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Executive summary

This Atlas chapter assesses changes in mean climate at regional scales, in particular observed trends and
their attribution angbrojected future changes. The main focus is on changes in temperature and precipitation
(including snow and dived variables in polar regions) over land regijgheugh other variables, including

for oceanic regionsre also discussed. Projected charagegpresented both as relative to levels of global
warming and for future time periods under a range of earnisscenariosn order tofacilitate summarizing
assessment findings, a new set of WGI reference regoised within the chaptevhich werederived

following broad consultation and peer review. These are used in other chapters for summarizing regional
information Thisincludesthe assessment of climatic impalciver changes ihapter 12which

incorporateshe changes in mean climate assesseide Atlas. Another important new development since

AR5 is the AR6 WGI Interactive Atlas, which is descdbe this chapter and is used to generate results both
for the Atlas and other regional chaptdtss also aesource alloimg exploration of deasets underpinning
assessment findings in other chapters of the report.

Observed trends and projections irregional climate

Most land areas have warmed faster than the global averaghi@h confidencg and very likelyby at

l east 0.1 per decade since 1960 likehAemsergeddveralle t e mp e

land areas. Many areassery likelywarmed faster since the 1980sincluding areas of northern, eastern

and southwestern Africa, Australia, Central America, Amazonia and West Antarctica (0.2°C0.3°C

per decade), the Arabian Peninsula, Central and East Asia and Europe (0.3°€5°C per decade) and
Arctic and near-Arctic land regions (up to 1°C per decade, or more in a few areaqfigure Atlas.11,
Interacive Atlas, Sections Atlas.3.1, Atlas.4.2, Atlas.5.1.2, Atlas.5.2.2, Atlas.5.3.2, Atlas.5.4.2, Atlas.5.5.2,
Atlas.6.1.2, Atlas.6.2.2, Atlas.7.2,l46.8.2, Atlas.9.2, Atlas.10.2, Atlas.11.1.2, Atlas.11.2.2}

Significant positive trends in precipitation havebeen observed in most of North Asia, parts of West
Central Asia, South-eastern South America, Northern Europe, Eastern North America, Western
Antarctica and the Arctic (medium confidencg Significant negative trends have been observed in the
Horn of Afri ca and southwest Western Australiatiigh confidenc@, parts of the Russian Far East,
some parts of the Mediterranean and of the Caribbean, Southedand Northeast Brazil and southern
Africa (medium confidencg with the last attributed to anthropogenic waming of the Indian Ocean.In
the many other land areas there are no significant trends in annual precipitation over the peir2@il5960
though irtreasesn average precipitation intensity have been observéteiSahel and Southeast Asia
(medium confider®). {Figure Atlas.11|nteractive AtlasSections Atlas.3.1, Atlas.4.2, Atlas.5.1.2,
Atlas.5.2.2, Atlas.5.3.2, Atlas.5.4.2, Atlas.5.5.2, Atlds®B. Atlas.6.2.2, Atlas.7.2, Atlas.8.2, Atlas.9.2,
Atlas.10.2, Atlas.11.1.2, Atlas.11.2.2}.

The observedwarming trends are projected to continue over the 21st centuryhfgh confidencg and

over most land regions at a rate higher than the global averagAt a global warming levelof 4°C (i.e.
relative to an 18501900 baselinejt is likely that most land areas will experience a further warming

(from a 1995 2014 baseline) of at least 3°C and in some areas significantly more, including increases of
4°Ci 6°C in the Sahara/Sahel, Southwest, Central and Northern Asia; Northern South America and
Amazonia, West Central and Eastern Europe; and Western, Central and Eastern North America, and

up to 8°C or more in some Arctic regionsAcross each of the continentsgher warming isikely to occur

in northern Africa, the central interior of southern and Westéricay in northern Asia; in Central Australia;
in Amazonia; in northern Europe and northern North Amehdggh(confidence Ranges of regional

warming for gbbal warming levels of 1.5°C, 2°C, 3°C and 4°C and for other time periods and emissions
scenariosre available in thinteractive Atlagrom Coupled Model Intercomparison Project Phases 5 and 6
(CMIP5, CMIP6) and Coordinated Regional Climate DownscalixgeEment (CORDEX) projections.
{Figure Atlas.12|nteractive AtlasSections Atlas.4.4, Atlas.5.1.4, Atlas.5.2.4, Atlas.5.3.4, Atlas.5.4.4,
Atlas.5.5.4, Atlas.6.4, Atlas.7.4, Atlas.8.4, Atlas.9.4, Atlas.10.4, Atlas.11.4}

For given global warming levelsmodel projections from CMIP6 show future regional warming and
precipitation changes that are similar to those projected by CMIP5However, the larger climate
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sensitivity in some CMIP6 models and differences in the model forcings lead to a wider range ofla
higher projected regional warming in CMIP6 compared to CMIP5 projections for given time periods
and emissions scenariogFigure Atlas.13, Sections Atlas.4.4, Atlas.5.1.4, Atlas.5.2.4, Atlas.5.3.4,
Atlas.5.4.4, Atlas.5.5.4, Atlas.6.1.4, Atlas.6.2.4,aAtl7.4, Atlas.8.4, Atlas.9.4, Atlas.10Atlas.11.1.4,
Atlas.11.2.4

Precipitation will change in most regions, either through changes in mean values or the characteristics
of rainy seasons or daily precipitation statisticsi{igh confidencé. Regions wtere annual precipitation

is likely to increase include the EthiopiarHighlands; East, South and North Asia; Southeast South
America; northern Europe; northern and eastern North America and the polar regions. Regions
where annual precipitation is likely to decrease include northern and southwest southern Africa and
the Sahe) Indonesia, northern Arabian Peninsula, southwest Australia, Central America, southwest
South America and southern EuropeChanges in monsoons dileely to result in increased precipiian in
northern China and iSouth Asian summer Kigh confidencg Precipitation intensity will increase in many
areas, including in some where annual mean reductioti&elye(e.g., Southern Africahfgh confidence
Ranges of regional mean precipibn change for global warming levels of 1.5°C, 2°C, 8@ 4°C and for
other time periods and emissions scenarios are availalmigeractive Atlagsrom CMIP5, CORDEX and
CMIP6 projections{ Figure Atlas.13|nteractive AtlasSectiors Atlas.4.4, Atlas.1.4, Atlas.5.2.4,
Atlas.5.3.4, Atlas.5.4.4, Atlas.54.Atlas.6.1.4, Atlas.6.2.4, Atlas.7.4, Atlas.8.4, Atlas.9.4, Atlas.10.4,
Atlas.11.1.4, Atlas.11.2}4

Cryosphere, Polar Regions and Small Islands

Many aspects of the cryosphere either have seeigrificant changes in the recent past or will see them
during the 21st century high confidencé. Snow cover duration hasvery likelyreduced over Siberia
and Eastern and Northern Europe.Also, it is virtually certain that snow cover will experience a deiie
in these regions andver most of North America during the 21st century, in terms of water equivalent,
extent and annual duration. Over the Hindu KushHimalaya, glacier mass idikely to decrease
considerably (nearly 50%) under the RCP4.5 and RCP8.5 snarios.Snow cover haseatlined over
Australia as has annual maximum snow mass over North Amenadiym confiden¢eSome higHatitude
regions have experienced increases in winter snow (parts of northermadiam confidenger will do so
in the fuure {ery likelyin pars of northern North America) due to the effect of increased snowfall
prevailing over warmingnduced increased snowmdBections2.3.2.2, 3.4.2, Atlas.5.2.Atlas.5.3.4,
Altas.6.2, Atlas.8.2, Atlas.8.4, Atlas.9.2, Atlas.9.4}

It is very likelythat the Arctic has warmed at more than twice the global rate over the past 50 years

and that the Antarctic Peninsula experienced astrong warming trend starting in 1950s.It is likely that
Arctic annual precipitation has increased with th e highest increases durig the cold seasorAntarctic
precipitation and surface mass balance showed a significant positive trend over the 20th century, while
strong interannual variability masks any existing trend overrecent decades(medium confidenck
Significant warming trends are observed in other ikesarctic regions and at selected stations in East
Antarctica since the 195@mediumconfidencg Underall assessed emission scenarios, both Petaons
areverylikely to have higher annual meamfaceair temperatures and more precipitatisth temperature
increases higher than the global mean, most prominently irttie. {Sections Atlas.11.1.2, Atlas.11.1.4,
Atlas.11.2.2, Atlas.11.2.4}

It is very likelythat most Small Islands have warmeaver the period of instrumental records.
Precipitation haslikely decreased since the mi@0th century in some pats of the Pacific poleward of
20° latitude in both hemispheres and in the Caribbean in Junduly-August. It is very likelythat sea
levels wil continue to rise in Small Island regionsand that this will result in increased coastal flooding.

