine the climate
(Trenberth et al., 2014). The ocean has a large capacity to store
and release heat, and the Earth’s energy budget can be effectively
monitored through the heat content of the ocean on time scales
longer than one year (Palmer and McNeall, 2014; von Schuckmann
et al., 2016; Cheng et al., 2018). The large heat capacity of the ocean
leads to different characteristics of the ocean response to external
forcings compared with the atmosphere (Sections 1.3, 1.4). The
reflective properties of snow and ice also play an important role in
regulating climate via the albedo effect. Increased amounts of solar
energy are absorbed when snow or ice are replaced by less reflective
land or ocean surfaces, resulting in a climate change feedback
responsible for amplified changes.

Water is exchanged between the ocean, atmosphere, land and
cryosphere as part of the hydrological cycle driven by solar heating
(Box 1.1, Figure 1; Trenberth et al., 2007; Lagerloef et al., 2010; Durack
et al., 2016). Evaporation from the surface ocean is the main source of
water in the atmosphere, which is moved back to the Earth'’s surface
as precipitation (Gimeno et al., 2012). The hydrological cycle is closed
by the eventual return of water to the ocean by rivers, streams, and
groundwater flow, and through ice discharge and melting of ice
sheets and glaciers (Yu, 2018). Hydrological extremes related to
the ocean include floods from extreme rainfall (including tropical
cyclones) or ocean circulation-related droughts (Sections 6.3, 6.5),
while cryosphere-related flooding can be caused by rapid snow melt
and melt water discharge events (Sections 2.3, 3.4).

Ninety-two percent of the carbon on Earth that is not locked up
in geological reservoirs (e.g., in sedimentary rocks or coal, oil and
gas reservoirs) resides in the ocean (Sarmiento and Gruber, 2002).
Most of this is in the form of dissolved inorganic carbon, some of
which readily exchanges with CO; in the overlying atmosphere. This
represents a major control on atmospheric CO; and makes the ocean
and its carbon cycle one of the most important climate regulators in
the Earth system, especially on time scales of a few hundred years
and more (Sigman and Boyle, 2000; Berner and Kothavala, 2001). The
ocean also contains as much organic carbon (mostly in the form of
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dissolved organic matter) as the total vegetation on land (Jiao et al.,
2010; Hansell, 2013). Primary production in the ocean, which is as
large as that on land (Field et al., 1998), fuels complex food-webs
that provide essential food for people.

Ocean circulation and mixing redistribute heat and carbon over
large distances and depths (Delworth et al., 2017). The ocean moves
heat laterally from the tropics towards polar regions (Rhines et al.,
2008). Vertical redistribution of heat and carbon occurs where warm,
low-density surface ocean waters transform into cool high-density
waters that sink to deeper layers of the ocean (Talley, 2013), taking
high carbon concentrations with them (Gruber et al., 2019). Driven
by winds, ocean circulation also brings cold water up from deep
layers (upwelling) in some regions, allowing heat, oxygen and carbon
exchange between the deep ocean and the atmosphere (Oschlies
et al., 2018; Shi et al, 2018) and fuelling biological production
(Sarmiento and Gruber, 2006).

1.2.2 Interactions Between the Ocean and Cryosphere
The ocean and cryosphere are interconnected in a multitude of ways
(Box 1.1, Figure 1). Evaporation from the ocean provides snowfall
that builds and sustains the ice sheets and glaciers that store large
amounts of frozen water on land (Section 4.2.1). The vast ice sheets
in Antarctica and Greenland currently hold about 66 m of potential
global sea level rise (Fretwell et al., 2013), although the loss of a large
fraction of this potential would require millennia of ice sheet retreat.
Ocean temperature and sea level affect ice sheet, glacier and ice shelf
stability in places where the base of ice bodies are in direct contact
with ocean water (Section 3.3.1). The nonlinear response of ice-melt
to ocean temperature changes means that even slight increases in
ocean temperature have the potential to rapidly melt and destabilise
large sections of an ice sheet or ice shelf (Section 3.3.1.5).

The formation of sea ice leads to the production of dense ocean
water that contributes to the deep ocean circulation (Section 3.3.3.2).
Paleoclimate evidence and modelling indicates that releases of large
amounts of glacier and ice sheet melt water into the surface ocean
can disrupt deep overturning circulation of the ocean, causing global
climate impacts (Knutti et al., 2004; Golledge et al., 2019). Ice sheet
melt water in the Antarctic may cause changes in surface ocean
salinity, stratification and circulation, that feedback to generate
further ocean-driven melting of marine-based ice sheets (Golledge
et al,, 2019) and promote sea ice formation (Purich et al.,, 2018).
The cryosphere and ocean further link through the movement of
biogeochemical nutrients. For example, iron accumulated in sea ice
during winter is released to the ocean during the spring and summer
melt, helping to fuel ocean productivity in the seasonal sea ice zone
(Tagliabue et al., 2017). Nutrient rich sediments delivered by glaciers
further connect cryosphere processes to ocean productivity (Arrigo
etal., 2017).
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1.3 Time Scales, Thresholds and Detection

of Ocean and Cryosphere Change

It takes hundreds of years to millennia for the entire deep ocean
to turn over (Matsumoto, 2007; Gebbie and Huybers, 2012), while
renewal of the large ice sheets requires many thousands of years
(Huybrechts and de Wolde, 1999). Long response times mean that
the deep ocean and the large ice sheets tend to lag behind in their
response to the rapidly changing climate at Earth’s surface, and that
they will continue to change even after radiative forcing stabilises
(e.g., Golledge et al., 2015; Figure 1.1a). Such ‘committed’ changes
mean that some ocean and cryosphere changes are essentially
irreversible on time scales relevant to human societies (decades to
centuries), even in the presence of immediate action to limit further
global warming (e.g., Section 4.2.3.5).

While some aspects of the ocean and cryosphere might respond
in a linear (i.e., directly proportional) manner to a perturbation
by some external forcing, this may change fundamentally when
critical thresholds are reached. A very important example for such a
threshold is the transition from frozen water to liquid water at around
0°C that can lead to rapid acceleration of ice-melt or permafrost
thaw (e.g., Abram et al., 2013; Trusel et al., 2018). Such thresholds
often act as tipping points, as they are associated with rapid and
abrupt changes even when the underlying forcing changes gradually
(Figure 1.1a, 1.1¢). Tipping elements include, for example, the collapse
of the ocean’s large-scale overturning circulation in the Atlantic
(Section 6.7), or the collapse of the West Antarctic Ice Sheet though
a process called marine ice sheet instability (Cross-Chapter Box 8
in Chapter 3; Lenton et al., 2008). Potential ocean and cryosphere
tipping elements form part of the scientific case for efforts to limit
climate warming to well below 2°C (IPCC, 2018).

Anthropogenically forced change occurs against a backdrop of
substantial natural variability (Figure 1.1b). The anthropogenic signal
is already detectable in global surface air temperature and several
other climate variables, including ocean temperature and salinity
(IPCC, 2014), but short observational records and large year-to-
year variability mean that formal detection is not yet the case for
many expected ocean and cryosphere changes (Jones et al., 2016).
‘Time of Emergence’ refers to the time when anthropogenic change
signals emerge from the background noise of natural variability in a
pre-defined reference period Hawkins and Sutton, 2012; (Figure 1.1b;
Section 5.2, Box 5.1). For some variables, (e.g., for those associated
with ocean acidification), the current signals emerge from this natural
variability within a few decades, whereas for others, such as primary
production and expected Antarctic-wide sea ice decline, the signal
may not emerge for many more decades even under high emission
scenarios (Collins et al., 2013; Keller et al., 2014; Rodgers et al., 2015;
Frélicher et al., 2016; Jones et al., 2016).

Chapter 1

‘Detection and Attribution’ assesses evidence for past changes in
the ocean and cryosphere, relative to normal/reference-interval
conditions (detection), and the extent to which these changes have
been caused by anthropogenic climate change or by other factors
(attribution) (Bindoff et al., 2013; Cramer et al., 2014; Knutson et al.,
2017; Figure 1.1d). Reliable detection and attribution is fundamental
to our understanding of the scientific basis of climate change (Hegerl
et al, 2010). For example, the main attribution conclusion of the
IPCC 4th Assessment Report (AR4), in other words, that ‘most of the
observed increase in global average temperatures since the mid-20th
century is very likely due to the observed increase in anthropogenic
greenhouse gas concentrations’, has had a strong impact on climate
policy (Petersen, 2011). In AR5 this attribution statement was elevated
to "extremely likely' (Bindoff et al., 2013). Statistical approaches for
attribution often involve using contrasting forcing scenarios in climate
model experiments to detect the forcing that best explains an observed
change (Figure 1.1d). In addition to passing the statistical test, a
successful attribution also requires a firm process understanding.
Confident attribution remains challenging though, especially when
there are multiple or confounding factors that influence the state
of a system (Hegerl et al., 2010). Particular challenges to detection
and attribution in the ocean and cryosphere include the often
short observational records (Section 1.8.1.1, Figure 1.3), which are
particularly confounding given the long adjustment time scales to
anthropogenic forcing of many properties of interest.

Extreme climate events (e.g., marine heatwaves or storm surges) push
a system to near or beyond the ends of its normally observed range
(Seneviratne et al., 2012; Figure 1.1b; Chapter 6;). Extremes can be
very costly in terms of loss of life, ecosystem destruction, and economic
damage. In a system affected by climate change, the recurrence and
intensity of these extreme events can change much faster and have
greater impacts than changes of the average system state (Easterling
et al., 2000; Parmesan et al., 2000; Hughes et al., 2018). Of particular
concern are ‘compound events’, when the joint probability of two or
more properties of a system is extreme at the same time or closely
connected in time and space (Cross-Chapter Box 5 in Chapter 1;
Sections 4.3.4, 6.8). Such a compound event is given, for example,
when marine heatwaves co-occur with very low nutrient levels in the
ocean potentially resulting in extreme impacts (Bond et al., 2015). The
interconnectedness of the ocean and cryosphere (Section 1.2.2) can
also lead to cascading effects where changes in one element trigger
secondary changes in completely different but connected elements
of the systems, including its socioeconomic aspects. (Figure 1.1€). An
example is the large change in ocean productivity triggered by the
changes in circulation and iron inputs induced by the large outflow of
melt waters from Greenland (Kanna et al., 2018). New methodologies
for attributing extreme events and the risks they bring to climate
change have emerged since AR5 (Trenberth et al., 2015; Stott et al.,
2016; Kirchmeier-Young et al., 2017; Otto, 2017), especially also for
the attribution of individual events through an assessment of the
fraction of attributable risk (Figure 1.11).
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Figure 1.1 | Schematic of key concepts associated with changes in the ocean and cryosphere. (a) Differing responses of systems to gradual forcing (e.g., linear, delayed,
abrupt, nonlinear). (b) Evolution of a dynamical system in time, revealing both natural (unforced) variability and a response to a new (e.g., anthropogenic) forcing. Key
concepts include (i) the time of emergence and (ii) extreme events near or beyond the observed range of variability. (c) Tipping points and the change of their behaviour
through time in response to, for example, anthropogenic change (adapted from Lenton et al., 2008). The two minima represent two stable fixed points, separated by a
maximum representing an unstable fixed point, acting as a tipping point. The ball represents the state of the system with the red dash line indicating the stability of the
fixed point and the system’s response time to small perturbations. (d) Detection and attribution, i.e., the statistical framework used to determine whether a change occurs
or not (detection), and whether this detected change is caused by a particular set of forcings (e.g., greenhouse gases) (attribution). (e) Cascading effects, where changes
in one part of a system inevitably affect the state in another, and so forth, ultimately affecting the state of the entire system. These cascading effects can also trigger
feedbacks, altering the forcing. (f) Event attribution and fraction of attributable risk. The blue (orange) probability density function shows the likelihood of the occurrence
of a particular value of a climate variable of interest under natural (present = including anthropogenic forcing) conditions. The corresponding areas above the threshold
indicate the probabilities Pnat and Pant of exceedance of this threshold. The fraction of attributable risk (given by FAR = 1 — Pant/Pnat ) indicates the likelihood that a particular
event has occurred as a consequence of anthropogenic change (adapted from Stott et al., 2016).

82



Framing and Context of the Report

1.4 Changes in the Ocean and Cryosphere
Earth’s climate, ocean and cryosphere vary across a wide range
of time scales. This includes the seasonal growth and melting of
sea ice, interannual variation of ocean temperature caused by the
El Nifio-Southern Oscillation and ice age cycles across tens to
hundreds of thousands of years.

Climate variability can arise from internally generated (i.e., unforced)
fluctuations in the climate system. Variability can also occur in
response to external forcings, including volcanic eruptions, changes
in the Earth’s orbit around the Sun, oscillations in solar activity and
changing atmospheric greenhouse gas concentrations.

Since the onset of the industrial revolution, human activities have
had a strong impact on the climate system, including the ocean
and cryosphere. Human activities have altered the external forcings
acting on Earth’s climate (Myhre et al., 2013) by changes in land
use (albedo), and changes in atmospheric aerosols (e.g., soot)
from the burning of biomass and fossil fuels. Most significantly,
human activities have led to an accumulation of greenhouse gases
(including COy) in the atmosphere as a result of the burning of fossil
fuels, cement production, agriculture and land use change. In 2016,
the global average atmospheric CO; concentration crossed 400 parts
per million, a level Earth’s atmosphere did not experience for at least
the past 800,000 years and possibly much longer (Liithi et al., 2008;
Fischer et al., 2018). These anthropogenic forcings have not only
warmed the ocean and begun to melt the cryosphere, but have also
led to widespread biogeochemical changes driven by the oceanic
uptake of anthropogenic CO; from the atmosphere (IPCC, 2013).

It is now nearly three decades since the first assessment report of
the IPCC, and over that time evidence and confidence in observed
and projected ocean and cryosphere changes have grown (very
high confidence; Table SM1.1). Confidence in climate warming
and its anthropogenic causes has increased across assessment
cycles; robust detection was not yet possible in 1990, but has been
characterised as unequivocal since AR4 in 2007. Projections of
near-term warming rates in early reports have been realised over
the subsequent decades, while projections have tended to err on the
side of caution for sea level rise and ocean heat uptake that have
developed faster than predicted (Brysse et al., 2013; Section 4.2,
5.2). Areas of concern in early reports which were expected but
not observable are now emerging. The expected acceleration of sea
level rise is now observed with high confidence (Section 4.2). There
is emerging evidence in sustained observations and from long-term
palaeoclimate reconstructions for the expected slow-down of AMOC
(medium confidence), although this remains to be properly attributed
(Section 6.7). Significant sea level rise contributions from Antarctic
ice sheet mass loss (very high confidence), which earlier reports
did not expect to manifest this century, are already being observed
(Section 3.3.1). Other newly emergent characteristics of ocean
and cryosphere change (e.g., marine heat waves; Section 6.4) are
assessed for the first time in SROCC.
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AR5 (IPCC, 2013; IPCC, 2014) provides ample evidence of profound
and pervasive changes in the ocean and cryosphere (Sections 1.4.1,
1.4.2), and along with the recent SR15 report (IPCC, 2018), is the
point of departure for the updated assessments made in SROCC.

1.4.1 Observed and Projected Changes in the Ocean
Increasing greenhouse gases in the atmosphere cause heat uptake
in the Earth system (Section 1.2) and as reported since 1970, there
is high confidence® that the majority (more than 90%) of the extra
thermal energy in the Earth’s system is stored in the global ocean
(IPCC, 2013). Mean ocean surface temperature has increased since the
1970s at a rate of 0.11 (0.09-0.13)°C per decade (high confidence),
and forms part of a long-term warming of the surface ocean since
the mid-19th century. The upper ocean (0-700 m, virtually certain)
and intermediate ocean (700 to 2,000 m, likely) have warmed since
the 1970s. Ocean heat uptake has continued unabated since AR5
(Sections 3.2.1.2.1, 5.2), increasing the risk of marine heat waves and
other extreme events (Section 6.4). During the 21st century, ocean
warming is projected to continue even if anthropogenic greenhouse
gas emissions cease (Sections 1.3, 5.2). The global water cycle has
been altered, resulting in substantial regional changes in sea surface
salinity (high confidence; Rhein et al., 2013), which is expected to
continue in the future (Sections 5.2.2, 6.3, 6.5).

The rate of sea level rise since the mid-19th century has been larger
than the mean rate of the previous two millennia (high confidence).
Over the period 1901 to 2010, global mean sea level rose by 0.19
(0.17-0.21) m (high confidence) (Church et al., 2013; Table SM1.1).
Sea level rise continues due to freshwater added to the ocean by
melting of glaciers and ice sheets, and as a result of ocean expansion
due to continuous ocean warming, with a projected acceleration
and century to millennial-scale commitments for ongoing rise
(Section 4.2.3). In SROCC, recent developments of ice sheet modelling
are assessed (Sections 1.8, 4.3, Cross-Chapter Box 8 in Chapter 3)
and the projected sea level rise at the end of 21st century is higher
than reported in AR5 but with a larger uncertainty range (Sections
42.3.2,423.3).

By 2011, the ocean had taken up about 30 + 7% of the anthropogenic
CO; that had been released to the atmosphere since the industrial
revolution (Ciais et al., 2013; Section 5.2). In response, ocean pH
decreased by 0.1 since the beginning of the industrial era (high
confidence), corresponding to an increase in acidity of 26% (Table
SM1.1) and leading to both positive and negative biological and
ecological impacts (high confidence) (Gattuso et al., 2014). Evidence
is increasing that the ocean’s oxygen content is declining (Oschlies
et al., 2018). AR5 did not come to a final conclusion with regard
to potential long-term changes in ocean productivity due to short
observational records and divergent scientific evidence (Boyd et al,,
2014; Section 5.2.2). Ocean acidification and deoxygenation are
projected to continue over the next century with high confidence
(Sections 3.2.2.3,5.2.2).

3 Confidence/likelihood statements in Sections 1.4.1 and 1.4.2 derived from AR5 and SR15, unless otherwise specified.
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1.4.2 Observed and Projected Changes

in the Cryosphere

Changes in the cryosphere documented in AR5 included the
widespread retreat of glaciers (high confidence), mass loss from
the Greenland and Antarctic ice sheets (high confidence)
and declining extents of Arctic sea ice (very high confidence)
and Northern Hemisphere spring snow cover (very high confidence;
IPCC, 2013; Vaughan et al., 2013).

A particularly rapid change in Earth's cryosphere has been the
decrease in Arctic sea ice extent in all seasons (Section 3.2.1.1). AR5
assessed that there was medium confidence that a nearly ice-free
summer Arctic Ocean is likely to occur before mid-century under a
high emissions future (IPCC, 2013), and SR15 assessed that ice-free
summers are projected to occur at least once per century at 1.5°C
of warming, and at least once per decade at 2°C of warming above
pre-industrial levels (IPCC, 2018). Sea ice thickness is decreasing
further in the Northern Hemisphere and older ice that has survived
multiple summers is rapidly disappearing; most sea ice in the Arctic
is now ‘first year’ ice that grows in the autumn and winter but melts
during the spring and summer (AMAP, 2017).

AR5 assessed that the annual mean loss from the Greenland ice sheet
very likely substantially increased from 34 (-6-74) Gt yr' (billion
tonnes yr~") over the period 1992-2001, to 215 (157-274) Gtyr~' over
the period 2002-2011 (IPCC, 2013). The average rate of ice loss from
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the Antarctic ice sheet also likely increased from 30 (-37-97) Gt yr™'
over the period 1992-2001, to 147 (72-221) Gt yr™' over the period
2002-2011 (IPCC, 2013). The average rate of ice loss from glaciers
around the world (excluding glaciers on the periphery of the ice
sheets), was very likely 226 (91-361) Gt yr™' over the period 1971-
2009, and 275 (140-410) Gt yr™' over the period 1993-2009 (IPCC,
2013). The Greenland and Antarctic ice sheets are continuing to lose
mass at an accelerating rate (Section 3.3) and glaciers are continuing
to lose mass worldwide (Section 2.2.3, Cross-Chapter Box 6 in
Chapter 2). Confidence in the quantification of glacier and ice sheet
mass loss has increased across successive IPCC reports (Table SM1.1)
due to the development of remote sensing observational methods
(Section 1.8.1).

Changes in seasonal snow are best documented for the Northern
Hemisphere. AR5 reported that the extent of snow cover has
decreased since the mid-20th century (very high confidence).
Negative trends in both snow depth and duration are also detected
with station observations (medium confidence), although results
depend on elevation and observational period (Section 2.2.2). AR5
assessed that permafrost temperatures have increased in most
regions since the early 1980s (high confidence), and the rate of
increase has varied regionally (IPCC, 2013). Methane and carbon
dioxide release from soil organic carbon is projected to continue in
high mountain and polar regions (Box 2.2), and SROCC has used
multiple lines of evidence to reduce uncertainty in permafrost change
assessments (Cross-Chapter Box 5 in Chapter 1, Section 3.4.3.1.1).

Cross-Chapter Box 1| Scenarios, Pathways and Reference Periods

Authors: Nerilie Abram (Australia), William Cheung (Canada), Lijing Cheng (China), Thomas Frolicher (Switzerland), Mathias Hauser
(Switzerland), Shengping He (Norway/China), Anne Hollowed (USA), Ben Marzeion (Germany), Samuel Morin (France), Anna Pirani
(Italy), Didier Swingedouw (France)

Introduction

Assessing the future risks and opportunities that climate change will bring for the ocean and cryosphere, and for their dependent
ecosystems and human communities, is a main objective of this report. However, the future is inherently uncertain. A well-established
methodological approach that the Special Report on the Ocean and Cryosphere in a Changing Climate (SROCC) report uses to assess
the future under these uncertainties is through scenario analysis (Kainuma et al., 2018). The ultimate physical driver of the ocean and
cryosphere changes that SROCC assesses are greenhouse gas emissions, while the exposure to hazards and the future risks to natural
and human systems are also shaped social, economic and governance factors (Cross-Chapter Box 2 in Chapter 1; Section 1.5). This
Cross-Chapter Box introduces the main scenarios that are used in the SROCC assessment. Examples of key climate change indicators
in the atmosphere and ocean projected under future greenhouse gas emission scenarios are also provided (Table CB1.1).

Scenarios and pathways

Scenarios are a plausible description of how the future may develop based on a coherent and internally consistent set of assumptions
about key driving forces and relationships. Pathways refer to the temporal evolution of natural and/or human systems towards a future
state. In SROCC, assessments of future change frequently use climate model projections forced by pathways of future radiative forcing
changes related to different socioeconomic scenarios.

Representative Concentration Pathways (RCPs) are a set of time series of plausible future concentrations of greenhouse gases, aerosols
and chemically active gases, as well as land use changes (Moss et al., 2008; Moss et al., 2010; van Vuuren et al., 2011a; Figure SM1.1).
The word representative signifies that each RCP provides only one of many possible pathways that would lead to the specific radiative
forcing characteristics. The term pathway emphasises the fact that not only the long-term concentration levels, but also the trajectory
taken over time to reach that outcome are of interest.
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Cross-Chapter Box 1 (continued)

Four RCPs were used for projections of the future climate in the Coupled Model Intercomparison Project Phase 5 (CMIP5) (Taylor et al.,
2012). They are identified by their approximate anthropogenic radiative forcing (in W m?, relative to 1750) by 2100: RCP2.6, RCP4.5,
RCP6.0, and RCP8.5 (Figure SM1.1). RCP8.5 is a high greenhouse gas emission scenario without effective climate change mitigation
policies, leading to continued and sustained growth in atmospheric greenhouse gas concentrations (Riahi et al., 2011). RCP2.6
represents a low greenhouse gas emission, high mitigation future that gives a two in three chance of limiting global atmospheric
surface warming to below 2°C by the end of the century (van Vuuren et al., 2011b; Collins et al., 2013; Allen et al., 2018). Achieving the
RCP2.6 pathway would require implementation of negative emissions technologies at a not-yet-proven scale to remove greenhouse
gases from the air, in addition to other mitigation strategies such as energy from sustainable sources and existing nature-based
strategies (Gasser et al., 2015; Sanderson et al., 2016; Royal Society, 2018; National Academies of Sciences, 2019). An even more
stringent RCP1.9 pathway is considered most compatible with limiting global warming to below 1.5°C, called a 1.5°C-consistent
pathway in the Special Report on Global Warming of 1.5°C (SR15; O'Neill et al., 2016; IPCC, 2018), and will be assessed in the IPCC
6th Assessment Report (AR6) using projections of Phase 6 of the Coupled Model Intercomparison Project (CMIP6). Global fossil
CO; emissions rose more than 2% in 2018 and 1.6% in 2017, after a temporary slowdown in emissions from 2014-2016. Current
emissions continue to grow in line with the RCP8.5 trajectory (Peters et al., 2012; Le Quéré et al., 2018).

In SROCC, the CMIP5 simulations forced with RCPs are used extensively to assess future ocean and cryosphere changes. In particular,
RCP2.6 and RCP8.5 are used to contrast the possible outcomes of low-emission versus high-emission futures, respectively
(Table CB1.1). In some cases the SROCC assessments use literature that is based on the earlier Special Report on Emission Scenarios
(SRES; IPCC, 2000), and details of these and their approximate RCP equivalents are provided in Tables SM1.3 and SM1.4.

Shared Socioeconomic Pathways (SSPs) complement the RCPs with varying socioeconomic challenges to adaptation and mitigation
(e.g., population, economic growth, education, urbanisation and the rate of technological development; O’Neill et al., 2017). The SSPs
describe five alternative socioeconomic futures comprising: sustainable development (SSP1), middle-of-the-road development (SSP2),
regional rivalry (SSP3), inequality (SSP4), and fossil-fuelled development (SSP5; Figure SM1.1; Kriegler et al., 2016; Riahi et al., 2017).
The RCPs set plausible pathways for greenhouse gas concentrations and the climate changes that could occur, and the SSPs set the
stage on which reductions in emissions will or will not be achieved within the context of the underlying socioeconomic characteristics
and shared policy assumptions of that world. The combination of SSP-based socioeconomic scenarios and RCP-based climate
projections provides an integrative frame for climate impact and policy analysis. The SSPs will be included in the CMIP6 simulations to
be assessed in AR6 (O'Neill et al., 2016). In SROCC, the SSPs are used only for contextualising estimates from the literature on varying
future populations in regions exposed to ocean and cryosphere changes.

Baselines and reference intervals

A baseline provides a reference period from which changes can be evaluated. In the context of anthropogenic climate change, the
baseline should ideally approximate the ‘pre-industrial’ conditions before significant human influences on the climate began. The IPCC
5th Assessment Report (AR5) and SR15 (Allen et al., 2018) use 1850—1900 as the pre-industrial baseline for assessing historical and
future climate change. Atmospheric greenhouse gas concentrations and global surface temperatures had already begun to rise in this
interval from early industrialisation (Abram et al., 2016; Hawkins et al., 2017; Schurer et al., 2017). However, the scarcity of reliable
climate observations represents a major challenge for quantifying earlier pre-industrial states (Hawkins et al., 2017). To maintain
consistency across IPCC reports, the 1850—1900 pre-industrial baseline is used wherever possible in SROCC, recognising that this is a
compromise between data coverage and representativeness of typical pre-industrial conditions.

In SROCC, the 1986—2005 reference interval used in AR5 is referred to as the recent past, and a 2006-2015 reference is used for present
day, consistent with SR15 (Allen et al., 2018). The 20062015 reference interval incorporates near-global upper ocean data coverage
and reasonably comprehensive remote-sensing cryosphere data (Section 1.8.1), and aligns this report with a more current reference
than the 1986—2005 reference adopted by ARS. This 10-year present day period is short relative to natural variability. However, at this
decadal scale the bias in the present day interval due to natural variability is generally small compared to differences between present
day conditions and the pre-industrial baseline. There is also no indication of global average surface temperature in either 1986—2005 or
2006-2015 being substantially biased by short-term variability (Allen et al., 2018), consistent with the AR5 finding that each of the last
three decades has been successively warmer at the Earth’s surface than any preceding decade since 1850 (IPCC, 2013).

SROCC commonly provides future change assessments for two key intervals: A near term interval of 2031-2050 is comparable

to a single generation time scale from present day, and incorporates the interval when global warming is likely to reach 1.5°C
if warming continues at the current rate (IPCC, 2018). An end-of-century interval of 2081-2100 represents the average climate
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Table CB1.1 | Projected change in global mean surface air temperature and key ocean variables for the near term (2031-2050) and end-of-century (2081-2100)
relative to the recent past (1986—-2005) reference period from CMIP5. See Table SM1.2 for the list of CMIP5 models and ensemble member used for calculating these
projections. Small differences in the projections given here compared with AR5 (e.g., Table 12.2 in Collins et al., 2013) reflect differences in the number of models
available now compared to at the time of the AR5 assessment (Table SM1.2).

Near term: 2031-2050 End-of-century: 2081-2100
Scenario Mean 5-95% range Mean 5-95% range
RCP2.6 0.9 05t01.4 1.0 03to1.7
o [ e RCP4.5 1.1 0.7t0 1.5 1.8 1.0t02.6
H 0 a
AMETARR ) RCP6.0 10 05t01.4 23 141032
RCP8.5 1.4 09t01.8 3.7 26t04.8
Global Mean Sea RCP2.6 0.64 0.33t0 0.96 0.73 0.20 to 1.27
Surface Temperature (°C) b
(Section 5.2.5) RCP8.5 0.95 0.60 to0 1.29 2.58 1.64 to 3.51
_— RCP2.6 -0.072 -0.072 t0 -0.072 -0.065 -0.065 to -0.066
Surface pH (units)
et RCP8.5 -0.108 -0.106t0 -0.110 -0315 -0.31310-0317
Dissolved Oxygen (100-600 m) RCP2.6 -0.9 -03to0-1.5 -0.6 0.0to-1.2
(% change)
(Section 5.2.2.4) RCP8.5 -1.4 -1.0to-1.8 -3.9 -2.9t0-5.0
Notes:

@ Calculated following the same procedure as the IPCC 5th Assessment Report (AR5) (Table 12.2 in Collins et al., 2013). The 5-95% model range of global mean
surface air temperature across CMIP5 projections was assessed in AR5 as the /ikely range, after accounting for additional uncertainties or different levels of confidence
in models.

b The 5-95% model range for global mean sea surface temperature, surface pH and dissolved oxygen (100~600 m) as referred to in the SROCC assessment as the
very likely range (Section 1.9.2, Figure 1.4).

conditions reached at the end of the standard CMIP5 future climate simulations and is relevant to long-term infrastructure planning
and climate-resilient development pathways (CRDPs) (Cross-Chapter Box 2 in Chapter 1). In some cases where committed changes
exist over multi-century time scales, such as the assessment of future sea level rise (Section 4.3.2) or deep ocean oxygen changes
(Section 5.2.4.2, Table 5.5), SROCC also considers model evidence for long-term changes beyond the end of the current century.

Key indicators of future ocean and cryosphere change

Table CB1.1 compiles information on key indicators of climate change in the atmosphere and ocean. This information is given for
different RCPs and for changes in the near term and end-of-century assessment intervals, relative to the recent past, noting that this
does not capture changes that have already taken place since the pre-industrial baseline. SR15 assessed that global mean surface
warming from the pre-industrial (1850—-1900) to the recent past (1986—-2005) reference period was 0.63°C (/ikely range of 0.57°C—
0.69°C), and during the present day interval (2006—2015) was 0.87°C (likely range of 0.75°C—0.99°C) higher than the average over
the 1850-1900 pre-industrial period (very high confidence; IPCC, 2018).

These key climate and ocean change indicators allow for some harmonisation of the risk assessments in the chapters of SROCC.
Projections of future change across a wider range of ocean and cryosphere components is also provided in Figure 1.5. Ocean and
cryosphere changes and risks by the end-of-century (2081-2100) are expected to be larger under high greenhouse gas emission
scenarios, compared with low greenhouse gas emission scenarios (very high confidence) (Table CB1.1, Figure 1.5).
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1.5 Risk and Impacts Related to Ocean

and Cryosphere Change

SROCC assesses the risks (i.e., potential for adverse consequences)
and impacts (i.e., manifested risk) resulting from climate-related
changes in the ocean and cryosphere. Knowledge on risk is essential
for conceiving and implementing adequate responses. Cross-Chapter
Box 2 in Chapter 1 introduces key concepts of risk, adaptation,
resilience and transformation, and explains why and how they matter
for this report.

In SROCC, the term ‘natural system’ describes the biological and
physical components of the environment, independent of human
involvement but potentially affected by human activities. ‘Natural
systems’ may refer to portions of the total system without necessarily
considering all its components (e.g., an ocean upwelling system).
Throughout the assessment usage of ‘natural system’ does not imply
a system unaltered by human activities.

‘Human systems’ include physiological, health, socio-cultural,
belief, technological, economic, food, political, and legal systems,
among others. Humans have depended upon the Earth’s ocean
(WOA, 2016; IPBES, 2018b) and cryosphere (AMAP, 2011; Hovelsrud
et al,, 2011; Watt-Cloutier, 2018) for many millennia (Redman, 1999).
Contemporary human populations still depend directly on elements
of the ocean and cryosphere, and the ecosystem services they provide,
but at a much larger scale and with greater environmental impact
than in pre-industrial times (Inniss and Simcock, 2017).

An ecosystem is a functional unit consisting of living organisms, their
non-living environment, and the interactions within and between
them. Ecosystems can be nested within other ecosystems and their
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scale can range from very small to the entire biosphere. Today, most
ecosystems either contain humans as key organisms, or are influenced
by the effects of human activities in their environment. In SROCC, a
social-ecological system describes the combined system and all of its
sub-components and refers specifically to the interaction of natural
and human systems.

The ocean and cryosphere are unique systems that have intrinsic
value, including the ecosystems and biodiversity they support.
Frameworks of Ecosystem Services and Nature's Contributions to
People are both used within SROCC to assess the impacts of changes
in the ocean and cryosphere on humans directly, and through changes
to the ecosystems that support human life and civilisations (Sections
2.3,3.43.2, 43.35, 5.4, 6.4, 6.5, 6.8). The Millennium Ecosystem
Assessment (MEA, 2005) established a conceptual Ecosystem
Services framework between biodiversity, human well-being, and
drivers of change. This framework highlights that natural systems
provide vital life-support services to humans and the planet, including
direct material services (e.g., food, timber), non-material services
(e.g., cultural continuity, health), and many services that regulate
environmental status (e.g., soil formation, water purification). This
framework supports decision-making by quantifying benefits for
valuation and trade-off analyses. The Ecosystem Services framework
has been challenged as monetising the relationships of people with
nature, and undervaluing small-scale livelihoods, cultural values and
other considerations that contribute little to global commerce (Diaz
etal., 2018). More recent frameworks, such as Nature's Contributions
to People (Diaz et al., 2018), used in the Intergovernmental Platform
on Biodiversity and Ecosystem Services assessments (IPBES), aim to
better encompass the non-commercial ways that nature contributes
to human quality of life.