'The term o6recent decades0 refers to a peri od i20R0. Eisis usedas maaytsesli y
in the literature will analyse datasets over a range of climatolbggignificant periods (i.e., 30 years or more) with precise start and end dates and

periods depending on data availability and the year of the study. An equivalent approximapetdésain usi ng speci fic years

1980s6.
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Observed temperature trends are generally in the range of DAL3°C per decade. Rainfall trends in most
other Pacific and Indian Ocean Small Islandsmaibeed and largely nosignificant. There isimited
evidenceandlow agreemenbn the cause of th@aribbean drying trendhough it islikely that both this and
the Pacific drying trends will continue in coming decades with drying also projected iartiod fhe West
Indian and Atlantic Oceans. Small Islands regions in the Western and equatofialdPacNorth Indian
Ocean ardikely to be wetter in the future. {Crosghapter Box Atlas.2, Sections Atlas.10.2, Atlas.10.4}

Model Evaluation, Technicallnfrastructure and the Interactive Atlas

The regional performance of CMIP6 global climate models (GMs) has improved overall compared to
CMIPS in simulating mean temperature and precipitation, though large errors still exist in some
regions.In particular , improvements have been seen over Africa which has belatedly become a focus
for GCM model development Other specific improvement includeer East Asia for temperature and the
winter monsoon, over parts of South Asia for the summer monsoon, over Augtreliding influences of
modes of variability), in simulation of Antarctic temperatuneg Arctic sea ice. Notable errors include large
cold biases in mountain ranges in South Asia, a significant wet bias over Central Asia, in the East Asia
summer monsan and in Antarctic precipitation. An-lepth evaluation of CMIP6 models is lacking for
several regions (North and Southeast Asia, parts of West Central Asia, Central and South America), though
CMIP5 models have been evaluated for many of tH&sectionsAtlas.4.3, Atlas.5.1.3, Atlas.5.2.3,
Atlas.5.3.3, Atlas.5.4.3, Atlas.5.5.3, Atlas.6.1.3a8.6.2.3, Atlas.7.3, Atlas.8.3, Atlas.9.3, Atlas.10.3,
Atlas.11.1.3, Atlas.11.2.3}

Since AR5, the improvement in regional climate modelling and the growing avaitélity of regional

simulations through coordinated dynamical downscaling initiatives suchsaCORDEX, have advanced

the understanding of regional climate variability, adding value to CMIP global models, particularly in

complex topography zones, coastal arsaand small islandsand in the representation of extremesghigh
confidencs. In particular regional climate models with potaptimized physics are important for estimating

the regional and local surface mass balance and are improved compared toesamaySCMs when

evaluated with observationkigh confidenck There is still a lack ofiigh-quality and higkresolution

observational data to assess observational uncertainty in climate studies, and this compromises the ability to
evaluate modelsh{gh mnfidencé. {Sections Atlas.4.3, Atlas.5.1.3, Atlas.5.2.3, Atlas.5.3.3, Atlas.5.4.3,
Atlas.5.5.3, Atlas.6.1.3, Atlas.6.2.3, Atlas.7.3, Atlas.8.3, Atlas.9.3, Atlas.10.3, Atlas.11.1.3, Atlas.11.2.3}

Significant improvements in technical infrastructure, opentools and methodologies for accessing and
analysing observed and simulated climate datand the progressive adoption of FAIR (findability,
accessibility, interoperability, and reusability) data principleshave very likelybroadened the ability to
interact with these data for a wide range of activities, including fundamental climate research,

providing inputs into assessments of impacts, building resilience and developing adaptatiomsols to
analyse and assess climate information have improved to adestogpment of information that goes beyond
averages (e.g., on future climate threshotus extremes) and that is relevant for regional climate risk
assessments. {Sections Atlas.2.2, Atlas.2.3}

The Interactive Atlas is a new WGI product developed to takedvantage of the interactivity offered

by web applications by allowing flexible andexpanded exploration of some key products underpinning

the assessment (including extreme indices and climatic impadtivers). This provides a transparent

interface for acess to authoritative IPCC results, facilitating their use in applications andekeraices.

The Interactive Atlas implements FAIR principles and builds on open tools and therefore is an important step
towardsmaking IPCC results more reproducible aedsable{Section Atlas.2 andhteractive Atla
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Atlas.1  Introduction
Atlas.1.1 Purpose

TheAtlas is thefinal chapter of thisVorking Group | (WGI) Sixth Assessment Repd&RE) andcomprises

the AtlasChapterandan onlineinteractive toolthe Interactive AtlasThe Atlas assesesfundamental

aspectof observedattributedand projected changesriegional cimate in coordination withotherWGl
chapterqdChapter, 3, 4, 6, 8, 9,10, 11, 12)In particular, it provides analyses and assessments of regional
changesn mean climatéspecificallysurfacetemperature, precipitation and some cryosighariables,

such as snow cover and surface mass balamcegxpands on and integrates resultsfother chapters

across differenspatial and temporalcales. The Atlasonsides multiple lines of evidence including
assessment dfifferent global and regional observational datasdtsbution of observed trendsd

multiple model simulations fronné Coupled Model Intercomparison Projects CM(Paylor et al., 2012a)
andCMIP6( Eyring et al ., 2éndthe COQdndteiediohal Downsaaling , 2016)
EXperiment (CORDEX)Gutowski Jr. et al., 2016The Atlas chaptenlso assessmodel performance and
summarizs crossreferencd findings from other chapters relevant for the different regions.

Thelnteractive Atlasallows for a flexible spatial and temporal analysis ofrdsiltspresented in the Adb
and othelChapterssupportingandexpandingonthdr assessmestlin particular, tle Interactive Atlas
includesinformation from global observational datasets (and paleoclimate information) asseShagtir
2, andprojections ofelevant extreme indices (usedGhapter 1) and climatic impaetrivers (used in
Chapter 12allowing fora regional analysis of thesuls (SectionAtlas.2.9. It providesinformation on
climatic impactdriversrelevant to sectoral and regional chapters oiMoeking Group 1l WGII) report,
being informed by andomplementing the work @@hapter 2 in creating a bridge to WGII. Similarly, a
specific aim of the integration is synthesising information drawn from across multiple chapters that is
relevant to the WGII report and the mitigation and sectoral chaptthre Working Group Il (WGIII)
repot.

An overview of the main components of thidas chapteis provided inFigure Atlas.1TheInteractive
Atlasis described irSectionAtlas.2and isavailableonline athttp://ipccatlas.ifca.es

[START FIGURE ATLAS .1 HERE]

Figure Atlas.1: The main components of tidlas chaptewith, upper right, a screenshot from the online Interactive
Atlas.

[END FIGURE ATLAS.1 HERE]

Atlas.1.2 Context and framing

Information on global and regional climate change in the form of maps, tables, graphs and infographics has
always been a key output of IPCC reports. With the consensus that climate has changed and will continue to
do so, policymakers are focusing more adarstandingts implications which often requires an increase in
regional and temporal details of observed and future climiaeWGI contribution of theARS5 included a

globally comprehensive coverage of land regions and some oceanic regionatiagio¢ Global and

Regional Climate Projectiof?CC, 2013a)focusing on projected changes in temperature and

precipitation. In the WGII contributiorGhapter 21Regional ContextHewitson et al., 2014hcluded

continental scalenaps of obserd and future temperature and precipitation changes, subcontinental changes
in high percentiles of daily temperature and precipitation, and a table of changes in extremes over
subcontinental regions (updating an assessment Bpbeial Repd on Managinghe Risks of Extreme

Events and Disasters to Advance Climate Change Adapt&tiRiEX). However, there was only limited
coordination between these two contributions despite the largely common data sources and their relevance
across the two waing groups ad to wider communities of climate changgated policy and practice. This
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resulted in inefficiencies and the potential for confusing or inconsistiemmation The Atlas, with its links
with other WGI/II/11l chaptershas beemlesigned tdelpaddresshis.

Given the aims of the Atlas, there are several important factors to consider. There is a clear requirement for
climate change information over a wide range of
also often thaeed for intgrated information relevant for policy, practice and awareness raising. However,
most other chapters in WGI are disciplinary, focusing on specific processes in the climate system or on its
past or future behaviour, and have limited spacetspatially ad temporally comprehensive. The Atlas
provides an opportunity to facilitate this integration and exploration of information.

Developing this information often requires a broad range of data sources (various observations, global and
regionallyy downscaled &éselines and projections) to be analysed and combined and, where appropriate,
reconciled. This is a topic which is assessed from a methodological perspeCihapier 1Qising a limited

set of exampleéseealsoCrossChapter Box 10)3 The Atlas then bilds on this work with a more
comprehensive treatment of the available reslaltgely (but not exclusivelypased or€MIP5, CMIP6, and
CORDEX to provide wider coverage and to further demonstrate technigues and T$msemultiple lines

of evidence & integratedn the Interactive Atlasa newAR6 WGI productdescribed irbectionAtlas.2

allowing for flexible spatial and tempairanalysis of this information with a predefined granularity (e.g.
flexible seaens, regions, and baselines and future periods of analysis includinglite®and warming

levels).

Generating information relevant to policy or practice requires understanding the context of the systems that
they focus on. In addition to the hazardege systems face, their vulnerability and exposure, and the related
sociaeconomic and other physicaivkrs, also need to be understood. To ensure this relevance, the Atlas is
informed by the assessmenthapter 12nd the regional and thematic clexptand crosshapter papers

of WGII. Thereforgit focuseson generating information arlimatic impactdrivers anchazards applicable

to assessingnpactson and risks tdhuman and ecological systems whilst noting the potential relevance of
these to rel@ed contexts such as the Sustainable Development Goals and the Sendai Framework for Disaster
Risk Redudbn.

Transparencynd reproducibility are promoted in the Atlas chapter impleme®#&i& principlesfor
Findability, Accessibility,Interoperability andReusabilityof data(Wilkinson et al., 2016)More
specifically,the Interactive Atlas provides full metadata of the displayeducts(describingboth the
underlying datasets and thppliedpostprocessinggnd mosbf thefigures includedn the Atlas chaptetan
be reproduced using the scripts and data providdteM/GI-Atlas repositoryseelturbide et al, 2021and
https://github.com/IPC&VG1/Atlas)

Atlas.1.3 Defining temporaland spatial scales andegions

Over the past decades scientists have engaged in a wide array of investigations aimed at quantifying and
understanding the state of the components of theedarfaceocearatmosphere system, the complex nature

of their interactions and impactsenifferent temporal and spatial scal&s.a resulta great deal has been
learned about the importanceasfappropriatechoice of thesscales when estimating @nges due to

internal climate variability, trends, characterization of the spatiotempariabiity and quantifying the

range of and establishing confidence in climate projections. It is therefore important to be able to explore a
whole range of spati@nd temporal scales atius section presents the basic definitionthoke andthe

domains of analysjaised by the Atlas accounting for potential synergies between WGI and WGII.

Atlas.1.3.1 Baselins andtemporal scales of analydisr projectiors across scenarss

Chapter lnhas extensively explored this topic$ectionl.4.1 and CrossChapteBox 1.2 A summary of the
main points relevant to the Atlabapterandthe Interactive Atlasareprovided here.
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There is no standard baseline in the literature afthdbheWorld Meteorological OrganizatioWM(MO)
recommends a 3fear baseline approashich as thelimate normal period 1982010. However, it retains
the 19611990 period as the historical baseline for the sake of supportingdangclimate change
assesmentfWMO, 2017) Usingthe WMO standards also provides sample sizes relevant to calculating
changes intatistics other than the mean. The AR6 WGI éstablished the 1998014 period asecent past
baselingperiodi for similar reasons to the 198805 period used in AR5 WGIPCC, 2013b) since 2014
(2005) is the final yeaof the historical simulations of the models (more detailSrossChapterBox 1.2).