Cross-Chapter Box 2 | Key Concepts of Risk, Adaptation, Resilience and Transformation

Authors: Matthias Garschagen (Germany), Carolina Adler (Switzerland/Australia), Susie Crate (USA), Hélene Jacot Des Combes
(Fiji/France), Bruce Glavovic (New Zealand/South Africa), Sherilee Harper (Canada), Elisabeth Holland (Fiji/lUSA), Gary Kofinas (USA),
Sean O'Donoghue (South Africa), Ben Orlove (USA), Zita Sebesvari (Hungary/Germany), Martin Sommerkorn (Norway/Germany)

This box introduces key concepts used in the Special Report on the Ocean and Cryosphere in a Changing Climate (SROCC) in relation to
risk, adaptation, resilience, and transformation. Building on an assessment of the current literature, it provides a conceptual framing
for the report and for the assessments within its chapters. Full definitions of key terms are provided in the SROCC Annex I: Glossary.

Risk and adaptation

SROCC considers risk from climate change-related effects on the ocean and cryosphere as the result of the interaction between:
(1) environmental hazards triggered by climate change, (2) exposure of humans, infrastructure and ecosystems to those hazards,
and (3) systems’ vulnerabilities. Risk refers to the potential for adverse consequences, and impacts refer to materialised effects
of climate change. Next to assessing risk and impacts specifically resulting from climate change-related effects on the ocean, coast and
cryosphere, SROCC is also concerned with the options to reduce climate-related risk.

Beyond mitigation, adaptation is a key avenue to reduce risk (Section 1.6). Adaptation can also include exploiting new opportunities;
however, this box focuses on risk, and thus, the latter is not discussed in detail here. Adaptation efforts link into the causal fabric of
risk by reducing existing and future vulnerability, exposure, and/or (where possible) hazards (Figure CB2.1). Addressing the different
risk components (hazards, exposure and vulnerability) involves assessing and selecting options for policy.
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Cross-Chapter Box 2 (continued)

Actions to reduce
Hazards

Examples include:
* Ecosystem-based measures

Actions to reduce
Vulnerability

Examples include:
* Social protection

i Vulnerabilit

to reduce coastal flooding ! * Livelihood diversification
’ gg:rgrznggt) alleviate coastal * Insurance solutions
* Water reservoirs to buffer ’ :r?g?r:?r;)srtiﬁizj c;gsmg

low-flows and water scarcity

4 Actions to reduce
‘ Exposure

Limits to Adaptation Examples include:

* E.g. physical, ecological, technological, + Coastal retreat and resettlement

economic, political, institutional,

psychological, and/or socio-cultural " Risk sensitive land use planning

* Early warning systems and
evacuations

Figure CB2.1 | There are options for risk reduction through adaptation. Adaptation can reduce risk by addressing one or more of the three risk factors: vulnerability,
exposure, and/or hazard. The reduction of vulnerability, exposure, and/or hazard potential can be achieved through different policy and action choices over time until
limits to adaptation might be reached. The figure builds on the conceptual framework of risk used in the IPCC 5th Assessment Report (AR5) (Oppenheimer et al., 2014).

and action. Such decision-making entails evaluation of the effectiveness, efficiency, efficacy and acceptance of actions. Adaptation
responses are more effective when they promote resilience to climate change, consider plausible futures and unexpected events,
strengthen essential or desired characteristics as well as values of the responding system and/or make adjustments to avoid
unsustainable pathways (high agreement, medium evidence; Section 2.3; Box 2.4; 4.4.4; 4.4.5).

Adaptation requires adaptive capacity, which for human systems includes assets (financial, physical, and/or ecological), capital (social
and institutional), knowledge and technical know-how (Klein et al., 2014). The extent of adaptive capacity determines adaptation
potential, but does not necessarily translate into effective adaptation if awareness of the need to act, the willingness to act and/or the
cooperation needed to act is lacking (high confidence; Sections 2.3; Box 2.4; 4.3.2.6.3; 5.5.2.4).

There are limits to adaptation, which include, for example, physical, ecological, technological, economic, political, institutional,
psychological and/or socio-cultural aspects (medium evidence, high agreement) (Dow et al., 2013; Barnett et al., 2014; Klein et al,,
2014). For example, the ability to adapt to sea level rise depends, in part, on the elevation of the low-lying islands and coasts in
question, but also on the capacity to successfully negotiate protection or relocation measures socially and politically (Cross-Chapter
Box 9, also see Section 6.4.3 for a wider overview). Limits to adaptation are sometimes considered as something different from
barriers to adaptation. Barriers can in principle be overcome if adaptive capacity is available (e.g., where funding is made available),
even though overcoming barriers is often hard in reality, particularly for resource-poor communities and countries (high confidence;
Section 4.4.3). Limits to adaptation are reached when adaptation no longer allows an actor or ecosystem to secure valued objectives
or key functions from intolerable risks (Section 4.4.2; Dow et al., 2013). Defining tolerable risks and key system functions is, therefore,
of central importance for the assessment of limits to adaptation.

Residual risks (i.e., the risk that endures following adaptation and risk reduction efforts) remain even where adaptation is possible
(very high confidence; Chapters 2—6; Section 6.3.2; Table 6.2). Residual risks have bearing on the emerging debate about loss and
damage (Huq et al., 2013; Warner and van der Geest, 2013; Boyd et al., 2017; Djalante et al., 2018; Mechler et al., 2018; Roy et al.,
2018). This report addresses loss and damage in relation to slow onset processes, including ocean changes (Section 5.4.2.3), sea level
rise (Section 4.3), and glacier retreat (Section 2.3.6), and polar cryosphere changes (Section 3.4.3.3.4), as well as rapid onset hazards
such as tropical cyclones (Chapter 6). The assessment encompasses non-economic losses, including the impacts on intrinsic and
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Cross-Chapter Box 2 (continued)
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Figure CB2.2 | General strategies for enhancing social-ecological resilience to support climate-resilient pathways have been identified. The seven strategies are
adapted from synthesis papers by Biggs et al. (2012) and Quinlan et al. (2016), the illustration of the climate-resilient development pathway (CRDP) builds on Figure
SPM9 in the IPCC 5th Assessment Report (AR5) (IPCC, 2014).

spiritual attributes with which high mountain societies value their landscapes (Section 2.3.5); the interconnected relationship with,
and reliance upon, the land, water and ice for culture, livelihoods and wellbeing in the Arctic (Section 3.4.3.3); and cultural heritage
and displacement addressed in the Cross-Chapter Box on low-lying islands and coasts (Cross-Chapter Box 9; Burkett, 2016; Markham
et al., 2016; Tschakert et al., 2017; Huggel et al., 2018).

Building resilience

Addressing climate change-related risk, impacts (including extreme events and shocks) and trade-offs together with shaping the
trajectories of social and ecological systems is facilitated by considering resilience (Biggs et al., 2012; Quinlan et al., 2016). In SROCC,
resilience is understood as the capacity of interconnected social, economic and ecological systems to cope with disturbances by
reorganising in ways that maintain their essential function, structure, and identity (Walker et al., 2004). Resilience may be considered
as a positive attribute of a system and an aspirational goal when it contributes to the capacity for adaptation and learning without
changing the structure, function, and identity of the system (Walker et al., 2004; Steiner, 2015). Alternately, resilience may be used
descriptively as a system property that is neither good nor bad (Walker et al., 2004; Chapin et al., 2009; Weichselgartner and Kelman,
2014). For example, a system can be highly resilient in keeping its unfavoured attributes, such as poverty or institutional rigidity
(Carpenter and Brock, 2008). Critics of the resilience concept warn that the application of resilience to social systems is problematic
when the responsibility for resilience building is shifted onto the shoulders of vulnerable and resource-poor populations (e.g., Chandler,
2013; Reid, 2013; Rigg and Oven, 2015; Tierney, 2015; Olsson et al., 2017).

Applying the concept of resilience in mitigation and adaptation planning builds the capacity of a social-ecological system to navigate
anticipated changes and unexpected events (Biggs et al., 2012; Varma et al., 2014; Sud et al., 2015). Resilience also emphasises
social-ecological system dynamics, including the possibility of crossing critical thresholds and experiencing a regime shift (i.e., state
change). Seven general strategies for building social-ecological resilience have been identified (Figure CB2.2; Ostrom, 2010; Biggs
et al., 2012; Quinlan et al., 2016). The concept of resilience also allows analysts, accessors of risk and decision makers to recognise
how climate-change related risks often cannot be fully avoided or alleviated despite adaptation. For SROCC, this is especially relevant
along low-lying coasts, high mountain areas and the polar regions (medium evidence, high agreement; Sections 2.3; 2.4; 3.5, 6.8, 6.9).

Many efforts are underway to apply resilience thinking in assessments, management practices, policy making and the day-to-
day practices of affected sectors and local communities. For example, leaders of the Pacific small island developing states use
the Framework for Resilient Development in the Pacific, which integrates climate change and disaster risk management (Pacific
Community, 2016; Cross-Chapter Box 9). In the Philippines, a new framework has been developed to conduct full inventories of
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Cross-Chapter Box 2 (continued)

actual and projected loss and damage due to climate change and associated disasters such as from cyclones. Creating such an
inventory is difficult due to the disconnect between tools for climate change assessment and those for post disaster assessment
(Florano, 2018). In Arctic Alaska, evaluative frameworks are being applied to determine needs, responsibilities, and alternative actions
associated with coastal village relocations (Bronen, 2015; Cross-Chapter Box 9). In all these initiatives, resilience is a key consideration
for enabling CRDPs.

Climate-resilient development pathways (CRDPs)

CRDPs are a relatively new concept to describe climate change mitigation and adaptation trajectories that strengthen sustainable
development and efforts to eradicate poverty and reduce inequalities while promoting fair and cross-scalar adaptation to, and
resilience in, a changing climate (Kainuma et al., 2018; Roy et al., 2018). CRDPs are increasingly being explored as an approach
for combining scientific assessments, stakeholder participation, and forward-looking development planning, acknowledging that
pursuing CRDP is not only a technical challenge of risk management but also a social and political process (Roy et al., 2018). Adaptive
decision-making over time is key to CRDPs (Haasnoot et al., 2013; Wise et al., 2014; Fazey et al., 2016; Ramm et al., 2017; Bloemen
et al,, 2018; Lawrence et al., 2018). CRDPs accommodate both the interacting cultural, social, and ecosystem factors that influence
multi-stakeholder decision making processes, and the overall sustainability of adaptation measures.

Adequate climate change mitigation and adaptation allows for opportunities for sustainable development pathways and the options for
resilience building. CRDPs involve series of mitigation and adaptation choices over time, balancing short-term and long-term goals
and accommodating newly available knowledge (Denton et al., 2014). The CRDPs approach has been successfully used, for example,
in urban, remote and disadvantaged communities, and can showcase the potential to counter maladaptive choices (e.g., Barnett et al.,
2014; Butler et al., 2014; Maru et al., 2014). CRDPs aim to establish narratives of hope and opportunity that can extend beyond risk
reduction and coping (Amundsen et al., 2018). Although climate change impacts on the ocean and cryosphere elicit many emotions,
including fear, anger, despair and apathy (Cunsolo Willox et al., 2013; Cunsolo and Landman, 2017; Cunsolo and Ellis, 2018), narratives
of hope are critical in provoking motivation, creative thinking and behavioural changes in response to climate change (Myers et al.,
2012; Smith and Leiserowitz, 2014; Feldman and Hart, 2016; Feldman and Hart, 2018; Prescott and Logan, 2018; Section 1.8.3).

Much of the adaptation and resilience literature published since AR5 highlights the need for transformations that enable effective climate
change mitigation (most notably, to decarbonise the economy) (Riahi et al., 2017), and support adaptation (e.g., Pelling et al., 2015;
Few et al., 2017). Transformation becomes particularly relevant when existing mitigation and adaptation practices cannot reduce risks
and impacts to an acceptable level. Transformative adaptation, therefore, involves fundamental modifications of policies, policy making
processes, institutions, human behaviour and cultural values (Pelling et al., 2015; Solecki et al., 2017). Successful transformation
requires attention to conditions that allow for such changes, including timing (e.g., windows of opportunity), social readiness (e.g.,
some level of willingness) and resources to act (e.g., trust, human skill and financial resources; Kofinas et al., 2013; Moore et al., 2014).
Examples related to SROCC include shifting from a paradigm of protection reliant on seawalls to living with saltwater as a response
to coastal flooding in rural areas (Renaud et al., 2015) or involving fundamental risk management changes in coastal megacities,
including retreat (Solecki et al., 2017). Transformation in changing ocean and cryosphere contexts can be fostered by transdisciplinary
collaboration between actors in science, government, the private sector, civil society and affected communities (Padmanabhan, 2017;
Cross-Chapter Box 3 in Chapter 1; Cross-Chapter Box 4 in Chapter 1).

1.5.1 Hazards and Opportunities for Natural Systems,

Ecosystems, and Human Systems

Hazards faced by marine and coastal organisms, and the ecosystem
services they provide are generally dependent on future greenhouse
gas emission pathways, with moderate likelihood under a
low-emission future, but high to very high likelihood under higher
emission scenarios (very high confidence) (Mora et al., 2013; Gattuso
et al., 2015). Hazards to marine ecosystems assessed in AR5 (IPCC,
2014) included degradation of coral reefs (high confidence), ocean
deoxygenation (medium confidence) and ocean acidification (high
confidence). Shifts in the ranges of plankton and fish were identified
with high confidence regionally, but with uncertain trends globally.
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SROCC provides more evidence for global shifts in the distribution of
marine organisms, and in how the phenology of animals is responding
to ocean change (Sections 3.2.3, 5.2). The signature of climate
change is now detected in almost all marine ecosystems. Similar
trends of changing habitat due to climate change are reported for
the cryosphere (Sections 2.2, 3.4.3.2). The risk of irreversible loss of
many marine and coastal ecosystems increases with global warming,
especially at 2°C or more (high confidence; IPCC, 2018). Risk also
increases for habitat displacements, both poleward (Section 3.2.4)
and to greater ocean depths (Section 5.2.4), or habitat reductions,
such as that caused by glacier retreat (Section 2.2.3).
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Changes in the ocean and cryosphere bring hazards that affect the
health, wellbeing, safety and security of populations in coastal,
mountain and polar environments (Section 2.3.5, 3.4.3, 4.3.2). Some
impacts are direct, such as sea level rise or coastal erosion that can
displace coastal residents (4.3.2.3, 4.4.2.6, Box 4.1). Other effects are
indirect; for example, rising ocean temperatures have led to increases
in maximum wind speed and rainfall rates in tropical cyclones
(Section 6.3), creating hazards with severe consequences for natural
and human systems (Sections 4.3, 6.2, 6.3, 6.8). The multiple category
4 and 5 Atlantic hurricanes in 2017 caused the loss of over 3300 lives
and more than 350 billion USD in economic damages (Cross-Chapter
Box 9; Andrade et al., 2018; Murakami et al., 2018; NOAA, 2018). In
mountain regions, glacial lake outburst floods have caused severe
impacts on lives, livelihoods and infrastructure that often extend
beyond the directly affected areas (Section 2.3.2 and 6.2.2). Some
hazards related to ocean and cryosphere change involve abrupt
and irreversible changes (Section 1.3), which generate sometimes
unpredictable risks, and multiple hazards can coincide to greatly
elevate the total risk (Section 6.8.2). For example, combinations of
thawing permafrost, sea level rise, loss of sea ice, ocean surface waves
and extreme weather events (Thomson and Rogers, 2014; Ford et al.,
2017) have damaged Arctic infrastructure (e.g., buildings, roads)
(AMAP, 2015; AMAP, 2017), impacted reindeer husbandry livelihoods
for Sami and other Arctic Indigenous peoples and impeded access to
hunting grounds, other communities and travel routes fundamental
to the livelihoods, food security and wellbeing of Inuit and other
Northern cultures (Section 3.4.3). In some Arctic regions, tipping
points may have already been reached such that adaptive practices
can no longer work (Section 3.5).

Climate change impacts on the ocean and cryosphere can also
present opportunities, in at least the near- and medium-term. For
example, in Nepal warming of high mountain environments and
accelerated melting of snow and ice have extended the growing
season and crop yields in some regions (Section 2.3; Gaire et al.,
2015; Merrey et al., 2018), while tourism and shipping has increased
in the Arctic with loss of sea ice (Section 3.2.4). Moreover, rising
ocean temperatures redistribute the global fish population, allowing
new fishing opportunities while reducing some established fisheries
(Bell et al., 2011; Fenichel et al., 2016; Section 5.4). To gain from new
opportunities, while also avoiding or mitigating new or increasing
hazards, it is necessary to be aware of trade-offs between risks and
benefits to understand who is and is not benefiting. For example,
opportunities can involve trade-offs with mitigation and/or SDGs
(Section 3.5.2), and the balance of economic costs and benefits may
differ substantially between the near-term and long-term future
(Section 5.4.2.2).

1.5.2 Exposure of Natural Systems, Ecosystems,

and Human Systems

Exposure to hazards in cryosphere systems occur in the immediate
vicinity of cryosphere components, and at regional to global scales
where cryosphere changes link to other natural systems. For example,
decreasing Arctic sea ice increases exposure for organisms that depend
upon habitats provided by sea ice, but also has far-reaching impacts
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through the resulting direct albedo feedback and amplification of
Arctic climate warming (e.g., Pistone et al., 2014) that then locally
increases surface melting of the Greenland ice sheet (Liu et al., 2016;
Stroeve et al., 2017). Additionally, ice loss from ice sheets contribute
to the global-scale exposure of sea level rise, and more local-scale
modifications and losses of coastal habitats and ecosystems (Sections
3.2.3and 4.3.3.5). Interactions within and between natural systems also
influence the spatial reach of risks associated with cryosphere change.
Permafrost degradation, for example, interacts with ecosystems and
climate on various spatial and temporal scales, and feedbacks from
these interactions range from local impacts on topography, hydrology
and biology, to global-scale impacts via biogeochemical cycling (e.g.,
methane release) on climate (Sections 2.2, 2.3, 3.4; Kokelj et al., 2015;
Grosse et al., 2016).

Exposure to climate change risk exists for virtually all coastal
organisms, habitats and ecosystems (Section 5.2), through processes
such as inundation and salinisation (Section 4.3), ocean acidification
and deoxygenation (Sections 3.2.3, 5.2.3), increasing marine
heatwaves (Section 6.4.1.2), and increases in harmful algal blooms
and invasive species (Glibert et al., 2014; Gobler et al., 2017; Townhill
et al, 2017; Box 5.3). Aggregate impacts of multiple drivers are
dramatically altering ecosystem structure and function in the coastal
and open ocean (Boyd et al., 2015; Deutsch et al., 2015; Przeslawski
et al., 2015), such as coral reefs under increasing pressure from both
rising ocean temperature and acidification (Section 5.3.4). Increasing
exposure to climate change hazards in open ocean natural systems
includes ocean acidification (O'Neill et al., 2017; Section 5.2.3),
changes in ocean ventilation, deoxygenation (Shepherd et al., 2017;
Breitburg et al., 2018; Section 5.2.2.4), increased cyclone and flood
risk (Section 6.3.3) and an increase in extreme El Nifio and La Nina
events (Section. 6.5.1). Heat content is rapidly increasing within the
ocean (Section 5.2.2) and marine heat waves are becoming more
frequent across the world ocean (Section 6.4.1).

People who live close to the ocean and/or cryosphere, or depend
directly on their resources for livelihoods, are particularly exposed to
climate change impacts and hazards (very high confidence) (Barange
et al., 2014; Romero-Lankao et al, 2014; AMAP, 2015). These
exposures can result in infrastructure damage and failure (Sections
2.3.1.3,3.4.3, 3.5, 4.3.2), loss of habitability (Sections 2.3.7, 3.4.3,
3.5, 4.3.3), changes in air quality (Section 6.5.2), proliferation of
disease vectors (Sections 3.4.3.2.2, 5.4.2.1.1), increased morbidity
and mortality due to injury, infectious disease, heat stress, and mental
health and wellness challenges (Section 3.4.3.3), compromised food
and water security (Sections 2.3.1, 3.4.3.3, 4.3.3.6, 5.4.2.1, 6.8.4),
degradation of ecosystem services (Sections 2.3.1.2, 2.3.3.4, 4.3.3,
5.4.1, 6.4.2.3), economic and non-economic impacts due to reduced
production and social network system disruption (Section 2.3.7),
conflict (Sections 2.3.1.14, 3.5) and widespread human migration
(Sections 2.3.7, 4.4.3.5; Oppenheimer et al., 2014; van Ruijven et al.,
2014; AMAP, 2015; Cunsolo and Ellis, 2018).

This report documents how people residing in coastal and cryosphere
regions are already exposed to climate change hazards, and which
of these hazards are projected to increase in the future. For example,
mountain communities have been exposed to increased rockfall, rock
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avalanches and landslides due to permafrost degradation and glacier
shrinkage, and to changes in snow avalanche type and seasonal
timing (Section 2.3.1). Cryosphere changes that can impact water
availability in mountain regions and for downstream populations
(Sections 2.3.1, 2.3.4, 2.3.5) have implications for drinking water,
irrigation, livestock grazing, hydropower production and tourism
(Section 2.3). Some declining mountain glaciers hold sacred and
symbolic meanings for local communities who will experience
spiritual losses (Section 2.3.4, 2.3.5, and 2.3.6). Exposures to
extreme warming, and continued sea ice and permafrost loss in the
Arctic, challenge Indigenous communities with close interdependent
relationships of economy, lifestyles, cultural identity, self-sufficiency,
Indigenous knowledge, health and wellbeing with the Arctic
cryosphere (Section 3.4.3, 3.5).

The population living in low elevation coastal zones (land less than
10 m above sea level) is projected to increase to more than one
billion by 2050 (Section 4.3.2.2). These people and communities are
particularly exposed to future sea level rise, rising ocean temperature
(including marine heat waves; Section 6.4), enhanced coastal erosion,
increasing wind, wave height, storm intensity and ocean acidification
(Section 4.3.4). These exposures bring associated risks for livelihoods
linked to fisheries, tourism and trade, as well as loss of life, damaged
assets, and disruption of basic services including safe water supplies,
sanitation, energy and transportation networks (Chapters 4, 5, and 6;
Cross-Chapter Box 9).

1.5.3  Vulnerabilities in Natural Systems, Ecosystems,

and Human Systems

Directandindirectrisks to natural systems are influenced by vulnerability
to climate change as well as deterioration of ecosystem services. For
example, about half of species assessed on the northeast United States
continental shelf exhibited high to very high climate vulnerability due
to temperature preferences and changes in habitat space (Hare et al.,
2016), with corresponding northward range shifts for many species
(Kleisner et al., 2017) and increased vulnerability for organisms or
ecosystems unable to migrate or evolve at the rate required to adapt
to ocean and cryosphere changes (Miller et al., 2018). Non-climatic
pressures also magnify the vulnerability of ocean and cryosphere
ecosystems to climate-related changes, such as overfishing, coastal
development, and pollution, including plastic pollution (Halpern et al.,
2008; Halpern et al., 2015; IPBES, 2018a; IPBES, 2018b; IPBES, 2018¢;
IPBES, 2018d). Conventional (fossil fuel-based) plastics produced in
2015 accounted for 3.8% of global CO; emissions and could reach up
to 15% by 2050 (Zheng and Suh, 2019).

The vulnerability of mountain, Arctic and coastal communities is
affected by social, political, historical, cultural, economic, institutional,
environmental, geographical and/or demographic factors such as
gender, age, race, class, caste, Indigeneity and disability (Thomas et al.,
2019; Sections 2.3.6 and 3.5; Cross-Chapter Box 9). Disparities and
inequities in such factors may result in social exclusion, inequalities
and non-climatic challenges to health and wellbeing, economic
development and basic human rights (Adger et al., 2014; Olsson
etal.,, 2014; Smith et al., 2014). Those less advantaged often also have
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reduced access to and control over the social, financial, technological
and environmental resources that are required for adaptation and
transformation (Oppenheimer et al., 2014; AMAP, 2015), thus limiting
options for coping and adapting to change (Hijioka et al., 2014).
However, even populations with greater wealth and privilege can be
vulnerable to some climate change risks (Cardona et al., 2012; Smith
et al., 2014), especially if sources of wealth and wellbeing depend
upon established infrastructure that is poorly suited to ocean or
cryosphere change.

Institutions and governance can shape vulnerability and adaptive
capacity, and it can be challenging for weak governance structures to
respond effectively to extreme or persistent climate change hazards
(Sections 6.4 and 6.9; Cross-Chapter Box 3 in Chapter 1; Berrang-Ford
et al,, 2014; Hijioka et al., 2014). Furthermore, populations can be
negatively impacted by inappropriate climate change mitigation
and/or adaptation policies, particularly ones that further marginalise
their knowledge, culture, values and livelihoods (Field et al., 2014;
Cross-Chapter Box 4 in Chapter 1).

Vulnerability is not static in place and time, nor homogeneously
experienced.The vulnerabilities ofindividuals, groups, and populations
to climate change is dynamic and diverse, and reflects changing
societal and environmental conditions (Thomas et al., 2019). SROCC
examines vulnerability following the conceptual definition presented
in Cross-Chapter Box 2 in Chapter 1, and vulnerability in human
systems is treated in relative rather than absolute terms.

1.6 Addressing the Causes and
Consequences of Climate Change

for the Ocean and Cryosphere

Effective and ambitious mitigation of climate change would be required
to meet the temperature goal of the Paris Agreement (UNFCCC, 2015;
IPCC, 2018). Similarly, effective and ambitious adaptation to climate
change impacts on the ocean and cryosphere is necessary to enable
CRDPs that minimise residual risk, and loss and damage (very high
confidence; Cross-Chapter Box 2 in Chapter 1; IPCC, 2018). Mitigation
refers to human actions to limit climate change by reducing the
emissions and enhancing the sinks of greenhouse gases. Adaptation
refers to processes of adjustment by natural or human systems to actual
or expected climate and its effects, intended to moderate harm or
exploit beneficial opportunities. The presidency of the 23rd Conference
Of the Parties of United Nations Framework Convention on Climate
Change (UNFCCC) introduced the oceans pathway into the climate
solution space, acknowledging both the importance of the ocean in
the climate system and that ocean commitments for adaptation and
mitigation are available through Nationally Determined Contributions
under the UNFCCC (Gallo et al., 2017).

1.6.1 Mitigation and Adaptation Options

in the Ocean and Cryosphere

Mitigation and adaptation pathways to avoid dangerous
anthropogenic interference with the climate system (United Nations,
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Figure 1.2 | Overview of the main ocean-cryosphere mitigation and adaptation measures to observed and expected changes in the context of this report. A longer
description of these measures are given in SM1.3. Solar radiation management techniques are omitted because they are covered in other IPCC 6th Assessment Report (AR6)
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arrangements) are not included in this figure but are covered in Cross-Chapter Box 3 in Chapter 1 and in Chapters 2 to 6. GHG: greenhouse gases. Modified from Gattuso

etal. (2018).

1992) are considered in SR15 (IPCC, 2018). SROCC assesses
several ocean and cryosphere-specific measures for mitigation and
adaptation including options for to address the causes of climate
change, support biological and ecological adaptation, and enhance
societal adaptation (Figure 1.2). Other measures have been proposed,
including solar radiation management and several other forms of
carbon dioxide removal, but these are not addressed in SROCC as
they are covered in other products of the IPCC Sixth Assessment
Cycle (SR15 and AR6 Working Group IIl) and are outside the scope of
SROCC. SROCC does assess indirect mitigation measures that involve
the ocean and the cryosphere (Figure 1.2) by supporting biological
and ecological adaptation, such as through reducing nutrient and
organic carbon pollution (which moderates ocean acidification in
eutrophied areas) and conservation (which preserves biodiversity
and habitats) in coastal regions (Billé et al., 2013).

A literature-based expert assessment shows that ocean-related
mitigation measures have trade-offs, with the greatest benefits
derived by combining global and local measures (high confidence;
Gattuso et al., 2018). Local measures, such as pollution reduction and
conservation, provide significant co-benefits and few adverse side
effects (high confidence; Sections 5.5.1, 5.5.2). They can be relatively
rapidly implemented, but are generally less effective in addressing
the global problem (high confidence; Sections 5.5.1, 5.5.2). Likewise,
local efforts to decrease air pollution near mountain glaciers and
other cryosphere components, for example reducing black carbon
emissions, can bring regional-scale benefits for health and in reducing
snow and ice-melt (Shindell et al., 2012; Box 2.2).

Well-chosen human interventions can enhance the adaptive capacity
of natural systems to climate change. Such interventions through
manipulating an ecosystem’s structural or functional properties
(e.g., restoration of mangroves) may minimise climate change
pressures, enhance natural resilience and/or re-direct ecosystem
responses to reduce cascading risks on societies. In human systems,
adaptation can involve both infrastructure (e.g., enhanced sea
defences) and community-based action (e.g., changes in policies
and practices). Adaptation options to ongoing climate change are
most effective when considered together with mitigation strategies
because there are limits to effective adaptation, mitigation actions
can make adaptation more difficult, and some adaptation measures
may increase greenhouse gas emissions.

Adaptation and mitigation decisions are connected with economic
concerns. In SROCC, two main economic approaches are used. The
first comprises the Total Economic Value method and the valuation
of ecosystem services. SROCC considers the paradigm of sustainable
development, and the linkages between climate impacts on ecosystem
services (Section 5.4.1) and the consequences on SDGs including food
security or poverty eradication (Section 5.4.2). The second economic
approach used are formal decision analysis methods, which help to
identify options (also called alternatives) that perform best or well
with regards to given objectives. These methods include cost-benefit
analysis, multi-criteria analysis and robust decision-making and are
specifically relevant for appraising long-term investment decisions in
the context of coastal adaptation (Section 4.4.4.6).
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1.6.2  Adaptation in Natural Systems, Ecosystems,

and Human Systems

In AR5, a range of changes in ocean and cryosphere natural systems
were linked with medium to high confidence to pressures associated
with climate change (Cramer et al., 2014). Climate change impacts
on natural ecosystems are variable in space and time. The multiplicity
of pressures these natural systems experience impedes attribution
of population or ecosystem responses to a specific ocean and/or
cryosphere change. Moreover, the interconnectivity of populations
within ecosystems means that a single ‘adaptive response’ of a
population, or the aggregate response of an ecosystem (the adaptive
responses of the interconnected populations), is influenced not just
by direct pressures of climate change, but occurs in concert with
the adaptive responses of other species in the ecosystem, further
complicating efforts to disentangle specific patterns of adaptation.

Notwithstanding the network of pressures and adaptations, much
effort has gone into resolving the mechanisms, interactions and
feedbacks of natural systems associated with the ocean and
cryosphere. Chapters 4, 5 and 6, as well as Cross-Chapter Box 9,
assess new knowledge on the adaptive responses of wetlands,
coral reefs, other coastal habitats, and the populations of marine
organisms encountering ocean-based risks, including. Likewise,
Chapters 2 and 3 describe emerging knowledge on how ecosystems
in high-mountain and polar areas are adapting to cryosphere decline.

AR5 and SR15 have highlighted the importance of evolutionary
adaptation as a component of how populations adapt to climate
change pressures (e.g., Portner et al, 2014; Hoegh-Guldberg
et al., 2018). Acclimatisation (variation in morphology, physiology or
behaviour) can result from changes in gene expression but does not
involve change in the underlying DNA sequence. Responses related
to acclimatisation can occur both within single generations and over
several generations. In contrast, evolution requires changes in the
genetic composition of a population over multiple generations; for
example, by differential survival or fecundity of different genotypes
(Sunday et al.,, 2014). Adaptive evolution is the subset of evolution
attributable to natural selection, and natural selection may lead to
populations becoming more fit (Sunday et al., 2014) or extend the
range of environments where populations persist (van Oppen et al.,
2015). The efficacy of natural selection is affected by population size
(Charlesworth, 2009), standing genetic variation, the ability of a
population to generate novel genetic variation, migration rates and
the frequency of genetic recombination (Rice, 2002). Many studies
have shown evolution of traits within and across life stages of
populations (Pespeni et al., 2013; Hinners et al., 2017), but there are
fewer studies on how evolutionary change can impact ecosystem or
community function, and whether trait evolution is stable (Schaum
and Collins, 2014). Although acclimatisation and evolutionary
adaptation are separate processes, they influence each other, and
both adaptive and maladaptive variation of traits can facilitate
evolution (Schaum and Collins, 2014; Ghalambor et al., 2015).
Natural evolutionary adaptation may be challenged by the speed and
magnitude of current ocean and cryosphere changes, but emerging
studies investigate how human actions may assist evolutionary
adaptation and thereby possibly enhance the resilience of natural
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systems to climate change pressures (e.g., Box 5.4 in Section 5.5.2).
Through acclimatisation and evolutionary adaptation to the pressures
from climate change (and all other persistent pressures), populations,
species and ecosystems present a constantly changing context for
the adaptation of human systems to climate change.

There are several human adaptation options for climate change
impacts on the ocean and cryosphere. Adaptive responses include
nature- and ecosystem-based approaches (Renaudetal., 2016; Serpetti
et al,, 2017). Additionally, more social-based approaches for human
adaptation range from community-based and infrastructure-based
approaches to managed retreat, along with other forms of internal
migration (Black etal., 2011; Hino et al., 2017). Building on AR5 (Wong
et al., 2014), Chapter 4 describes four main modes of adaptation to
mean and extreme sea level rise: protect, advance, accommodate,
and retreat. This report demonstrates that all modes of adaptation
include mixes of institutional, individual, socio-cultural, engineering,
behavioural and/or ecosystem-based measures (e.g., Section 4.4.2).

The effectiveness and performance of different adaptation options
across spatial and social scales is influenced by their social
acceptance, political feasibility, cost-efficiency, co-benefits and
trade-offs (Jones et al., 2012; Adger et al., 2013; Eriksen et al., 2015).
Scientific evaluation of past successes and future options, including
understanding barriers, limits, risks and opportunities, are complex
and inadequately researched (Magnan and Ribera, 2016). In the end,
adaptation priorities will depend on multiple parameters including
the extent and rate of climate change, the risk attitudes and social
preferences of individuals and institutions (and the returns they may
gain) (Adger et al., 2009; Briigger et al., 2015; Evans et al., 2016; Neef
et al., 2018) and access to finances, technology, capacity and other
resources (Berrang-Ford et al., 2014; Eisenack et al., 2014).

Since AR5, transformational adaptation (i.e., the need for fundamental
changes in private and publicinstitutions and flexible decision-making
processes to face climate change consequences) has been
increasingly studied (Cross-Chapter Box 2 in Chapter 1). The recent
literature documents how societies, institutions, and/or individuals
increasingly assume a readiness to engage in transformative change,
via their acceptance and promotion of fundamental alterations
in natural or human systems (Klinsky et al., 2016). People living in
and near coastal, mountain and polar environments often pioneer
these types of transformations, since they are at the forefront of
ocean and cryosphere change (e.g., Solecki et al., 2017). Community
led and indigenous led adaptation research continues to burgeon
(Ayers and Forsyth, 2009; David-Chavez and Gavin, 2018), especially
in many mountain (Section 2.3.2.3), Arctic (Section 3.5), and
coastal (Section 4.4.4.4, 4.4.5.4, Cross-Chapter Box 9) areas,
and demonstrate potential for enabling transformational adaptation
(Dodman and Mitlin, 2013; Chung Tiam Fook, 2017). Similarly, the
concepts of scenario planning and ‘adaptation pathway’ design
have expanded since AR5, especially in the context of development
planning for coastal and delta regions (Section 4.4, Cross-Chapter
Box 9; Wise et al., 2014; Maier et al., 2016; Bloemen et al., 2018;
Flynn et al., 2018; Frame et al., 2018; Lawrence et al., 2018).
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1.7 Governance and Institutions

SROCC conceptualises governance as deciding, managing,
implementing and monitoring policies in the context of ocean and
cryosphere change. Institutions are defined as formal and informal
social rules that shape human behaviour (Roggero et al., 2017).
Governance guides how different actors negotiate, mediate their
interests and share their rights and responsibilities (Forino et al.,
2015; See SROCC Annex I: Glossary and Cross-Chapter Box 3 in
Chapter 1 for definition). Governance and institutions interface with
climate and social-ecological change process across local, regional
and global scales (Fischer et al., 2015; Pahl-Wostl, 2019).