The choice of a baseline can significantly influence the analysis resultgUirchanges in mean climate
(Hawkinsand Sutton, 201§CrossChapter Box 1.Pas well as its variability and extremes. Thus, assessing
the sensitivity of results to theaselingperiod is important. The Interactive Atlas (SctionAtlas.2) allows
users texploreand investigata wide range of different baseline periegdsen analysing changes fiture
time-slices orglobalwarminglevels

1995 2014 period AR6 20-yearbaseling,

1986 2005 period AR5 20-yearbaseling,

1981 2010 period WMO 30-year climate normg|

1961 1990 period WMO 30-yearlong-term climate normal

1850 1900 periodlfaselineused in the calculation gfobal warminglevelg.

=A =4 =8 =8 =9

This promotes crossWorking Group consisten@nd facilitatecomparability with previous repts and
across datasetSor instancethe AR5 and londerm WMO baselines facilitate the intercomparison of
CMIP5, CORDEX and CMIProjectionssinceall have historical simulations in these periddsingmore
recentbaselinesntroduces discontinuityfor the CMIP5 and CORDEX modelsincehistorical simulations
end in2006. A pragmaticapproximation to deal with this issue isuge scenario data to fill the missing
segmentfor examplefor 2006to 2014 ue the first years of RCP8&:8riven transient preictions in which
the emissios are close to those observed. This approach is used in theldla#srandChapter 12

When assessinghange®verthe recent past, many studies analyse datasitga range of climatologically
significant periods (i.e30 years or more) with precise start and end dates depending on data availability and
the year of the study.olaccount for thiswhen generating assessments from this literdbluee t er m Or e C «
deca e is Gsed taefer to a period of approximately 3®40 years which ends within the period 2010

2020. An equivalent approximate description using

Regarding the future reference periods, the Interactive ptésentprojectedglobal and regional climate
changestnear, mid- and longterm periods, respectively 2022040, 20412060 and 20812100 for a
range of emissions scenari@ectionAtlas.1.4.3 CrossChapter Box 1.1

Atlas.1.3.2 Global warming levels

Noting the approach taken in theeat IPCC Special Report @ilobal Warming of 1.5°QSR1.5)above

1850 1900levels(IPCC, 2018h)the Atlas also presents global and regional climate change information at
differentGlobalWarmingLevels GWLs, seeCrossChapter Box 111 In particular to provide policy

relevant climate information andpresent the range of outcomes from the earissscenario and time

periods considere@WLs of1.5°C, 2°C, 3°C and 4°@re considered he nformationis computed fronall
availablescenariosd€.g.only 1.5C and 2C GWL information can be computed frgmnojectionsunder the
SSP12.6scenarid. The InteractiveAtlas allows comparson oftimings for global warmingacross the

different scenarioand of spatial patterns of chané@ examplenformationat2°C GWL is calculatedrom
SSP12.6,SSP24.5, SSP3.0 and SSRB.5projections(Section4.2.4).

To calculate GWLlinformationfor the datasets used in the Atlas (CMIP6 and CMIP5; see Séttaml.9,
this chapteadopted the procedure useddrossChapter Box 11.1A modelfuture climate simulation
reaches the defined GWL of 1.5°C, 2°C, 3°C or #it@n itsglobal neassurface air tempature change
averaged over successi@year periogdfirst attains that level of warminglative toits simulationof the
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18511900 climae. (1851 1900defines thepre-industrialbaselingperiodfor calculating the requireglobal
surfacetemperaturdaseline CrossChapter Box 1.2 Note that this process is different from the one used in
the SR1.5 report which used-86arfuture periods.If a projection stabilizebefore reaching the required
threshold it isunable to simulate climate at that GVaid is thusdiscarded. For CORDEX simulations, the
periods of the driving GCM are used, adikulin et al.(2018) Detailed reproducible information on the
GW.Ls used in the Atlas is provided in the Atlaepository(lturbide et al., 2021)

Climate information at many temporal scales and over a wide range of temporal averaging periods is
required for the assessment of climate changataimplications. These range from annual to rdétcadal
averages required to characterise-foeguencyvariability and trends in climate to hourly or instantaneous
maximum or minimum values of impactful climate variables. In between, informatjdor@xample,
seasonal rainfall is importaahd impliesthe need to includaveraging periods whose relevamace
geographicallydependent. As a result, tAdlas chaptepresents results over a wide range of timesgcales
from daily to decadaknd averagingeriods with the Interactive Atlas allowing a choice of wdefined
seasons and a range of predefinedydaiimulti-day climate indices.

Atlas.1.3.3 Spatial scalesindreferenceregions

Many factors influence the spatial scadesl region®ver which climate infamationis required andan be

reliably generated. Despite all efforts in researching, analysing and understdimdaig anctlimate

change, a key factor teterminingspatial scales at which analysis can be undertaken is the availability and
reliability of data, both observanal and from model simulations. In addition, information is required over a
wide range of spatial domains defined either from a climatological or geographical perspective (e.g., a region
affected by monsoon rainfall or a river bgsor from a socieecoromic or political perspective (e.g., least
developed countries or nation statéX)apter Jprovides an overview of these topi&etionl.5.2. This

subsection discusses some relevant issues, summarizes recent advances irddefaimgyand spatial

scdes used by AR6 analyses and how these can be explored with the Interactive Atlas.

Recent IPCC reporisAR5 Chapter 14Christensen etla 2013)and SR1.5 Chapt 3(HoeghGuldberg et

al., 2018)i have summarized information on projected future climate changes over subcontinental regions
defined in theSREX report(Seneviratne et al2012)and later extended in the AR5 from the 26 regions in
SREX to include the polar, Caribbean, two Indian Ocean, and three Pacific Ocean regions (hereafter known
as theAR5 WGI reference regionsf{gure Atlas.2). Inrecent literature, new subregiomsve been used,

for example for North and South America, Africa and Central America, together with the new definition of
reference oceanic regianturbide et al(2020)describesan updated version of the reference regighich

is usedn this reporthereafter known as AR6 WGI reference regions) and is showigime Atlas.b. The

goal of these subsequent regiss was to improve the climatic consistency of the regions so they represented
subcontinental areas of greater climatic coherency.

[START FIGURE ATLAS.2 HERE]

Figure Atlas.2: WGI reference regions used in th€a) AR5 and (b) AR6reports (Iturbide et al., 2020)The latter
includes both land and ocean raggand it is used as the standard for the regional analysis of
atmogpheric variables in thAtlas chapteand the Interactive Atlas. The definition of the regions and
companion notebooks and scripts are available at the repasitory(lturbide et al., 201).

[END FIGURE ATLAS.2 HERE]

The rationale followed for the definition of the reference regions was guided by two basic principles: 1)
climatic consistency and better representatibregional climate features and 2) representativeness of model
resuts (i.e., sufficient number of model grid boxes). The finer resolution of CMIP6 models (as congpared
averageto CMIP5) yields better model representation of the reference regiongngjlthem to be revised
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for better climatic consistency (e.g., divig heterogeneous regions) while preserving the model
representatiorfrigure Atlas.3llustrates this issue displaying the number of grid bdaeer land for land
regions)in the ARG reference regions for threractive Atlageference gridof horizontad resolutions ofL°
and 2°, representative of the typical resolution of CMIP6 andRGNthodels respectively. This figure shows
that the new reference regions aml suited for the assessment of model results, pattresimodel
coverage for the New Zeald (NZ), Caribbean (CARInd Madagascar (MADEgions

[START FIGURE ATLAS.3: HERE]

Figure Atlas.3: Number of land grid boxes (blue numbers) for the AR6 WGI reference regions for the reference
grids representative of (a) CMIP6 and (b) CMIP5, athorizontal resolutions d 1° and
2°respectively.Colour shading indicate regions with fewer than 250 gricebamdicating the number
of grid boxes (darkest shading if fewer than 20 grid boxes). The polygons show the AR6 WGI
reference regions dfigure Atlas.2

[END FIGURE ATLA S.3 HERE]

ARG6 WGI (land and open ocean) reference regayesused in the Interactive Atlas as the default
regionalization for atmospheric variables. However, these regions are not optimum for the analysis of
oceanic variables sinclyr instance, the Yie upwelling regions (Canary, California, Peru, Bengueth an
Somal i) ar e mo s tegigns.Tihereforepthk altbrndtive seb dfemnic dedions defined by
their biological activity(Figure Atlas.4) is used in the Interactive Atlas for theareg analysis of oceanic
variableg(see Fay and McKinley, 201Gregor et al., 2019Pue to the many potential defirdtis of the
regions relevant for WGI and WGBpme additionalypologicaland socieeconomicregiors havealsobeen
included in the Interactive Atlas

Atlas.1.3.4 Typologicaland socieeconomiaegions

In addition to contiguous spatial domains discussed in the previous section, some domains are defined by
specific climatological, geographical, ecological or satonomicpropertiesvhere climate is an important
determinant or influenceln these casawedomairs aresubject to particular physical processes that are
important for its climatology or that involve systems affected by the climate in a way that observations and
climate model simulations can be used to understand. Many of these are tio¢ thasibapters andross
chapter papers of the AR6 WGII report, nantéher basinspiodiversity hotspots, tropical forests, cities,
coastal settlements, deserts and samai areas, the Mediterranean, mountains and polar regions. It is
therefore importat to generate climate information relevanthesetypological domaingand some

examples of these used in the Interactive Atlas are shofigume Atlas.4

[START FIGURE ATLAS.4 HERE]

Figure Atlas.4: Typological and socieeconomicregions used in the Interactive Atlas(a) Elevenocean regions
defined by their biological activity used for the regional analysis of oceanic variables; (b) ocean
regions for small islands, including the Caribbean (CAR) and the North Indian O¢ReSra(d
BOB); (c) land monsoon regions of Kb America, South America, Africa, Asia and Australasia; (d)
major river basins; jemountain regiongf) WGII continental regionsThese regions can be used
alternativelyto the reference regions ftireregional aalysis of climatic variables in thetkractive
Atlas. The definition of the regions and companion notebooks and scripts are available at the Atlas
repository(lturbide et al., 2021)

[END FIGURE ATLAS.4 HERE]
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Atlas.1.4 Combining mutiple sources of information for regions

This section introduces the observational data sources and reanalyses that are used in the assessment of
regional climate change and for evaluating biad-adjusting the rgults of models (more information on
obsevational reference dataséssavailableén Annex ). It alsointroduces the different global and regional

climate modebutpusthat are used for regional climate assessment considering both historical and future
climate projectiongAnnex Il). Many of these models are run as part of coordinated Model Intercomparison
Projects (MIPs), including CMIREMIP6 andCORDEX, described below. Combining information from

these multiple data sources is a significant challésgeSection10.5 for an indepth treatrant of the

problem) though ithey can be used to generetbust informatioron regional climate changecan guide

policy and support decisions responding to these changes. An important and necessary part of this process is
to check for consistency amgst the data sources which is discussed in the final section.