SROCC explores how the interlinked social-ecological systems affect
challenge current governance systems in the context of ocean and
cryosphere change. These challenges include three aspects. First,
the scale of changes to ocean and cryosphere properties driven by
global warming, and in the ecosystems they support and services
they provide, are poorly matched to existing scales of governance
(Sections 2.2.2.1;2.3.1.3; 3.2.1; 3.5.3). Second, the nature of changes
in ecosystem services resulting from changes in ocean and cryosphere
properties, including services provided to humans living far from the
mountains and coasts, are poorly matched to existing institutions
and processes of governance (Section 4.4.4). Third, many possible
governance responses to these challenges could be of limited or
diminished effectiveness unless they are coordinated on scales
beyond that of currently available governance options (Section 6.9.2;
Box 5.5).

Hydrological processes in the high mountain cryosphere connect
through upstream and downstream areas of river basins (Molden
et al, 2016; Chen et al., 2018), including floodplains and deltaic
regions (Kilroy, 2015; Cross-Chapter Box 3 in Chapter 1). These cross
boundary linkages challenge local-scale governance and institutions
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that determine how the river-based ecosystem services that sustain
food, water and energy are used and distributed (Rasul, 2014; Warner,
2016; Lele et al., 2018; Pahl-Wostl et al., 2018). Small Island States
face rising seas that threaten habitability of their homeland and the
possibility of losing their nation-state, cultural identity and voices
in international governance (Gerrard and Wannier, 2013; Philip,
2018; Section 1.4, Cross-Chapter Box 9), highlighting the need for
transboundary components to governance.

These governance challenges cannot be met without working across
multiple organisations and institutions, bringing varying capacities,
frameworks and spatial extents (Cross-Chapter Box 3 in Chapter 1).
Progress in governance for ocean and cryosphere change will require
filling gaps in legal frameworks (Amsler, 2016), aligning spatial
mismatches (Eriksen et al., 2015; Young, 2016; Cosens et al., 2018),
improving the ability for nations to cooperate effectively (Downie
and Williams, 2018; Hall and Persson, 2018) and integrating across
divided policy domains, most notably of climate change adaptation
and disaster risk reduction (e.g., where slow sea level change also
alters the implications for civil defense planning and the management
of extreme events; Mysiak et al., 2018).

Harmonising local, regional and global governance structures would
provide an overarching policy framework for action and allocation
of necessary resources for adaptation. Coordinating the top-down
and bottom-up governance processes (Bisaro and Hinkel, 2016; Sabel
and Victor, 2017; Homsy et al., 2019) to increase effectiveness of
responses, mobilise and equitably distribute adequate resources and
access private and public sector capabilities requires a polycentric
approach to governance (Ostrom, 2010; Jordan et al, 2015).
Polycentric governance connotes a complex form of governance with
multiple centres of decision making working with some degree of
autonomy (Carlisle and Gruby, 2017; Baldwin et al., 2018; Mewhirter
et al,, 2018; Hamilton and Lubell, 2019).

Cross-Chapter Box 3 | Governance of the Ocean, Coasts and the Cryosphere

under Climate Change

Authors: Anjal Prakash (Nepal/India), Sandra Cassotta (Denmark), Bruce Glavovic (New Zealand/South Africa), Jochen Hinkel
(Germany), Elisabeth Holland (Fiji/USA), Md Saiful Karim (Australia/Bangladesh), Ben Orlove (USA), Beate Ratter (Germany), Jake Rice
(Canada), Evelia Rivera-Arriaga (Mexico), Catherine Sutherland (South Africa)

This Cross-Chapter Box outlines governance and associated institutional challenges and emerging solutions relevant to the ocean,
coasts and cryosphere in a changing climate. It illustrates these through three cases: (Case 1) multi-level interactions in Ocean and
Arctic governance; (Case 2) mountain governance; and (Case 3) coastal risk governance. Governance refers to how political, social,
economic and environmental systems and their interactions are governed or ‘steered’ by establishing and modifying institutional and
organisational arrangements which regulate social processes, mitigate conflicts and realise mutual gains (North, 1990; Pierre and
Peters, 2000; Paavola, 2007). Institutions are formal and informal rules and norms, constructed and held in common by social actors
that guide, constrain and shape human interactions (North, 1990; Ostrom, 2005). Formal institutions include constitutions, laws,
policies and contracts, while informal institutions include customs, social norms and taboos. Both administrative or state government
structures and indigenous or traditional governance structures govern the ocean, coasts and cryosphere.

Understanding governance in a changing climate

The Special Report on the Ocean and Cryosphere in a Changing Climate (SROCC), together with the Special Report on Global
Warming of 1.5°C (SR15) (IPCC, 2018), highlights the critical role of governance in implementing effective climate adaptation.
Chapter 2 explores local community institutions offering autonomous adaptation in the Alps, Andes, Himalayas and other mountain
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Cross-Chapter Box 3 (continued)

Territorial 100 nautical miles from the 2500 metres isobath - Polar
Sea Baseline | g ° governance

s or 200 nautical miles . 1 The High Seas __ agreements
1 I 1 I
1 1 1 1
! ! ' Obligation to protect and %F}:

Mountain Internal 1 Territorial - | Extended imanage the marine environment |

RiverBasin  Waters |  Sea N Continental Shelf e Continental Shelf :1 #:
' 12 natical | o ! claimable to a maximum 1 The Area @ :
| mies 'Exclusive Economic Zone 1 0f 350 nautical miles or 1 !
’ : » 100 nautical miles from the | :
| . . 2500 meter isobath Exclusive Economic !
, Contiguous Zone g% ' ! T zone — %
| 24nauticalmiles " e.g. Marine | <Jeritorial X
i : X Protected Areas | Sea |
I ] 1 s 1

Ny

e.g. Offshore
drilling

SERS

~=L
Continental Shelf
e.g. fishing
Case study 2: Case study 3: F Case study 1:
Gilgit - Baltistan Cape Town Continental Slope (lmited) ‘ Arctic Council
Pakistan South Africa I -

eg.submarine : e.g. deep sea-. Mult-level

Communal tenure §  Seashore as " ! cable minin interactions
arrangements a public asset Continental Rise g and synergies
over shared assets Deep Seabed in governance

Note: areas are not to scale

Public-Private Interactions

Sovereignty, Erclusi
iantri xclusive
sover_elgn r!ghts and Internal Archipelagic Territorial Economic Continental High Seas
freedoms in marine zones Waters Waters Sea one Shelf

Navigation e

Overflight

o

000000060

Laying of submarine
cable and pipelines

Constructing artificial _
islands and other installations

Fishing e

Exploration and exploitation _
of non-living resources

Marine scientific reasearch @

Protection of the
marine environment

5
I3

&
S
=1
N
q

° ° Obligation ——

°= sovereignty ®= sovereign rights °= Jurisdiction Q = innocent passage @ = Archipelagic sea lane passage
o = freedom as referred to Art. 87 (“Freedom of the High Seas’) @= International Seabed Authority

Figure CB3.1 | Spatial distribution of multi-faceted governance arrangements for the ocean, coasts and cryosphere (Panel A) sovereignty, sovereign rights,
jurisdictions and freedoms defined for different ocean zones and sea by the United Nations Convention on the Law of the Sea (UNCLOS) (Panel B). Figure CB3.1 is
designed to be illustrative and is not comprehensive of all governance arrangements for the ocean, coasts and cryosphere.
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Cross-Chapter Box 3 (continued)

regions (Section 2.4), focusing on the need for transhoundary cooperation to support water governance and mitigate conflict. Chapter 3
explores how polar governance system facilitate building resilient pathways, knowledge co-production, social learning, adaptation
and power-sharing with Indigenous Peoples at the regional level. This would help in increasing international cooperation in multi-level
governance arenas to strengthen responses supporting adaptation in socio-ecological systems (Section 3.5.4). Chapter 4 illustrates
how sea level rise governance attempts to address conflicting interests in coastal development, risk management and adaptation with
a diversity of governance contexts and degrees of community participation, with a focus on equity concerns and inevitable trade-offs
(Section 4.4). Chapter 5 includes a review of existing international legal regimes for addressing ocean warming, acidification and
deoxygenation impacts on social-ecological systems and considers ways to facilitate appropriate responses to ocean change (Sections
5.4,5.5). Chapter 6 explores the issues of credibility, trust, and reliability in government that arise from promoting ‘paying the costs of
preparedness and prevention’ as an alternative to ‘bearing the costs of loss and damage’ (Section 6.9).

Climate change challenges existing governance arrangements in a variety of ways. First, there are complex interconnections between
climate change and other processes that influence the ocean, coasts and cryosphere, making it difficult to untangle climate governance
from other governance efforts. Second, the time frames for societal decision-making and government terms are mismatched with
the long-term commitment of climate change. Third, governance choices have to be made in the face of uncertainty about the
rate and scale of change that will occur in the medium to long-term (Cross-Chapter Box 5 in Chapter 1). Lastly, climate change
progressively alters the environment and hence requires continual innovation and adjustment of governance arrangements (Bisaro
and Hinkel, 2016; Roggero et al., 2018). Novel transhoundary interactions and conflicts are emerging as well as new multi-level
governance structures for international and regional cooperation, strengthening shared decision-making among States and other
actors (Case 1). The prospects of ‘disappearing states’, glacier retreat and increasing water scarcity are resulting in States redefining
complex water-sharing agreements (Case 2). Coastal risk is escalating, which may require participatory governance responses and the
co-production of knowledge at the local scale (Case 3; see also Cross-Chapter Box 9).

Governance, exercised through legal, administrative and other social processes, is essential to prevent, mitigate and adapt to
the challenges and risks posed by a changing climate. These governance processes determine roles in the exercising of power
and hence decision-making (Graham et al., 2003). Governance may be an act of governments (e.g., passing laws or providing
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Figure CB3.2 | Interactions and emergence of network governance arrangements for the ocean, coasts and cryosphere across different scales. Adapted from
Sommerkorn and Nilsson (2015).
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Cross-Chapter Box 3 (continued)

incentives or information such that citizens can respond more effectively to climate change); private sector actions (e.g., insurance);
a co-operative effort among local actors governing themselves through customary law (e.g., by establishing entitlements or norms
requlating the common use of scarce resources); a collaborative multi-level effort involving multiple actors (state, private and civil
society; e.g., UNFCCC); or a multi-national effort (e.g., Antarctic Treaty; see Figure CB3.2). The complexities of governance arrangements
in the ocean, coasts and cryosphere (Figure CB3.1), and the interactions and emergence of relationships between different governance
actors in multiple configurations across various spatial scales (Figure CB3.2) are illustrated below.

Case Study 1 — Multi-level Interactions and Synergies in Governance. The UN Convention on the Law of the Sea (UNCLOS) and the
changing Arctic: Climate-change induced sea level rise (Section 4.2), could shift the boundaries and territory of some coastal states,
changing the areas where their coastal rights are applied under UNCLOS. In extreme cases, inundation from sea level rise might
lead to loss of territory and sovereignty, the disappearance of islands and the loss of international maritime jurisdiction subject to
maritime claim. These challenges have limited opportunities for recourse in international law and it remains unclear what adequate
responses from an international law perspective would be (Vidas et al., 2015; Andreone, 2017; Mayer and Crépeau, 2017; Chircop
et al., 2018). While specific legal arrangements and instruments of environmental protection are in place at a regional, sub-regional
and national level, they are insufficient to address the new challenges sea level rise brings. Institutional responses to the geopolitical
transformation caused by climate change, such as through the Arctic Council (AC) and the ‘Law of the Sea" are still evolving. Similar to
many international agreements, UNCLOS ‘Law of the Sea’ provisions for enforcement, compliance, monitoring and dispute settlement
mechanisms are not comprehensive, and commonly depend on further, detailed law-making by state parties, acting through competent
international organizations (Vidas, 2000; Karim, 2015; De Lucia, 2017; Grip, 2017). Shifts from traditional state-based practices of
international law to multi-level and informal governance structures that involve state and non-state actors (including Indigenous
Peoples) may address these challenges (medium confidence; Cassotta, 2012; Shadian, 2014; Young, 2016; Andreone, 2017). The AC is
a regionally focused governance structure blending new forms of formal and informal multi-level regional cooperation (Young, 2016).
The soft law mechanisms employed draw upon best available practice and standards from multiple knowledge systems (Cassotta and
Mazza, 2015; Pincus and Alj, 2015) in an attempt to respond to the ocean’s global, trans-regional and national climate challenges
(Section 3.5.4.2). Reconfiguration and restructuring of the AC has been proposed in order to address emerging trans-regional and global
problems (high confidence; Baker and Yeager, 2015; Pincus and Ali, 2015; Young, 2016). Within the existing scope, the AC has amplified
the voice of Arctic people affected by the impacts of climate change and mobilized action (Koivurova, 2016). The influence of actors
‘beyond the state’ is emerging (Figure CB3.2). However, the state retains its importance in tackling the new challenges produced by
climate change, as the role of international cooperation in UNCLOS and the Polar Regions demonstrates (Section 3.5.4.2). For example,
Article 234 (Ice-covered areas) and Article 197 of the UNCLOS Convention in protecting the marine environment, states that ‘States shall
cooperate on a global basis and, as appropriate, on a regional basis [...] taking into account characteristic regional features'.

Case Study 2 — Mountain Governance: Water management in Gilgit-Baltistan, Pakistan. Gilgit-Baltistan is an arid territory
in @ mountainous region of northern Pakistan. Melt water fed streams supply irrigation water for rural livelihoods (Nusser and
Schmidt, 2017). The labour intensive work of constructing and maintaining gravity-fed irrigation canals is done by jirga, traditional
community associations. As glaciers retreat due to climate change, water sources at the edge of glaciers have been impacted, reducing
water available for irrigation. In response, villagers constructed new channels accessing more distant water for irrigation needs
(Parveen et al., 2015). The Aga Khan Development Network supported this substantial task by providing funding and developing a new
kind of cross-scale governance network, drawing on local residents for staff (Walter, 2014), and strengthening community resources,
training and networks. Challenges remain, including the potential for increased rainfall causing landslides that could damage new
canals, and possible expansion of Pakistan's hydropower infrastructure that would further diminish water resources and displace
villages (Shaikh et al., 2015). On a geopolitical scale, decreased water supplies from the glaciers could exacerbate tensions over water
resources in the region, impacting water management in many parts of the Indus watershed (Uprety and Salman, 2011; Jamir, 2016;
see Section 2.3.1.4 for details).

Case Study 3 — Coastal Governance: Risk management for sea level changes in the City of Cape Town, South Africa. Sea level
rise and coastal flooding are the focus of the City of Cape Town's coastal climate adaptation efforts. The Milnerton coastline High
Water Mark, a non-static line marking the high tide, is creating a governance conflict by moving landwards (due to sea level rise)
and intersecting with private property boundaries, threatening public beaches and the dune cordon and placing private property
and municipal infrastructure at risk in storm conditions (Sowman et al., 2016). Private property owners are using a mixture
of formal, ad hoc, and in some cases illegal, coastal barrier measures to protect their assets from sea level and storm risks, but
these are creating additional erosion impacts on the coastline. Legally, the City of Cape Town is not responsible for remediating
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private land impacted by coastal erosion (Smith et al., 2016). However, city officials feel compelled to take action for the common good
using a progressive, multi-stakeholder participatory approach. This involves opening up opportunities for dialogue and co-producing
knowledge, instead of a purely legalistic and state-centric compliance approach (Colenbrander et al., 2015). The city’s actions are
both mindful of international frameworks on climate change and responsive to national and provincial legislation and policy. A major
challenge that remains is how to navigate the power struggles that will be triggered by this consultative process, as different actors
define and negotiate their interests, roles and responsibilities (see Section 4.4.3; Table 4.9).

Conclusions

These cases illustrate fourimportant points. First, new governance challenges are emerging due to climate change, including: disruptions
to long-established cultures, livelihoods and even territorial sovereignty (Case 1); changes in the accessibility and availability of vital
resources (Case 2); and the blurring of public and private boundaries of risk and responsibility through accelerated coastal erosion
(Case 3; Figure CB3.1). Second, new governance arrangements are emerging to address these challenges, including participatory and
networked structures linking formal and informal networks, and involving state, private sector, indigenous and civil society actors in
different configurations (Figure CB3.2). Third, climate governance is a complex, contested and unfolding process, with governance
actors and networks having to learn from experience, to innovate and develop context-relevant arrangements that can be adjusted
in the face of ongoing change. Lastly, there is no single climate governance panacea for the ocean, coasts and cryosphere. Empirical
evidence on which governance arrangements work well in which context is still limited, but ‘good governance' norms indicate the
importance of inclusivity, fairness, deliberation, reflexivity, responsiveness, social learning, the co-production of knowledge and

respect for ethnic and cultural diversity.

1.8 Knowledge Systems for Understanding

and Responding to Change

Assessments of how climate change interacts with the planet and
people are largely based on scientific knowledge from observations,
theories, modelling and synthesis to understand physical and
ecological systems (Section 1.8.1), societies (e.g., Cross-Chapter Box 2
in Chapter 1, Section 1.5) and institutions (e.g., Cross-Chapter Box 3
in Chapter 1). However, humans integrate information from multiple
sources to observe and interact with their environment, respond to
changes, and solve problems. Accordingly, SROCC also recognises
the importance of Indigenous knowledge and local knowledge in
understanding and responding to changes in the ocean and cryosphere
(Sections 1.8.2, 1.8.3; Cross-Chapter Box 4 in Chapter 1).

1.8.1 Scientific Knowledge

1.8.1.1  Ocean and Cryosphere Observations

Long-term sustained observations are critical for detecting and
understanding the processes of ocean and cryosphere change (Rhein
et al., 2013; Vaughan et al., 2013). Scientific knowledge of the ocean
and cryosphere has increased through time and geographical space
(Figure 1.3). In situ ocean subsurface temperature and salinity
observations have increased in spatial and temporal coverage
since the middle of the 19th century (Abraham et al., 2013), and
near global coverage (60°S-60°N) of the upper 2,000 m has been
achieved since 2007 due to the international Argo network (Riser
et al., 2016; Figure 1.3). Improved data quality and data analysis
techniques have reduced uncertainties in global ocean heat uptake
estimates (Sections 1.4.1,5.2.2). In addition to providing deep ocean

measurements, repeated hydrographic physical and biogeochemical
observations since AR5 have led to improved estimates of ocean
carbon uptake and ocean deoxygenation (Sections 1.4.1, 5.2.2.3,
5.2.2.4). Targeted observational programmes have improved
scientific knowledge for specific regions and physical processes of
particular concern in a warming climate, including the Greenland and
West Antarctic ice sheets (Section 3.3), and the AMOC (Section 6.7).
Ocean and cryosphere mass changes and sea level studies have
benefited from sustained or newly implemented satellite-based
remote sensing technologies, complemented by in situ data such as
tide gauges measurements (Sections 3.3, 4.2; Dowell et al., 2013;
Raup et al., 2015; PSMSL, 2016). Glacier length measurements in
some locations go back many centuries (Figure 1.3), but it is the
systematic high resolution satellite monitoring of a large number of
the world's glaciers since the late 1970s that has improved global
assessments of glacier mass loss (Sections 2.2.3, 3.3.2).

Limitations in knowledge of ocean and cryosphere change remain,
creating knowledge gaps for the SROCC assessment. Ocean and
cryosphere datasets are frequently short, and do not always span
the key IPCC assessment time intervals (Cross-Chapter Box 1 in
Chapter 1), so for many parameters the full magnitude of changes
since the pre-industrial period is not observed (Figure 1.3). The
brevity of ocean and cryosphere measurements also means that
some expected changes cannot yet be detected with confidence in
direct observations (e.g., Antarctic sea ice loss in Section 3.2.1, AMOC
weakening in Section 6.7.1), or other observed changes cannot yet be
robustly attributed to anthropogenic factors (e.g., ice sheet mass loss
in Section 3.3.1). Observations for many key ocean variables (Bojinski
et al., 2014), such as ocean currents, surface heat fluxes, oxygen,
inorganic carbon, subsurface salinity, phytoplankton biomass and
diversity, etc., do not yet have global coverage or have not reached
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the required density or accuracy for detection of change. Some ocean
and cryosphere areas remain difficult to observe systematically,
for example, the ocean under sea ice, subsurface permafrost, high
mountain areas, marginal seas, coastal areas (Section 4.2.2.3)
and ocean boundary currents (Hu and Sprintall, 2016), basin
interconnections (Section 6.6) and the Southern Ocean (Sections
3.2, 5.2.2). Measurements that reflect ecosystem change are often
location or species specific, and assessments of long-term ocean
ecosystem changes are currently only feasible for a limited subset
of variables, for example coral reef health (e.g., coral reef health)
(Section 5.3; Miloslavich et al., 2018). The deep ocean below 2,000 m
is still rarely observed (Talley et al., 2016), limiting (for example) the
accurate estimate of deep ocean heat uptake and, consequently the
full magnitude of Earth’s energy imbalance (e.g., von Schuckmann
et al,, 2016; Johnson et al., 2018; Sections 1.2, 1.4, 5.2.2).

1.8.1.2  Reanalysis Products

Advances have been made over the past decade in developing more
reliable and more highly resolved ocean and atmosphere reanalysis
products. Reanalysis products combine observational data with
numerical models through data assimilation to produce physically
consistent, and spatially complete ocean and climate products
(Balmaseda et al., 2015; Lellouche et al., 2018; Storto et al., 2018;
Zuo et al., 2018). Ocean reanalyses are widely used to understand
changes in physical properties (Section 3.2.1, 5.2), extremes
(Sections 6.3 to 6.6), circulation (Section 6.6, 6.7) and to provide
climate diagnostics (Wunsch et al., 2009; Balmaseda et al., 2013; Hu
and Sprintall, 2016; Carton et al., 2018). Reanalysis products are used
in SROCC for assessing climate change process that cause changes
in the ocean and cryosphere (e.g., Sections 2.2.1, 3.2.1, 3.3.1, 3.4.1,
5.2.2, 6.3.1, 6.6.1, 6.7.1). Improvements in reanalysis products
provide more realistic forcing for regional models, which are used
for assessing regional ocean and cryosphere changes that cannot be
resolved in global-scale models (e.g., Section 2.2.1; Mazloff et al.,
2010; Fenty et al., 2017). The weather forecasts, and seasonal to
decadal predictions building on reanalysis products have important
applications in the early warning systems that reduce risk and aid
human adaptation to extreme events (Sections 6.3.4, 6.4.3, 6.5.3,
6.7.3,6.8.5).

1.8.1.3  Model Simulation Data

Models are numerical approximations of the Earth system that allow
hypotheses about the mechanisms of ocean and cryosphere change
to be tested, support attribution of observed changes to specific
forcings (Section 1.3), and are the best available information for
assessing future change (Figure 1.3). General Circulation Models
(GCMs) typically simulate the atmosphere, ocean, sea ice, and land
surface, and sometimes also incorporate terrestrial and marine
ecosystems. Earth System Models (ESM) are climate models that
explicitly include the carbon cycle and may include additional
components (e.g., atmospheric chemistry, ice sheets, dynamic
vegetation, nitrogen cycle, but also urban or crop models). The
systematic set of global-scale model experiments (Taylor et al., 2012)
used in SROCC were produced by CMIP5 (Cross-Chapter Box 1 in
Chapter 1), including both GCMs and ESMs.
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Models may differ in their spatial resolution, and in the extent
to which processes are explicitly represented or approximated
(parameterised). Model output can be biased due to uncertainties in
their physical equations or parameterisations, specification of initial
conditions, knowledge of external forcing factors, and unaccounted
processes and feedbacks (Hawkins and Sutton, 2009; Deser et al.,
2012; Gupta et al., 2013; Lin et al., 2016). Since AR5 there have been
advances in modelling the dynamical processes of the Greenland
and Antarctica ice sheets, leading to better representation of the
range of potential future sea level rise scenarios (Sections 4.2.3).
Downscaling, including the use of regional models, makes it possible
to improve the spatial resolution of model output in order to better
resolve past and future climate change in specific areas, such as high
mountains and coastal seas (e.g., Sections 2.2.2, 3.2.3,3.5.4, 4.2.2,
6.3.1). For biological processes, such as nutrient levels and organic
matter production, model uncertainty at regional scales is the main
issue limiting confidence in future projections (Sections 5.3, 5.7).
While model projections of range shifts for fishes agree with theory
and observations, at a regional scale there are known deficiencies in
the ways models represent the impacts of ocean variables such as
temperature and productivity (Sections 5.2.3, 5.7).

1.8.1.4  Palaeoclimate Data

Palaeoclimate data provide a way to establish the nature of ocean
and cryosphere changes prior to direct measurements (Figure 1.3),
including natural variability and early anthropogenic climate change
(Masson-Delmotte et al., 2013; Abram et al., 2016). Palaeoclimate
records utilise the accumulation of physical, chemical or biological
properties within natural archives that are related to climate at the
time the archive formed. Commonly used palaeoclimate evidence
for ocean and cryosphere change comes from marine and lake
sediments, ice layers and bubbles, tree growth rings, past shorelines
and shallow reef deposits. In many mountain areas, centuries to
millennia of palaeoclimate information is now being lost through
widespread melting of glacier ice (Cross-Chapter Box 6 in Chapter 2).
Palaeoclimate data are spatially limited (Figure 1.3), but often
represent regional to global-scale climate patterns, either individually
or as syntheses of networks of data (PAGES2K Consortium, 2017).

Palaeoclimate data provide evidence for multi-metre global sea
level rises and shifts in climate zones and ocean ecosystems during
past warm climate states where temperatures were similar to those
expected later this century (Hansen et al., 2016; Fischer et al., 2018;
Section 4.2.2). Palaeoclimate reconstructions give context to recent
ocean and cryosphere changes that are unusual in the context of
variability over past centuries to millennia, including acceleration in
Greenland and Antarctic Peninsula ice-melt (Section 3.3.1), declining
Arctic sea ice (Section 3.2.1), and emerging evidence for a slowdown
of AMOC (Section 6.7.1). Assessments of climate model performance
across a wider-range of climate states than is possible using direct
observations alone also draws on palaeoclimate data (Flato et al.,
2013), and since AR5 important progress has been made to calibrate
modelled ice sheet processes and future sea level rise based on
palaeoclimate evidence (Cross-Chapter Box 8 in Chapter 3).
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Figure 1.3 | lllustrative examples of the availability of ocean and cryosphere data relative to the major time periods assessed in the Special Report on the Oceans and
Cryosphere in a Changing Climate (SROCC). Upper panel; observed (Keeling et al.,, 1976) and reconstructed (Bereiter et al., 2015) atmospheric CO; concentrations, as
well as the Representative Concentration Pathways (RCPs) of CO2 for low (RCP2.6) and high (RCP8.5) future emission scenarios (van Vuuren et al., 2011a; Cross-Chapter
Box 1 in Chapter 1). Lower panel; illustrative examples of data availability for the ocean and cryosphere (Section 1.8.1; Taylor et al., 2012; Boyer et al., 2013; Dowell et
al,, 2013; McQuatters-Gollop et al.,, 2015; Raup et al., 2015; Olsen et al., 2016; PSMSL, 2016; PAGES2K Consortium, 2017; WGMS, 2017). The amount of data available
through time is shown by the heights of the time series for observational data, palaeoclimate data and model simulations, expressed relative to the maximum annual data
availability (maximum values given on plot; M = million, k = thousand). Spatial coverage of data across the globe or the relevant domain is shown by colour scale. See
SM1.4 for further details.
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1.8.2 Indigenous Knowledge and Local Knowledge
Humans create, use, and adapt knowledge systems to interact with
their environment (Agrawal, 1995; Escobar, 2001; Sillitoe, 2007), and
to observe and respond to change (Huntington, 2000; Gearheard et al.,
2013; Maldonado et al., 2016; Yeh, 2016). Indigenous knowledge
(IK) refers to the understandings, skills, and philosophies developed
by societies with long histories of interaction with their natural
surroundings. It is passed on from generation to generation, flexible,
and adaptive in changing conditions, and increasingly challenged
in the context of contemporary climate change. Local knowledge
(LK) is what non-Indigenous communities, both rural and urban,
use on a daily and lifelong basis. It is multi-generational, embedded
in community practices and cultures and adaptive to changing
conditions (FAQ, 2018). Each chapter of SROCC cites examples of IK
and LK related to ocean and cryosphere change.

IK and LK stand on their own, and also enrich and complement each
other and scientific knowledge. For example, Australian Aboriginal
groups’ Indigenous oral history provides empirical corroboration of
the sea level rise 7,000 years ago (Nunn and Reid, 2016), and their
seasonal calendars direct hunting, fishing, planting, conservation and
detection of unusual changes today (Green et al., 2010). LK works in
tandem with scientific knowledge, for example, as coastal Australian
communities consider the impacts and trade-offs of sea level rise
(O'Neill and Graham, 2016).

Both IK and LK are increasingly used in climate change research
and policy efforts to engage affected communities to facilitate
site-specific understandings of, and responses to, the local effects of
climate change (Hiwasaki et al., 2014; Hou et al., 2017; Mekonnen
et al., 2017). IK and LK enrich CRDPs particularly by engaging
multiple stakeholders and the diversity of socioeconomic, cultural
and linguistic contexts of populations affected by changes in the
ocean and cryosphere (Cross-Chapter Box 4 in Chapter 1).

Global environmental assessments increasingly recognise the
importance of IK and LK (Thaman et al., 2013; Beck et al., 2014;
Diaz et al., 2015). References to IK in IPCC assessment reports
increased 60% from AR4 to AR5, and highlighted the exposures and
vulnerabilities of Indigenous populations to climate change risks
related to socioeconomic status, resource-based dependence and
geographic location (Ford et al., 2016a). All four IPBES assessments
in 2018 (IPBES, 2018a; IPBES, 2018b; IPBES, 2018c; IPBES, 2018d)
engaged IK and LK (Diaz et al., 2015; Roué and Molnar, 2017; Diaz
et al., 2018). Peer-reviewed research on IK and LK is burgeoning
(Savo et al., 2016), providing information that can guide responses
and inform policy (Huntington, 2011; Nakashima et al., 2012;
Lavrillier and Gabyshev, 2018). However, most global assessments
still fail to incorporate ‘the plurality and heterogeneity of worldviews’
(Obermeister, 2017), resulting ‘in a partial understanding of core
issues that limits the potential for locally and culturally appropriate
adaptation responses’ (Ford et al., 2016b).

IK and LK provide case specific information that may not be easily
extrapolated to the scales of disturbance that humans exert on

102

Framing and Context of the Report

natural systems (Wohling, 2009). Some forms of IK and LK are
also not amenable to being captured in peer-reviewed articles or
published reports, and efforts to translate IK and LK into qualitative
or quantitative data may mute the multidimensional, dynamic and
nuanced features that give IK and LK meaning (DeWalt, 1994;
Roncoli et al., 2009; Goldman and Lovell, 2017). Nonetheless, efforts
to collaborate with IK and LK knowledge holders (Baptiste et al.,
2017; Karki et al., 2017; Lavrillier and Gabyshev, 2017; Roué et al.,
2017; David-Chavez and Gavin, 2018) and to systematically assess
published IK and LK literature in parallel with scientific knowledge
result in increasingly effective usage of the multiple knowledge
systems to better characterise and address ocean and cryosphere
change (Huntington et al., 2017; Nalau et al., 2018; Ford et al., 2019).

1.8.3  The Role of Knowledge in People’s Responses

to Climate, Ocean and Cryosphere Change

To hold global average temperature to well below 2°C above
pre-industrial levels, substantial changes in the day-to-day activities of
individuals, families, communities, the private sector, and governance
bodies will be required (Ostrom, 2010; Creutzig et al.,, 2018). Enabling
these changes at a meaningful societal scale requires sensitivity to
communities and their use of multiple knowledge systems to best
motivate effective responses to the risks and opportunities posed by
climate change (medium confidence) (1.8.2, Cross-Chapter Box 4 in
Chapter 1). Meaningful engagement of people and communities with
climate change information depends on that information cohering
with their perception of how the world works (Crate and Fedorov,
2013). The values and identities people hold affect how acceptable
they find the behavioural changes, technological solutions and
governance that climate change action requires (Moser, 2016).

Education and climate literacy contribute to climate change action
and adaptation (high confidence). Although public understanding
of humanity's role in both causing and abating climate change
has increased in the last decade (Milfont et al., 2017), levels of
climate concern vary greatly globally (Lee et al., 2015). Educational
attainment has the strongest effect on raising climate change
awareness (Lee et al., 2015), and research documents the value of
evidence-based climate change education, particularly during formal
schooling (Motta, 2018). People further understand climate change
as a serious threat when they experience it in their lives and have
knowledge of its human causes (Lee et al., 2015; Shi et al., 2016).
Education and tailored climate communication strategies that are
respectful of people’s values and identity can aid acceptance and
implementation of the local to global-scale approaches and policies
required for effective climate change mitigation and adaptation (Shi
et al., 2016; Anisimov and Orttung, 2018; Sections 3.5.4, 4.4), while
also supporting CRDPs (see also Cross-Chapter Box 2 in Chapter 1,
and FAQ1.2).

Human psychology complicates engagement with climate change,
due to complex social factors, including values (Corner et al., 2014),
identity (Unsworth and Fielding, 2014), ideology (Smith and Mayer,
2019) and the framing of climate messaging. Additionally, psychology
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effects adaptation actions, motivated by perceptions that others
are already adapting, avoidance of an unpleasant state of mind,
feelings of self-efficacy and belief in the efficacy of the adaptation
action (van Valkengoed and Steg, 2019). Better understandings of
the psychological implications across diverse communities and social
and political contexts will facilitate a just transition of both emissions
reduction and adaptation (Schlosberg et al., 2017). Impacts of climate

Chapter 1

change on natural and human environments (e.g., extreme weather)
or human-caused modifications to the environment (e.g., adaptation)
will raise further psychological challenges. This includes psychological
impacts to the emotional wellbeing of people adversely affected
by climate change (Ogunbode et al., 2018), resulting in solastalgia
(Albrecht et al., 2007), a distress akin to homesickness while in their
home environment (McNamara and Westoby, 2011).

Cross-Chapter Box 4 | Indigenous Knowledge and Local Knowledge in Ocean
and Cryosphere Change

Authors: Susan Crate (USA), William Cheung (Canada), Bruce Glavovic (New Zealand), Sherilee Harper (Canada),
Hélene Jacot Des Combes (Fiji/France), Monica Ell Kanayuk (Canada), Ben Orlove (USA), Joanna Petrasek MacDonald (Canada),
Anjal Prakash (Nepal/India), Jake Rice (Canada), Pasang Yangjee Sherpa (Nepal), Martin Sommerkorn (Norway/Germany)

Introduction

This Cross-Chapter Box describes how Indigenous knowledge (IK) and local knowledge (LK) are different and unique sources
of knowledge, which are critical to observing, responding to, and governing the ocean and cryosphere in a changing climate (See SROCC
Annex I: Glossary for definitions). International organisations recognise the importance of IK and LK in global assessments, including
UN Environment, UNDP, UNESCO, IPBES, and the World Bank. IK and LK are referenced throughout SROCC, understanding that
many climate change impacts affect, and will require responses from, local communities (both Indigenous and non-Indigenous) who
maintain a close connection with the ocean and/or cryosphere.

Attention to IK and LK in understanding global change is relatively recent, but important (high confidence). For instance, in 1980,
Alaskan Inuit formed the Alaska Eskimo Whaling Commission in response to the International Whaling Commission’s science that
underestimated the Bowhead whale population and, in 1977, banned whaling as a result (Huntington, 1992). The Commission
facilitated an improved population count using a study design based on IK, which indicated a harvestable population (Huntington,
2000). There are various approaches for utilising multiple knowledge systems. For example, the Mi‘kmaw Elders’ concept of Two Eyed
Seeing: which is ‘learning to see from one eye with the strengths of Indigenous knowledges, and from the other eye with the strengths
of Western [scientific] knowledges, and to use both together, for the benefit of all’ (Bartlett et al., 2012), to preserve the distinctiveness
of each, while allowing for fuller understandings and actions (Bartlett et al., 2012: 334).

Knowledge Co-production

Scientific knowledge, IK and LK can complement one another by engaging both quantitative data and qualitative information,
including people’s observations, responses and values (Huntington, 2000; Crate and Fedorov, 2013; Burnham et al., 2016; Figure CB4.1).
However, this process of knowledge co-production is complex (Jasanoff, 2004) and IK and LK possess uncertainties of a different
nature from those of scientific knowledge (Kahneman and Egan, 2011), often resulting in the dominance of scientific knowledge over
IK and LK in policy, governance and management (Mistry and Berardi, 2016). Working across disciplines (interdisciplinarity; Strang,
2009), and/or engaging multiple stakeholders (transdisciplinarity; Klenk and Meehan, 2015; Crate et al., 2017), are approaches used
to bridge knowledge systems. The use of all knowledge relevant to a specific challenge can involve approaches such as: scenario
building across stakeholder groups to capture the multiple ways people perceive their environment and act within it (Klenk and
Meehan, 2015); knowledge co-production to achieve collaborative management efforts (Armitage et al., 2011); and working with
communities to identify shared values and perceptions that enable context-specific adaptation strategies (Grunblatt and Alessa,
2017). Broad stakeholder engagement, including affected communities, Indigenous Peoples, local and regional representatives, policy
makers, managers, interest groups and organisations, has the potential to effectively use all relevant knowledge (Obermeister, 2017)
and produce results that reduce the disproportionate influence that formally educated and economically advantaged groups often
exert in scientific assessments (Castree et al., 2014).
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Cross-Chapter Box 4 (continued)

Co-production
of new knowledge

Trajectory of

Independently knowledge
available sgg:et"f?;
knowledge
systems

Figure CB4.1 | Knowledge co-production using scientific knowledge, Indigenous knowledge (IK) and/or local knowledge (LK) to create new understandings for
decision making. Panels A, B, and C represent the use of one, two, and three knowledge systems, respectively, illustrating co-production moments in time (collars).
Panel A represents a context which uses one knowledge system, for example, of IK used by Indigenous peoples; or of LK used by farmers, fishers and rural or
urban inhabitants; or of scientific knowledge used in contexts where substantial human presence is lacking. Panel B depicts the use of two knowledge systems, as
described in this Cross-Chapter Box in the case of Bowhead whale population counts and in Himalayan flood management. Panel C illustrates the use of all three
knowledge systems, as in the Pacific case in this Cross-Chapter Box. Each collar represents how making use of knowledge from different systems is a matter of both
identifying available knowledge across systems and of knowledge holder deliberations. In these processes, learning takes place on how to relate knowledge from
different systems for the purpose of improved decisions and solutions. Knowledge from different systems can enrich the body of relevant knowledge while continuing
independently or can be combined to co-produce new knowledge.

Contributions to SROCC
Observations, responses, and governance are three important contributions that IK and LK make in ocean and cryosphere change:

Observations: 1K and LK observations document glacier and sea ice dynamics, permafrost dynamics, coastal processes, etc.
(Sections 2.3.2.2.2,2.5,3.2.2,3.4.1.1,3.4.1.1,3.4.1.2,4.3.2.4.2,5.2.3 and Box 2.4), and how they interact with social-cultural factors
(West and Hovelsrud, 2010). Researchers have begun documenting IK and LK observations only recently (Sections 2.3.1.1, 3.2, 3.4,
3.5, Box 4.4,5.4.2.2.1).

Responses: Either IK or LK alone (Yager, 2015), or used with scientific knowledge (Nisser and Schmidt, 2017) inform responses
(Sections 2.3.1.3.2,2.3.2.2.2,3.5.2,3.5.4,4.4.2, Box 4.4,5.5.2, 6.8.4, 6.9.2). Utilising multiple knowledge systems requires continued
development, accumulation, and transmission of IK, LK and scientific knowledge towards understanding the ecological and cultural
context of diverse peoples (Crate and Fedorov, 2013; Jones et al., 2016), resulting in the incorporation of relevant priorities and
contexts into adaptation responses (Sections 3.5.2, 3.5.4, 4.4.4,5.5.2, 6.8.4, 6.9.2, Box 2.3).

Governance: Using IK and LK in climate decision and policy making includes customary Indigenous and local institutions (Karlsson and
Hovelsrud, 2015), as in the case when Indigenous communities are engaged in an integrated approach for disaster risk reduction in
response to cryosphere hazards (Carey et al., 2015). The effective engagement of communities and stakeholders in decisions requires
using the multiple knowledge systems available (Chilisa, 2011; Sections 2.3.1.3.2, 2.3.2.3, 3.5.4, 4.4.4, Table 4.4,5.5.2, 6.8.4, 6.9.2;
Sections 2.3.1.3.2,2.3.2.3,3.5.4,4.4.4, Table 4.9,5.5.2, 6.8.4,6.9.2).
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Cross-Chapter Box 4 (continued)

Examples from regions covered in this report

IK and LK in the Pacific: Historically, Pacific communities, who depend on marine resources for essential protein (Pratchett et al., 2011),
use LK for management systems to determine access to, and closure of, fishing grounds, the latter to respect community deaths, sacred
sites, and customary feasts. Today a hybrid system, Locally Managed Marine Protected Areas (LMMAs), is common and integrates local
governance with NGO or government agency interventions (Jupiter et al., 2014). The expected benefits of these management systems
support climate change adaptation through sustainable resource management (Roberts et al., 2017) and mitigation through improved
carbon storage (Vierros, 2017). The challenges to wider use include both how to upscale LMMAs (Roberts et al., 2017; Vierros, 2017),
and how to assess them as climate change adaptation and mitigation solutions (Rohe et al., 2017; Section 5.4).

IK and Pikialasorsuaq: Pikialasorsuaq (North Water Polynya), in Baffin Bay, is the Arctic’s largest polynya, or area of open water
surrounded by ice, andis also one of the most biologically productive regions in the Arctic (Barber etal., 2001). Adjacent Inuit communities
depend on Pikialasorsuaq for their food security and subsistence economy (Hastrup et al., 2018). They use Qaujimajatugangit, an IK
system, in daily and seasonal activities (ICC, 2017). The sea ice bridge north of the Pikialasorsuaq is no longer forming as reliably as
in the past, resulting in a polynya that is geographically and seasonally less defined (Ryan and Miinchow, 2017). In response, the
Inuit Circumpolar Council initiated the Pikialasorsuaq Commission who formed an Inuit-led management authority to (1) oversee
monitoring and research to conserve the polynya’s living resources; (2) identify an Indigenous Protected Area, to include the polynya
and dependent communities; and (3) establish a free travel zone for Inuit across the Pikialasorsuaq region (ICC, 2017; Box 3.2).

LK in the Alps: Mountain guides and other local residents engaged in supporting mountain tourism draw on LK for livelihood
management. A study at Mont Blanc lists specific cryosphere changes which they have observed, including glacial shrinkage and
reduction in ice and snow cover. As a result, the categorisation of the difficulty of a number of routes has changed, and the timing
of the climbing season has shifted earlier (Mourey and Ravanel, 2017; Section 2.3.5).

LK to manage flooding: Climate change is increasing glacial melt water and rain-induced disasters in the Himalayan region and
affected communities in China, Nepal, and India use LK to adapt (Nadeem et al., 2012). For instance, rains upstream in Gandaki
(Nepal) flood downstream areas of Bihar, India. Local communities’ knowledge of forecasting floods has evolved over time through
the complexities of caste, class, gender and ecological flux, and is critical to flood forecasting and disaster risk reduction. Local
communities manage risk by using a diverse set of knowledge, including phenomenological (e.g., river sound), ecological (e.g., red ant
movement) and riverine (e.g., river colour) indicators, alongside meteorological and official information (Acharya and Prakash, 2018;
Section 2.3.2.3).

Knowledge Holders’ Recommendations for Utilising IK and LK in Assessment Reports

Perspectives from the Himalayas: IK and LK holders in the Himalayas have conducted long-term systematic observations in these remote
areas for centuries. Contemporary IK details change in phenology, weather patterns, and flora and fauna species, which enriches scientific
knowledge of glacial retreat and potential glacial lake outbursts (Sherpa, 2014). The scientific community can close many knowledge gaps
by engaging IK and LK holders as counterparts. Suggestions towards this objective are to work with affected communities to elicit their
knowledge of change, especially IK and LK holders with more specialised knowledge (farmers, herders, mountain guides, etc.), and use
location- and culture-specific approaches to share scientific knowledge and use it with IK and LK.

Perspectives from the Inuit Circumpolar Council (ICC), Canada: Engaging Inuit as partners across all climate research disciplines
ensures that Inuit knowledge and priorities guide research, monitoring, and the reporting of results in Inuit homeland. Doing so
enhances the effectiveness, impact, and usefulness of global assessments, and ensures that Inuit knowledge is appropriately reported
in assessments. Inuit seek to achieve self-determination in all aspects of research carried out in Inuit homeland (e.g., Nickels et al.,
2005). Inuit actively produce and use climate research (e.g., ITK, 2005; ICC, 2015) and lead approaches to address climate challenges
spurred by great incentive to develop innovative solutions. Engaging Inuit representative organisations and governments as partners
in research recognises that the best available knowledge includes IK, enabling more robust climate research that in turn informs
climate policy. When interpreted and applied properly, IK comes directly from research by Inuit and from an Inuit perspective (ICC,
2018). This can be achieved by working with Inuit on scoping and methodology for assessments and supporting inclusion of Inuit
experts in research, analysis, and results dissemination.
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1.9 Approaches Taken in this Special Report

1.9.1 Methodologies Relevant to this Report

SROCC assesses literature on ocean and cryosphere change and
associated impacts and responses, focusing on advances in knowledge
since AR5. The literature used is primarily published, peer-reviewed
scientific, social science and humanities research. In some cases, grey
literature sources (for example, published reports from governments,
industry, research institutes and non-government organisations) are
used where there are important gaps in available peer-reviewed
literature. It is recognised that published knowledge from many parts
of the world most vulnerable to ocean and cryosphere change is still
limited (Czerniewicz et al., 2017).

Where possible, SROCC draws upon established methodologies
and/or frameworks. Cross-Chapter Boxes in Chapter 1 address
methodologies used for projections of future change (Cross-Chapter
Box 1 in Chapter 1), for assessing and reducing risk (Cross-Chapter
Box 2 in Chapter 1), for governance options relevant to a problem
or region (Cross-Chapter Box 3 in Chapter 1), and for using IK
and LK (Cross-Chapter Box 4 in Chapter 1). It is recognised in the
assessment process that multiple and non-static factors determine
human vulnerabilities to climate change impacts, and that
ecosystems provide essential services that have both commercial
and non-commercial value (Section 1.5). Economic methods are also
important in SROCC, for estimating the economic value of natural
systems, and for aiding decision-making around mitigation and
adaptation strategies (Section 1.6).

1.9.2 Communication of Confidence

in Assessment Findings

SROCC uses calibrated language for the communication of
confidence in the assessment process (Mastrandrea et al., 2010;
Mach et al., 2017). Calibrated language is designed to consistently
evaluate and communicate uncertainties that arise from incomplete
knowledge due to a lack of information, or from disagreement about
what is known or even knowable. The IPCC calibrated language
uses qualitative expressions of confidence based on the robustness
of evidence for a finding, and (where possible) uses quantitative
expressions to describe the likelihood of a finding (Figure 1.4).

Qualitative expressions (confidence scale) describe the validity
of a finding based on the type, amount, quality and consistency of
evidence, and the degree of agreement between different lines
of evidence (Figure 1.4, step 2). Evidence includes all knowledge
sources, including IK and LK where available. Very high and high
confidence findings are those that are supported by multiple lines
of robust evidence with high agreement. Low or very low confidence
describe findings for which there is limited evidence and/or low
agreement among different lines of evidence, and are only presented
in SROCC if they address a major topic of concern.
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Step 1: Evaluate evidence and agreement

Observations ~ Theory Statistics Models Experiments ~ Process
| v v v v v v
g Sufficient evidence and agreement to evaluate confidence?
Step 2: Evaluate confidence
. ’ ’ Confidence
High agreement High agreement High a Language
Limited evidence ~ Medium evidence ~ Robust e -_ Verv hiah
(Emerging) (Robust) ¥ hig
= Medium agreement Medium agreement Medium agreement O— High
g Limited evidence ~ Medium evidence  Robust evidence o— Medium
[
D
2 Low agreement Low agreement Low agreement o— Low
Limited evidence ~ Medium evidence  Robust evidence Verv |
(Limited) (Divergent) o— verylow
Evidence (type, amount, quality, consistency) )y
Examples

+ Glacier retreat and permafrost thaw have decreased the stability of mountain slopes and the
integrity of infrastructure (high confidence) {2.3}

+ There is currently low confidence in appraising past open ocean productivity trends,
including those determined by satellites, due to newly identified region-specific drivers of
microbial growth and the lack of corroborating in situ time series datasets. {5.2.2}

B Sufficient confidence and quantitative/probabilistic evidence to evaluate likelihood?

Step 3: Evaluate statistical likelihood

Likelihood Statistical Level Statistical Range
Language (assessing change) (assessing range)
Virtually certain >99%
Extremely likely >95%
Very likely >90% 5-95% range
Likely >66% 17-83% range
More likely than not >50% 25-75% range
About as likely as not 33-66%
Unlikely <33% <17% and >83% (both tails)
Very unlikely <10% <5% and >95% (both tails)
Extremely unlikely <5%
Exceptionally unlikely <1%

Example: statistical level

+ Satellite observations reveal that marine heatwaves have
very likely doubled in frequency between 1982 and 2016,
and that they have also become longer-lasting, more intense
and extensive. {6.4}

Reference Change

o

Examples: statistical range — & mh——tm

+ The AMOC will very likely weaken over the 21st likely (>66%)
century (high confidence), although a collapse is Level of
very unlikely (medium confidence). very unlikely risklimpact|
Nevertheless, a substantial weakening of the (both tails)

AMOC remains a physically plausible scenario. N >%%

67

* Global mean sea level will rise between
0.43 m (0.29-0.59 m, likely range) (RCP2.6)
and 0.84 m (0.61-1.10 m, likely range)
(RCP8.5) by 2100 (medium confidence)
relative to 1986-2005. {4.2.3}

likely
(17%~-83%)

{

>5%

Deep uncertainty (Cross-Chapter Box 5 in Chapter 1)

+ Evolution of the Antarctic Ice Sheet beyond the end of the 21st century is characterised by
deep uncertainty as ice sheet models lack realistic representations of some of the
underlying physical processes. {Cross-Chapter Box 8 in Chapter 3}

Figure 1.4 | Schematic of the IPCC usage of calibrated language, with examples
of confidence and likelihood statements from this report. Figure developed
after Mastrandrea et al. (2010), Mach et al. (2017) and Sutton (2018).
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Quantitative expressions (likelihood scale) are used when sufficient
data and confidence exists for findings to be assigned a quantitative
or probabilistic estimate (Figure 1.4, step 3). In the scientific literature,
a finding is often said to be significant if it has a likelihood exceeding
95% confidence. Using calibrated IPCC language, this level of
statistical confidence would be termed extremely likely. Lower levels
of likelihood than those derived numerically can be assigned by
expert judgement to take into account structural or measurement
uncertainties within the products or data used to determine the
probabilistic estimates (e.g., Table CB1.1). Likelihood statements
may be used to describe how climate changes relate to the ends of
distribution functions, such as in detection and attribution studies
that assess the likelihood that an observed climate change or event is
different to a reference climate state (Section 1.3). In other situations,
likelihood statements refer to the central region across a distribution
of possibilities. Examples are the estimates of future changes based
on large ensembles of climate model simulations, where the central
66% of estimates across the ensemble (i.e., the 17-83% range)
would be termed a likely range (Figure 1.4, step 3).

Chapter 1

Ramanathan, 2017; Spratt and Dunlop, 2018; Sutton, 2018). In
response to the need to reframe policy relevant assessments according
to risk (Section 1.5; Mach et al., 2016; Weaver et al., 2017; Sutton,
2018), an effort is made in SROCC to report on potential changes
for which there is low scientific confidence or a low likelihood of
occurrence, but that would have large impacts if realised (Mach
et al., 2017). In some cases where evidence is limited or emerging,
phenomena may instead be discussed according to physically
plausible scenarios of impact (e.g., Table 6.1).

In some cases, deep uncertainty (Cross-Chapter Box 5 in Chapter 1)
may exist in current scientific assessments of the processes, rate,
timing, magnitude, and consequences of future ocean and cryosphere
changes. This includes physically plausible high-impact changes,
such as high-end sea level rise scenarios that would be costly if
realised without effective adaptation planning and even then may
exceed limits to adaptation. Means such as expert judgement,
scenario building, and invoking multiple lines of evidence enable
comprehensive risk assessments even in cases of uncertain future

ocean and cryosphere changes.
It is increasingly recognised that effective risk management requires
assessments not just of ‘what is most likely’ but also of "how bad
things could get’ (Mach et al., 2017; Weaver et al,, 2017; Xu and

Cross-Chapter Box 5| Confidence and Deep Uncertainty

Authors: Carolina Adler (Switzerland/Australia), Michael Oppenheimer (USA), Nerilie Abram (Australia), Kathleen Mclnnes (Australia)
and Ted Schuur (USA)

Definition and Context

Characterising, assessing and managing risks to climate change involves dealing with inherent uncertainties. Uncertainties can lead to
complex decision-making situations for managers and policymakers tasked with risk management, particularly where decisions relate
to possibilities assessed as having low or unknown confidence/likelihood, yet would have high impacts if realised. While uncertainty
can be quantitatively or qualitatively assessed (Section 1.9.2; Figure 1.4), a situation of deep uncertainty exists when experts or
stakeholders do not know or cannot agree on: (1) appropriate conceptual models that describe relationships among key driving forces
in a system; (2) the probability distributions used to represent uncertainty about key variables and parameters; and/or, (3) how to
weigh and value desirable alternative outcomes (adapted from Lempert et al., 2003; Marchau et al., 2019b).

The concept of deep uncertainty has been debated and addressed in the literature for some time, with diverse terminology used.
Terms such as great uncertainty (Hansson and Hirsch Hadorn, 2017), contested uncertain knowledge (Douglas and Wildavsky, 1983),
ambiguity (Ellsberg, 1961) and Knightian uncertainty (Knight, 1921) among others, are also present in the literature to refer to the
multiple components of uncertainty that need to be accounted for in decision making. The purpose of this Cross-Chapter Box is to
constructively engage with the concept of deep uncertainty, by first providing some context for how the IPCC has dealt with deep
uncertainty in the past. This is followed by examples of cases from the ocean and cryosphere assessments in the Special Report on the
Oceans and Cryosphere in a Changing Climate (SROCC), where deep uncertainty has been addressed to advance assessment of risks
and their management.

How has the IPCC and other literature dealt with deep uncertainty?

The IPCC assessment process provides instances of how deep uncertainty can manifest. In assessing the scientific evidence for
anthropogenic climate change, and its influence on the Earth system in the past and future, IPCC assessments can identify areas where
a large range of possibilities exist in the scientific literature or where knowledge of the underlying processes and responses is lacking.
Existing guidelines to ensure consistent treatment of uncertainties by IPCC author teams (Mastrandrea et al., 2010; Section 1.9.2) may
not be sufficient to ensure the desired consistency or guide robust findings when conditions of deep uncertainty are present (Adler
and Hirsch Hadorn, 2014).
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Cross-Chapter Box 5 (continued)

The IPCC, and earlier assessments, encountered deep uncertainty when evaluating numerous aspects of the climate change
problem. Examining these cases sheds light on approaches to quantifying and reducing deep uncertainty. An assessment by the
US National Academy of Sciences (Charney et al., 1979; commonly referred to as the Charney Report) provides a classic example.
Evaluating climate sensitivity to a doubling of carbon dioxide concentration, and developing a probability distribution for it, was
challenging because only two 3-D climate models and a handful of model variants and realisations were available. The panel invoked
three strategies to eliminate some of these simulations: (1) Using multiple lines of evidence to complement the limited model
results; (2) estimating the consequences of poor or absent model representations of certain physical processes (particularly cumulus
convection, high-altitude cloud formation, and non-cloud entrainment); and, (3) evaluating mismatches between model results and
observations. This triage yielded ‘probable bounds’ of 2°C—3.5°C on climate sensitivity. The panel then invoked expert judgment
(Box 12.2 in Collins et al., 2013) to broaden the range to 3 + 1.5°C, with 3°C referred to as the ‘most probable value'. The panel did
not report its confidence in these judgments.

The literature has expanded greatly since, allowing successive IPCC assessments to refine the approach taken in the Charney report. By
the IPCC 5th Assessment Report (AR5), four lines of evidence (from instrumental records, palaeoclimate data, model intercomparison
of sensitivity, and model-climatology comparisons) were assessed to determine that ‘Equilibrium climate sensitivity is likely in the
range 1.5°C—4.5°C (high confidence), extremely unlikely less than 1°C (high confidence), and very unlikely greater than 6°C (medium
confidence)’ (Box 12.2 in Collins et al., 2013). The Charney report began the process of convergence of opinion around a single
probability range (essentially, category (2) in the definition of deep uncertainty, above), at least for sensitivity arising from fast
feedbacks captured by global climate models (Hansen et al., 2007). Subsequent assessments increased confidence, eliminating deep
uncertainty about this part of the sensitivity problem over a wide range of probability.

Cases of Deep Uncertainty from SROCC

Case A: Permafrost carbon and greenhouse gas emissions. AR5 reported the estimated size of the organic carbon pool stored frozen in
permafrost zone soils, but uncertainty estimates were not available (Tarnocai et al., 2009; Ciais et al., 2013). AR5 further reported that
future greenhouse gas emissions (CO; only) from permafrost were the most uncertain biogeochemical feedback on climate of the ten
factors quantified (Figure 6.20 in Ciais et al., 2013). However, the low confidence assigned to permafrost was not due to few studies,
but rather to divergence on the conceptual framework relating changes in permafrost carbon and future greenhouse gas emissions, as
well as the probability distribution of key variables. Most large-scale carbon climate models still lack key landscape-level mechanisms
that are known to abruptly thaw permafrost and expose organic carbon to decomposition, and many do not include mechanisms
needed to differentiate the release of methane versus carbon dioxide with their very different global warming potentials. Studies since
AR5 on potential methane release from laboratory soil incubations (Schadel et al., 2016; Knoblauch et al., 2018), actual methane
release from the Siberian shallow Arctic ocean shelves (Shakhova et al., 2013; Thornton et al., 2016), changes in permafrost carbon
stocks from the Last Glacial Maximum until present (Ciais et al., 2011; Lindgren et al., 2018) and potential carbon uptake by future
plant growth (Qian et al., 2010; McGuire et al., 2018) have widened rather than narrowed the uncertainty range (Section 3.4.3.1.1).
Accounting for greenhouse gas release from polar and high mountain (Box 2.2) permafrost, introduces an element of deep uncertainty
when determining emissions pathways consistent with Article 2 of the Paris Agreement (Comyn-Platt et al., 2018). With stakeholder
needs in mind, scientists have been actively engaged in narrowing this uncertainty by using multiple lines of evidence, expert judgment,
and joint evaluation of observations and models. As a result, SROCC has reduced uncertainty and introduced confidence assessments
across some but not all components of this problem (Section 3.4.3.1.1.).

Case B: Antarctic ice sheet and sea level rise. Dynamical ice loss from Antarctica (Cross-Chapter Box 8 in Chapter 3) provides an example
of lack of knowledge about processes, and disagreement about appropriate models and probability distributions for representing
uncertainty (categories (1) and (2) in the definition of deep uncertainty). AR5 used a statistical model and expert judgment to reduce
uncertainty compared to AR4 (Church et al., 2013). Based on modelling of marine ice sheet processes after AR5, SROCC has further
reduced uncertainty in the Antarctic contribution to sea level rise. The likely range including the potential contribution of marine ice
sheet instability is quantified as 0.02—0.23 m for 2081-2100 (and 0.03—0.28 m for 2100) compared to 1986—2005 under RCP8.5
(medium confidence). However, the magnitude of additional rise beyond 2100, and the probability of greater sea level rise than that
included in the likely range before 2100, are characterised by deep uncertainty (Section 4.2.3).
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Cross-Chapter Box 5 (continued)

Policy makers at various levels of governance are considering adaptation investments (e.g., hard infrastructure, retreat, and nature-based
defences) for multi-decadal time horizons that consider projection uncertainty (Sections 4.4.2, 4.4.3). For example, extreme sea levels
(e.g., the local ‘hundred-year flood’) now occurring during storms that are historically rare are projected to become annual events by
2100 or sooner at many low-lying coastal locations (Section 4.4.3). Sea level rise exceeding the /ikely range, or an alternate pathway
to the assumed climate change scenario (e.g., which RCP is used in risk estimation), could alter these projections and both factors
are characterised by deep uncertainty. Among the strategies used to reduce deep uncertainty in these cases are formal and informal
elicitation of expert judgment to project ice sheet behaviour (Horton et al., 2014; Bamber et al., 2019), and development of plausible
sea level rise scenarios, including extreme cases (Sections 4.2.3, 4.4.5.3). Frameworks for risk management under deep uncertainty in
the context of time lags between commitment to ice sheet losses and emissions mitigation, and between coastal adaptation planning
and implementation, are currently emerging in the literature (Section 4.4.5.3.4).

Case C: Compound risks and cascading impacts. Compound risks and cascading impacts (Section 6.1, 6.8, Figure 1.1, Figure 6.1)
arise from multiple coincident or sequential hazards (Zscheischler et al., 2018). Compound risks are an example of deep uncertainty
because their rarity means that there is often a lack of data or modelling to characterise the risks statistically under present conditions
or future changes (Gallina et al., 2016), and there is the potential that climate elements could cross tipping points (e.g., Cai et al.,
2016). Nevertheless, effective risk reduction strategies can be developed without knowing the statistical likelihoods of such events
by acknowledging the possibility that an event can occur (Dessai et al., 2009). Such strategies are typically well hedged against a
variety of different futures and adjustable through time in response to emerging information (Lempert et al., 2010). Case studies are
useful for raising awareness of the possibility of compound events and provide valuable learnings for decision makers in the form of
analogues (McLeman and Hunter, 2010). They can provide a basis for devising scenarios to stress test systems in other regions for
the purposes of understanding and reducing risk. The case study describing the ocean, climate and weather events in the Australian
state of Tasmania in 2015/2016 (Box 6.1) provides such an example. It led to compound risks that could not have been estimated
due to deep uncertainty. The total cost of the co-occurring fires, floods and marine heat wave to the state government was estimated
at about 300 million USD, and impacts on the food, energy and manufacturing sectors reduced Tasmania’s anticipated economic
growth by approximately half (Eslake, 2016). In the aftermath of this event, the government increased funding to relevant agencies
responsible for flood and bushfire management and independent reviews have recommended major policy reforms that are now
under consideration (Blake et al., 2017; Tasmanian Climate Change Office, 2017).

What can we learn from SROCC cases in addressing deep uncertainty?

Using the adapted definition as a framing concept for deep uncertainty (see also Annex 1: Glossary), we find that each of the three
cases described in this Cross-Chapter Box involve at least one of the three ways that deep uncertainty can manifest. In Case A,
incomplete knowledge on relationships and key drivers and feedbacks (category 1), coupled with broadened probability distributions
in post-AR5 literature (category 2), are key reasons for deep uncertainty. In Case B, the inability to characterise the probability of
marine ice sheet instability due to a lack of adequate models resulting in divergent views on the probability of ice loss lead to
deep uncertainty (categories 1 and 2). In Case C, the Australian example provides insights on the inadequacy of models or previous
experience for estimating risk of multiple simultaneous extreme events, contributing to the exhaustion of resources which were then
insufficient to meet the need for emergency response. This case also points to the complex task of addressing multiple simultaneous
extreme events, and the multiple ways of valuing preferred outcomes in reducing future losses (category 3).

The three cases validate the continued iterative process required to meaningfully engage with deep uncertainty in situations of risk,
through means such as elicitation, deliberation and application of expert judgement, scenario building and invoking multiple lines
of evidence. These approaches demonstrate feasible ways to address or even reduce deep uncertainty in complex decision situations
(see also Marchau et al., 2019a), considering that possible obstacles and time investment needed to address deep uncertainty, should
not be underestimated.
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1.10 Integrated Storyline

of this Special Report

The chapters that follow in this special report are framed around
geographies or climatic processes where the ocean and/or
cryosphere are particularly important for ecosystems and people. The
chapter order follows the movement of water from Earth'’s shrinking
mountain and polar cryosphere into our rising and warming ocean.

Chapter 2 assesses High Mountain areas outside of the polar
regions, where glaciers, snow and/or permafrost are common.
Chapter 3 moves to the Polar Regions of the northern and southern
high latitudes, which are characterised by vast stores of frozen water
in ice sheets, glaciers, ice shelves, sea ice and permafrost, and by
the interaction of these cryosphere elements and the polar oceans.
Chapter 4 examines Sea Level Rise and the hazards this brings to
Low-Lying Regions, Coasts and Communities. Chapter 5 focuses
on the Changing Ocean, with a particular focus on how climate
change impacts on the ocean are altering Marine Ecosystems
and affecting Dependent Communities. Chapter 6 is dedicated to
assessing Extremes and Abrupt Events, and reflects the potential
for rapid and possibly irreversible changes in Earth’s ocean and
cryosphere, and the challenges this brings to Managing Risk. The
multitude ways in which Low-Lying Islands and Coasts are exposed
and vulnerable to the impacts of ocean and cryosphere change,
along with resilience and adaptation strategies, opportunities and
governance options specific to these settings, is highlighted in
integrative Cross-Chapter Box 9.

Framing and Context of the Report

This report does not attempt to assess all aspects of the ocean and
cryosphere in a changing climate. Examples of research themes that
will be covered elsewhere in the IPCC Sixth Assessment Cycle and
not SROCC include: assessments of ocean and cryosphere changes in
the CMIP6 experiments (AR6), cryosphere changes outside of polar
and high mountain regions (e.g., snow cover in temperate and low
altitude settings; AR6), and a thorough assessment of mitigation
options for reducing climate change impacts (SR15, AR6 WGlII).

Each chapter of SROCC presents an integrated storyline on the ocean
and/or cryosphere in a changing climate. The chapter assessments
each present evidence of the pervasive changes that are already
underway in the ocean and cryosphere (Figure 1.5). The impacts that
physical changes in the ocean and cryosphere have had on ecosystems
and people are assessed, along with lessons learned from adaptation
measures that have already been employed to avoid adverse impacts.
The assessments of future change in the ocean and cryosphere
demonstrate the growing and accelerating changes projected for the
future and identify the reduced impacts and risks that choices for
a low greenhouse gas emission future would have compared with a
high emission future (Figure 1.5). Potential adaptation strategies to
reduce future risks to ecosystems and people are assessed, including
identifying where limits to adaptation may be exceeded. The local- to
global-scale responses for charting CRDPs are also assessed.

Figure 1.5 | (right) Observed and modelled historical changes in the ocean and cryosphere since 1950, and projected future changes under low (RCP2.6) and high (RCP8.5)
greenhouse gas emissions scenarios (Cross-Chapter Box 1 in Chapter 1). -Changes are shown for: (a) Global mean surface air temperature change with /ikely range (Cross-Chapter
Box 1in Chapter 1). Ocean-related changes with very likely ranges for (b) Global mean sea surface temperature change (Box 5.1, Section 5.2.2); (c) Change factor in surface
ocean marine heatwave days (6.4.1); (d) Global ocean heat content change (0—2000 m depth). An approximate steric sea level equivalent is shown with the right axis by
multiplying the ocean heat content by the global-mean thermal expansion coefficient (€ = 0.125 m per 10%* Joules) for observed warming since 1970 (Figure 5.1); (h) Global
mean surface pH (on the total scale). Assessed observational trends are compiled from open ocean time series sites longer than 15 years (Box 5.1, Figure 5.6, Section 5.2.2); and
(i) Global mean ocean oxygen change (100-600 m depth). Assessed observational trends span 1970-2010 centered on 1996 (Figure 5.8, Section 5.2.2). Sea-level changes
with likely ranges for (m) Global mean sea level change. Hashed shading reflects Jow confidence in sea level projections beyond 2100 and bars at 2300 reflect expert elicitation
on the range of possible sea level change (Section 4.2.3, Figure 4.2); and components from (e,f) Greenland and Antarctic ice sheet mass loss (Section 3.3.1); and (g) Glacier
mass loss (Cross-Chapter Box 6 in Chapter 2, Table 4.1). Further cryosphere-related changes with very likely ranges for (j) Arctic sea ice extent change for September
(Sections 3.2.1, 3.2.2 Figure 3.3); (k) Arctic snow cover change for June (land areas north of 60°N) (Sections 3.4.1, 3.4.2, Figure 3.10); and (I) Change in near-surface (within
3—4 m) permafrost area in the Northern Hemisphere (Sections 3.4.1, 3.4.2, Figure 3.10).
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Past and future changes in the ocean and cryosphere
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Frequently Asked Questions

FAQ 1.1 | How do changes in the ocean and cryosphere affect our life on planet Earth?