Atlas.1.4.1 Observations

There are various sourcesaifservational information availabier global and regional analysis.

Observational uncertainty is a key factor when assessing and attributingchidtends, so assessment

should build on integrated anaégsfrom different datasefdlisparity, inadeqacy and contradictions in

existing datasets are assessefdntion10.2). The Atlaschaptercan supplement armbmplemenChapter

10 by providing tle opportunity to visualise and expand on its assessment. This includes displaying maps of
density of statins observations (including those that are used in the different datasets) and assessing
observational uncertainty by using multiple datasets.

Two of the most commonly used variables in climate studies are gridded surface air temperature and
precipitation There are many datasets availalanex |) andChapter Zorovidesan assessment kéy

global datasetsncluding blended landir and seaurfacetemperature datasdtsassess Global Mean
Surface Temperature (GMSThe Atlas analyseseparately atmospheric and oceanic variables and for the
former a number of common global datasets supporting the assessment done in otheishapters
includingthoseselectedn Chapter 2 but considering langbnly information for the blended products
particular for air temperaturthe Atlasuses CRUTEMSi the land component of théadCRUT5dataset
(Osborn et al., 2021BerkeleyEarth(Rohde and Hausfather, 202f)dthe Climatic Research Unit CRU
TS4(version 4.04 used herfHarris et al., 2020)or precipitation the Atlas includ€sRU TS4 the Global
Precipitation Climatology Cent&PCC, v2018 used hgrgschneider et al., 201,1and Global Precipitation
Climatology Projet (GPCP; monthly version 2.3 used hg@@dller et al., 2018)Althoughthe ultimate

source of these datasets is surface station reported values (GB@GRlade satellite information)each

has access to different numbers of stations and lengths of records and employs different ways of creating the
gridded product and ensuring quality contfr oceanic variabled)¢ most widely usesea surface
temperature (SSTatasets are HadS&{Kennedy et al., 2019hich is the oceanic component of the
HadCRUTS5 dataseERSST(Huang et al., 2017aand KaplanSSTKaplan et al., 1998)

Figure Atlas.5showsthe spatial coverage of the total number of observation stdtodgferent periods
(1901 1910, 19711980, and 20012010 for two illustrative datasetthe CRU TS4.0 dataskdr
precipitationand the SST data in HadS&The former illustrates spatiglthe declining trend aftation
observation data used in the prei@pon datasets for certain regions (South America, Africa) after the
1990s.This demonstrates the regional inhomogeneity and temporal change in station ddnglitys in
part aconsequence of many stations not reporting to the WMO netwodibeir dda beingheld
domestically or regionallyDuring early years a limited number of observations are availabie.
information isusedin thelnteractiveAtlasto blank out regionsat constrained with observations in those
datasets providing station desinformation.
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[START FIGURE ATLAS.5 HERE]

Figure Atlas.5: Number of stations per 0.5° x 0.5° grid cell reported over the periods of 1900, 19711980, and
2001 2010 (rows 13) andglobal total number of stations reported over the entire globe (bottom row)
for precipitation in the CRU TS4.0 dataset (left) and the HadSST4 dataset. (Figitther details on
data sources and processing are available in the chapter data tableA(lah&M.15.

[END FIGURE ATLAS.5 HERE]

In addition to surface observat®satdites have been widely used to produce rainfall estimates. The
advantage of satellitbased rainfall products is their global coverage including remote lamedere is
significant uncertainty in theggroducts over complex terrajRahmawati and Lubczynski, 2018; Satgé et
al., 20D). Another recent developmelmas been on griddethtaset for climate extremes based on surface
stations such as HadEX@unn et al., 2020)

There are some studies assessingervational datasets globalBeck et al., 2017; Sun et al., 2018&ind
regionally(Manzanas et al., 2014; Salio et al., 2015; Prakash, 2@&®)ring large differences among them
andstresig the importance of considering observational uncertainty in regional climate assessment studies.
Uncertainty in observations is also a key limitation for the evaluation of climate models, particularly over
regions with low station densitiKalognomou et al., 2013; Kotlarski et al., 2019pre detailed information

on theseassuesds providedin Section10.2

For regional studies bservational datasets with global coverage are complemieytedange of regional
observational analysesd griddecroducts such as EDBS(Cornes et al., 201&)ver Europe, Dayet
(Thornton et al., 20)6ver North America, oAPHRODITE (Yatagai et al., 2012)ver Asia.These are
highlighted in various other elpters and the Atlas expands onrth@atment, complementirdjscussions
on discrepancies/conflicts observations presented@hapter 1&nd expanding on and replicating their
results for other regionin particular, the Interactive Atlas includethlobal and regional observational
productsdescribed herto assess observational uncertainty ovedifierent regions anaggd.

Atlas.1.4.2 Reanalysis

There are currently many atmospheric reanalysis datasets with different spatial resolusissiraiidtion

algorithms §eeAnnex landSectionl.5.2). There are also substantial differences amoesgtdatasetsue

to the types of observations assimilated into the reanalyses, the assimilation techniques that are used, and the
resolution of the outts amongst other reasons. For example, 208IRinski et al., 2019pnly assimilates

surface pressure and sea surface temperature to achieve the longest record but at relatisalitmm,r

while ERA-20C(Poli et al., 2016bnly assimildessurface pressure and surface marine winds. At the other
extreme, very sophisticated assimilation systems using multiple surface, upperkartatservation data

sources are employefir exampleERAS (Hersbach et al., 202@nd JRAS5 (Harada ¢ al., 2016) which

also have much higher resolutions. Most reanalysis dat@setr the entire globéutthere are also high

resolution regional reanalysistasets whicprovide further regional detgiKaiserWeiss et al., 2019)

The Atlasand Interactive Atlasse information from ERA5 and from th&sadjusted version WFDES
(Cucchi et al., 2020)hich iscombined with ERA5 information over tloeeanandused as the ISIMIP
observational reference dataset W§E&nge, 2019b)This reference is also used in the Atlasnfardel
evaliation (SectiorAtlas.1.4.4 and forbiasadjusting model outputs (Sectiétlas.1.4.5.

Atlas.1.4.3 Global model data (CMIP5 and CMIP6)

The Atlaschapter(and thelnteractive Atla¥ uses global modsimulations from both CMIP&nd CMIP6
mainly historical anduture projections performed under ScenarioNIi® 6 Ne i | | . @his faalitates 2 0 1 €
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backwards comparabilitgnd thus the detection of nealientfeatures and findings from recent science and
the latest CMP6 ensemble. The selection of the models is based on availability of scenario data for the
variablesassessed in the Atlas chapter and for those included in the InteractiveS&ttisifAtlas.2.9. In
particula, in order to harmonize the results obtained from the different scenarios as much as possible, only
models providing data for the hisical scenario and at least two emission scendRiG#2.6, RCP4.5 and/or
RCP8.5 for CMIP5) and SSPR.6, SSP2.5, SSB-7.0 and/or SSRB.5 (for CMIP6) were chosen

resulting in29 and35 modelsrespectivelyseeCrossChapter Box 1.4or a description of the scenariob)

the Atlaschapter(similarly to the regionaChapters 11 and 12 singlesimulationis taken fron each model
(seeSectionAtlas.12for limitations of ths choice) Sincethe RCP and SSP emission scenarios are not
directly comparableue todifferentregionalforcing (Section4.2.2), theAtlasincludes GlobBWarming
Levels(GWLs) as an alternative dimension of analyseeCrossChapter Box 11)1 whichallows
intercomparison of results from different scenadesaralternative to the standard analysis based on time
slices for particular scenarigSectionAtlas.1.3.). This dimension allows fa&nhainced comparabilityf
CMIP5 and CMIPG6, since it constrains the regional patterns to the same global warming level for both
datasets.

Building on this information, thinteractive Atlagdisplays a number of (mean and extreme) indices and
climatic impactdrivers(CIDs) constdering both atmospheric and oceanic variables$sedonAtlas.2.2.
Some of these indices have beelected in coordination witChapters 11 andi2, in order to support and
extend the assessment performed in tichapters ¢eeAnnex VI for details on the indicesn order to
harmonize this informatiorthe indices have been computed for each indivichaadel on the original model
grids and the resultgave been interpolatéd a common 2 (for CMIP5) and 1 (CMIP6) horizontal
resolution gridsin addition, for the sake of comparability with CMIP6 resghsparticular when using
baselines going beyon®@5), the historical period of the CMIRBd CORDEXdatasets has been extended
to 2006 2014 using the first years of RCP&lfven transient projections (s€ectionAtlas.1.3.). Tables
listing theCMIP5 and CMP6 models used in the Atlas and in the Interactive Adladifferent scenarios
and variableare included asu®plementaryaterid (Tables Atlas.SM.1 and Atlas.SM.2, respectiyely
moreover full inventories including details on the specific ESGF varsaregiven in the Atlas GitHub
repository (lturbide et al., 2021)

Chapter 3andFlato et al(2013)describe the evaluation of CMBRRnd CMP5models respectively,
assesingsurface variables ardrgescde indicatos. Section 10.3.3assesssthe general capability of
GCMs to produce climate output for regions

Informationfrom the existing CMIP%and CMIP6 datasets is supplemented with downscaled regional
climate simulations from CORDEX. This facilitates assessment of the effects from higher resolution
including whether this modifies the projected climate change sigoaipared to global models and adds
any value, especially in terms of highksolution features and extremes.