The ocean and cryosphere regulate the climate and weather on Earth, provide food and water, support economies, trade and
transportation, shape cultures and influence our well-being. Many of the recent changes in Earth’s ocean and cryosphere are
the result of human activities and have consequences on everyone’s life. Deep cuts in greenhouse gas emissions will reduce
negative impacts on billions of people and help them adapt to changes in their environment. Improving education and
combining scientific knowledge with Indigenous knowledge and local knowledge helps communities to further address the
challenges ahead.

The ocean and cryosphere — a collective name for the frozen parts of the Earth — are essential to the climate and
life giving processes on our planet.

Changes in the ocean and cryosphere occur naturally, but the speed, magnitude, and pervasiveness of the
global changes happening right now have not been observed for millennia or longer. Evidence shows that
the majority of ocean and cryosphere changes observed in the past few decades are the result of human
influences on Earth’s climate.

Every one of us benefits from the role of the ocean and cryosphere in regulating climate and weather. The ocean
has absorbed about a third of the carbon dioxide humans have emitted from the burning of fossil fuels since the
Industrial Revolution, and the majority (more than 90%) of the extra heat within the Earth system. In this way,
the ocean has slowed the warming humans and ecosystems have experienced on land. The reflective surface of
snow and ice reduce the amount of the sun’s energy that is absorbed on Earth. This effect diminishes as snow and
ice melts, contributing to amplified temperature rise across the Arctic. The ocean and cryosphere also sustain life
giving water resources, by rain and snow that come from the ocean, and by melt water from snow and glaciers
in mountain and polar regions.

Nearly two billion people live near the coast, and around 800 million on land less than 10 m above sea level.
The ocean directly supports the food, economies, cultures and well-being of coastal populations (see FAQ 1.2).
The livelihoods of many more are tied closely to the ocean through food, trade, and transportation. Fish and
shellfish contribute about 17% of the non-grain protein in human diets and shipping transports at least 80% of
international imports and exports. But the ocean also brings hazards to coastal populations and infrastructure,
and particularly to low-lying coasts. These populations are increasingly exposed to tropical cyclones, marine heat
waves, sea level rise, coastal flooding and saltwater incursion into groundwater resources.

In high mountains and the Arctic, around 700 million people live in close contact with the cryosphere. These
people, including many Indigenous Peoples, depend on snow, glaciers and sea ice for their livelihoods, food
and water security, travel and transport, and cultures (see FAQ 1.2). They are also exposed to hazards as the
cryosphere changes, including flood outbursts, landslides and coastal erosion. Changes in the polar and high
mountain regions also have far-reaching consequences for people in other parts of the world (see FAQ 3.1).

Warming of the climate system leads to sea level rise. Melt from glaciers and ice sheets is adding to the amount
of water in the ocean, and the heat being absorbed by the ocean is causing it to expand and take up more
space. Today'’s sea level is already about 20 cm higher than in 1900. Sea level will continue to rise for centuries
to millennia because the ocean system reacts slowly. Even if global warming were to be halted, it would take
centuries or more to halt ice sheet melt and ocean warming.

Enhanced warming in the Arctic and in high mountains is causing rapid surface melt of glaciers and the
Greenland ice sheet. Thawing of permafrost is destabilising soils, human infrastructure, and Arctic coasts, and
has the potential to release vast quantities of methane and carbon dioxide into the atmosphere that will further
exacerbate climate change. Widespread loss of sea ice in the Arctic is opening up new routes for shipping, but
at the same time is reducing habitats for key species and affecting the livelihoods of Indigenous cultures. In
Antarctica, glacier and ice sheet loss is occurring particularly quickly in places where ice is in direct contact with
warm ocean water, further contributing to sea level rise.

Ocean ecosystems are threatened globally by three major climate change-induced stressors: warming, loss
of oxygen and acidification. Marine heat waves are occurring everywhere across the surface ocean, and are
becoming more frequent and more intense as the ocean warms. These are causing disease and mass-mortality
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that put, for example, coral reefs and fish populations at risk. Marine heat waves last much longer than the heat
waves experienced on land, and are particularly harmful for organisms that cannot move away from areas of
warm water.

Warming of the ocean reduces not only the amount of oxygen it can hold, but also tend to stratify it. As a result,
less oxygen is transported to depth, where it is needed to support ocean life. Dissolved carbon dioxide that has
been taken up by the ocean reacts with water molecules to increase the acidity of seawater. This makes the
water more corrosive for marine organisms that build their shells and structures out of mineral carbonates, such
as corals, shellfish and plankton. These climate-change stressors occur alongside other human-driven impacts,
such as overfishing, excessive nutrient loads (eutrophication), and plastic pollution. If human impacts on the
ocean continue unabated, declines in ocean health and services are projected to cost the global economy
428 billion USD yr~' by 2050, and 1.979 trillion USD yr~' by 2100.

The speed and intensity of the future risks and impacts from ocean and cryosphere change depend critically on
future greenhouse gas emissions. The more these emissions can be curbed, the more the changes in the ocean
and cryosphere can be slowed and limited, reducing future risks and impacts. But humankind is also exposed to
the effects of changes triggered by past emissions, including sea level rise that will continue for centuries to come.
Improving education and using scientific knowledge alongside local knowledge and Indigenous knowledge can
support the development of context-specific options that help communities to adapt to inevitable changes and
respond to challenges ahead.
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FAQ 1.2 | How will changes in the ocean and cryosphere affect meeting the Sustainable
Development Goals?

Ocean and cryosphere change affect our ability to meet the United Nations Sustainable Development Goals (SDGs). Progress
on the SDGs support climate action that will reduce future ocean and cryosphere change, and as well as the adaptation
responses to unavoidable changes. There are also trade-offs between SDGs and measures that help communities to adjust
to their changing environment, but limiting greenhouse gas emissions opens more options for effective adaptation and
sustainable development.

The SDGs were adopted by the United Nations in 2015 to support action for people, planet and prosperity (FAQ
1.2, Figure 1). The 17 goals and their 169 targets strive to end poverty and hunger, protect the planet and reduce
gender, social and economic inequities by 2030.

SDG 13 (Climate Action) explicitly recognises that changing climatic conditions are a global concern. Climate
change is already causing pervasive changes in Earth’s ocean and cryosphere (FAQ 1.1). These changes are
impacting food, water and health securities, with consequences for achieving SDG 2 (Zero Hunger), SDG 3 (Good
Health and Well-Being), SDG 6 (Clean Water and Sanitation), and SDG 1 (No Poverty). Climate change impacts on
Earth’s ocean and cryosphere also affect the environmental goals for SDG 14 (Life below Water) and SDG 15 (Life
on Land), with additional implications for many of the other SDGs.

SDG 6 (Clean Water and Sanitation) will be affected by ocean and cryosphere changes. Melting mountain glaciers
bring an initial increase in water, but as glaciers continue to shrink so too will the essential water they provide
to millions of mountain dwellers, downstream communities, and cities. These populations also depend on water
flow from the high mountains for drinking, sanitation, and irrigation, and for SDG 7 (Affordable and Clean Energy).
Water security is also threatened by changes in the magnitude and seasonality of rainfall, driven by rising ocean
temperatures, which increases the risk of severe storms and flooding in some regions, or the risk of more severe
or more frequent droughts in other regions. Among other effects, ongoing sea level rise is allowing salt water to
intrude further inland, contaminating drinking water and irrigation sources for some coastal populations. Actions
to address these threats will likely require new infrastructure to manage rain, melt water, and river flow, in order
to make water supplies more reliable. These actions would also benefit SDG 3 (Good Health and Well-Being) by
reducing the risk of flooding and negative health outcomes posed by extreme rainfall and outbursts of glacial melt.

Climate change impacts on the ocean and cryosphere also have many implications for progress on food security
that is addressed in SDG 2 (Zero Hunger). Changes in rainfall patterns caused by ocean warming will increase
aridity in some areas and bring more (or more intense) rainfall to others. In mountain regions, these changes
bring varying challenges for maintaining reliable crops and livestock production. Some adaptation opportunities
might be found in developing strains of crops and livestock better adapted to the future climate conditions, but
this response option is also challenged by the rapid rate of climate change. In the Arctic, very rapidly warming
temperatures, diminishing sea ice, reduced snow cover and degradation of permafrost are restricting the habitats
and migration patterns of important food sources (SDG 2 Zero Hunger), including reindeer and several marine
mammals (SDG 15 Life on Land; SDG 14 Life below Water), resulting in reduced hunting opportunities for staple
foods that many northern Indigenous communities depend upon.

Rising temperatures, and changes in ocean nutrients, acidity and salinity are altering SDG 14 (Life Below Water).
The productivity and distributions of some fish species are changing in ways that alter availability of fish to
long-established fisheries, whereas the range of fish populations may move to become available in some new
coastal and open ocean areas.

Ocean changesare of concern forsmallisland developing states and coastal citiesand communities. Beyond possible
reductions in marine food supply and related risks for SDG 2 (Zero Hunger), their lives, livelihoods and well-being
are also threatened in ways that are linked to several SDGs, including SDG 3 (Good Health and Wellbeing), SDG
8 (Decent Work and Economic Growth), SDG 9 (Industry, Innovation, and Infrastructure), and SDG 11 (Sustainable
Cities and Communities). For example, sea level rise and warming oceans can cause inundation of coastal homes
and infrastructure, more powerful tropical storms, declines in established economies such as tourism and losses
of cultural heritage and identity. Improved community and coastal infrastructure can help to adapt to these
changes, and more effective and faster disaster responses from health sectors and other emergency services can
assist the populations who experience these impacts. In some situations, the most appropriate responses may
involve relocation of critical services and, in some cases, communities; and for some populations, migration away
from their homeland may become the only viable response.
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FAQ 1.2, Figure 1| The United Nations 2030 Sustainable Development Goals (SDGs).

Without transformative adaptation and mitigation, climate change could undermine progress towards achieving
the 2030 SDGs, and make it more difficult to implement CRDPs in the longer term. Reducing global warming
(mitigation) provides the best possibility to limit the speed and extent of ocean and cryosphere change and give
more options for effective adaptation and sustainable development. Progress on SDG 4 (Quality Education),
SDG 5 (Gender Equality) and SDG 10 (Reduced Inequalities) can moderate the vulnerabilities that shape people’s
risk to ocean and cryosphere change, while SDG 12 (Responsible Consumption and Production), SDG 16 (Peace,
Justice and Institutions) and SDG 17 (Partnerships for the Goals) will help to facilitate the scales of adaptation
and mitigation responses required to achieve sustainable development. Investment in social and physical
infrastructure that supports adaptation to inevitable ocean and cryosphere changes will enable people to
participate in initiatives to achieve the SDGs. Current and past IPCC efforts have focused on identifying CRDPs.
Such adaptation and mitigation strategies, supported by adequate investments, and understanding the potential
for SDG initiatives to increase the exposure or vulnerability of the activities to climate change hazards, could also
constitute pathways for progress on the SDGs.
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Executive Summary

The cryosphere (including, snow, glaciers, permafrost, lake and
river ice) is an integral element of high mountain regions, which
are home to roughly 10% of the global population. Widespread
cryosphere changes affect physical, biological and human systems in
the mountains and surrounding lowlands, with impacts evident even
in the ocean. Building on the IPCC's 5th Assessment Report (AR5),
this chapter assesses new evidence on observed recent and projected
changes in the mountain cryosphere as well as associated impacts,
risks and adaptation measures related to natural and human systems.
Impacts in response to climate changes independently of changes in
the cryosphere are not assessed in this chapter. Polar mountains are
included in Chapter 3, except those in Alaska and adjacent Yukon,
Iceland and Scandinavia, which are included in this chapter.

Observations of cryospheric changes, impacts,
and adaptation in high mountain areas

Observations show general decline in low-elevation snow
cover (high confidence'), glaciers (very high confidence) and
permafrost (high confidence) due to climate change in recent
decades. Snow cover duration has declined in nearly all regions,
especially at lower elevations, on average by 5 days per decade,
with a likely? range from 0-10 days per decade. Low elevation snow
depth and extent have declined, although year-to-year variation is
high. Mass change of glaciers in all mountain regions (excluding the
Canadian and Russian Arctic, Svalbard, Greenland and Antarctica)
was very likely -490 + 100 kg m=2 yr' (-123 + 24 Gt yr™") in 2006—
2015. Regionally averaged mass budgets were likely most negative
(less than -850 kg m™2 yr™") in the southern Andes, Caucasus and the
European Alps/Pyrenees, and least negative in High Mountain Asia
(-150 = 110 kg m2 yr™") but variations within regions are strong.
Between 3.6-5.2 million km? are underlain by permafrost in the
eleven high mountain regions covered in this chapter corresponding
to 27-29% of the global permafrost area (medium confidence).
Sparse and unevenly distributed measurements show an increase
in permafrost temperature (high confidence), for example, by
0.19°C + 0.05°C on average for about 28 locations in the European
Alps, Scandinavia, Canada and Asia during the past decade. Other
observations reveal decreasing permafrost thickness and loss of ice
in the ground. {2.2.2,2.2.3, 2.2.4}

Glacier, snow and permafrost decline has altered the frequency,
magnitude and location of most related natural hazards (high
confidence). Exposure of people and infrastructure to natural
hazards has increased due to growing population, tourism and
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socioeconomic development (high confidence). Glacier retreat
and permafrost thaw have decreased the stability of mountain slopes
and the integrity of infrastructure (high confidence). The number
and area of glacier lakes has increased in most regions in recent
decades (high confidence), but there is only /imited evidence that
the frequency of glacier lake outburst floods (GLOF) has changed. In
some regions, snow avalanches involving wet snow have increased
(medium confidence), and rain-on-snow floods have decreased at
low elevations in spring and increased at high elevations in winter
(medium confidence). The number and extent of wildfires have
increased in the Western USA partly due to early snowmelt (medium
confidence).{2.3.2, 2.3.3}

Changes in snow and glaciers have changed the amount and
seasonality of runoff in snow-dominated and glacier-fed river
basins (very high confidence) with local impacts on water
resources and agriculture (medium confidence). Winter runoff
has increased in recent decades due to more precipitation falling as
rain (high confidence). In some glacier-fed rivers, summer and annual
runoff have increased due to intensified glacier melt, but decreased
where glacier melt water has lessened as glacier area shrinks.
Decreases were observed especially in regions dominated by small
glaciers, such as the European Alps (medium confidence). Glacier
retreat and snow cover changes have contributed to localized declines
in agricultural yields in some high mountain regions, including the
Hindu Kush Himalaya and the tropical Andes (medium confidence).
There is limited evidence of impacts on operation and productivity
of hydropower facilities resulting from changes in seasonality and
both increases and decreases in water input, for example, in the
European Alps, Iceland, Western Canada and USA, and the tropical
Andes. {2.3.1}

Species composition and abundance have markedly changed
in high mountain ecosystems in recent decades (very high
confidence), partly due to changes in the cryosphere (high
confidence). Habitats for establishment by formerly absent species
have opened up or been altered by reduced snow cover (high
confidence), retreating glaciers (very high confidence), and thawing
of permafrost (medium confidence). Reductions in glacier and
snow cover have directly altered the structure of many freshwater
communities (high confidence). Reduced snow cover has negatively
impacted the reproductive fitness of some snow-dependent
plant and animal species, including foraging and predator-prey
relationships of mammals (high confidence). Upslope migration
of individual species, mostly due to warming and to a lesser extent
due to cryosphere-related changes, has often increased local species
richness (very high confidence). Some cold-adapted species, including
endemics, in terrestrial and freshwater communities have declined

In this report, the following summary terms are used to describe the available evidence: limited, medium, or robust; and for the degree of agreement: low, medium or

high. 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. For a given
evidence and agreement statement, different confidence levels can be assigned, but increasing levels of evidence and degrees of agreement are correlated with increasing

confidence (see Section 1.9.2 and Figure 1.4 for more details).

2 Inthis report, 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% and Exceptionally unlikely 0—1%. Additional terms (Extremely likely: 95-100%,
More likely than not >50-100% and Extremely unlikely 0-5%) may also be used when appropriate. Assessed likelihood is typeset in italics, for example, very likely (see
Section 1.9.2 and Figure 1.4 for more details). This Report also uses the term ‘likely range’ to indicate that the assessed likelihood of an outcome lies within the 17-83%

probability range.
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in abundance (high confidence). While the plant productivity has
generally increased, the actual impact on provisioning, regulating and
cultural ecosystem services varies greatly (high confidence). {2.3.3}

Tourism and recreation activities such as skiing, glacier
tourism and mountaineering have been negatively impacted
by declining snow cover, glaciers and permafrost (medium
confidence). In several regions, worsening route safety has reduced
mountaineering opportunities (medium confidence). Variability and
decline in natural snow cover have compromised the operation of
low-elevation ski resorts (high confidence). Glacier and snow decline
have impacted aesthetic, spiritual and other cultural aspects of
mountain landscapes (medium confidence), reducing the well-being
of people (e.g., in the Himalaya, eastern Africa, and the tropical
Andes). {2.3.5, 2.3.6}

Adaptation in agriculture, tourism and drinking water supply
has aimed to reduce the impacts of cryosphere change
(medium confidence), though there is limited evidence on their
effectiveness owing to a lack of formal evaluations, or technical,
financial and institutional barriers to implementation. In some
places, artificial snowmaking has reduced the negative impacts on
ski tourism (medium confidence). Release and storage of water from
reservoirs according to sectoral needs (agriculture, drinking water,
ecosystems) has reduced the impact of seasonal variability on runoff
(medium confidence). {2.3.1, 2.3.5}

Future projections of cryospheric changes, their impacts
and risks, and adaptation in high mountain areas

Snow cover, glaciers and permafrost are projected to continue
to decline in almost all regions throughout the 21st century
(high confidence). Compared to 1986-2005, low elevation snow
depth will /ikely decrease by 10-40% for 2031-2050, regardless of
Representative Concentration Pathway (RCP) and for 2081-2100,
likely by 10-40 % for RCP2.6 and by 50-90% for RCP8.5. Projected
glacier mass reductions between 2015-2100 are likely 22-44% for
RCP2.6 and 37-57% for RCP8.5. In regions with mostly smaller
glaciers and relatively little ice cover (e.g., European Alps, Pyrenees,
Caucasus, North Asia, Scandinavia, tropical Andes, Mexico, eastern
Africa and Indonesia), glaciers will lose more than 80% of their
current mass by 2100 under RCP8.5 (medium confidence), and
many glaciers will disappear regardless emission scenario (very high
confidence). Permafrost thaw and degradation will increase during
the 21st century (very high confidence) but quantitative projections
are scarce. {2.2.2,2.2.3,2.2.4}

Most types of natural hazards are projected to change in
frequency, magnitude and areas affected as the cryosphere
continues to decline (high confidence). Glacier retreat and
permafrost thaw are projected to decrease the stability of mountain
slopes and increase the number and area of glacier lakes (high
confidence). Resulting landslides and floods, and cascading events,
will also emerge where there is no record of previous events (high
confidence). Snow avalanches are projected to decline in number
and runout distance at lower elevation, and avalanches involving wet
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snow even in winter will occur more frequently (medium confidence).
Rain-on-snow floods will occur earlier in spring and later in autumn,
and be more frequent at higher elevations and less frequent at lower
elevations (high confidence). {2.3.2, 2.3.3}

River runoff in snow dominated and glacier-fed river basins
will change further in amount and seasonality in response to
projected snow cover and glacier decline (very high confidence)
with negative impacts on agriculture, hydropower and water
quality in some regions (medium confidence). The average
winter snowmelt runoff is projected to increase (high confidence), and
spring peaks to occur earlier (very high confidence). Projected trends
in annual runoff vary substantially among regions, and can even be
opposite in direction, but there is high confidence that in all regions
average annual runoff from glaciers will have reached a peak that
will be followed by declining runoff at the latest by the end of the
21st century. Declining runoff is expected to reduce the productivity
of irrigated agriculture in some regions (medium confidence).
Hydropower operations will increasingly be impacted by altered
amount and seasonality of water supply from snow and glacier melt
(high confidence). The release of heavy metals, particularly mercury,
and other legacy contaminants currently stored in glaciers and
permafrost, is projected to reduce water quality for freshwater biota,
household use and irrigation (medium confidence). {2.3.1}

Current trends in cryosphere-related changes in high mountain
ecosystems are expected to continue and impacts to intensify
(very high confidence). While high mountains will provide new
and greater habitat area, including refugia for lowland species,
both range expansion and shrinkage are projected, and at high
elevations this will lead to population declines (high confidence).
The latter increases the risk of local extinctions, in particular for
freshwater cold-adapted species (medium confidence). Without
genetic plasticity and/or behavioural shifts, cryospheric changes will
continue to negatively impact endemic and native species, such as
some coldwater fish (e.g., trout) and species whose traits directly
depend on snow (e.g., snowshoe hares) or many large mammals
(medium confidence). The survival of such species will depend
on appropriate conservation and adaptation measures (medium
confidence). Many projected ecological changes will alter ecosystem
services (high confidence), affecting ecological disturbances (e.g.,
fire, rock fall, slope erosion) with considerable impacts on people
(medium confidence). {2.3.3}

Cultural assets, such as snow- and ice-covered peaks in many
UNESCO World Heritage sites, and tourism and recreation
activities, are expected to be negatively affected by future
cryospheric change in many regions (high confidence). Current
snowmaking technologies are projected to be less effective in
a warmer climate in reducing risks to ski tourism in most parts of
Europe, North America and Japan, in particular at 2°C global warming
and beyond (high confidence). Diversification through year-round
activities supports adaptation of tourism under future climate change
(medium confidence).{2.3.5, 2.3.6}
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Enablers and response options to promote adaptation
and sustainable development in high mountain areas

The already committed and unavoidable climate change
affecting all cryosphere elements, irrespective of the emission
scenario, points to integrated adaptation planning to support
and enhance water availability, access, and management
(medium confidence). Integrated management approaches
for water across all scales, in particular for energy, agriculture,
ecosystems and drinking water supply, can be effective at dealing
with impacts from changes in the cryosphere. These approaches also
offer opportunities to support social-ecological systems, through the
developmentand optimisation of storage and the release of water from
reservoirs (medium confidence), while being cognisant of potential
negative implications for some ecosystems. Success in implementing
such management options depends on the participation of relevant
stakeholders, including affected communities, diverse knowledge
and adequate tools for monitoring and projecting future conditions,
and financial and institutional resources to support planning and
implementation (medium confidence). {2.3.1, 2.3.3, 2.4}

Effective governance is a key enabler for reducing disaster
risk, considering relevant exposure factors such as planning,
zoning, and urbanisation pressures, as well as vulnerability
factors such as poverty, which can challenge efforts towards
resilience and sustainable development for communities
(medium confidence). Reducing losses to disasters depend on
integrated and coordinated approaches to account for the hazards
concerned, the degree of exposure, and existing vulnerabilities.
Diverse knowledge that includes community and multi-stakeholder
experience with past impacts complements scientific knowledge to
anticipate future risks. {CCB-1, 2.3.2, 2.4}

International cooperation, treaties and conventions exist for
some mountain regions and transboundary river basins with
potential to support adaptation action. However, there is
limited evidence on the extent to which impacts and losses
arising from changes in the cryosphere are specifically
monitored and addressed in these frameworks. A wide range
of institutional arrangements and practices have emerged over the
past three decades that respond to a shared global mountain agenda
and specific regional priorities. There is potential to strengthen
them to also respond to climate-related cryosphere risks and open
opportunities for development through adaptation (limited evidence,
high agreement). The Sustainable Development Goals (SDGs), Sendai
Framework and Paris Agreement have directed some attention in
mountain-specific research and practice towards the monitoring and
reporting on targets and indicators specified therein. {2.3.1, 2.4}

Chapter 2
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2.1 Introduction

High mountain regions share common features, including rugged
terrain, a low-temperature climate regime, steep slopes and
institutional and spatial remoteness. These features are often linked
to physical and social-ecological processes that, although not unique
to mountain regions, typify many of the special aspects of these
regions. Due to their higher elevation compared with the surrounding
landscape, mountains often feature cryosphere components, such as
glaciers, snow cover and permafrost, with a significant influence on
surrounding lowland areas even far from the mountains (Huggel
et al., 2015a). Hence the mountain cryosphere plays a major role in
large parts of the world. Considering the close relationship between
mountains and the cryosphere, high mountain areas are addressed
in a dedicated chapter within this special report. Almost 10%

High Mountain Areas

(671 million people) of the global population lived in high mountain
regions in 2010, based on gridded population data (Jones and
O'Neill, 2016) and a distance of less than 100 km from glaciers or
permafrost located in mountains areas as defined in Figure 2.1. This
population is expected to grow to 736-844 million across the shared
socioeconomic pathways by 2050 (Gao, 2019). Many people living
outside of mountain areas and not included in these numbers are
also affected by changes in the mountain cryosphere.

This chapter assesses recent and projected changes in glaciers, snow
cover, permafrost and lake and river ice in high mountain areas, their
drivers, as well as their impact on the different services provided by
the cryosphere and related adaptation, with a focus on literature
published after AR5. The assessment of cryospheric change is focused
on recent decades rather than a perspective over a longer period,
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Figure 2.1 | Distribution of mountain areas (orange shading) and glaciers (blue) as well as regional summary statistics for glaciers and permafrost in mountains. Mountains
are distinguished based on a ruggedness index (>3.5), a logarithmically scaled measure of relative relief (Gruber, 2012). Eleven distinct regions with glaciers, generally
corresponding to the primary regions in the Randolph Glacier Inventory, RGI v6.0 (RGI Consortium, 2017) are outlined, although some cryosphere related impacts presented in
this chapter may go beyond these regions. Region names correspond to those in the RGI. Diamonds represent regional glacier area (RGI 6.0) and circles the permafrost area in
all mountains within each region boundary (Obu et al., 2019). Histograms for each region show glacier and permafrost area in 200 m elevation bins as a percentage of total
regional glacier and permafrost area, respectively. Also shown is the median elevation of the annual mean 0°C free-atmosphere isotherm calculated from the ERA-5 re-analysis
of the European Centre for Medium Range Weather Forecasts over each region’s mountain area for the period 2006-2015, with 25-75% quantiles in grey. The annual 0°C
isotherm elevation roughly separates the areas where precipitation predominantly falls as snow and rain. Areas above and below this elevation are loosely referred to as high

and low elevations, respectively, in this chapter.
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and future changes spanning the 21st century. A palaeo-perspective
is covered in IPCC Sixth Assessment Report (AR6) Working Group |
contribution on ‘The Physical Science Basis'. High mountain areas,
as discussed here, include all mountain regions where glaciers, snow
or permafrost are prominent features of the landscape, without a
strict and quantitative demarcation, but with a focus on distinct
regions (Figure 2.1). Mountain regions located in the polar regions
are considered in Chapter 3 except those in Iceland, Scandinavia and
Alaska and parts of adjacent Yukon Territory and British Columbia,
which are included in this chapter. Many changes in the mountain
environment are not solely or directly related to climate change
induced changes in the cryosphere, but to other direct or indirect
effects of climate change, or to other consequences of socioeconomic
development. Consistent with the scope of this report with a focus
on the ocean and the cryosphere, this section deals primarily with
the impacts that can at least partially be attributed to cryosphere
changes. Even though other drivers may be the dominant driver
of change in many cases, they are not considered explicitly in this
chapter, although unambiguous attribution to cryosphere changes is
often difficult.

2.2 Changes in the Mountain Cryosphere

2.21 Atmospheric Drivers of Changes
in the Mountain Cryosphere

Past changes of surface air temperature and precipitation in high
mountain areas have been documented by in situ observations
and regional reanalyses (Table SM2.2 and Table SM2.4). However,
mountain observation networks do not always follow standard
measurement procedures (Oyler et al., 2015; Nitu et al., 2018)
and are often insufficiently dense to capture fine-scale changes
(Lawrimore et al., 2011) and the underlying larger scale patterns.
Future changes are projected using General Circulation Models
(GCMs) or Regional Climate Models (RCMs) or simplified versions
thereof (e.g., Gutmann et al., 2016), used to represent processes
at play in a dynamically consistent manner, and to relate mountain
changes to larger-scale atmospheric forcing based on physical
principles. Existing mountain-specific model studies typically cover
individual mountain ranges, and there is currently no initiative found,
such as model intercomparisons or coordinated model experiments,
which specifically and comprehensively addresses high mountain
meteorology and climate globally. This makes it difficult to provide
a globally uniform assessment.

2.2.1.1  Surface Air Temperature

Mountain surface air temperature observations in Western North
America, European Alps and High Mountain Asia show warming
over recent decades at an average rate of 0.3°C per decade, with a
likely range of =+ 0.2°C, thereby outpacing the global warming rate
0.2 £ 0.1°C per decade (IPCC, 2018). Underlying data from global
and regional studies are compiled in Table SM2.2, and Figure 2.2
provides a synthesis on mountain warming trends, mostly based
on studies using in situ observations. Local warming rates depend
on the season (high confidence). For example, in the European Alps,

Chapter 2

— Warming rate (°C per decade)

0.7
| Number
06 of stations
— 1
0.5 1 — 10 I
mm 100
Il 1000
0.4 -
B ———
0.3 E———
e ——
0.2
0.1
0.0 1
0.1 4
-0.6
T T T T T T
1900 1920 1940 1960 1980 2000 2020
Year
High Global studies, >500 m a.s.|. === L ow Latitudes
Mountain North America High Mountain Asia
Regions s Central Europe Australia & New Zealand

m=m Caucasus/Middle East
Subtropical South America

= Japan

Figure 2.2 | Synthesis of trends in mean annual surface air temperature in mountain
regions, based on 4672 observation stations (partly overlapping) aggregated in
38 datasets reported in 19 studies. Each line refers to a warming rate from one dataset,
calculated over the time period indicated by the extent of the line. Colours indicate
mountain region (Figure 2.1), and line thickness the number of observation stations
used. Detailed references are found in Table SM2.2, which also provides additional
information on trends for individual seasons and other temperature indicators (daily
minimum or maximum temperature).

warming has been found to be more pronounced in summer and
spring (Auer et al., 2007; Ceppi et al., 2012), while on the Tibetan
Plateau warming is stronger in winter (Liu et al., 2009; You et al.,
2010). Studies comparing observations at lower and higher elevation
at the global scale indicate that warming is generally enhanced
above 500 m above sea level (a.s.l.) (e.g., Wang et al., 2016a; Qixiang
etal.,, 2018, Table SM2.2). At the local and regional scale, evidence for
elevation dependent warming, i.e., that the warming rate is different
across elevation bands, is scattered and sometimes contradictory
(Box 2.1). On the Tibetan Plateau, evidence based on combining in
situ observations (often scarce at high elevation) with remote sensing
and modelling approaches, indicates that warming is amplified
around 4,000 m a.s.l., but not above 5,000 m a.s.l. (Qin et al., 2009;
Gao et al,, 2018). Studies in the Italian Alps (Tudoroiu et al., 2016)
and Southern Himalaya (Nepal, 2016) have shown higher warming
at lower elevation. Evidence from Western North and South America
is conflicting (Table SM2.2). In other regions, evidence to assess
whether warming varies with elevation is insufficient. In summary,
there is medium evidence (medium agreement) that surface warming
is different across elevation bands. Observed changes also depend on
the type of temperature indicator: changes in daily mean, minimum
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Box 2.1 | Does Atmospheric Warming in the Mountains Depend on Elevation?

In mountain regions, surface air temperature generally tends to decrease with increasing elevation thus directly impacting how much
of the precipitation falls as snow as opposed to rain. Therefore, changes in air temperature have different consequences for snow
cover, permafrost and glaciers at different elevations. A number of studies have reported that trends in air temperature vary with
elevation, a phenomenon referred to as elevation dependent warming (EDW; Pepin et al., 2015, and references therein), with potential
consequences beyond those of uniform warming. EDW does not imply that warming is larger at higher elevation, and smaller at lower
elevation, but it means that the warming rate (e.g., in °C per decade) is not the same across all elevation bands. Although this concept
has received wide attention in recent years, the manifestation of EDW varies by region, season and temperature indicator (e.g., daily
mean, minimum or maximum temperature), meaning that a uniform pattern does not exist. The identification of the underlying driving
mechanisms for EDW and how they combine is complex.

Several physical processes contribute to EDW, and quantifying their relative contributions has remained largely elusive (Minder et al.,
2018; Palazzi et al., 2019). Some of the processes identified are similar to those explaining the amplified warming in the polar regions
(Chapter 3). For example, the sensitivity of temperature to radiative forcing is increased at low temperatures common in both polar and
mountain environments (Ohmura, 2012). Because the relationship between specific humidity and downwelling radiation is nonlinear,
in a dry and cold atmosphere found at high elevation, any increase in atmospheric humidity due to temperature increase drives
disproportionately large warming (Rangwala et al., 2013; Chen et al., 2014). Snow-albedo feedback plays an important role where the
snow cover is in decline (Pepin and Lundquist, 2008; Scherrer et al., 2012), increasing the absorption of solar radiation which in turn
leads to increased surface air temperature and further snowmelt. Other processes are specific to the mountain environment. Especially
in the tropics, warming can be enhanced at higher elevation by a reduction of the vertical temperature gradient, due to increased
latent heat release above the condensation level, favored in a warmer and moister atmosphere (Held and Soden, 2006). The cooling
effect of aerosols, which also cause solar dimming, is more pronounced at low elevation and reduced at high elevation (Zeng et al.,
2015). While many mechanisms suggest that warming should be enhanced at high elevation, observed and simulated EDW patterns
are usually more complex (Pepin et al., 2015, and references therein). Numerical simulations by global and regional climate models,
which show EDW, need to be considered carefully because of intrinsic limitations due to potentially incomplete understanding and
implementation of relevant physical processes, in addition to coarse grid spacing with respect to mountainous topography (Ménégoz
et al., 2014; Winter et al., 2017).

and maximum temperature can display contrasting patterns
depending on region, season and elevation (Table SM2.2).

Attribution studies for changes in surface air temperature specifically
in mountain regions are rare. Bonfils et al. (2008) and Dileepkumar et al.
(2018) demonstrated that anthropogenic greenhouse gas emissions
are the dominant factor in the recent temperature increases, partially
compensated by other anthropogenic factors (land use change
and aerosol emissions for Western USA and Western Himalaya,
respectively). These findings are consistent with conclusions of AR5
regarding anthropogenic effects (Bindoff et al., 2013). It is thus likely
that anthropogenic influence is the main contributor to surface
temperature increases in high mountain regions since the mid-20th
century, amplified by regional feedbacks.

Until the mid-21st century, regardless of the climate scenario
(Cross-Chapter Box 1 in Chapter 1), surface air temperature is
projected to continue increasing (very high confidence) at an
average rate of 0.3°C per decade, with a likely range of +0.2°C per
decade, locally even more in some regions, generally outpacing
global warming rates (0.2 + 0.1°C per decade; IPCC, 2018) (high
confidence). Beyond mid-21st century, atmospheric warming in
mountains will be stronger under a high greenhouse gas emission
scenario (RCP8.5) and will stabilise at mid-21st levels under a low
greenhouse gas emission scenario (RCP2.6), similar to global change
patterns (very high confidence). The warming rate will result from the
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combination of regional (high confidence) and elevation-dependent
(medium confidence) enhancement factors. Underlying evidence
of future projections from global and regional studies is provided
in Table SM2.3. Figure 2.3 provides examples of regional climate
projections of surface air temperature, as a function of elevation and
season (winter and summer) in North America (Rocky Mountains),
South America (Subtropical Central Andes), Europe (European Alps)
and High Mountain Asia (Hindu Kush, Karakoram, Himalaya), based
on global and regional climate projections.

2.2.1.2  Rainfall and Snowfall

Past precipitation changes are less well quantified than temperature
changes and are often more heterogeneous, even within mountain
regions (Hartmann and Andresky, 2013). Regional patterns are
characterised by decadal variability (Mankin and Diffenbaugh,
2015) and influenced by shifts in large-scale atmospheric circulation
(e.g., in Alaska; Winski et al., 2017). While mountain regions do not
exhibit clear direction of trends in annual precipitation over the past
decades (medium confidence that there is no trend), snowfall has
decreased, at least in part due to higher temperatures, especially at
lower elevation (Table SM2.4, high confidence).

Future projections of annual precipitation indicate increases of the
order of 5 to 20% over the 21st century in many mountain regions,
including the Hindu Kush and Himalaya, East Asia, eastern Africa,
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the European Alps and the Carpathian region, and decreases in
the Mediterranean and the Southern Andes (medium confidence,
Table SM2.5). Changes in the frequency and intensity of extreme
precipitation events vary according to season and region. For
example, across the Himalayan-Tibetan Plateau mountains, the
frequency and intensity of extreme rainfall events are projected
to increase throughout the 21st century, particularly during the
summer monsoon (Panday et al., 2015; Sanjay et al., 2017). This
suggests a transition toward more episodic and intense monsoonal
precipitation, especially in the easternmost part of the Himalayan
chain (Palazzi et al., 2013). Increases in winter precipitation extremes
are projected in the European Alps (Rajczak and Schar, 2017).
At lower elevation, near term (2031-2050) and end of century
(2081-2100) projections of snowfall all indicate a decrease, for all
greenhouse gas emission scenarios (very high confidence). At higher
elevation, where temperature increase is insufficient to affect rain/
snow partitioning, total winter precipitation increases can lead to
increased snowfall (e.g., Kapnick and Delworth, 2013; O'Gorman,
2014) (medium confidence).

Chapter 2

2.2.1.3  Other Meteorological Variables

Atmospheric humidity, incoming shortwave and longwave radiation,
and near-surface wind speed and direction also influence the high
mountain cryosphere. Detecting their changes and associated
effects on the cryosphere is even more challenging than for surface
air temperature and precipitation, both from an observation
and modelling standpoint. Therefore, most simulation studies
of cryosphere changes are mainly driven by temperature and
precipitation (see, e.g., Beniston et al., 2018, and references therein).

Atmospheric moisture content, which is generally increasing in
a warming atmosphere (Stocker et al., 2013), affects latent and
longwave heat fluxes (Armstrong and Brun, 2008) with implications
for the timing and rate of snow and ice ablation, and in some areas
changes in atmospheric moisture content could be a significant driver
of cryosphere change (Harpold and Brooks, 2018). Short-lived climate
forcers, such as sulphur and black carbon aerosols (You et al., 2013),
reduce the amount of solar radiation reaching the surface, with
potential impacts on snow and ice ablation. Solar brightening caused
by declining anthropogenic aerosols in Europe since the 1980s was
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Figure 2.3 | Projected change (1986—-2005 to 2031-2050 and 2080-2099) of mean winter (December to May; June to August in Subtropical Central Andes) snow
water equivalent, winter air temperature and summer air temperature (June to August; December to February in Subtropical Central Andes) in five high mountain regions
for RCP8.5 (all regions) and RCP2.6 (European Alps and Subtropical Central Andes). Changes are averaged over 500 m (a,b,c) and 1,000 m (d,e) elevation bands. The
numbers in the lower right of each panel reflect the number of simulations (note that not all models provide snow water equivalent). For the Rocky Mountains, data from
NA-CORDEX RCMs (25 km grid spacing) driven by Coupled Model Intercomparison Project Phase 5 (CMIP5) General Circulation Models (GCMs) were used (Mearns et al.,
2017). For the European Alps, data from EURO-CORDEX RCMs (12 km grid spacing) driven by CMIP5 GCMs were used (Jacob et al., 2014). For the other regions, CMIP5
GCMs were used: Zazulie (2016) and Zazulie et al. (2018) for the Subtropical Central Andes, and Terzago et al. (2014) and Palazzi et al. (2017) for the Hindu Kush and

Karakoram and Himalaya. The list of models used is provided in Table SM2.8.
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shown to have only a minor effect on atmospheric warming at high
elevation (Philipona, 2013), and effects on the cryosphere were not
specifically discussed.

Wind controls preferential deposition of precipitation, post-
depositional snow drift and affects ablation of snow and glaciers
through turbulent fluxes. Near-surface wind speed has decreased on
theTibetan Plateau between the 1970s and early 2000s, and stabilised
or increased slightly thereafter (Yang et al., 2014a; Kuang and Jiao,
2016). This is consistent with existing evidence for a decrease in
near-surface wind speed on mid-latitude continental areas since the
mid-20th century (Hartmann et al., 2013). In general, the literature on
past and future changes of near-surface wind patterns in mountain
areas is very limited.

2.2.2 Snow Cover

Snow on the ground is an essential and widespread component of
the mountain cryosphere. It affects mountain ecosystems and plays
a major role for mass movement and floods in the mountains. It
plays a key role in nourishing glaciers and provides an insulating and
reflective cover at their surface. It influences the thermal regime of
the underlying ground, including permafrost, with implications for
ecosystems. Climate change modifies key variables driving the onset
and development of the snow cover (e.g., solid precipitation), and
those responsible for its ablation (e.g., air temperature, radiation).
The snow cover, especially in low-lying and mid-elevation areas of
mountain regions, has long been identified to be particularly sensitive
to climate change.

The mountain snow cover is characterised by a very strong
interannual and decadal variability, similar to its main driving force
solid precipitation (Lafaysse et al., 2014; Mankin and Diffenbaugh,
2015). Observations spanning several decades are required to
quantify trends. Long-term in situ records are scarce in some regions
of the world, particularly in High Mountain Asia, Northern Asia and
South America (Rohrer et al., 2013). Satellite remote sensing provides
new capabilities for monitoring mountain snow cover on regional
scales. The satellite record length is often insufficient to assess trends
(Bormann et al., 2018). Evidence of past changes from regional
studies is provided in Table SM2.6. At lower elevation, there is high
confidence that the mountain snow cover has generally declined
in duration (on average by 5 snow cover days per decade, with a
likely range from 0 to 10 days per decade), mean snow depth and
accumulated mass (snow water equivalent) since the middle of the
20th century, with regional variations. At higher elevation, snow cover
trends are generally insignificant (medium confidence) or unknown.

Most of the snow cover changes can be attributed, at lower
elevation, to more precipitation falling as liquid precipitation (rain)
and to increases in melt at all elevations, mostly due to changes in
atmospheric forcings, especially increased air temperature (Kapnick
and Hall, 2012; Marty et al., 2017) which in turn are attributed to
anthropogenic forcings at a larger scale (Section 2.2.1). Formal
anthropogenic attribution studies provide similar conclusions in
Western North America (Pierce et al., 2008; Najafi et al., 2017).

140

High Mountain Areas

Assessing the impact of the deposition of short-lived climate forcers
on snow cover changes is an emerging issue (Skiles et al., 2018
and references therein). This concerns light absorbing particles, in
particular, which include deposited aerosols such as black carbon,
organic carbon and mineral dust, or microbial growth (Qian
et al., 2015), although the role of the latter has not been specifically
quantified. Due to their seasonally variable deposition flux and
impact, and mostly episodic nature in case of dust deposition
(Kaspari et al., 2014; Di Mauro et al., 2015), light absorbing particles
contribute to interannual fluctuations of seasonal snowmelt rate
(Painter et al., 2018) (medium evidence, high agreement). There is
limited evidence (medium agreement) that increases in black carbon
deposition from anthropogenic and biomass burning sources have
contributed to snow cover decline in High Mountain Asia (Li et al.,
2016; Zhang et al., 2018) and South America (Molina et al., 2015).

Projected changes of mountain snow cover are studied based on
climate model experiments, either directly from GCM or RCM output,
or following downscaling and the use of snowpack models. These
projections generally do not specifically account for future changes
in the deposition rate of light absorbing particles on snow (or, if
so, simple approaches have been used hitherto; e.g., Deems et al.,
2013), so that future changes in snow conditions are mostly driven
by changes in meteorological drivers assessed in Section 2.2.1.
Evidence from regional studies is provided in Table SM2.7. Although
existing studies in mountain regions do not use homogenous
reference periods and model configurations, common future trends
can be summarised as follows. At lower elevation in many regions
such as the European Alps, Western North America, Himalaya and
subtropical Andes, the snow depth or mass is projected to decline by
25% (likely range between 10 and 40%), between the recent past
period (1986-2005) and the near future (2031-2050), regardless
of the greenhouse gas emission scenario (Cross-Chapter Box 1
in Chapter 1). This corresponds to a continuation of the ongoing
decrease in annual snow cover duration (on average 5 days per
decade, with a likely range from 0 to 10). By the end of the century
(2081-2100), reductions of up to 80% (likely range from 50 to 90%)
are expected under RCP8.5, 50% (likely range from 30 to 70%) under
RCP4.5 and 30% (likely range from 10 to 40%) under RCP2.6. At
higher elevations, projected reductions are smaller (high confidence),
as temperature increases at higher elevations affect the ablation
component of snow mass evolution, rather than both the onset and
accumulation components. The projected increase in winter snow
accumulation may result in a net increase in winter snow mass
(medium confidence). All elevation levels and mountain regions
are projected to exhibit sustained interannual variability of snow
conditions throughout the 21st century (high confidence). Figure 2.3
provides projections of temperature and snow cover in mountain
areas in Europe, High Mountain Asia (Hindu Kush, Karakoram and
Himalaya), North America (Rocky Mountains) and South America
(sub-tropical Central Andes), illustrating how changes vary with
elevation, season, region, future time period and climate scenario.
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2.23 Glaciers

The high mountain areas considered in this chapter (Figure 2.1),
including all glacier regions in the world except those in Antarctica,
Greenland, the Canadian and Russian Arctic, and Svalbard (which are
covered in Chapter 3) include ~170,000 glaciers covering an area
of ~250,000 km? (RGI Consortium, 2017) with a total ice volume of
87 + 15 mm sea level equivalent (Farinotti et al., 2019). These glaciers
span an elevation range from sea level, for example in south-east
Alaska, to >8,000 m a.s.l. in the Himalaya and Karakoram, and occupy
diverse climatic regions. Their mass budget is determined largely by

Chapter 2

the balance between snow accumulation and melt at the glacier
surface, driven primarily by atmospheric conditions. Rapid changes in
mountain glaciers have multiple impacts for social-ecological systems,
affecting not only biophysical properties such as runoff volume
and sediment fluxes in glacier-fed rivers, glacier related hazards,
and global sea level (Chapter 4) but also ecosystems and human
livelihoods, socioeconomic activities and sectors such as agriculture
and tourism, as well as other intrinsic assets such as cultural values.
While glaciers worldwide have experienced considerable fluctuations
throughout the Holocene driven by multidecadal variations of
solar and volcanic activity, and changes in atmospheric circulation
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Figure 2.4 | Glacier mass budgets for the eleven mountain regions assessed in this Chapter (Figure 2.1) and these regions combined. Mass budgets for the remaining polar
regions are shown in Chapter 3, Figure 3.8. Regional time series of annual mass change are based on glaciological and geodetic balances (Zemp et al.,, 2019). Superimposed
are multi-year averages by Wouters et al. (2019) based on the Gravity Recovery and Climate Experiment (GRACE), only shown for the regions with glacier area >3,000 kmZ.
Estimates by Gardner et al. (2013) were used in the IPCC 5th Assessment Report (AR5). Additional regional estimates available in some regions and shown here are listed in
Table 2.A.1. Annual and time-averaged mass-budget estimates include the errors reported in each study. Glacier areas (A) and volumes (V) are based on RGI Consortium (2017)
and Farinotti et al. (2019), respectively. Red and blue bars on map refer to regional budgets averaged over the period 2006-2015 in units of kg m= yr~' and mm sea level
equivalent (SLE) yr™!, respectively, and are derived from each region’s available mass-balance estimates (Appendix 2.A).
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(Solomina et al., 2016), this section focuses on observed glacier
changes during recent decades and changes projected for the 21st
century (Cross-Chapter Box 6 in Chapter 2).

Satellite and in situ observations of changes in glacier area, length
and mass show a globally largely coherent picture of mountain
glacier recession in the last decades (Zemp et al., 2015), although
annual variability and regional differences are large (Figure 2.4; very
high confidence). The global trend is statistically significant despite
considerable interannual and regional variations (Medwedeff and Roe,
2017). Since AR5's global 2003-2009 estimate based on Gardner et al.
(2013), several new estimates of global-scale glacier mass budgets
have emerged using largely improved data coverage and methods
(Bamber et al., 2018; Wouters et al., 2019; Zemp et al., 2019).

These estimates combined with available regional estimates
(Table 2.A.1) indicate that the glacier mass budget of all mountain
regions (excluding Antarctica, Greenland, the Canadian and
Russian Arctic, and Svalbard) was very likely -490 + 100 kg m2 yr™’
(-123 + 24 Gt yr™") during the period 2006-2015 with most negative
averages (less than -850 kg m=2 yr™") in the Southern Andes, Caucasus/
Middle East, European Alps and Pyrenees. High Mountain Asia shows
the least negative mass budget (-150 + 110 kg m= yr™', Figure 2.4),
but variations within the region are large with most negative regional
balance estimates in Nyaingentanglha, Tibet (-620 + 230 kg m™ yr™')
and slightly positive balances in the Kunlun Mountains for the period
2000-2016 (Brun et al., 2017). Due to large ice extent, the total
mass loss and corresponding contribution to sea level 2006-2015 is
largest in Alaska, followed by the Southern Andes and High Mountain
Asia (Table 2.A.1). Zemp et al. (2019) estimated an increase in mean
global-scale glacier mass loss by ~30% between 1986-2005 and
2006-2015.

It is very likely that atmospheric warming is the primary driver for the
global glacier recession (Marzeion et al., 2014; Vuille et al., 2018).
There is limited evidence (high agreement) that human-induced
increases in greenhouse gases have contributed to the observed
mass changes (Hirabayashi et al., 2016). It was estimated that the
anthropogenic fraction of mass loss of all glaciers outside Greenland
and Antarctica increased from 25 + 35% during 1851-2010 to
69 + 24% during 1991-2010 (Marzeion et al., 2014).

Other factors, such as changes in meteorological variables other
than air temperature or internal glacier dynamics, have modified
the temperature-induced glacier response in some regions (high
confidence). For example, glacier mass loss over the last seven
decades on a glacier in the European Alps was intensified by higher
air moisture leading to increased longwave irradiance and reduced
sublimation (Thibert et al., 2018). Changes in air moisture have also
been found to play a significant role in past glacier mass changes
in eastern Africa (Prinz et al., 2016), while an increase in shortwave
radiation due to reduced cloud cover contributed to an acceleration
in glacier recession in the Caucasus (Toropov et al., 2019). In the
Tien Shan mountains changes in atmospheric circulation in the
North Atlantic and North Pacific in the 1970s resulted in an abrupt
reduction in precipitation and thus snow accumulation, amplifying
temperature-induced glacier mass loss (Duethmann et al., 2015).
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Deposition of light absorbing particles, growth of algae and bacteria
and local amplification phenomena such as the enhancement of
particles concentration due to surface snow and ice melt, and
cryoconite holes, have been shown to enhance ice melt (e.g., Ginot
et al,, 2014; Zhang et al., 2017; Williamson et al., 2019) but there
is limited evidence and low agreement that long-term changes in
glacier mass are linked to light absorbing particles (Painter et al.,
2013; Sigl et al., 2018). Debris cover can modulate glacier melt but
there is limited evidence on its role in recent glacier changes (Gardelle
et al., 2012; Pellicciotti et al., 2015). Rapid retreat of calving outlet
glaciers in Patagonia was attributed to changes in glacier dynamics
(Sakakibara and Sugiyama, 2014).

Departing from this global trend of glacier recession, a small fraction
of glaciers have gained mass or advanced in some regions mostly
due to internal glacier dynamics or, in some cases, locally restricted
climatic causes. For example, in Alaska 36 marine-terminating
glaciers exhibited a complex pattern of periods of significant retreat
and advance during 1948-2012, highly variable in time and lacking
coherent regional behaviour (McNabb and Hock, 2014). These
fluctuations can be explained by internal retreat-advance cycles
typical of tidewater glaciers that are largely independent of climate
(Brinkerhoff et al., 2017). Irregular and spatially inconsistent glacier
advances, for example, in Alaska, Iceland and Karakoram, have been
associated with surge-type flow instabilities largely independent of
changes in climate (Sevestre and Benn, 2015; Bhambri et al., 2017;
Section 2.3.2). Regional scale glacier mass gain and advances in
Norway in the 1990s and in New Zealand between 1983-2008 have
been linked to local increases in snow precipitation (Andreassen
et al,, 2005) and lower air temperatures (Mackintosh et al., 2017),
respectively, caused by changes in atmospheric circulation. Advances
of some glaciers in Alaska, the Andes, Kamchatka and the Caucasus
were attributed to volcanic activity causing flow acceleration through
enhanced melt water at the ice-bed interface (Barr et al., 2018).

Region averaged glacier mass budgets have been nearly balanced
in the Karakoram since at least the 1970s (Bolch et al., 2017; Zhou
etal,, 2017; Azam et al., 2018), while slightly positive balances since
2000 have been reported in the western Kunlun Shan, eastern Pamir,
and the central and northern Karakoram mountains (Gardelle et al.,
2013; Brun et al., 2017; Lin et al., 2017; Berthier and Brun, 2019).
This anomalous behavior has been related to specific mechanisms
countering the effects of atmospheric warming, for example, an
increase in cloudiness (Bashir et al., 2017) and snowfall (Kapnick
et al., 2014) spatially heterogeneous glacier mass balance sensitivity
(Sakai and Fujita, 2017), feedbacks due to intensified lowland
irrigation (de Kok et al., 2018), and changes in summer atmospheric
circulation (Forsythe et al., 2017).

There is medium evidence (high agreement) that recent glacier mass
changes have modified glacier flow. A study covering all glaciers
in High Mountain Asia showed glacier slowdown for regions with
negative mass budgets since the 1970s and slightly accelerated
glacier flow for Karakoram and West Kunlun regions where mass
budgets were close to balance (Dehecq et al., 2019). Waechter et al.
(2015) report reduced flow velocities in the St. Elias Mountains in
North America, especially in areas of rapid ice thinning near glacier
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termini. In contrast Mouginot and Rignot (2015) found complex variability during the last three decades concurrent with general
ice flow patterns with simultaneous acceleration and deceleration  thinning of the ice field.
for glaciers of the Patagonian Icefield as well as large interannual

Cross-Chapter Box 6 | Glacier Projections in Polar and High Mountain Regions
Authors: Regine Hock (USA), Andrew Mackintosh (Australia/New Zealand), Ben Marzeion (Germany)

Century-scale projections for all glaciers on Earth including those around the periphery of Greenland and Antarctica are presented here.
Projections of the Greenland and Antarctic ice sheets are presented in Chapter 4. Future changes in glacier mass have global implications
through their contribution to sea level change (Chapter 4) and local implication, for example, by affecting freshwater resources (Section 2.3.1).
Glacier decline can also lead to loss of palaeoclimate information contained in glacier ice (Thompson et al., 2017).

AR5 included projections of 21st century glacier evolution from four process-based global-scale glacier models (Slangen and Van
De Wal, 2011; Marzeion et al., 2012; Giesen and Oerlemans, 2013; Radic et al., 2014). Results have since been updated (Bliss et al.,
2014; Slangen et al., 2017; Hock et al., 2019) using new glacier inventory data and/or climate projections, and projections from two
additional models have been presented (Hirabayashi et al., 2013; Huss and Hock, 2015). These six models were driven by climate
projections from 8-21 General Circulation Models (GCMs) from the CMIP5 (Taylor et al., 2012) forced by various RCPs, and results are
systematically compared in Hock et al. (2019).

Based on these studies there is high confidence that glaciers in polar and high mountain regions will lose substantial mass by the
end of the century. Results indicate global glacier mass losses by 2100 relative to 2015 of 18% (likely range 11-25%) (mean of
all projections with range referring to + one standard deviation) for scenario RCP2.6 and 36% (likely range 26—47%) for RCP8.5,
but relative mass reductions vary greatly between regions (Figure CB6.1). Projected end-of-century mean mass losses relative to
2015 tend to be largest in mountain regions dominated by smaller glaciers and relatively little ice cover, exceeding on average
80%, for example, the European Alps, Pyrenees, Caucasus/Middle East, Low Latitudes and North Asia for RCP8.5 (see Figure 2.1 for
region definitions). While these glaciers’ contribution to sea level is negligible their large relative mass losses have implications for
streamflow (Section 2.3.1, FAQ 2.1).

The magnitude and timing of these projected mass losses is assigned medium confidence because the projections have been
carried out using relatively simple models calibrated with limited observations in some regions and diverging initial glacier volumes.
For example, mass loss by iceberg calving and subaqueous melt processes that can be particularly important components of glacier
mass budgets in polar regions (McNabb et al., 2015) have only been included in one global-scale study (Huss and Hock, 2015).
In addition instability mechanisms that can cause rapid glacier retreat and mass loss are not considered (Dunse et al., 2015;
Sevestre et al., 2018; Willis et al., 2018).

The projected global-scale relative mass losses 2015-2100 correspond to a sea level contribution of 94 (likely range 69—119) mm sea
level equivalent (SLE) corresponding to an average rate of 1.1 (likely range 0.8—1.4) mm SLE yr~' for RCP2.6, and 200 (/ikely range
156 to 240) mm SLE, a rate of 2.4 (likely range 1.8-2.8) mm SLE yr~' for RCP8.5, in addition to the sea level contribution from the
Greenland and Antarctic ice sheets (Chapter 4). Averages refer to the mean and ranges to + one standard deviation of all simulations.
For RCP2.6, rates increase only slightly until approximately year 2040 with a steady decline thereafter, as glaciers retreat to higher
elevations and reach new equilibrium. In contrast, for RCP8.5, the sea level contribution from glaciers increases steadily for most of
the century, reaching an average maximum rate exceeding 3 mm SLE yr™' (Hock et al., 2019). For both RCPs the polar regions are the
largest contributors with projected mass reductions by 2100 relative to 2015 combined for the Antarctic periphery, Arctic Canada, the
Greenland periphery, Iceland, Russian Arctic, Scandinavia and Svalbard ranging from 16% (likely range 9 to 23%) for RCP2.6 to 33%
(likely range 22 to 44%) for RCP8.5. Due to extensive ice cover, these regions make up roughly 80% of the global sea level contribution
from glaciers by 2100. The global projections are similar to those reported in AR5 for the period 2081-2100 relative to 1986—2005,
if differences in period length and domain are accounted for (AR5's glacier estimates excluded the Antarctic periphery). The eleven
mountain regions covered in Chapter 2 are likely to lose 22-44% of their glacier mass by 2100 relative to 2015 for RCP2.6 and
37-57% for RCP8.5. Worldwide many glaciers are expected to disappear by 2100 regardless emission scenario, especially in regions
with smaller glaciers (very high confidence) (Cullen et al. 2013; Rabatel et al., 2013; Huss and Fischer, 2016; Rabatel et al., 2017).
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Cross-Chapter Box 6 (continued)

The global-scale projections (Figure CB6.1) are consistent with results from regional-scale studies using more sophisticated models.
Kraaijenbrink et al. (2017) projected mass losses for all glaciers in High Mountain Asia of 64 + 5% (RCP8.5) by the end of the century
(2071-2100) compared to 1996-2015. A high-resolution regional glaciation model including ice dynamics indicated that by 2100
glacier volume in western Canada will shrink by ~70% (RCP2.6) to ~90% (RCP8.5) relative to 2005 (Clarke et al., 2015). Zekollari
et al. (2019) projected that the glaciers in the European Alps will largely disappear by 2100 (94 + 4% mass loss relative to 2017) for
RCP8.5, while projected mass losses are 63 + 11% for RCP2.6.

AR5 concluded with high confidence that due to a pronounced imbalance between current glacier mass and climate, glaciers are
expected to further recede even in the absence of further climate change. Studies since AR5 agree and provide further evidence
(Mernild et al., 2013; Marzeion et al., 2018).

Mass (%)
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Figure CB6.1 | Projected glacier mass evolution between 2015 and 2100 relative to each region's glacier mass in 2015 (100%) based on three Representative
Concentration Pathways (RCP) emission scenarios (Cross-Chapter Box 1 in Chapter 1). Thick lines show the averages of 46 to 88 model projections based on four to six
glacier models for the same RCP, and the shading marks + 1 standard deviation (not shown for RCP4.5 for better readability). Global projections are shown excluding
and including the Antarctic (A) and Greenland (G) periphery. Regional sea level contributions are given for three RCPs for all regions with >0.5 mm sea level equivalent
(SLE) between 2015-2100. The Low Latitudes region includes the glaciers in the tropical Andes, Mexico, eastern Africa and Indonesia. Region Alaska includes adjacent
glaciers in the Yukon and British Columbia, Canada. Regions are sorted by glacier volume according to Farinotti et al. (2019). Data based on Marzeion et al. (2012);
Giesen and Oerlemans (2013); Hirabayashi et al. (2013); Bliss et al. (2014); Huss and Hock (2015); Slangen et al. (2017). Modified from Hock et al. (2019).
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224 Permafrost

This section assesses permafrost, but not seasonally frozen ground,
in high mountain areas. As mountains also exist in polar areas, some
overlap exists between this section and Chapter 3. Observations of
permafrost are scarce (Tables 2.1 and 2.2, PERMOS, 2016; Bolch et al.,
2018) and unevenly distributed among and within mountain regions.
Unlike glaciers and snow, permafrost is a subsurface phenomenon
that cannot easily be observed remotely. As a consequence, its
distribution and change are less understood than for glaciers or
snow, and in many mountain regions it can only be inferred (Gruber
et al,, 2017). Permafrost thaw and degradation impact people via
runoff and water quality (Section 2.3.1), hazards and infrastructure
(Section 2.3.2) and greenhouse gas emissions (Box 2.2).

AR5 and IPCC's Special Report on ‘Managing the Risks of Extreme
Events and Disasters to Advance Climate Change Adaptation’
(SREX) assessed permafrost change globally, but not separately
for mountains. AR5 concluded that permafrost temperatures had
increased in most regions since the early 1980s (high confidence),
although warming rates varied regionally, and attributed this
warming to increased air temperature and changes in snow cover
(high confidence). The temperature increase for colder permafrost
was generally greater than for warmer permafrost (high confidence).
SREX found a likely warming of permafrost in recent decades and
expressed high confidence that its temperatures will continue to
increase. AR5 found decreases of northern high-latitude near surface
permafrost for 2016-2035 to be very likely and a general retreat of
permafrost extent for the end of the 21st century and beyond to be
virtually certain. While some permafrost phenomena, methods of
observation and scale issues in scenario simulations are specific to
mountainous terrain, the basic mechanisms connecting climate and
permafrost are the same in mountains and polar regions.

Between 3.6-5.2 million km? are underlain by permafrost in the
eleven high mountain regions outlined in Figure 2.1 (medium
confidence) based on data from two modelling studies (Gruber, 2012;
Obu et al,, 2019). For comparison, this is 14-21 times the area of
glaciers (Section 2.2.3) in these regions (Figure 2.1) or 27-29% of the
global permafrost area. The distribution of permafrost in mountains
is spatially highly heterogeneous, as shown in detailed regional
modelling studies (Boeckli et al., 2012; Bonnaventure et al., 2012;
Westermann et al., 2015; Azdcar et al., 2017; Zou et al., 2017).

Permafrost in the European Alps, Scandinavia, Canada, Mongolia, the
Tien Shan and the Tibetan Plateau has warmed during recent decades
and some observations reveal ground-ice loss and permafrost
degradation (high confidence). The heterogeneity of mountain
environments and scarcity of long-term observations challenge the
quantification of representative regional or global warming rates.
A recent analysis finds that permafrost at 28 mountain locations in
the European Alps, Scandinavia, Canada as well as High Mountain
Asia and North Asia, warmed on average by 0.19 + 0.05°C per decade
between 2007-2016 (Biskaborn et al., 2019). Over longer periods,
observations in the European Alps, Scandinavia, Mongolia, the Tien
Shan and the Tibetan Plateau (see also Cao et al., 2018) show general
warming (Table 2.1, Figure 2.5) and degradation of permafrost at
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individual sites (e.g., Phillips et al., 2009). Permafrost close to 0°C
warms at a lower rate than colder permafrost because ground-ice
melt slows warming. Similarly, bedrock warms faster than debris
or soil because of low ice content. For example, several European
bedrock sites (Table 2.1) have warmed rapidly, by up to 1°C per
decade, during the past two decades. By contrast, total warming of
0.5°C—0.8°C has been inferred for the second half of the 20th century
based on thermal gradients at depth in an ensemble of European
bedrock sites (Isaksen et al., 2001; Harris et al., 2003). Warming has
been shown to accelerate at sites in Scandinavia (Isaksen et al.,
2007) and in mountains globally within the past decade (Biskaborn
et al., 2019). During recent decades, rates of permafrost warming in
the European Alps and Scandinavia exceeded values of the late 20th
century (limited evidence, high agreement).

The observed thickness of the active layer (see Annex I: Glossary),
the layer of ground above permafrost subject to annual thawing and
freezing, increased in the European Alps, Scandinavia (Christiansen
et al, 2010), and on the Tibetan Plateau during the past few
decades (Table 2.2), indicating permafrost degradation. Geophysical
monitoring in the European Alps during approximately the past
15 years revealed increasing subsurface liquid water content (Hilbich
et al.,, 2008; Bodin et al., 2009; PERMOS, 2016), indicating gradual
ground-ice loss.

During recent decades, the velocity of rock glaciers in the European
Alps exceeded values of the late 20th century (limited evidence, high
agreement). Some rock glaciers, that is, masses of ice-rich debris
that show evidence of past or present movement, show increasing
velocity as a transient response to warming and water input, although
continued permafrost degradation would eventually inactivate them
(Ikeda and Matsuoka, 2002). Rock glacier velocities observed in the
European Alps in the 1990s were on the order of a few decimetres
per year and during approximately the past 15 years they often
were about 2—10 times higher (Bodin et al., 2009; Lugon and Stoffel,
2010; PERMOS, 2016). Destabilisation, including collapse and rapid
acceleration, has been documented (Delaloye et al., 2010; Buchli
et al, 2013; Bodin et al., 2016). One particularly long time series
shows velocities around 1960 just slightly lower than during recent
years (Hartl et al., 2016). In contrast to nearby glaciers, no clear
change in rock glacier velocity or elevation was detected at a site in
the Andes between 1955-1996 (Bodin et al., 2010). The majority of
similar landforms investigated in the Alaska Brooks Range increased
their velocity since the 1950s, while few others slowed down (Darrow
etal., 2016).

Decadal-scale permafrost warming and degradation are driven
by air temperature increase and additionally affected by changes
in snow cover, vegetation and soil moisture. Bedrock locations,
especially when steep and free of snow, produce the most direct
signal of climate change on the ground thermal regime (Smith and
Riseborough, 1996), increasing the confidence in attribution. Periods
of cooling, one or few years long, have been observed and attributed
to extraordinary low-snow conditions (PERMOS, 2016). Extreme
increases of active-layer thickness often correspond with summer
heat waves (PERMOS, 2016) and permafrost degradation can be
accelerated by water percolation (Luethi et al., 2017). Similarity and
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synchronicity of interannual to decadal velocity changes of rock
glaciers within the European Alps (Bodin et al., 2009; Delaloye et al.,
2010) and the Tien Shan (Sorg et al., 2015), suggest common regional
forcing such as summer air temperature or snow cover.

Because air temperature is the major driver of permafrost change,
permafrost in high mountain regions is expected to undergo
increasing thaw and degradation during the 21st century, with
stronger consequences expected for higher greenhouse gas emission
scenarios (very high confidence). Scenario simulations for the Tibetan
Plateau until 2100 estimate permafrost area to be strongly reduced,
for example by 22-64% for RCP2.6 and RCP8.5 and a spatial
resolution of 0.5° (Lu et al., 2017). Such coarse-scale studies (Guo
et al, 2012; Slater and Lawrence, 2013; Guo and Wang, 2016),
however, are of limited use in quantifying changes and informing
impact studies in steep terrain due to inadequate representation of
topography (Fiddes and Gruber, 2012). Fine-scale simulations, on the
other hand, are local or regional, limited in areal extent and differ
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widely in their representation of climate change and permafrost.
They reveal regional and elevational differences of warming and
degradation (Bonnaventure and Lewkowicz, 2011; Hipp et al., 2012;
Farbrot et al., 2013) as well as warming rates that differ between
locations (Marmy et al., 2016) and seasons (Marmy et al., 2013).
While structural differences in simulations preclude a quantitative
summary, these studies agree on increasing warming and thaw
of permafrost for the 21st century and reveal increased loss of
permafrost under stronger atmospheric warming (Chadburn et al.,
2017). Permafrost thaw at depth is slow but can be accelerated by
mountain peaks warming from multiple sides (Noetzli and Gruber,
2009) and deep percolation of water (Hasler et al., 2011). Near Mont
Blanc in the European Alps, narrow peaks below 3,850 m a.s.l. may
lose permafrost entirely under RCP8.5 by the end of the 21st century
(Magnin et al., 2017). As ground-ice from permafrost usually melts
slower than glacier ice, some mountain regions will transition from
having abundant glaciers to having few and small glaciers but large
areas of permafrost that is thawing (Haeberli et al., 2017).

Table 2.1 | Observed changes in permafrost mean annual ground temperature (MAGT) in mountain regions. Values are based on individual boreholes or ensembles of
several boreholes. The MAGT refers to the last year in a period and is taken from a depth of 10-20 m unless the borehole is shallower. Region names refer to Figure 2.1.
Numbers in brackets indicate how many sites are summarised for a particular surface type and area; the underscored value is an average. Elevation is metres above sea

level (m a.s.l.).
Region E[:zv:z?? Surface Type Period N;{,'\ST [02,';\::[ dt:::e] Reference
Global >1,000 various (28) 2006-2017 not specified 0.2 £0.05 Biskaborn et al. (2019)
2£00-3,000 debris or coarse blocks 1987-2005 >-3 0.0-0.2 PERMOS (2016)
' ' (>10) 2006-2017 >-3 0.0-0.6 Noetzli et al. (2018)
European Alps Pogliotti et al. (2015)
3,500-4,000 bedrock (4) 2008-2017 >-5.5 0.0-1.0 Magnin et al. (2015)
Noetzli et al. (2018)
1,402-1,505 moraine (3) 1999-2009 0to—-0.5 0.0-0.2 Isaksen et al. (2011)
Scandinavia 1,500-1,894 bedrock (2) 1999-2009 27 05 (C;g;s;;anse" etal
High Mountain Asia ~3,330 bare soil (2) 1974-2009 -0.5t0-0.1 0.3-0.6 Zhao et al. (2010)
(Tien Shan) 3,500 meadow (1) 1992-2011 1.1 0.4 Liu et al. (2017)
~4,650 meadow (6) 2002-2012 -1.52 to - 0.41 0.08-0.24 Wu et al. (2015)
High Mountain Asia ~4,650 steppe (3) 2002-2012 -0.79t0-0.17 Wu et al. (2015)
(Tibetan Plateau) ~4,650 bare soil (1) 2003-2012 -0.22 0.15 Wu et al. (2015)
4,500-5,000 unknown (6) 2002-2011 -1.5t0-0.16 0.08-0.24 Peng et al. (2015)
North Asia (Mongolia) 1,350-2,050 steppe (6) 2000-2009 -0.06 to — 1.54 0.2-0.3 Zhao et al. (2010)

Table 2.2 | Observed changes of active-layer thickness (ALT) in mountain regions. Numbers in brackets indicate how many sites are summarised for a particular surface
type and area. Region names refer to Figure 2.1. Elevation is metres above sea level (m a.s.l.).