Atlas.1.4.4 Regional model data (CAHEX)

Global model data, as generated by the CMIP ensembles, although available globally, have spatial
resolutions that &rlimited for reproducing certain processes and phenomena relevant for regional analysis
(around 2 and T for CMIP5 and CMIP6, respsieely). The Coordinated Regional Climate Downscaling
Experimenf{CORDEX) (Gutowski Jr. et al., 2018acilitatesworldwide appication ofRegional Climate
Models (RCMs, se8ection D.3.1.3, focusing ora number ofegions(seeFigure Atlas.§ with a typical
resolution of 0.44(but also at 0.22and 011° oversome domainssuch as EuropeHowever, only a few
simulations are availabfer some domaingAnnex I, Tables All.1andAll.2), thuslimiting the level of
analysis and assessment that lsaperformed using CORDEX data in some regions. Moredkere are
regions where several domains overlap, thus providititionallines of evidenceThe use of multdomain
grand ensembles to work globally with CORDEX dad&e recentlypeenproposedLegasa et al., 2020;
Spinoni et al., 2020)0Ongoing efforts, such as the muttomainCORDEX-CORE simulationsire promoting
more homogeneous coveragadthus more systematic treatment of CORDEX domains (seeABas1).
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[START FIGURE ATLAS.6 HERE]

Figure Atlas.6: CORDEX domains showing the curvilineardomain boundaries resulting from the original
rotated domains.The topography corresponding to the standard CORDEX @ebolution is shown
to illustrate the orographic gradients over the different regions

[END FIGURE ATLAS.6 HERE]

A lot of progress has been nedaly theregionalclimate moddling communitysince ARSTable All.2) to
produce and make availatdgaluation(reanalysisdriven)simulationsover the different CORDEX domains
along withdownscaledCMIP5 historicalandfuture climateprojectioninformation under a range @mission
scenariosmainly RCP2.6, RCP4.5 arRCP8.5Tables All.3 and All.4. However these ensembles cover
only afractionof the uncertaintyangespanned by the full CMIP5 enseminethe different domainge.g.,

Ito et al., 2020h)Figure Atlas.16Figure Atlas.17Figure Atlas.21Figure Atlas.22Figure Atlas.24Figure
Atlas.26 Figure Atlas.2&ndFigure Atlas.2) Therebre, comparison of CMIP5 and CORDEX results
should beperformedcarefully, providing resultsot onlyfor the full CMIP5 ensemble but al$or the sub
ensemble formed by the driving models since resaltgliverge(Fernandez et al., 2019; lles et al., 2020)

TheAtlaschapterand thelinteractive AtlasuseCORDEX informatiorfor the followingelevenindividual
CORDEX domais (out of the fourteen domains shownFigure Atlas.§: Northern, Central and South
America, Europe, Africa, South, East and SeasftAsia, Australasia, Arctic and Antarctida addtion,
oceanidnformationhas been usddom the Mediterranean domaiwhich providessimulations from
coupled atmogdmereocean regional climat@modek. In order to harmonize the information across domains
and to maximize the size of thesulting ensembles, all the available simulations for each individual
CORDEX domain (including thetandard 0.44CORDEX and th®.22 CORDEXCORE have been
interpolatedo a common regular C&esolution grid to provida grand ensemble coverittte hstorical
and future emission RCP2.6, RCP4.5 and RCP8.5 scenarios, and also the redmaysssmulations for
evaluation purposefn the case of the European domain, the dataset considered is theifidations
(CORDEX EUR-11, the same datasasused inChapter 12which ha beeninterpolatedo a regular 0.25
resolution grid (the same used for the regional observationigle case of the Mediterranean domain,
oceanic information (sea surface temperature) is iokatgd to a regular 0.11° grih all casesthe indices
are computedn the original grids and the interpolation presésapplied to the resulting indicelgloreover,
for the sake of comparability with CMIRésults (in particular when using baselpeiods beyond 2005)
the historical period of thEORDEX datasethas beemxtenaddto 2006 2014 using the first years of
RCP8.5driven transient projections in which the emissions are close to those observed (see Section
Atlas.1.3.); notethat this procede is also applied to CMIP&mulations

Forthe different CORDEX domainshefull ensembles of mode(§sCM-RCM matrix)used in the Atlagor
thedifferent scenarios and variablae describeth the Supplementary MateriglrablesAtlas.SM.3 to
Atlas.SM.14 and inthe Atlas repositoryiturbide et al., 2021)ncludingfull metadataelative to ESGF
versions usedndthe periods with data available for th&erent simulationsin particularthe historical

scenaridnformation is only available from 19tthwardsfor some models and therefore the common period

1970 2005 is used foriktorical CORDEX data in the Atlags aresult theWMO baseline period 196
1990 is not available in the Interactive Atlas for CORDEX data.

Sectiors Atlas.4to Atlas.11assess research on CORDEX simulations over different regioalysingpast
and present climate as well as future climate projectiimsyalso focus on regional modevaluationin
order to extend and complement the validation of global modelsid@teapter 3consideringhe specific
regional climateand relevant largecale and regiongdhenomenagrivers and feedbasKSection10.3.3.
Besides the literature assessmeatmesimpleevaluationdiagnostis have been computetbr the
simulationsused in the Atlashapterto provide soméasicinformationon model performase across
regions In particular biases for mean temperature and precipithioa been calculatddr theeleven
CORDEX domains analysed.
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Figure Atlas.’showsmean temperature and precipitatliases ovethe North Americandomainin RCM
simulations dwven by reanalysis and historical GGthulations(seeSection10.3.2.5. Annual and seasonal
(DJF and JJAbiases are computed footh the RCMs andriving GCMs Biases irthe reanalysisiriven
RCMsresult fromintrinsic model errorswith the results diplayedbeing spatially aggregatdor each
reference regionThis same analysis is performed for the GG@Men RCM simulations over the historical
period 1986 2005 This allows compason ofthe intrinsic bias of the RCMs with the biases resulting when
driven by the different GCMland patterns of behaviour in the RCNts, examplantrinsic warm and dry
biases irENA and WNA respectivelpr reduced RCM warm biases comparethnCCCma GCM in NEN
and ENA Similar results for the other CORDEX domains arellided as Supplementary Mate(igigures
Atlas.SM.1 to Atlas.SM.10)

[START FIGURE ATLAS.7 HERE]

Figure Atlas.7: Evaluation of annual and seasonaliatemperature and precipitation for the six North America
subregiors NWN, NEN, WNA, CNA, ENA and NCA (land only), for CORDEX-NAM RCM
simulations driven by reanalysis or historical GCMs.Seasons are Jwdaly-August (JJA) and
DecembetJanuaryFebruary (DJF. Rows represersubregios and columns correspond to the
models. Magenta text indicates the driving historical CMBEEEMs (including ERAInterim in first
set of slightly separated columns) and the black text to the right of the magenta text represents th

driven RCMs. The colour matrices show the mean spatial biases; all biases have been computed for

the period 19862005relative to the observational reference (E5SW5, see Setlas.1.4.3. Further
details on data sources and processing are available in the chapter data tablsti@sabi.15.

[END FIGURE ATLAS.7 HERE]

[START BOX ATLAS. 1 HERE]
BOX ATLAS.1: CORDEX-CORE

The main objective of CORDEXORE is to provide globalhomogeneous foundation of higlsolution
RCM projections to improve understanding of local phenomendaailitateimpact and adaptation research
worldwide (Gutowski Jr. et al., 2016The experimental framework designed to produce homogeneous
regional projections for mosgthabitedland regionsisingnine CORDEX domainat 0.22° resolution

(Figure Atlas.§: North, Central and SoutAmerica(NAM, CAM, SAM), Europe (EUR), Africa (AFR),

East South and Southea&sia (EAS WAS, SEA)and Australais (AUS). Due to computational
requirements, three GCMs were selected to drive the simulations, HADEMRIPFESM, and NorESM
covering, respectively the spread of high, medium ancelguilibrium climate sensitiviksfrom the CMIP5
ensemble at a globatale fith MIROCS5, EGEarth, GFDL-ES2M as secondary GCMgcusing on two
scenarios RCP2.6 and RCP8.5 (see Box Atlas.1, Figufevb)RCMs have contributed so far to this
initiative (REMO and RegCM4) constituting an initial homogeneous downscaled erstnasialge mean
climate change signals and hazgf@sichmann et al., 2020; Coppola et al.22p and there are ongoing
efforts to extend the CORDERORE ensenlb with additional regional simulations (e.the COSMQO

CLM community) to increase the ensemble sSZORDEX-CORE simulations are distributed as part of the
information available for t different CORDEX domains at the Earth System Grid Federation (ESGF).

CORDEX-CORE spans the spread of the CMIP5 climate change signaiseiajuartile ranges of annual
meantemperature and precipitation for most of the reference regmmesed(Teichmann et al., 2023ee

Box Atlas.1,Figurel). However it is still a smallensembleand for other variables like extremes or climatic
impactdrivershasonly been partially investigatiein Coppola et a(2021)andneeds furtheanalysis
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[START BOX ATLAS.1, FIGURE 1HERE]

Box Atlas.1, Figurel: Temperature (left) and precipitation (right) climate change signals at the end of the
century (2070 2099) for the entire CMIP5 ensemblgbox-whisker plots) and the
CORDEX-CORE driving GCMs (grey symbols) of the respective CORDEXCORE
results (nongrey symbols) in the South Asia (SAS) reference regiomhe shape of the grey
symbols represents the climate sensitivity of the driving GCMmgtes pointing upwards
(low ECS9, circles (mediunECS), triangles pointing downwards (hifgCS. The
corresponding RCM results are drawn using the same symbols, but in orange for REMO and in
blue for RegCMThe bottom panels show the warming signal byd2@099 over the
CORDEX regions for RCP2.6 (left) andJR8.5 (rightTeichmann et al., 2020)

[END BOX ATLAS.1, FIGURE 1HERE]

[END BOX ATLAS.1 HERE]

Atlas.1.4.5 Biasadjustment

Bias adjustmeris often appliedo data fromclimatemodelsimulationsto improvetheir applicability for
assesing climatampacts andisk (for instance in the InteBectoral Impact Model Intercomparison Project,
ISIMIP (Rosenzweig et al., 201 Bias-adjustmenappoachegSection D.3.1.3 are particularly beneficial
whenthresholdbased indices are used, theycan introduce other biases particular when applied
directly to coarseesolution GCMsCrossChapter Box 102 Bias-adjustment techniques shoulddiesen
carefully for aparticular applicationin the Atlas bias adjustmeris not appliedsystematically (in particular
it is not appliedor the variables assessed in the Atlas cha@adonly thethresholddependengxtreme
indices and climatianpact-drivers CIDs) included in the Interactive Atlamebiasadjustedin particular
frost days, and’ X35, TX40 in coordination witlChapterl2). To facilitate integration with WGllthe Atlas
usesthe samdiasadjustment methods inISIMIP3 (Lange, 2019aand the samebservational reference
(W5ED5, seeSectionAtlas.1.4.2, upscaled to theame resolution as timeodelto avoid downscalingrtefacts
(CrossChapter Box 10.2 The ISIMIP3 biasadjustment methois atrendpreserving approadhatis
recommendedbr general applicationssit reducesiases whilgreservinghe original climate change
signal(Casanueva et al., 202@pllowing the recommendations given@hapter 10resultsin the
Interactive Atlasare displayed foboth the adjusted and the raw model output.

[START CROSS-CHAPTER BOX ATLAS.1 HERE]
Cross-Chapter Box Atlas.1: Displaying robustness andincertainty in maps

Coordinators: José Manuel Gutiérrez (Spain), Erich Fischer (Switzerland)

Contributors: Alessandro Dosio (ltaly), Melissa I. Gomis (Frai®witzerland), Richard Glones (UK),
Maialen Iturbide (Spain), Megan Kirchmei¥pung (Canad&SA), JuneYi Lee (Repulic of Korea),
Stéphane Sénési (France), Sonia |. Seneviratne (Switzerland), Peter W. ThornéJikg|axXadebin Zhang
(Canada)

Spatial information on observed and projected future climate changes has alwayg&deentput of IPCC
reports. This infamation is typically represented in the form of maps of historical trends (from observational
datasets) and of projected changes for future reference periods and scenarios relative to baseline periods
(from multi-modelensembles). These maps usually inclind@rmation on the robustness or uncertainty of

the results such as the significance of trends or the consistency of the change acros¥iswal&stion of

this informationcombines two aspects that are intertwliinte core methodology (measures tndsholds)

and its visual implementation. For observed trends, robustness can be simply ascertained by using an
appropriate statistical significance test. However, for Amtitlel mean changes, the consistency across
models for the sign of change (modgteement) and the magnitude of change relative to unforced climate
variability (signalto-noise ratio) provide two complementary measures allowing for sionpteore
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comprehensivapproaches to represent robustnessuaieertainty. While they can be vislyatepresented in
various ways with more or less complexiBetchless and Brewer, 201@&e most common implementation
for maps in the climate sciemcommunity remains the overlay of symbols and/or masking of the primary
variable.This CrossChapter Boxeviewsthe approaches followed in previous IPCC reports and describe
the methods useatross this WGI report, presenting the rationale and disguisirelative merits and
limitations.

The objectives in ARG for representing robustness and uncertainty in maps are 1) adopting a method that can
be as coherent as possible across the diffgjlebal/regional chapters while accommodating different needs

2) being visually consistent across WGs, and 3) making the different layers of information on the maps as
accessible as possible for the reader. As a result, a single approach is seletigeiations and two

alternative approaches (simple and adea)are adopted for projected future changes. It is important to
highlight that, as in previous reports, these approaches are implemented in maps-laba lgrdl and,

therefore, are not infmative for larger spatial scales (e.g., over ARG referemgens) where the

aggregated signals are less affected by sseale variability leading to an increase in robustness. This is
particularly relevant for the AR6 regional assessments and appée.g., for trend detection and
attribution,CrossChapter Bx 1.4, Section 11.2)4vhich are performed for climatological regions and not

at gridtbox scale Chapters 11, 12, AtlasBoth small and large scales are relevant (e.g., adaptation occurs at
the smaller scales but also at the level of countries, whidygically larger than a few grid boxes). They

are both addressed in thgeractive Atlaswhich implements the above approaches for representing

robustness in maps at the gbdx level, butlso allows analysing regiemide signals (e.g., AR&/G |

reference regions, monsoon regions, etc.), helping to isolate background changes happening at larger scales
(SectionAtlas.2.9.

Approaches used in previous reports

Recent IPCC reports adopted different approafdramapping uncertainty/robustnegs;ludingtheir

calcul ation method and/or their visual i mpl ementa
significant trends in observations at ghidx level. For future projections, different methods for piag

robustness were assessed (AR5 Box,X2ollins et al., 2018 while proposing as a reference an approach
based on relatg the multimodel mean climate change sigt@internal variability, calculated as the

standard deviation of neoverlapping 28year means in the piadustrial control runs. Regions where the
multi-model mean change exceeded two standard deviatidhs witernal variability and where at least

90% of the models agreed on the sign of change were stippled (as an indication of a robust signal). Regions
where the multmodel change was less than one standard deviation were hatched (smalodaltmean

signal). However, this category did not digfirish areas with consistent small changes from areas of
significant but opposing/divergent signals. In addition, the unstippled/unhatched areas were left undefined,
since the categories were not mutually exeesi

AR5 WGII (Hewitson et al., 2014)sed hatching to represent rsignificant trends in observations. For

future projections, an elaborated approach with foutually exclusiveandexhaustive categories was
proposedto avoid some of the limitations ¢ie AR5 WGI approach very strong agreement (same as in

WGI); strong agreementlivergent changend little or no changd hesedepenédon the percentage of

models showing change greater than the baseline variabilityreagteeing on sign of change (using a 66%
agreement threshold). Leaving the robust regions uncovered minimized any interference with the perception
of underlying colours that encoded the primary information of the figure.

The two special reports IPCARS.5(HoeghGuldberg et al., 201&nd SROCCIPCC, 2019a, 2019c¢)
adopted a simplified approach, using only model a
charaterize robustess. However, crodsatching was used in SR1.5 to highlight robust areas where models
agree, whereas the SROCC used hatching/sh&aligpresent regions where models disagree. Similarly,

stippling was used in SR1.5 to indicate regions with significantisiewvhereas it was used in SROCC to

represent regions where the trends were not significant.

Recent methodologies
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Since AR5 theréas been a growing interest for disentangling small consistent climate change signals from
significant divergenbpposite bangegesulting in conflicting informatiofiTebaldi et al., 2011 )and

different statistical tests have been applied to assess the sigodiof signals working with the individual
models forming the ensemklBosio and FischeB018; Yang et al., 2018; Morim et al., 201®oreover

new approaches have been proposed to identify large changemsitesign that compensate in the mean
(Zappa et al., 2021Recent literature has also highlighted rieepective risks of Type | vs Type Il errors,

which can be associated with the determination of robustness in analysed(kigydlsand Oreskes, 2018;
Knutson et al.2019) Type | errors are identifying signals when there are none, while Type Il errors are
concluding there is no signal whentthés one. In the case of gimbx level analysis, the focus on small

scale features with inherently large sigt@hoiseratio may emphasize noise even though signals are
present when aggregated at larger scadetions 11.2.4 and 11.2.&onsequentlychanges averaged over
regions or a number of griobxes emerge from internal variability at a lower level of warming dhaine

grid-box level (e.g., Cros€hapter Box Alas.1, Figure 2). Hence, focus on ghax significance enhances

the risk of Type llerrors for overlooking signals significant at the level of ARG regions. The significance of
signals is also affected bytéaxdependence of single simulations considered in a given ensemble, for example
when several come from the same modelling group baik parameterizations or model components

(Knutti etal., 2013; Maher et al., 2021Jhe risk of Type Il errors increases when a model ensemble
includes several related simulation®wimg no signal.

The AR6 WGI approach

AR6 WGI adapts the approaches applied in previous IPCC reports into a comprehensive framework based
on the two general principles followed by AR5 WGII: 1) not obscuring (with stippling or hatching) the areas
where réevant/robust information needs to bgliighted (since stippling and hatching obstruct the
visualisation of the colours, which caffiect the perception/interpretation of the underlying data); 2) using
mutually exclusive and exhaustive categories todlaziving areas undefined. The threemdd

approaches (one for observations and two for model projections) are described-iGlZoEs Box Atlas.1,
Table 1. This framework integrates as much as possible the specificities of each WGI Chapter, proposing
some cases alternative thresholds.

Approach A is intended for observations and consists of two categories, one for areas with significant trends
(colour, no overlay) and one for naignificant onesqolouredar eas overl|l ai d wath O6x06)
two-sided test for a significance lkehvof 0.1, Chapter 2and Atlas trends have been calculated using OLS
regression accounting for serial correlat{@anter et al., 2008)

Approach B is the simple alternative for model projects. It consists of two categories, daemodel

agreement (at least 80% of the models agree on the sign of change; colour, no overlay) and the other one for
nonagr eement (hatching). It is noted that .emodel ag
without discarding/weighting mode|sjince quantifying and accounting for model interdependence (shared
building blocks) still remain challengir(@ection 4.2.5 Different thresholds have been used in previous

reports and in the literature. 80% hasb widely used in CORDEX studi@3osio and Fischer, 2018;

Kjellstrom et al., 2018; Nikulin et al., 2018; Yang et al., 2018; Akperov et al., 2019; Rana et al., 2020)
partially due to the small ensemble sizes available in sones;dhss also helps to reduce the impsct

model interdependence in the final results. Although 90% (used in AR5 WGI) provides high confidence on
the forced change, it is deemed too stringent for precipitiéikervariables and regional assessments and

was therefore not included (see Cr@dspter Box Atlas.1, Figure 1). The 66% threshold, which has been

used in previous reports (e.g., SR1.5 and SROCC) and in the literature, is not used to avoid communicating
weak confidence. CrogShapter Box Atlas.1, Bure 1 illustrates the application ofgfapproach.