Surface
Type

Elevation

[ma.s.l]

Period

ALT in last year ALT trend

[m] [cm per decade] e

Scandinavia 353-507 peatland (9) :gs:;ggg ~0.65-0.85 1 ;:;(3) ﬁkhe;::r;:r(lzdoo 9
European Alps 2,500-2,910 bedrock (4) 2000-2014 4.2-5.2 10-100 PERMOS (2016)
:l'l'llge: '!::n")tai" Asia 3,500 meadow (1) 1992-2011 1.70 19 Liu et al. (2017)
4,629-4,665 meadow (6) 2002-2012 2.11-23 34.8-45.7 Wu et al. (2015
High Mountain Asia 4,638-4,645 steppe (3) 2002-2012 2.54-3.03 39.6-67.2 Wu et al. (2015)
(Tibetan Plateau) 4,635 bare soil (1) 2002-2012 3.38 18.9 Wu et al. (2015)
4,848 meadow 2006-2014 1.92-2.72 15.2-54 Lin et al. (2016)
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Figure 2.5| Mean annual ground temperature from boreholes in debris and bedrock in
the European Alps, Scandinavia and High Mountain Asia. Temperatures differ between
locations and warming trends can be interspersed by short periods of cooling. One
location shows degrading of permafrost. Overall, the number of observed boreholes is
small and most records are short. The depth of measurements is approximately 10 m,
and years without sufficient data are omitted (Noetzli et al., 2018).

2.25 Lake and River Ice

Based on limited evidence, AR5 reported shorter seasonal ice
cover duration during the past decades (low confidence), however,
did not specifically address changes in mountain lakes and rivers.
Observations of extent, timing, duration and thickness of lake and
river ice rely mostly on in situ measurements (e.g., Sharma et al.,
2019) and, increasingly on remote sensing (Duguay et al., 2014). Lake
and river ice studies focusing specifically on mountain regions are
rare but observations from lakes in the European Alps, Scandinavia
and the Tibetan Plateau show highly variable trends in ice cover
duration during the past decades.

For example, Cai et al. (2019) reported shorter ice cover duration
for 40 lakes and longer duration for 18 lakes on the Tibetan Plateau
during the period 2000-2017. Similarly, using microwave remote
sensing, Du et al. (2017) found shorter ice cover duration for 43 out
of 71 lakes >50 km? including lakes on the Tibetan Plateau during
2002-2015, but only five of these had statistically significant trends
(p < 0.05), due to large interannual variability. The variable trends in
the duration of lake ice cover on the Tibetan Plateau between 2002-
2015 corresponded to variable trends in surface water temperatures.
Of 52 study lakes in this region, 31 lakes showed a mean warming
rate of 0.055 + 0.033°C yr™', and 21 lakes showed a mean cooling
rate of -0.053 = 0.038°C yr~! during 2001-2012 (Zhang et al., 2014).
Kainz et al. (2017) reported a significant (p < 0.05) increase in the
interannual variability in ice cover duration for a subalpine lake
in Austria during 1921-2015 in addition to a significant trend in
later freeze on, earlier ice break up and shorter ice cover duration.
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A significant (p < 0.05) trend towards shorter ice cover duration was
found for another Austrian alpine lake during 1972-2015 (Niedrist
etal, 2018).

Highly variable trends were also found in the timing and magnitude
of river ice jams during 1903-2015, as reported by Rokaya et al.
(2018) for Canadian rivers, including rivers in the mountains. Most of
the variability in river ice trends could be explained by variable water
flow, in particular due to flow regulation.

There is high confidence that air temperature and solar radiation are
the most important drivers to explain observed changes of lake ice
dynamics (Sharma et al., 2019). In mountainous regions where the
interannual variability in ice cover duration is high, additional drivers
become important, for example, morphometry, wind exposure,
salinity, and hydrology, in particular hydrological processes driven by
glaciers (Kropacek et al., 2013; Song et al., 2014; Yao et al., 2016; Gou
et al., 2017). Despite high spatial and temporal variability in lake and
river ice cover dynamics in mountain regions there is limited evidence
(high agreement) that further air temperature increases will result in
a general trend towards later freezing, earlier break-up, and shorter
ice cover duration in the future (Gebre et al., 2014; Du et al., 2017).

Overall, there is only limited evidence on changes in lake and river ice
specifically in the mountains, indicating a trend, but not universally,
towards shorter lake ice cover duration consistent with increased
water temperature.
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Box 2.2 | Local, Regional and Global Climate Feedbacks Involving the Mountain Cryosphere

The cryosphere interacts with the environment and contributes to several climate feedbacks, most notably ones involving
the snow cover, referred to as the snow albedo feedback. The presence or absence of snow on the ground drives profound changes in
the energy budget of land surfaces, hence influencing the physical state of the overlying atmosphere (Armstrong and Brun, 2008).
The reduction of snow on the ground, potentially amplified by aerosol deposition and modulated by interactions with the vegetation,
increases the absorption of incoming solar radiation and leads to atmospheric warming. In mountain regions, this positive feedback
loop mostly operates at the local scale and is seasonally variable, with most visible effects at the beginning and end of the snow
season (Scherrer et al., 2012). Examples of other mechanisms contributing to local feedbacks are introduced in Box 2.1. At the regional
scale, feedbacks associated with deposition of light absorbing particles and enhanced snow albedo feedback were shown to induce
surface air warming (locally up to 2°C) (Ménégoz et al., 2014) with accelerated snow cover reduction (Ji, 2016; Xu et al., 2016), and
may also influence the Asian monsoon system (Yasunari et al., 2015). However, many of these studies have considered so-called
rapid adjustments, without changes in large-scale atmospheric circulation patterns, because they used regional or global models
constrained by large-scale synoptic fields. In summary, regional climate feedbacks involving the high mountain cryosphere, particularly
the snow albedo feedback, have only been detected in large mountain regions such as the Himalaya, using global and regional climate
models (medium confidence).

Global-scale climate feedbacks from the cryosphere remain largely unexplored with respect to the proportion originating from
high mountains. Although mountain topography affects global climate (e.g., Naiman et al., 2017), there is little evidence for
mountain-cryosphere specific feedbacks, largely because of the limited spatial extent of the mountain cryosphere. The most relevant
feedback probably relates to permafrost in mountains, which contain about 28% of the global permafrost area (Section 2.2.4). Organic
carbon stored in permafrost can be decayed following thaw and transferred to the atmosphere as carbon dioxide or methane (Schuur
et al., 2015). This self-reinforcing effect accelerates the pace of climate change and operates in polar (Section 3.4.1.2.3) and mountain
areas alike (Mu et al., 2017; Sun et al., 2018a). In contrast to polar areas, however, there is limited evidence and low agreement on
the total amount of permafrost carbon in mountains because of differences in upscaling and difficulties to distinguish permafrost
and seasonally frozen soils due to the lack of data. For example, on the Tibetan Plateau, the top 3 m of permafrost are estimated to
contain about 15 petagrams (Ding et al., 2016) and mountain soils with permafrost globally are estimated to contain approximately
66 petagrams of organic carbon (Bockheim and Munroe, 2014). At the same time, there is /imited evidence and high agreement that
the average density (kg C m=) of permafrost carbon in mountains is lower than in other areas. For example, densities of soil organic
carbon are low in the sub-arctic Ural (Dymov et al., 2015) and 1-2 orders of magnitude lower in subarctic Sweden (Fuchs et al.,
2015) in comparison to lowland permafrost, and 50% lower in mountains than in steppe-tundra in Siberia and Alaska (Zimov et al.,
2006). Some mechanisms of soil carbon decay and transfer to the atmosphere in mountains are similar to those in lowland areas, for
example collapse following thaw in peatlands (Mu et al., 2016; Mamet et al., 2017), and some are specific to areas with steep slopes,
for example drainage of water from thawing permafrost leading to soil aeration (Dymov et al., 2015). There is no global-scale analysis
of the climate feedback from permafrost in mountains. Given that projections indicate increasing thaw and degradation of permafrost
in mountains during the 21st century (very high confidence) (Section 2.2.4), a corresponding increase in greenhouse gas emissions
can be anticipated but is not quantified.

2.3 Mountain Social-Ecological Systems: 2.3.1.1  Changes in River Runoff
Impacts, Risks and Human Responses
AR5 reported increased winter flows and a shift in timing towards
2.3.1 Water Resources earlier spring snowmelt runoff peaks during previous decades (robust

evidence, high agreement). In glacier-fed river basins, it was projected

The mountain cryosphere is an important source of freshwater in
the mountains themselves and in downstream regions. The runoff
per unit area generated in mountains is on average approximately
twice as high as in lowlands (Viviroli et al., 2011) making mountains
a significant source of fresh water in sustaining ecosystem and
supporting livelihoods in and far beyond the mountain ranges
themselves. The presence of snow, glaciers, and permafrost generally
exert a strong control on the amount, timing and biogeochemical
properties of runoff (FAQ 2.1). Changes to the cryosphere due
to climate change can alter freshwater availability with direct
consequences for human populations and ecosystems.
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that melt water yields from glaciers will increase for decades in many
regions but then decline (very high confidence). These findings have
been further supported and refined by a wealth of new studies
since AR5.

Recent studies indicate considerable changes in the seasonality
of runoff in snow and glacier dominated river basins (very high
confidence; Table SM2.9). Several studies have reported an increase
in average winter runoff over the past decades, for example in
Western Canada (Moyer et al., 2016), the European Alps (Bocchiola,
2014; Bard et al., 2015) and Norway (Fleming and Dahlke, 2014),
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due to more precipitation falling as rain under warmer conditions.
Summer runoff has been observed to decrease in basins, for example
in Western Canada (Brahney et al., 2017) and the European Alps
(Bocchiola, 2014), but to increase in several basins in High Mountain
Asia (Mukhopadhyay and Khan, 2014; Duethmann et al., 2015;
Reggiani and Rientjes, 2015; Engelhardt et al., 2017). Both increases,
for example, in Alaska (Beamer et al., 2016) and the Tien Shan (Wang
etal,, 2015; Chen et al., 2016), and decreases, for example, in Western
Canada (Brahney et al., 2017) have also been found for average
annual runoff. In Western Austria, Kormann et al. (2015) detected an
increase in annual flow at high elevations and a decrease at low
elevations between 1980-2010.

These contrasting trends for summer and annual runoff often result
from spatially variable changes in the contribution of glacier and
snow melt. As glaciers shrink, annual glacier runoff typically first
increases, until a turning point, often called ‘peak water’ is reached,
upon which runoff declines (FAQ 2.1). There is robust evidence and
high agreement that peak water in glacier-fed rivers has already
passed with annual runoff declining especially in mountain regions
with predominantly smaller glaciers, for example, in the tropical
Andes (Frans et al., 2015; Polk et al., 2017), Western Canada (Fleming
and Dahlke, 2014; Brahney et al., 2017) and the Swiss Alps (Huss
and Fischer, 2016). A global modelling study (Huss and Hock, 2018)
suggests that peak water has been reached before 2019 for 82-95%
of the glacier area in the tropical Andes, 40-49% in Western Canada
and USA, and 55-67% in Central Europe (including European Alps
and Pyrenees) and the Caucasus (Figure 2.6).

Projections indicate a continued increase in winter runoff in many
snow and/or glacier-fed rivers over the 21st century (high confidence)
regardless of the climate scenario, for example, in North America
(Schnorbus et al., 2014; Sultana and Choi, 2018), the European Alps
(Addor et al., 2014; Bosshard et al., 2014), Scotland (Capell et al.,
2014) and High Mountain Asia (Kriegel et al., 2013) due to increased
winter snowmelt and more precipitation falling as rain in addition to
increases in precipitation in some basins (Table SM2.9). There is robust
evidence (high agreement) that summer runoff will decline over the
21st century in many basins for all emission scenarios, for example,
in Western Canada and USA (Shrestha et al., 2017), the European
Alps (Jenicek et al.,, 2018), High Mountain Asia (Prasch et al., 2013;
Engelhardt et al., 2017) and the tropical Andes (Baraer et al., 2012),
due to less snowfall and decreases in glacier melt after peak water.
A global-scale projection suggests that decline in glacier runoff by
2100 (RCP8.5) may reduce basin runoff by 10% or more in at least
one month of the melt season in several large river basins, especially
in High Mountain Asia during dry seasons, despite glacier cover of
less than a few percent (Huss and Hock, 2018).

Projected changes in annual runoff in glacier dominated basins are
complex including increases and decreases over the 21st century
for all scenarios depending on the time period and the timing of
peak water (high confidence) (Figure 2.6). Local and regional-scale
projections in High Mountain Asia, the European Alps, and Western
Canada and USA suggest that peak water will generally be reached
before or around the middle of the century. These finding are
consistent with results from global-scale modelling of glacier runoff
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(Bliss et al., 2014; Huss and Hock, 2018) indicating generally earlier
peak water in regions with little ice cover and smaller glaciers
(e.g., Low Latitudes, European Alps and Pyrenees, and the Caucasus)
and later peak water in regions with extensive ice cover and large
glaciers (e.g., Alaska, Southern Andes). In some regions (e.g., Iceland)
peak water from most glacier area is projected to occur earlier for
RCP2.6 than RCP8.5, caused by decreasing glacier runoff as glaciers
find a new equilibrium. In contrast melt-driven glacier runoff
continues to rise for the higher emission scenario. There is very high
confidence that spring peak runoff in many snow-dominated basins
around the world will occur earlier in the year, up to several weeks,
by the end of the century caused by earlier snowmelt (e.g., Coppola
et al,, 2014; Bard et al., 2015; Yucel et al., 2015; Islam et al., 2017;
Sultana and Choi, 2018).

In addition to changes in ice and snow melt, changes in other
variables such as precipitation and evapotranspiration due to
atmospheric warming or vegetation change affect runoff amounts
and timing (e.g., Bocchiola, 2014; Lutz et al., 2016). Changes in melt
water from ice and snow often dominates the runoff response to
climate change at higher elevations, while changes in precipitation
and evapotranspiration become increasingly important at lower
elevations (Kormann et al.,, 2015). Permafrost thaw may affect runoff
by releasing water from ground ice (Jones et al., 2018) and indirectly
by changing hydrological pathways or ground water recharge as
permafrost degrades (Lamontagne-Hallé et al., 2018). The relative
importance of runoff from thawing permafrost compared to runoff
from melting glaciers is expected to be greatest in arid areas where
permafrost tends to be more abundant (Gruber et al., 2017). Because
glaciers react more rapidly to climate change than permafrost, runoff
in some mountain landscapes may become increasingly affected by
permafrost thaw in the future (Jones et al., 2018).

In summary, there is very high confidence that glacier and snow
cover decline have affected and will continue to change the amounts
and seasonality of river runoff in many snow-dominated and/or
glacier-fed river basins. The average winter runoff is expected to
increase (high confidence), and spring peak maxima will occur earlier
(very high confidence). Although observed and projected trends
in annual runoff vary substantially among regions and can even
be opposite in sign, there is high confidence that average annual
runoff from glaciers will have reached a peak, with declining runoff
thereafter, at the latest by the end of the 21st century in all regions
regardless emission scenario. The projected changes in runoff are
expected to affect downstream water management, related hazards
and ecosystems (Section 2.3.2, 2.3.3).
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Figure 2.6 | Timing of peak water from glaciers in different regions (Figure 2.1) under two emission scenarios for Representative Concentration Pathways RCP2.6 and
RCP8.5. Peak water refers to the year when annual runoff from the initially glacier-covered area will start to decrease due to glacier shrinkage after a period of melt induced
increase. The bars are based on Huss and Hock (2018) who used a global glacier model to compute the runoff of all individual glaciers in a region until year 2100 based on
14 General Circulation Models (GCMs). Depicted is the area of all glaciers that fall into the same 10-year peak water interval expressed as a percentage of each region's
total glacier area, i.e., all bars for the same RCP sum up to 100% glacier area. Shadings of the bars distinguish different glacier sizes indicating a tendency for peak water
to occur later for larger glaciers. Circles/diamonds mark timing of peak water from individual case studies based on observations or modelling (Table SM2.10). Circles refer
to results from individual glaciers regardless of size or a collection of glaciers covering <150 km? in total, while diamonds refer to regional-scale results from a collection of
glaciers with >150 km? glacier coverage. Case studies based on observations or scenarios other than RCP2.6 and RCP8.5 are shown in both the left and right set of panels.
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Frequently Asked Questions

FAQ 2.1 | How does glacier shrinkage affect river runoff further downhill?

Glaciers supply water that supports human communities both close to the glacier and far away from the glacier, for example
for agriculture or drinking water. Rising temperatures cause mountain glaciers to melt and change the water availability. At
first, as the glacier melts, more water runs downhill away from the glacier. However, as the glacier shrinks, the water supply
will diminish and farms, villages and cities might lose a valuable water source.

Melting glaciers can affect river runoff, and thus freshwater resources available to human communities, not only
close to the glacier but also far from mountain areas. As glaciers shrink in response to a warmer climate, water
is released from long-term glacial storage. At first, glacier runoff increases because the glacier melts faster and
more water flows downhill from the glacier. However, there will be a turning point after several years or decades,
often called ‘peak water’, after which glacier runoff and hence its contribution to river flow downstream will
decline (FAQ 2.1; Figure 1). Peak water runoff from glaciers can exceed the amount of initial yearly runoff by
50% or more. This excess water can be used in different ways, such as for hydropower or irrigation. After the
turning point, this additional water decreases steadily as the glacier continues to shrink, and eventually stops
when the glacier has disappeared, or retreated to higher elevations where it is still cold enough for the glacier
to survive. As a result, communities downstream lose this valuable additional source of water. Total amounts of
river runoff will then depend mainly on rainfall, snowmelt, ground water and evaporation.

Furthermore, glacier decline can change the timing in the year and day when the most water is available in
rivers that collect water from glaciers. In mid- or high latitudes, glacier runoff is greatest in the summer, when
the glacier ice continues to melt after the winter snow has disappeared, and greatest during the day when air
temperature and solar radiation are at their highest (FAQ 2.1, Figure 1). As peak water occurs, more intense
glacier melt rates also increase these daily runoff maxima significantly. In tropical areas, such as parts of the
Andes, seasonal air temperature variations are small, and alternating wet and dry seasons are the main control
on the amount and timing of glacier runoff throughout the year.

The effects of glaciers on river runoff further downhill depend on the distance from the glacier. Close to the
glaciers (e.g., within several kilometres), initial increases in yearly glacier runoff until peak water followed by
decreases can affect water supply considerably, and larger peaks in daily runoff from the glaciers can cause
floods. Further away from the glaciers the impact of glacier shrinkage on total river runoff tends to become
small or negligible. However, the melt water from glaciers in the mountains can be an important source of water
in hot and dry years or seasons when river runoff would otherwise be low, and thereby also reducing variability
in total river runoff from year to year, even hundreds of kilometres away from the glaciers. Other components
of the water cycle such as rainfall, evaporation, groundwater and snowmelt can compensate or strengthen the
effects of changes in glacier runoff as the climate changes.
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FAQ 2.1, Figure 1| A simplified overview of changes in runoff from a river basin with large (e.g., >50%) glacier cover as the glaciers shrink, showing the
relative amounts of water from different sources — glaciers, snow (outside the glacier), rain and groundwater. Three different time scales are shown: annual
runoff from the entire basin (upper panel); runoff variations over one year (middle panel) and variations during a sunny then a rainy summer day (lower panel).
Note that seasonal and daily runoff variations are different before, during and after peak flow. The glacier's initial negative annual mass budget becomes more
negative over time until eventually the glacier has melted away. This is a simplified figure so permafrost is not addressed specifically and the exact partitioning

between the different sources of water will vary between river basins.

2.3.1.2  Water Quality

Glacier decline can influence water quality by accelerating the release
of stored anthropogeniclegacy pollutants, withimpacts to downstream
ecosystem services. These legacy pollutants notably include persistent
organic pollutants (POPs), particularly polychlorinated biphenyls
(PCBs) and dichlorodiphenyl-trichloroethane (DDT), polycyclic
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aromatic hydrocarbons, and heavy metals (Hodson, 2014) and are
associated with the deposition and release of black carbon. There is
limited evidence that some of these pollutants found in surface waters
in the Gangetic Plain during the dry season originate from Himalayan
glaciers (Sharma et al., 2015), and glaciers in the European Alps store
the largest known quantity of POPs in the Northern Hemisphere
(Milner et al., 2017). Although their use has declined or ceased
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worldwide, PCBs have been detected in runoff from glacier melt due
to the lag time of release from glaciers (Li et al., 2017). Glaciers also
represent the most unstable stores of DDT in European and other
mountain areas flanking large urban centres and glacier derived DDT
is still accumulating in lake sediments downstream from glaciers
(Bogdal et al., 2010). However, bioflocculation (the aggregation of
dispersed organic particles by the action of organisms) can increase
the residence time of these contaminants stored in glaciers thereby
reducing their overall toxicity to freshwater ecosystems (Langford
et al., 2010). Overall the effect on freshwater ecosystems of these
contaminants is estimated to be low (medium confidence) (Milner
etal., 2017).

Of the heavy metals, mercury is of particular concern and an estimated
2.5 tonnes has been released by glaciers to downstream ecosystems
across the Tibetan Plateau over the last 40 years (Zhang et al., 2012).
Mercury in glacial silt, originating from grinding of rocks as the
glacier flows over them, can be as large or larger than the mercury
flux from melting ice due to anthropogenic sources deposited on the
glacier (Zdanowicz et al., 2013). Both glacier erosion and atmospheric
deposition contributed to the high rates of total mercury export found
in a glacierised watershed in coastal Alaska (Vermilyea et al., 2017)
and mercury output is predicted to increase in glacierised mountain
catchments (Sun et al., 2017; Sun et al., 2018b) (medium confidence).
However, a key issue is how much of this glacier-derived mercury,
largely in the particulate form, is converted to toxic methyl mercury
downstream. Methyl mercury can be incorporated into aquatic food
webs in glacier streams (Nagorski et al., 2014) and bio-magnify up
the food chain (Lavoie et al., 2013). Water originating from rock
glaciers can also contribute other heavy metals that exceed guideline
values for drinking water quality (Thies et al., 2013). In addition,
permafrost degradation can enhance the release of other trace
elements (e.g., aluminium, manganese and nickel) (Colombo et al,,
2018). Indeed, projections indicate that all scenarios of future climate
change will enhance the mobilisation of metals in metamorphic
mountain catchments (Zaharescu et al., 2016). The release of toxic
contaminants, particularly where glacial melt waters are used for
irrigation and drinking water in the Himalayas and the Andes, is
potentially harmful to human health both now and in the future
(Hodson, 2014) (medium confidence).

Soluble reactive phosphorus concentrations in rivers downstream of
glaciersare predicted to decrease withdeclining glacier coverage (Hood
et al., 2009) as a large percentage is associated with glacier-derived
suspended sediment (Hawkings et al., 2016). In contrast, dissolved
organic carbon (DOC), dissolved inorganic nitrogen and dissolved
organic nitrogen concentrations in pro-glacial rivers is projected to
increase this century due to glacier shrinkage (Hood et al., 2015;
Milner et al., 2017) (robust evidence, medium agreement). Globally,
mountain glaciers are estimated to release about 0.8 Tera g C yr'
(Li et al., 2018) of highly bioavailable DOC that may be incorporated
into downstream food webs (Fellman et al., 2015; Hood et al., 2015).
Loss rates of DOC from glaciers in the high mountains of the Tibetan
Plateau were estimated to be ~0.19 Tera g C yr™', (Li et al., 2018)
higher than other regions suggesting that DOC is released more
efficiently from Asian mountain glaciers (Liu et al., 2016). Glacier
DOC losses are expected to accelerate as they shrink, leading to
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a cumulative annual loss of roughly 15 Tera g C yr™" of glacial DOC
by 2050 from melting glaciers and ice sheets (Hood et al., 2015).
Permafrost degradation is also a major and increasing source of
bioavailable DOC (Abbott et al., 2014; Aiken et al., 2014). Major ions
calcium, magnesium, sulphate and nitrate (Colombo et al., 2018) are
also released by permafrost degradation as well as acid drainage
leaching into alpine lakes (llyashuk et al., 2018).

Increasing water temperature has been reported in some high
mountain streams (e.g., Groll et al., 2015; Isaak et al., 2016) due to
decreases in glacial runoff, producing changes in water quality and
species richness (Section 2.3.3). In contrast, water temperature in
regions with extensive glacier cover are expected to show a transient
decline, due to an enhanced cooling effect from increased glacial
melt water (Fellman et al., 2014).

In summary, changes in the mountain cryosphere will cause significant
shifts in downstream nutrients (DOC, nitrogen, phosphorus) and
influence water quality through increases in heavy metals, particularly
mercury, and other legacy contaminants (medium evidence, high
agreement) posing a potential threat to human health. These threats
are more focused where glaciers are subject to substantial pollutant
loads such as High Mountain Asia and Europe, rather than areas like
Alaska and Canada.

2.3.1.3  Key Impacts and Vulnerability

2.3.1.3.1 Hydropower

Hydropower comprises about 16% of electricity generation globally
but close to 100%, in many mountainous countries (Hamududu
and Killingtveit, 2012; IHA, 2018). It represents a significant source
of revenue for mountainous regions (Gaudard et al., 2016). Due
to the dependence on water resources as key input, hydropower
operations are expected to be affected by changes in runoff from
glaciers and snow cover (Section 2.3.1.1, FAQ 2.1). Both increases
and decreases in annual and/or seasonal water input to hydropower
facilities have been recorded in several high mountain regions, for
example, in Switzerland (Hanggi and Weingartner, 2012; Schaefli
etal., 2019), Canada (Jost et al., 2012; Jost and Weber, 2013), Iceland
(Einarsson and Jénsson, 2010) and High Mountain Asia (Ali et al.,
2018). However, there is only limited evidence (medium agreement)
that changes in runoff have led to changes in hydropower plant
operation. For example, in Iceland, the National Power Company
observed in 2005 that flows into their energy system were greater
than historical flows. By incorporating the most recent runoff data
into strategies for reservoir management it was possible to increase
production capacity (Braun and Fournier, 2016).

There is robust evidence (medium agreement) that water input to
hydropower facilities will change in the future due to cryosphere-related
impacts on runoff (Section 2.3.1.1). For example, in the Skagit river
basin in British Columbia and Northern Washington (Lee et al., 2016)
andin California (Madani and Lund, 2010) projections (SRESA1B) show
more runoff in winter and less in summer. In India, snow and glacier
runoff to hydropower plants is projected to decline in several basins
(Ali et al., 2018). In some cases, catchments that are close together
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are projected to evolve in contrasting directions in terms of runoff,
for example in the European Alps (Gaudard et al., 2013; Gaudard
et al,, 2014). Increased runoff due to changes in the cryosphere will
increase the risk of overflows (non-productive discharge), particularly
during winter and spring melt, with the greatest impacts on run-of-
river power plants (e.g., in Canada; Minville et al., 2010; Warren and
Lemmen, 2014) (medium confidence).

There is medium evidence (high agreement) that changes in glacier-
and moraine-dammed lakes, and changes in sediment supply will
affect hydropower generation (Colonia et al., 2017; Hauer et al,,
2018). Many glacier lakes have increased in volume, and can damage
hydropower infrastructure when they empty suddenly (Engeset
et al.,, 2005; Jackson and Ragulina, 2014; Carrivick and Tweed, 2016)
(Section 2.3.2; Figure 2.7). If large enough, hydropower reservoirs
can reduce the downstream negative impacts of changes in the
cryosphere by storing and providing freshwater during hot, dry
periods or by alleviating the effects of glacier floods (Jackson and
Ragulina, 2014; Colonia et al., 2017). In mountain rivers, sediment
volume and type depend on connectivity between hillslopes and the
valley floor (Carrivick et al., 2013), glacier activity (Lane et al., 2017)
and on water runoff regime feedbacks with river channel dynamics
(Schmidt and Morche, 2006). An increase in suspended sediment
loading under current reservoir operating policies is projected for
some hydropower facilities, for example, in British Columbia and
Northern Washington (Lee et al., 2016).

Only a few studies have addressed the economic effects on
hydropower due directly to changes in the cryosphere. For example
in Peru, Vergara et al. (2007) studied the effect of both reduced
glacier runoff and runoff with no glacier input once the glaciers
have completely melted for the Canon del Pato hydropower plant in
Peru, and found an economic cost of between 5-20 million USD yr',
with the lower figure for the cost of energy paid to the producer
and the higher figure the society cost. Costs calculated for all of
Peru, where ~80% of electricity comes from hydropower range from
60-212 million USD yr~". If the cost of rationing energy is considered,
the national cost is estimated as 1,500 million USD yr'.

Other factors than changes in the cryosphere, such as market policies
and regulation, may have greater significance for socioeconomic
development of hydropower in the future (Section 2.3.1.4, Gaudard
et al., 2016). Hence, despite the efforts of hydropower agencies
and regulatory bodies to quantify changes or to develop possible
adaptation strategies (IHA, 2018), only a few organisations are
incorporating current knowledge of climate change into their
investment planning. The World Bank uses a decision tree approach
to identify potential vulnerabilities in a hydropower project incurred
from key uncertain factors and their combinations (Bonzanigo
et al,, 2015).

2.3.1.3.2 Agriculture
High mountains have supported agricultural livelihoods for centuries.
Rural communities are dependent on adequate levels of soil moisture

at planting time, derived in part in many cases from irrigation
water which includes glacier and snowmelt water; as a result, they
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are exposed to risk which stems from cryosphere changes (high
confidence) (Figure 2.8). The relative poverty of many mountain
communities contributes to their vulnerability to the impacts of these
cryosphere changes (McDowell et al., 2014; Carey et al., 2017; Rasul
and Molden, 2019) (medium evidence, high agreement). Glacier and
snowmelt water contribute irrigation water to adjacent lowlands
as well. Pastoralism, an important livelihood strategy in mountain
regions, is also impacted by cryosphere changes, but described in
Section 2.3.7.

There is medium evidence (medium agreement) that reduction in
streamflow due to glacier retreat or reduced snow cover has led
to reduced water availability for irrigation of crops and declining
agricultural yields in several mountain areas (Table SM2.11), for
example in the tropical Andes (e.g., Bury et al, 2011) and High
Mountain Asia (e.g., Nisser and Schmidt, 2017). In the Southern
Andes, increased streamflow in the Elqui River in Chile, due to glacier
retreat or changing snow cover, has led to increased water availability
for irrigation and increased agricultural yields (Young et al., 2010).

In addition to the effects on agriculture of changing availability of
irrigation water, reductions in snow cover can also impact agriculture
through its direct effects on soil moisture, as reported for Nepal,
where lesser snow cover has led to the drying of soils and lower
yields of potatoes and fodder (Smadija et al., 2015). Agriculture in high
mountain areas is sensitive to other climatic drivers as well. Rising air
temperatures increase crop evapotranspiration, thus increasing water
demand for crop production to maintain optimal yield (Beniston and
Stoffel, 2014). They are also associated with upslope movement of
cropping zones, which favours some farmers in high mountain areas,
who are increasingly able to cultivate new crops, such as onions,
garlic and apples in Nepal (Huntington et al., 2017; Hussain et al.,
2018), and maize in Ecuador (Skarbe and VanderMolen, 2014). Dry
spells and unseasonal frosts have also impacted agriculture in Peru
(Bury et al., 2011).

Adaptation activities in mountain agriculture related at least partially
to cryospheric changes are detailed in Table SM2.12 and their
geographic spread shown in Figure 2.9. Agriculture in these areas
is sensitive to non-climate drivers as well, such as market forces
and political pressures (Montana et al., 2016; Sietz and Feola, 2016;
Figueroa-Armijos and Valdivia, 2017) and shifts in water governance
(Rasmussen, 2016). The majority of the adaptation activities are
autonomous, though some are planned or carried out with support
from national governments, non-governmental organisations (NGOs),
or international aid organisations. Though many studies report on
benefits from these activities which accrue to community members
as increased harvests and income, systematic evaluations of these
adaptation strategies are generally lacking. A range of factors,
discussed below, place barriers which limit the scale and scope of
these activities in the mountain agricultural sector, including a lack
of finance and technical knowledge, low adaptive capacity within
communities, ill-equipped state organisations, ambiguous property
rights and inadequate institutional and market support (medium
evidence, high agreement). Section 2.3.7 examines two other
responses to decreasing irrigation water: wage labour migration,
which often serves as an adaptation strategy, and displacement of
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entire communities, an indication of the limits to adaptation — this
displacement is also due in some cases to natural hazards.

To cope with the reduced water supplies, planted areas have been
reduced in a number of different places in Nepal (Gentle and
Maraseni, 2012; Sujakhu et al., 2016). Adaptation responses within
irrigation systems include the adoption of new irrigation technologies
or upgrading existing technologies, adopting water conservation
measures, water rationing, constructing water storage infrastructure,
and change in cropping patterns (Rasul et al., 2019; Figure 2.9). Water
delivery technologies which reduce loss are adopted in Chile (Young
et al, 2010) and Peru (Orlove et al., 2019). Similarly, greenhouses
have been adopted in Nepal (Konchar et al., 2015) to reduce
evapotranspiration and frost damage, though limited access to finance
is a barrier to these activities. Box 2.3 describes innovative irrigation
practices in India. Local pastoral communities have responded
to these challenges with techniques broadly similar to those in
agricultural settings by expanding irrigation facilities, for example,
in Switzerland (Fuhrer et al., 2014). In addition to adopting new
technologies, some water users make investments to tap more distant
sources of irrigation water. Cross-Chapter Box 3 in Chapter 1 discusses
such efforts in Northern Pakistan, where landslides, associated with
cryosphere change, have also damaged irrigation systems.