Approach C is a more advanced alternative for model projections, extending the AR5 WGI and simplifying

the AR5 WGII approachg$ewer categories) |t consi sts of thr edlctisgat egor i
change6, and dmws tc hamagreg eod (nsEhaptet BoxeAtlas.g, Table 1).sThei n  Cr «
first two categories can be interpreted as areas where the climate change sigrexhlétglys from internal

variability (i.e., itexceeddite v ar i abi | i ty trhodessTheovaridbility thresBoddGs% of t h

definedag W p&H T O, , Where, is the standard deviation of 3@ar means, computed from
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nonoverlapping periods in the piedustrial control (after detnding with a quadratic fit as in AR5 WG1);
in cases where this information is not available (e.g., for CORDEX or HighResMIP)|ltverig

approximation is used instedd: ¢j¢ & 1 0, , where, is the interannual standard devositi

measured in a linearly detrended modern period (note that for white,noise,,  j Vi )t The factotig

is used as in the AR5 WGI approaohaccount for the fact that the variability of a difference in means (the

climate change sigt) is of interest. This approach is an evolution of AR5 WGI method with three notable
differences: (a) AR6 uses a lower threshold for internal variability $lcédresponding to a 90% confidence

level, instead of 2 as used in AR5 WG1); (b) thethreshbald agr eement i n sign is | ¢
080%, |l eading to more grid boxes classified as ro
comparesignal to variability in each individual model and consequently introduces a 6684 ont

significant changes implying that the climate change silikelly emerges from internal variability in the

baseline period. This change is motivated by the @itisiofinternal variability of the models, while it can

differ largely across models.

CrossChapter Box Atlas.1, Figure 1 illustrates the application of this method considering the effect of the
baseline period (1850900 versus 1992014) and shows thétprovides similar results to related
approaches proposed in the literat{#appa et al., 2021)

Thetwo alternative approaches discussed above allow visualisation of ditrehtfdetail ofinformation

on the projected change and are intended for different communication purposes. Approach B jusbinforms
the consistency of the sign of change irefegent of its significance relative to internal variability, whereas
approach C puts the projed changes into context of internal variability atidws highlighting of areas of
conflicting signals. It is important to note that different approacheseapiiied to the same variable
between different chapters for different communication purp&sesexample, in maps showing muilti

model mean changes of precipitati@iapter 4adopts the approach C Dhapter &pplies the approach B.

In terms of visal implementation, the approach follows recommendations resulting from conversations with
IPCCnational delegations: 1) having a consistent approach across WGs would aid consistency and reduce
the risk of confusion; 2)s6ddafni nnihreg célpati omi nvpdu | ads a
expert audiences; 3) a clear and conciseniégleat explains what these patterns represent should be included
directly in the figure; 4) information about model uncertainty should be overlaid suchdbasihot detract

from the data underneath.

Since stippling is commonly used to representstati cal si gni fi cance, hat ching
problematic categories in the above approaches; it also facilitates the visualisation of uncettanty in

Interactive Atlasvhen zooming in. To avoid confusion, methods or thresholds that wesiataarto the

three approaches hereby presented were visualised with a different pattern (i.e., model improvement between
low- and highresolution simulations Chapter 3agreement between obseiwatbased products in

Chapter 5rorrelation between tweariables inChapter §.

[START CROSS CHAPTER BOX ATLAS.1, TABLE 1 HERE]

Cross-Chapter Box Atlas.1, Table 1: Approaches for representing robustn@sscertainty) in maps of observed
(approach A) and projected (approaches B and C) climate changes.

Appr oach Category Definition Visual Code

A.1. Significant Significant (0.1 level) trend Colour
A. Observations (no overlay)

(significance)
A.2. Non significant [Non-significant trend Cross

B. Model B.1. High model G80% of models agree on sign of changg Colour
Do Not Cite, Quote or Distribute Atlas-24 Total pagesi96
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projections. agreement For Chapter 6 (<5 model ensembles): m (no overlay)
Simple approach than f-1)/n models agree on the sign of
(agreement) change
B.2. Low model <80% agree on sign of change. Diagonal
agreement For Chapter 6: fewer than-()/n models |:|
agreeon the sign of change
C.1.Robustsignal |[066% of models sho Colour
C. Model (significant change arjvariability threshold and (nooverlay)
projections. high agreement) 080% of adrek onmigndathangd Color
Advanced _
approach C.2. No change or noj<66% of models show change greater th) Reversaliagonal
(significant robust signal variability threshold R
change and =
agreement) C.3. Conflicting 066 % of mod egdgsatey than| Cros®d lines
signals(significant  |variabiiity threshold and BaRd]
change but low <80% of all models agree on sign of cha
agreement)

[END CROSSCHAPTER BOX ATLAS.1, TABLE 1 HERE]

[START CROSS-CHAPTER BOX ATLAS.1, FIGURE 1 HERE]

Cross-Chapter Box Atlas.1, Figure 1: lllustration of the simple (top) and advanced (bottom) approaches (B and
C in Cross-Chapter Box Atlas.1, Table 1) for uncertainty representation in
maps of future projections. Annual multtmodel mean projected relative
precipitation change (%) from CMIPG6 for the perida#@ 2060 (left) and
2080 2100 (right) relative to the baseline periods I199Bl4 (4 d) and 1850
1900 (& g) under a higtemission (SSPR3.0) future Diagonalandcrossed
lines follow the indications in CrogShapter Box Atlas.1, Table Eurther
details ondata sources and processing are available in the chapter data table
(Table Atlas.SM.15).

[END CROSSCHAPTER BOX ATLAS.1, FIGURE 1 HERE]

Uncertainty at the grid-box and regional scales: interpreting hatched areas

There is no onaizefits-all method forrepresenting robustness or uncertainty in future climate projections
from a multtmodel ensemble. One of the main challenges is the dependence of the sigmibicdhe

spatial scale of interest: while a significant trend may not be detected at eatigripafraction of

locations showing significant treadan besufficient to indicate a significant change over a region,
particularly for extremes (e.qg., itlikely that annual maximum-day precipitation has intensified over the
land regions globallgven though therareonly about 10%ef weatherstations showig significant trend
Figure 11.B). The approach adopted in WGI works at a-gpick level and, therefore, is not informative for
assessing climate change signals over larger spatial saatéssfance, an assessment of the amount of
warming required foa robust climate change signal to emerge can strongly depend on the considered spatial
scale A robust change in the precipitation extremes averaged over a region or a numbeboxkegsid

emerge at a lower level of warming than at the gk level becase of larger variability at the smaller
scale (Cros€hapter Box Atlas.1, Figure 2).

[START CROSS-CHAPTER BOX ATLAS.1, FIGURE 2 HERE]

Cross-Chapter Box Atlas.1, Figure 2: Climate change sigals are more separable from noise at larger spatial
scalesThefigure is showing the global warming level associated with the
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emergence of a significant increase in the probability due to anthropogenic

forcing in the 1in-20-year daily precipitation evémsing a 508/ear sample

from the CanESM2 large ensemble sintiolas. The left panel uses data

analysed over a single grid box, with no spatial aggregation, while the right

box uses data averaged over 25 grid boxes to represent moderate spatial
aggregatia. Aggregation over 25 grid boxes reduces natural variability,

resulting in a smaller warming required for a clear separation between the

signaland noissfdapt ed from Kir @bl®ei er Young e

[END CROSSCHAPTER BOX AT LAS.1, FIGURE 2 HERE]

[END CROSSCHAPTER BOX ATLAS.1 HERE]

Atlas.2 The online o6l nteractive Atl asb

The WGI Interactive Atlas is a new AR6 product developegart othe Atlasin consultatiorwith other

chapters to facilitate flexible synthesis informationrigions, and to support the Technical Summag) (

and the Summary for Policymake&RM), as well as the handshake with WGII. It inaksdhultiple lines of
evidence to support the asse®nt of observed and projected climate change by offerfiognation for

regions using both timslices across scenarios and Global Warming Levels (GWLs). Coordination has been
established with other chapters (particularly the regional chapters) adibginmethodological
recommendation@Chapter 1pand using commonadasets and agreed extreme indices and climatic impact
drivers (CIDs) to support and expand their assessradatpters 11 and 1.2

Thelnteractive Atlasallows forflexible spatial andemporal analysis (Sectigktlas.1.3 with a predefined
granularity (predefined climatological and typological regions anddefamed seasons) through a wide
rangeof maps, graphs and tables generated in an interactive manner building on a collection of global and
regional observational datasetnd climate projections (including CMIP5, CMIP6 and CORDEX; Section
Atlas.1.9. In particular, thénteractive Atlagrovides trends and changes for observations and projections in
the form of interactive maps for predefinadtbrical and future periods of analysis, the former including
recentpast and paleoclimatedeCrossChapter Box 2.)land the latter includingufure timeslices (near,
medium and long term) across scenarios (RCPs and SSExpss€hapter Box 1. landGWLs (1.5°C,

2°C, 3°C and 4°CseeCrossChapter Box 111 It also provides regional information (aggregated spatial
values) for a number of ptefined (reference and typological) regions in the form of time series, annual
cycle plots, scatter plots (e,gemperature versus precipitation), table summaries, and ensemble and seasonal
stripe plots. This allows for a comprehensive analysis (andcortgrarison, particularly using GWLs as a
dimension of integration) of the different datasets at a globalejidnal scale.

The Interactive Atlas can be consulted onlinktat://ipccatlas.ifca.esFigure Atlas.8illustrates the main
functionalities available: the controls at the top of the window allow the intezaggiection of the dataset,

variable, period (reference and baseline) and season which define a particular product of interest (e.g., annual
tempeature change from CMIP6 under SSPB for the longterm 20812100 period relative to 1993104

in this illugrative case). Regionally aggregated information can be obtained interactively by clicking on one

or severakubregios on the map and by seledione of the several options available for visuals (time

series, annuatycle plots, scatter and stripe ploasid tables.

[START FIGURE ATLAS.8 HERE]

Figure Atlas.8: Screenshots from the Interactive Atlas(a) The main interface includes a global map and controls to
define a particular choice of dataset, variable, period (reference and baseline) and season (in this
exampe, annual temperature change from CMIP6 for SBBJor the longterm 20812100 period
relative to 19952104). (b e) Various visuals and summary tables for the regionally averaged
information for the selected reference regions.
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[END FIGURE ATLAS.8 HERE]

A major goal during the developmenttbe Interactive Atlashas been ensuring trgg@sency and
reproducibility of results, and promoting open science and Findability, Accessibility, Interoperability, and
Reuse (FAIR) principle@Vilkinson et al, 2016)described irAtlas.2.3 As a result, full metadatare

provided in thdnteractive Atlador each of the products, and theripts used to generate the intermediated
products (e.g., extreme indices and CIDs) and figjareavailable online in a public repositofigurbide et

al., 2021) which also includes simple notebooks illustrating key parts of the code suitable for reusability.
These scripts arealsedon the climate4R opesource frameworkturbide et al., 2019nd full metadata

have been generated for all final products using the METACLIP frameBedkia et al., 2019)which

builds on standards and describes provenance of the datasets as well aspiteessing workflow.