The adoption of new crops and varieties is an adaptation response
found in several regions. Farmers in northwest India have increased
production of lentils and vegetables, which provide important
nutrients to the local diet, with support from government watershed
improvement programs which help address decreased availability
of irrigation water, though stringent requirements for participation
in the programs have limited access by poor households to this
assistance (Dame and Niisser, 2011). Farmers who rely on irrigation
in the Naryn River basin in Kyrgyzstan have shifted from the water
intensive fruits and vegetables to fodder crops such as barley and
alfalfa, which are more profitable. Upstream communities, with
greater access to water and more active local institutions, are more
willing to experiment with new crops than those further downstream
(Hill et al., 2017). In other areas, crop choices also reflect responses
to rising temperatures along with new market opportunities such as
the demand for fresh vegetables by tourists in Nepal (Konchar et al.,
2015; Dangi et al., 2018) and the demand for roses in urban areas in
Peru (SENASA, 2017). Indigenous knowledge and local knowledge
(Cross-Chapter Box 4 in Chapter 1), access to local and regional seed
supply networks, proximity to agricultural extension and support
services also facilitate the adoption of new crops (Skarbe and
VanderMolen, 2014).
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Local institutions and embedded social relations play a vital role
in enabling mountain communities to respond to the impacts of
climate driven cryosphere change. Indigenous pastoral communities
who have tapped into new water sources to irrigate new areas have
also strengthened the control of access to existing irrigated pastures
in Peru (Postigo, 2014) and Bolivia (Yager, 2015). In an example of
indigenous populations in the USA, two tribes who share a large
reservation in the Northern Rockies rely on rivers which receive glacier
melt water to irrigate pasture, and maintain fisheries, domestic water
supplies, and traditional ceremonial practices. Tribal water managers
have sought to install infrastructure to promote more efficient water
use and protect fisheries, but these efforts have been impeded by
land and water governance institutions in the region and by a history
of social marginalisation (McNeeley, 2017).

High mountain communities have sought new financial resources
from wage labour (Section 2.3.7), tourism (Mukherii et al., 2019) and
government sources to support adaptation activities. Local water
user associations in Kyrgyzstan and Tajikistan have adopted less
water intensive crops and reorganised the use and maintenance of
irrigation systems, investing government relief payments after floods
(Stucker et al., 2012). Similar measures are reported from India and
Pakistan (Dame and Mankelow, 2010; Clouse, 2016; Nisser and
Schmidt, 2017), Nepal (McDowell et al., 2013) and Peru (Postigo,
2014). In contrast, fewer adaptation measures have been adopted in
Uzbekistan, due to low levels of capital availability and to agricultural
policies, including centralised water management, crop production
quotas and weak agricultural extension, which limit the response
capacity of farmers (Aleksandrova et al., 2014).

Lowland agricultural areas which receive irrigation water from rivers
fed by glacier melt and snowmelt are projected to face negative
impacts in some regions (limited evidence, high agreement). In
the Rhone basin in Switzerland, many irrigated pasture areas are
projected to face water deficits by 2050, under the A1B scenario
(Fuhrer et al.,, 2014; Cross Chapter Box 1 in Chapter 1). For California
and the southwestern USA, a shift to peak snowmelt earlier in the
year would create more frequent floods, and a reduced ability of
existing reservoirs to store water by 2050 under RCP8.5 (Pagan et al.,
2016) and by 2100 under RCP2.6, RCP4.5 and RCP8.5 (Pathak
etal., 2018).The economic values of these losses have been estimated
at 10.8-48.6 hillion USD by around 2050 (Sturm et al., 2017).
A similar transition to runoff peaks earlier in the year by 2100 under
RCP2.6, RCP4.5 and RCP8.5, creating challenges for management of
irrigation water, has been reported for the countries in central Asia
which are dependent on snow cover and glaciers of the Tien Shan
(Xenarios et al., 2018). In India and Pakistan, where over 100 million
farmers receive irrigation from the Indus and Ganges Rivers, which
also have significant inputs from glaciers and snowmelt, also face
risks of decreasing water supplies from cryosphere change by 2100
(Biemans et al., 2019; Rasul and Molden, 2019).
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Box 2.3 | Local Responses to Water Shortage in northwest India

Agriculture in Ladakh, a cold arid mountain region (~100,000 km?) in the western Himalaya of India with median elevation of 3,350 m
a.s.l. and mean annual precipitation of less than 100 mm, is highly dependent on streams for irrigation in the agricultural season in the
spring and summer (Nusser et al., 2012; Barrett and Bosak, 2018). Glaciers in Ladakh, largely located at 5,000—-6,000 m a.s.I. and small
in size have retreated at least since the late 1960s although less pronounced than in many other Himalayan regions (Chudley et al.,
2017; Schmidt and Nisser, 2017). However, the effect of glaciers on streamflow in Ladakh is poorly constrained, and measurements
on changes in runoff and snow cover are lacking (Nisser et al., 2018).

To cope with seasonal water scarcity at critical times for irrigation, villagers in the region have developed four types of artificial ice
reservoirs: basins, cascades, diversions and a form known locally as ice stupas. All these types of ice reservoirs capture water in the
autumn and winter, allowing it to freeze, and hold it until spring, when it melts and flows down to fields (Clouse et al., 2017; Niisser
et al,, 2018). In this way, they retain a previously unused portion of the annual flow and facilitate its use to supplement the decreased
flow in the following spring (Vince, 2009; Shaheen, 2016). Frozen basins are formed from water which is conveyed across a slope
through channels and check dams to shaded surface depressions near the villages. Cascades and diversions direct water to pass over
stone walls, slowing its movement and allowing it to freeze. Ice stupas direct water through pipes into fountains, where it freezes
into conical shapes (Box 2.3 Figure 1). These techniques use local materials and draw on local knowledge (Niisser and Baghel, 2016).

A study examined 14 ice reservoirs, including ice stupas, and concluded that they serve as ‘site-specific water conservation strategies;
and that they can be regarded as appropriate local technologies to reduce seasonal water scarcity at critical times (Nisser et al.,
2018). It listed the benefits of ice reservoirs as improved water availability in spring, reduction of seasonal water scarcity and resulting
crop failure risks, and the possibility of growing cash crops. However, the study questioned their usefulness as a long-term adaptation
strategy, because their operation depends on winter runoff and freeze-thaw cycles, both of which are sensitive to interannual
variability, and often deviate from the optimum range required for effective functioning of the reservoirs. It also raised questions
about the financial costs and labour requirements, which vary across the four types of ice reservoirs.

Ice stupas

Box 2.3, Figure 1| Ice stupas in Ladakh, India (Photo: Padma Rigzin)
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2.3.1.3.3 Drinking water supply

Only a few studies provide detailed empirical assessments of the
effects of cryosphere change on the amounts of drinking water
supply. Decreases in drinking water supplies due to reduced glacier
and snowmelt water have been reported for rural areas in the Nepal
Himalaya (McDowell et al., 2013; Dangi et al., 2018), but the tropical
Andes have received the most attention, including both urban
conglomerates and some rural areas, where water resources are
especially vulnerable to climate change due to water scarcity and
increased demands (Chevallier et al., 2011; Somers et al., 2018),
amidst rapidly retreating glaciers (Burns and Nolin, 2014).

The contribution of glacier water to the water supply of La Paz,
Bolivia, between 1963-2006 was assessed at 15% annually and 27%
during the dry season (Soruco et al., 2015), though rising as high as
86% during extreme drought months (Buytaert and De Biévre, 2012).
Despite a 50% area loss, the glacier retreat has not contributed to
reduced water supplies for the city, because increased melt rates
have compensated for reductions in glacier volume. However, for
a complete disappearance of the glaciers, assuming no change in
precipitation, a reduction in annual runoff by 12% and 24% in the
dry season was projected (Soruco et al., 2015) similar to reductions
projected by 2050 under a RCP8.5 scenario for a basin in southern
Peru (Drenkhan et al., 2019). Huaraz and Huancayo in Peru are other
cities with high average contribution of melt water to surface water
resources (up to ~20%; Buytaert et al., 2017) and rapid glacier retreat
in their headwaters (Rabatel et al., 2013).

Overall, risks to water security and related vulnerabilities are highly
heterogeneous varying even at small spatial scales with populations
closer to the glaciers being more vulnerable, especially during dry
months and droughts (Buytaert et al., 2017; Mark et al., 2017).
A regional-scale modelling study including all of Bolivia, Ecuador and
Peru (Buytaert et al., 2017) estimated that roughly 390,000 domestic
water users, mostly in Peru, rely on a high (>25%) long-term average
contribution from glacier melt, with this number rising to almost
4 million in the driest month of a drought year. Despite high confidence
in declining longer-term melt water contributions from glaciers in the
tropical Andes (Figure CB6.1), major uncertainties remain how these
will affect future human water use. Regional-scale water balance
simulations forced by multi-model climate projections (Buytaert and
De Biévre, 2012), suggest a relatively limited effect of glacier retreat
on water supply in four major cities (Bogota, La Paz, Lima, Quito)
due to the dominance of human factors influencing water supply
(Carey et al., 2014; Mark et al., 2017; Vuille et al., 2018), though
uncertainties are large. Population growth and limited funding for
infrastructure maintenance exacerbate water scarcity, though water
managers have established programs in Quito and in Huancayo and
the Santa and Vilcanota basins (Peru) to improve water management
through innovations in grey infrastructure and ecosystem-based
adaptations (Buytaert and De Biévre, 2012; Buytaert et al., 2017,
Somers et al.,, 2018).

In summary, there is limited evidence (medium agreement) that
glacier decline places increased risks to drinking water supply. In
the Andes, future increases in water demand due to population
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growth and other socioeconomic stressors are expected to outpace
the impact of climate change induced changes on water availability
regardless the emission scenario.

2.3.1.4  Water Governance and Response Measures

Cryospheric changes induced by climate change, and their effects
on hydrological regime and water availability, bear relevance for the
management and governance of water as a resource for communities
and ecosystems (Hill, 2013; Beniston and Stoffel, 2014; Carey et al,,
2017), particularly in areas where snow and ice contribute significantly
to river runoff (medium confidence) (Section 2.3.1.1). However,
water availability is one aspect relevant for water management and
governance, given that multiple and diverse decision making contexts
and governance approaches and strategies can influence how the
water resource is accessed and distributed (medium confidence)
(De Stefano et al., 2010; Beniston and Stoffel, 2014).

A key risk factor that influences how water is managed and
governed, rests on existing and unresolved conflicts that may or
may not necessarily arise exclusively from demands over shared
water resources, raising tensions within and across borders in river
basins influenced by snow and glacier melt (Valdés-Pineda et al.,
2014; Bocchiola et al., 2017). For example, in Central Asia, competing
demand for water for hydropower and irrigation between upstream
and downstream countries has raised tensions (Bernauer and
Siegfried, 2012; Bocchiola et al., 2017). Similarly, competing demand
for water is also reported in Chile (Valdés-Pineda et al., 2014) and in
Peru (Vuille, 2013; Drenkhan et al., 2015). Since AR5, some studies
have examined the impacts and risks related to projections of
cryosphere-related changes in streamflow in transboundary basins
in the 21st century, and suggest that these changes create barriers in
effectively managing water in some settings (medium confidence). For
instance, within the transnational Indus River basin, climate change
impacts may reduce streamflow by the end of this century, thus
putting pressure on established water sharing arrangements between
nations (Jamir, 2016) and subnational administrative units (Yang
et al,, 2014b). In this basin, management efforts may be hampered
by current legal and regulatory frameworks for evaluating new dams,
which do not take into account changes in streamflow that may
result from climate change (Raman, 2018). Within the transnational
Syr Darya and Amu Darya basins in Central Asia, competition for
water between multiple uses, exacerbated by reductions in flow
later in this century, may hamper future coordination (Reyer et al.,
2017; Yu et al.,, 2019). However, other evidence from Central Asia
suggests that relative water scarcity may not be the only factor to
exacerbate conflict in this region (Hummel, 2017). Overall, there is
medium confidence in the ability to meet future water demands in
some mountain regions, given the combined uncertainties associated
with accurate projections of water supply in terms of availability and
the diverse sociocultural and political contexts in which decisions on
water access and distribution are taken.

Since AR5, several studies highlight that integrated water
management approaches, focused on the multipurpose use of water
that includes water released from the cryosphere, are important as
adaptation measures, particularly for sectors reliant on this water
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source to sustain energy production, agriculture, ecosystems and
drinking water supply (Figure 2.9). These measures, backed by
effective governance arrangements to support them, demonstrate
an ability to address increasing challenges to water availability
arising from climate change in the mountain cryosphere, providing
co-benefits through the optimisation of storage and the release of
water from high mountain reservoirs (medium confidence). Studies
in Switzerland (e.g., Haeberli et al., 2016; Brunner et al., 2019), Peru
(e.g., Barriga Delgado et al., 2018; Drenkhan et al., 2019), Central Asia
(Jalilov et al., 2018) and Himalaya (Molden et al., 2014; Biemans et al.,
2019) highlight the potential of water reservoirs in high mountains,
including new reservoirs located in former glacier beds, alleviating
seasonal water scarcity for multiple water usages. However, concerns
are also raised in the environmental literature about their actual
and potential negative impacts on local ecosystems and biodiversity
hotspots, such as wetlands and peat bogs, which have been reported
for small high mountain reservoirs, for example, in the European Alps
(Evette et al., 2011) and for large dam construction projects in High
Mountain Asia (e.g., Dharmadhikary, 2008).

Transhoundary cooperation at regional scales are reported to
further support efforts that address the potential risks to water
resources in terms of its availability and its access and distribution
governance (Dinar et al., 2016). Furthermore, the UN 2030 Agenda
and its Sustainable Development Goals (SDGs) (UN, 2015) may
offer additional prospects to strengthen water governance under
a changing cryosphere, given that monitoring and reporting on key
water-related targets and indicators, and their interaction across
other SDGs, direct attention to the provision of water as a key
condition for development (Section 2.4). However, there is limited
evidence to date to assess their effectiveness on an evidentiary basis.

2.3.2 Landslide, Avalanche and Flood Hazards

High mountains are particularly prone to hazards related to snow,
ice and permafrost as these elements exert key controls on mountain
slope stability (Haeberli and Whiteman, 2015). This section assesses
knowledge gained since previous IPCC reports, in particular SREX
(e.g., Seneviratne et al., 2012), and AR5 Working Group Il (Cramer
etal.,2014). Inthis section, observed and projected changes in hazards
are covered first, followed by exposure, vulnerability and resulting
impacts and risks, and finally disaster risk reduction and adaptation.
Cryospheric hazards that constitute tipping points are also listed in
Table 6.1 in Chapter 6.

Hazards assessed in this section range from localised effects on
mountain slopes and adjacent valley floors (distance reach of up
to several kilometres) to events reaching far into major valleys
and even surrounding lowlands (reach of tens to hundreds of
kilometres), and include cascading events. Changes in the cryosphere
due to climate change influence the frequency and magnitude of
hazards, the processes involved, and the locations exposed to the
hazards (Figure 2.7). Natural hazards and associated disasters are
sporadic by nature, and vulnerability and exposure exhibit strong
geographic variations. Assessments of change are based not only

158

High Mountain Areas

on direct evidence, but also on laboratory experiments, theoretical
considerations and calculations, and numerical modelling.

2.3.2.1  Observed and Projected Changes

2.3.2.1.1 Unstable slopes, landslides and glacier instabilities

Permafrost degradation and thaw as well as increased water flow
into frozen slopes can increase the rate of movement of frozen
debris bodies and lower their surface due to loss of ground ice
(subsidence). Such processes affected engineered structures such
as buildings, hazard protection structures, roads, or rail lines in all
high mountains during recent decades (Section 2.3.4). Movement
of frozen slopes and ground subsidence/heave are strongly related
to ground temperature, ice content, and water input (Wirz et al,,
2016; Kenner et al., 2017). Where massive ground ice gets exposed,
retrogressive thaw erosion develops (Niu et al., 2012). The creep
of rock glaciers (frozen debris tongues that slowly deform under
gravity) is in principle expected to accelerate in response to rising
ground temperatures, until substantial volumetric ice contents have
melted out (Kaab et al., 2007; Arenson et al., 2015a). As documented
for instance for sites in the European Alps and Scandinavia for recent
years to decades, rock glaciers replenished debris flow starting zones
at their fronts, so that the intensified material supply associated
with accelerated movement (Section 2.2.4) contributed to increased
debris flow activity (higher frequency, larger magnitudes) or slope
destabilisation (Stoffel and Graf, 2015; Wirz et al., 2016; Kummert
et al., 2017; Eriksen et al., 2018).

There is high confidence that the frequency of rocks detaching and
falling from steep slopes (rock fall) has increased within zones of
degrading permafrost over the past half-century, for instance in
high mountains in North America, New Zealand, and Europe (Allen
et al, 2011; Ravanel and Deline, 2011; Fischer et al., 2012; Coe et al,,
2017). Compared to the SREX and AR5 reports, the confidence in this
finding increased. Available field evidence agrees with theoretical
considerations and calculations that permafrost thaw increases
the likelihood of rock fall (and also rock avalanches, which have
larger volumes compared to rock falls) (Gruber and Haeberli, 2007;
Krautblatter et al., 2013). These conclusions are also supported by
observed ice in the detachment zone of previous events in North
America, Iceland and Europe (Geertsema et al., 2006; Phillips et al.,
2017; Seemundsson et al., 2018). Summer heat waves have in recent
years triggered rock instability with delays of only a few days or
weeks in the European Alps (Allen and Huggel, 2013; Ravanel et al.,
2017). This is in line with theoretical considerations about fast thaw
of ice filled frozen fractures in bedrock (Hasler et al., 2011) and other
climate impacts on rock stability, such as from large temperature
variations (Luethi et al., 2015). Similarly, permafrost thaw increased
the frequency and volumes of landslides from frozen sediments in
many mountain regions in recent decades (Wei et al., 2006; Ravanel
et al., 2010; Lacelle et al., 2015). At lower elevations in the French
Alps, though, climate driven changes such as a reduction in number
of freezing days are projected to lead to a reduction in debris flows
(Jomelli et al., 2009).
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A range of slope instability types was found to be connected to glacier
retreat (Allen et al., 2011; Evans and Delaney, 2015). Debris left
behind by retreating glaciers (moraines) slid or collapsed, or formed
fast flowing water-debris mixtures (debris flows) in recent decades,
for instance in the European and New Zealand Alps (Zimmermann
and Haeberli, 1992; Blair, 1994; Curry et al., 2006; Eichel et al., 2018).
Over decades to millennia, or even longer, rock slopes adjacent to or
formerly covered by glaciers, became unstable and in some cases,
eventually collapsed. Related landslide activity increased in recently
deglacierised zones in most high mountains (Korup et al., 2012;
McColl, 2012; Deline et al., 2015; Kos et al., 2016; Serrano et al.,
2018). For example, according to Cloutier et al. (2017) more than
two-thirds of the large landslides that occurred in Northern British
Columbia between 1973-2003, occurred on cirque walls that have
been exposed after glacier retreat from the mid-19th century on.
Ice-rich permafrost environments following glacial retreat enhanced
slope mass movements (Oliva and Ruiz-Fernandez, 2015). At lower
elevations, re-vegetation and rise of tree limit are able to stabilise
shallow slope instabilities (Curry et al., 2006). Overall, there is high
confidence that glacier retreat in general has in most high mountains
destabilised adjacent debris and rock slopes over time scales from
years to millennia, but robust statistics about current trends in this
development are lacking. This finding reconfirms, and for some
processes increases confidence in related findings from the SREX and
AR5 reports.

Ice break-off and subsequent ice avalanches are natural processes
at steep glacier fronts. How climate driven changes in geometry and
thermal regime of such glaciers influenced ice avalanche hazards over
years to decades depended strongly on local conditions, as shown for
the European Alps (Fischer et al., 2013; Faillettaz et al., 2015). The few
available observations are insufficient to detect trends. Where steep
glaciers are frozen to bedrock, there is, however, medium evidence
and high agreement from observations in the European Alps and
from numerical simulations that failures of large parts of these
glaciers were and will be facilitated in the future due to an increase
in basal ice temperature (Fischer et al., 2013; Faillettaz et al., 2015;
Gilbert et al., 2015).

In some regions, glacier surges constitute a recurring hazard, due
to widespread, quasi-periodic and substantial increases in glacier
speed over a period of a few months to years, often accompanied
by glacier advance (Harrison et al.,, 2015; Sevestre and Benn, 2015).
In a number of cases, mostly in North America and High Mountain
Asia (Bevington and Copland, 2014; Round et al., 2017; Steiner et al.,
2018), surge-related glacier advances dammed rivers, causing major
floods. In rare cases, glacier surges directly inundated agricultural
land and damaged infrastructure (Shangguan et al., 2016). Sevestre
and Benn (2015) suggest that surging operates within a climatic
envelope of temperature and precipitation conditions, and that shifts
in these conditions can modify surge frequencies and magnitudes.
Some glaciers have reduced or stopped surge activity, or are
projected to do so within decades, as a consequence of negative
glacier mass balances (Eisen et al., 2001; Kienholz et al., 2017). For
such cases, related hazards can also be expected to decrease. In
contrast, intensive or increased surge activity (Hewitt, 2007; Gardelle
et al., 2012; Yasuda and Furuya, 2015) occurred in a region on and
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around the Western Tibetan plateau which exhibited balanced or
even positive glacier mass budgets in recent decades (Brun et al.,
2017). Enhanced melt water production was suggested to be able
to trigger or enhance surge-type instability, in particular for glaciers
that contain ice both at the melting point and considerably below
(Dunse et al., 2015; Yasuda and Furuya, 2015; Nuth et al., 2019).

A rare type of glacier instability with large volumes (in the order of
10~100 million m3) and high mobility (up to 200-300 km/h) results
from the complete collapse of large sections of low-angle valley
glaciers and subsequent combined ice/rock/debris avalanches. The
largest of such glacier collapses have been reported in the Caucasus
Mountains in 2002 (Kolka Glacier, ~130 fatalities) (Huggel et al.,
2005; Evans et al.,, 2009), and in the Aru Range in Tibet in 2016 (twin
glacier collapses with 9 fatalities) (Kaab et al., 2018). Although there
is no evidence that climate change has played a direct role in the
2002 event, changes in glacier mass balance, water input into the
glaciers, and the frozen regime of the glacier beds were involved in
the 2016 collapses and at least partly linked with climate change
(Gilbert et al., 2018). Besides the 2016 Tibet cases, it is unknown
if such massive and rare collapse-like glacier instabilities can be
attributed to climate change.

2.3.2.1.2 Snow avalanches

Snow avalanches can occur either spontaneously due to
meteorological factors such as loading by snowfall or liquid water
infiltration following, for example, surface melt or rain-on-snow, or
can be triggered by the passage of people in avalanche terrain, the
impact of falling ice or rocks, or by explosives used for avalanche
control (Schweizer et al., 2003). There is no published evidence found
that addresses the links between climate change and accidental
avalanches triggered by recreationists or workers. Changes in snow
cover characteristics are expected to induce changes in spontaneous
avalanche activity including changes in friction and flow regime
(Naaim et al., 2013; Steinkogler et al., 2014).

Ballesteros-Canovas et al. (2018) reported increased avalanche
activity in some slopes of the Western Indian Himalaya over the
past decades related to increased frequency of wet-snow conditions.
In the European Alps, avalanche numbers and runout distance
have decreased where snow depth decreased and air temperature
increased (Teich et al., 2012; Eckert et al., 2013). In the European Alps
and Tatras mountains, over past decades, there has been a decrease
in avalanche mass and run-out distance and a decrease in avalanches
with a powder part; avalanche numbers decreased below 2,000 m
a.s.l, and increased above (Eckert et al., 2013; Lavigne et al., 2015;
Gadek et al.,, 2017). A positive trend in the proportion of avalanches
involving wet snow in December through February was shown for
the last decades (Pielmeier et al., 2013; Naaim et al., 2016). Land use
and land cover changes also contributed to changes in avalanches
(Garcia-Hernandez et al., 2017; Giacona et al., 2018). Correlations
between avalanche activity and the El Nifio-Southern Oscillation
(ENSO) were identified from 1950-2011 in North and South America
but there was no significant temporal trend reported for avalanche
activity (McClung, 2013). Mostly inconclusive results were reported
by Sinickas et al. (2015) and Bellaire et al. (2016) regarding the
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Figure 2.7 | Anticipated changes in high mountain hazards under climate change, driven by changes in snow cover, glaciers and permafrost, overlay changes in the
exposure and vulnerability of individuals, communities, and mountain infrastructure.
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relationship between avalanche activity, climate change and disaster
risk reduction activities in North America. In summary, in particular
in Europe, there is medium confidence in an increase in avalanche
activity involving wet snow, and a decrease in the size and run-out
distance of snow avalanches over the past decades.

Future projections mostly indicate an overall decrease in snow depth
and snow cover duration at lower elevation (Section 2.2.2), but the
probability of occurrence of occasionally large snow precipitation
events is projected to remain possible throughout most of the 21st
century (Section 2.2.1). Castebrunet et al. (2014) estimated an overall
20 and 30% decrease of natural avalanche activity in the French Alps
for the mid and end of the 21st century, respectively, under A1B
scenario, compared to the reference period 1960-1990. Katsuyama
et al. (2017) reached similar conclusions for Northern Japan, and
Lazar and Williams (2008) for North America. Avalanches involving
wet snow are projected to occur more frequently during the winter at
all elevations due to surface melt or rain-on-snow (e.g., Castebrunet
et al., 2014, for the French Alps), and the overall number and runout
distance of snow avalanches is projected to decrease in regions
and elevations experiencing significant reduction in snow cover
(Mock et al., 2017). In summary, there is medium evidence and high
agreement that observed changes in avalanches in mountain regions
will be exacerbated in the future, with generally a decrease in hazard
at lower elevation, and mixed changes at higher elevation (increase
in avalanches involving wet snow, no clear direction of trend for
overall avalanche activity).

2.3.2.1.3 Floods

Glacier-related floods, including floods from lake outbursts (GLOFs),
are documented for most glacierised mountain ranges and are among
the most far-reaching glacier hazards. Past events affected areas
tens to hundreds of kilometres downstream (Carrivick and Tweed,
2016). Retreating glaciers produced lakes at their fronts in many high
mountain regions in recent decades (Frey et al., 2010; Gardelle et al.,
2011; Loriaux and Casassa, 2013). Lake systems in High Mountain
Asia also often developed on the surface of downwasting, low-slope
glaciers where they coalesced from temporally variable supraglacial
lakes (Benn et al., 2012; Narama et al., 2017). Corroborating SREX
and AR5 findings, there is high confidence that current global glacier
shrinkage caused new lakes to form and existing lakes to grow in
most regions, for instance in South America, High mountain Asia and
Europe (Loriaux and Casassa, 2013; Paul and Mélg, 2014; Zhang et al.,
2015; Buckel et al., 2018). Exceptions occurred and are expected to
occur in the future for few lakes where evaporation, runoff and
reduced melt water influx in total led to a negative water balance
(Sun et al., 2018a). Also, advancing glaciers temporarily dammed
rivers, lake sections, or fijords (Stearns et al., 2015), for instance
through surging (Round et al., 2017), causing particularly large floods
once the ice dams breached. Outbursts from water bodies in and
under glaciers are able to cause floods similar to those from surface
lakes but little is known about the processes involved and any trends
under climate change. In some cases, the glacier thermal regime
played a role so that climate driven changes in thermal regime are
expected to alter the hazard potential, depending on local conditions
(Gilbert et al., 2012). Another source of large water bodies under
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glaciers and subsequent floods has been subglacial volcanic activity
(Section 2.3.2.1.4). There is also high confidence that the number
and area of glacier lakes will continue to increase in most regions
in the coming decades, and new lakes will develop closer to steep
and potentially unstable mountain walls where lake outbursts can be
more easily triggered by the impact of landslides (Frey et al., 2010;
ICIMOD, 2011; Allen et al., 2016a; Linshauer et al., 2016; Colonia
et al., 2017; Haeberli et al., 2017).

In contrast to the number and size of glacier lakes, trends in the
number of glacier-related floods are not well known for recent decades
(Carrivick and Tweed, 2016; Harrison et al., 2018), although a number
of periods of increased and decreased flood activity have been
documented for individual glaciers in North America and Greenland,
spanning decades (Geertsema and Clague, 2005; Russell et al., 2011).
A decrease in moraine-dammed glacier lake outburst floods in recent
decades suggests a response of lake outburst activity being delayed
by some decades with respect to glacier retreat (Harrison et al.,
2018) but inventories might significantly underestimate the number
of events (Veh et al., 2018). For the Himalaya, Veh et al. (2019)161
found no increase in the number of glacier lake outburst floods since
the late 1980s. The degradation of permafrost and the melting of ice
buried in lake dams have been shown to lower dam stability and
contribute to outburst floods in many high mountain regions (Fujita
et al., 2013; Erokhin et al., 2017; Narama et al., 2017).

Floods originating from the combination of rapidly melting snow and
intense rainfall, referred to as rain-on-snow events, are some of the
most damaging floods in mountain areas (Pomeroy et al., 2016; |l
Jeong and Sushama, 2018). The hydrological response of a catchment
to a rain-on-snow event depends on the characteristics of the
precipitation event, but also on turbulent fluxes driven by wind and
humidity, which typically provide most of the melting energy during
such events (Pomeroy et al., 2016), and the state of the snowpack, in
particular the liquid water content (Wiirzer et al., 2016). An increase
in the occurrence of rain-on-snow events in high-elevation zones, and
a decrease at the lowest elevations have been reported (Western USA,
1949-2003, McCabe et al. (2007); Oregon, 1986-2010, Surfleet and
Tullos (2013); Switzerland, 1972-2016, Moran-Tejéda et al. (2016),
central Europe, 1950-2010, Freudiger et al. (2014)). These trends
are consistent with studies carried out at the scale of the Northern
Hemisphere (Putkonen and Roe, 2003; Ye et al., 2008; Cohen et al.,
2015). There are no studies found on this topic in Africa and South
America. In summary, evidence since AR5 suggests that rain-on-
snow events have increased over the last decades at high elevations,
particularly during transition periods from autumn to winter and
winter to spring (medium confidence). The occurrence of rain-on-
snow events has decreased over the last decade in low-elevation or
low-latitude areas due to a decreasing duration of the snowpack,
except for the coldest months of the year (medium confidence).

Il Jeong and Sushama (2018) projected an increase in rain-on-
snow events in winter and a decrease in spring, for the period
2041-2070 (RCP4.5 and RCP8.5) in North America, corroborated
by Musselman et al. (2018). Their frequency in the Swiss Alps is
projected to increase at elevations higher than 2,000 m a.s.l. (SRES
A1B, 2025, 2055, and 2085) (Beniston and Stoffel, 2016). This study
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showed that the number of rain-on-snow events may increase by
50% with a regional temperature increase of 2°C to 4°C, and
decrease with a temperature rise exceeding 4°C. In Alaska, an
overall increase of rain-on-snow events is projected, however with
a projected decline in the southwestern/southern region (Bieniek
et al., 2018). In summary, evidence since AR5 suggests that the
frequency of rain-on-snow events is projected to increase and occur
earlier in spring and later in autumn at higher elevation and to
decrease at lower elevation (high confidence).

2.3.2.1.4 Combined hazards and cascading events

The largest mountain disasters in terms of reach, damage and
lives lost that involve ice, snow and permafrost occurred through a
combination or chain of processes. New evidence since SREX and AR5
has strengthened these findings (Anacona et al., 2015a; Evans and
Delaney, 2015). Some process chains occur frequently, while others
are rare, specific to local circumstances and difficult to anticipate.
Glacier lake outbursts were in many mountain regions and over
recent decades documented to have been triggered by impact waves
from snow-, ice- or rock-avalanches, landslides, iceberg calving
events, or by temporary blockage of surface or subsurface drainage
channels (Benn et al, 2012; Narama et al., 2017). Rock-slope
instability and catastrophic failure along fjords caused tsunamis
(Hermanns et al., 2014; Roberts et al., 2014). For instance, a landslide
generated wave in 2015 at Taan Fjord, Alaska, ran up 193 m on the
opposite slope and then travelled more than 20 km down the fjord
(Higman et al., 2018). Earthquakes have been a starting point for
different types of cascading events, for instance by causing snow-,
ice- or rock-avalanches, and landslides (van der Woerd et al., 2004;
Podolskiy et al., 2010; Cook and Butz, 2013; Seemundsson et al.,
2018). Glaciers and their moraines, including morainic lake dams,
seem however, not particularly prone to earthquake triggered failure
(Kargel et al., 2016).

Landslides and rock avalanches in glacier environments were often
documented to entrain snow and ice that fluidise, and incorporate
additional loose glacial sediments or water bodies, thereby
multiplying their mobility, volume and reach (Schneider et al., 2011;
Evans and Delaney, 2015). Rock avalanches onto glaciers triggered
glacier advances in recent decades, for instance in North America,
New Zealand and Europe, mainly through reducing surface melt
(Deline, 2009; Reznichenko et al., 2011; Menounos et al., 2013).
In glacier covered frozen rock walls, particularly complex thermal,
mechanical, hydraulic and hydrologic interactions between steep
glaciers, frozen rock and its ice content, and unfrozen rock sections
lead to combined rock/ice instabilities that are difficult to observe
and anticipate (Harris et al., 2009; Fischer et al., 2013; Ravanel et al.,
2017). There is limited evidence of observed direct event chains to
project future trends. However, from the observed and projected
degradation of permafrost, shrinkage of glaciers and increase in
glacier lakes it is reasonable to assume that event chains involving
these could increase in frequency or magnitude, and that accordingly
hazard zones could expand.
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Volcanoes covered by snow and ice often produce substantial
melt water during eruptions. This typically results in floods and/or
lahars (mixtures of melt water and volcanic debris) which can be
exceptionally violent and cause large-scale loss of life and destruction
to infrastructure (Barr et al., 2018). The most devastating example
from recent history occurred in 1985, when the medium-sized
eruption of Nevado del Ruiz volcano, Colombia, produced lahars that
killed more than 23,000 people some 70 km downstream (Pierson
et al., 1990). Hazards associated with ice and snow-clad volcanoes
have been reported mostly from the Cordilleras of the Americas,
but also from the Aleutian arc (USA), Mexico, Kamchatka (Russia),
Japan, New Zealand and Iceland (Seynova et al., 2017). In particular,
under Icelandic glaciers, volcanic activity and eruptions melted large
amounts of ice and caused especially large floods if water accumulated
underneath the glacier (Bjornsson, 2003; Seneviratne et al., 2012).
There is medium confidence that the overall hazard related to floods
and lahars from ice- and snow-clad volcanoes will gradually diminish
over years-to-decades as glaciers and seasonal snow cover continue
to decrease under climate change (Aguilera et al., 2004; Barr et al,,
2018). On the other hand, shrinkage of glaciers may uncover steep
slopes of unconsolidated volcanic sediments, thus decreasing in the
future the resistance of these volcano flanks to heavy rain fall and
increasing the hazard from related debris flows (Vallance, 2005). In
summary, future changes in snow and ice are expected to modify the
impacts of volcanic activity of snow- and ice-clad volcanoes (high
confidence) although in complex and locally variable ways and at
a variety of time scales (Barr et al., 2018; Swindles et al., 2018).

2.3.2.2  Exposure, Vulnerability and Impacts

2.3.2.2.1 Changes in exposure

Confirming findings from SREX, there is high confidence that the
exposure of people and infrastructure to cryosphere hazards in high
mountain regions has increased over recent decades, and this trend
is expected 