Atlas.2.1 Why an interactie onine Atlas in AR6?

The idea of an interactive online Atlas was first discussed in the IPCC Expert Meeting on Assessing Climate
Information for the RegiondPCC, 2018a)The meeting stressed the need for the ARG regional Atlas to go
beyond the AR5 experience in supporting and expanitie assessment of kegriables/indices and
datasets conducted in all chapters, ensuring trac
WGII. One of the main limitations of previous products, including the AR5 WGI AiRGEC, 2013a)is

their static natre with inherent limiteaptions and flexibility to provide comprehensive regional climate
information for different regions and applications. For instance, the use of standard seasons limits the
assessment in many cases, such as regions affected by moosgeasonal rainbanagrations or other
phenomenalriven seasons. The limited number of variables which can be treated on a printed Atlas also
prevents the inclusion of relevant extreme indices and CIDs. The development of an online Interactive Atlas
for AR6 was proposed as a solution to overcome thestades, facilitating the flexible exploration of key
variables/indices and datasets assessed in all chapters through a wide range of maps, graphs and tables
generated in an interactive manner, and #iss providing support to tHES andSPM One of thenain

concerns raised by this new online interactive product was the potential danger of having an unmanageable
number of final products impossible to assess following the IPCC review process. Thilvessed by

designing the Interactive Atlas with lited and predefined functionality and granularity thus facilitating the
review process and including use of os@uirce tools and code for traceability and reproducibility of results.

Atlas.2.2 Description of tre Interactive Atlas: functionalities and datasets

The Interactive Atlas builds on the work done in the context of the Spanish National Adaptation Plan
(PNACCI1 AdapteCcCahttp://escenarios.adaptecca . sdevelop an interactive online application
centralizingand providing key regional climate change information to assist the Spanish climate change
impact and adaptation community. The functionalities included in the AR6 WGI Interactive Atlas are an
evolutionof those implemented in AdapteCCa and have beertetiapd extended to cope with the
particular requirements of the datasets and functionalities it includes. In particular, the Interactive Atlas
allows analyis of global and regional informatioon pasttrends and future climate changes through a wide
range of maps, graphs and tables generated in an interactive manner and building on six basic products (see
Figure Atlas.§:
1. Global mapsof variables averaged oveéme-slices across scenarios and GWLshwibustness
represented using the approaches desgrith CrossChapter Box Atlas.1.
2. Temporal series, displaying all individual ensemble members and themwalél mean, with
robustness represented as ranges across the ensembl@f#band 10tho0th percentile ranges).
The selected reference period ofbysis is also displayed as context information, either aiine
(near, mid- or longterm) or a GWL (defined for a given model as the firsy2ar period whergs
average surface temperateteargefirst reaches the GWL relative to its 183®00 temperature).
3. Annual cycle plots representing individual models, the nmitidel mean and ranges across the
ensemble.
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4. Stripe and seasonal stripe plots, providing visual information on changes acresseimdle
(different models in rows with the multhodel mean on the top) and across seasons (months in
rows, using the signal from the muftiodel mean), respectively.

5. Two-variable scatter plots (e.g., temperature versus precipitation).

6. Tables with summarinformation.

The first of these products provides spatial information about the ensemble mean, while the latter five
convey (spatially) aggregated information of the ramtidel ensemble for particular region(s) selected by
the user from a number of plefined éternatives (see Sectiordlas.1.3.3andAtlas.1.3.4for reference and
typdogical regions, respectively).

The Interactive Atlas includes both atmospheric (daily mean, minimum and matemparatures,
precipitation, snowfall and wind) and oceanic (sea surface tempeyatlreea ice, ansea level rise)
essential variables ssssed in thAtlas chapteandChapterdt, 8 and 9 as well as some derived extreme
indices used ihapter 1Janda selection of CIDs used ®hapter 1ZseeAnnex VI):

Maximum of maximum temperatures (TXxeeChapter 11

Minimum of minimum temperatures (TNi)seeChapter 11

Maximum Xday precipitation (RX1day) seeChapter 11

Maximum 5day precipitation (RX5aly)1 seeChapter 11

Consecutive Dry Days (CDD)seeChapter 11

Standardized Precipitation Index (8®Ii see Chapters 11 and 12

Frost days (FD), both raw and bias adjustesgeChapters 11 and 12

Heating Degree Days (HD)seeChapter 12

Cooling Degree Days (CDj) seeChapter 12

Days with maximum temperature above 35°C (TX35), both raw and bias adjisste@Ghapter 12
Days with maximum temperature abal@C (TX40), both raw and bias adjusfiedeeChapter 12

R I I I e L

The essential variables are cortgzlifor observations and reanalysis datasets as described in Sections
Atlas.1.4.1andAtlas.1.4.2(note that the Atlas does not include observational datasets for extremes). Trend
anal/ses are availdb for two alternative baseline periods (198@15 and 198®015, selected according to
data availability). This expands the information availabl€lapter Zor global observational datasets,
including new periods of analysis and newioegl observatinal datasets which provide further insight into
observational uncertainty.

Both essential variables and indices/CIDs are computed for CMIP5, CMIP6 and CORDEX model
projections (SectionAtlas.1.4.3andAtlas.1.4.4. The calculations are performed on the original model grids
and results are interpolated to the refee regular grids at horizontal resolutions of 2° (CMIP5), 1°
(CMIP6) and 0.5° (CORDEX(lturbide et al., 2021)information is available for the historical, SSP.6,
SSP24.5, SSP3&.0and SSP8B.5 scenarios for CMIP6, and historical, RCP2.6, RCP4.5 and RCP8.5 for
CMIP5 and CORDEX, as documentedAinnex Il Tables 12 (for CMIP5/CMIP6)andAnnex Il Tables 3

14 (for the different CORDEX domains). All products (maps, graphs and tables) are available for different
reference periods of analysis, either tigliees 021 2040, 20412060 and 20812100 for neat, mid- and
long-termfuture periods, respectively; seec8en Atlas.1.3.], or GWLs (1.5°C, 2°C, 3°C or €; see
SectionAtlas.1.3.2, with changes relative to a number of alternative baselines (including IBBD pre
industrial, and 19932014 recent past; see Sectisitas.1.3.). Note that istead of blending the information

from the different scenarios, the Interactive Atlas allows comparison of the GWL spatial patterns and timings

acrosghe different scenarios (s€¥oss Chapter Box 11).1

Some of the above indices (in particular TX35 @xdO0) are highly sensitive to model biases and the
application ofbiasadjustment techniques is recommended to alleviate this probts@rossChapte Box
10.2. Bias adjustment performed as explained in Sectidtias.1.4.5

The Interactive Atlas implements the approaches for representing robustness in maps abthelgvizl
described in Cros€hapter Box Atlas.1. feseapproaches are not necessarily informative for assessing
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trends and climate change signals over larger spatial scales where signals are less affecteddafesmall
variability leading to an increase in robustness. For regional analysis, the latesdlets allows the

analysis of aggregated regtrnde signals and assessing their robustness at a regional scale thus
complementing the previous approach for drak robustness representation. For exantpigyre Atlas.9
shows large hatched areas for fnaxm 5-day precipitatiorin the South Asia regionWhen aggregated
spatially, the region exhibits a robust wetting signal, with rmnsemblenembers agreeing on the sign. This
highlights that signals may not have emerged at the statigrid-box scalébut haveclearly at aggregated
scales, particularly for variables with high variability (e.g., extreme precipitation or cold extremes; see
CrossChapter Box Atlas.1).

The advanced approach for representing robustness includes a new category fomigentiflicting

signals, where models are projecting significant changes but of opposite signs. This is demonstrated in
Figure Atlas.9vhich shows a region of central Africa where models have significant changes in surface
winds with some projecting increzsand others decreases. This is clearly demonstrated in thesdiriges

below the map which shows these wspked changes aggregated over the CAF reference region for each of
the CMIP6 models and the opposing signals in many of these.

[START FIGURE ATL AS.9HERE]

Figure Atlas.9: Analysing robustness and uncertainty in climate change signals across spatial scales using the
Interactive Atlas. The left panel shogprojected annuaklative changes for maximumday
precipitation from CMIP@t 3°C of global warming levierelative tothe 1850 1900 baselingthrough
a mapof the ensemble mean changpaneltop) and information on the regional aggregated signal
over the South Asia reference region as time sépesel bottom) This shows nomobust changes
(diagonal liney at the gid-box level (due to the large local variability), but a robust aggregated signal
over the region. The right panel shows projected surface spiedd changes from CMIP6 models for
2041 2060 relative to a 1992014 baseline under the SS85 scaatio, again with the ensemble
mean changes in the mgganel top)and regionally aggregated tirseries over Central Africa for
each mode{panel bottom) This shows conflicting changesr¢ssed linesat the gridbox level due to
signals of opposite sign the individual models displayed in the tirseries.

[END FIGURE ATLAS.9 HERE]

Atlas.2.3 Accessibility, reproducibility and reusability (FAIR principles)

The accessibility and reproducibility of scientific resultgdlaecome a major concern in all scientific
disciplines(Baker, 2016) During the design and developm®f the Interactive Atlas, special attentivas

paid to these issues in order to ensure the transparency of the products feeding into the Interactive Atlas
(which are all publicly available). Accessibilityimplemented in collaboration with the IPCGi2

Distribution Centre (DDC), since all products underpinning the Interactive Atlas, including the intermediate
products required for the indices and CIDs (monthly aggregated degajrated and distributed/tithe
IPCCGDDC and include full provenanceformation as part of their metadata. Atlas products are generated
using the open source climate4R framewgikrbide et al., 2019or data processing (e.g. regridding,
aggregation, index calculation, bias adjustment), evaluation and quality control (when applicable). Full
metad#a are generated for all final products ugsihe METACLIP frameworkBedia et al., 2019)ased on

the Resource Description Framework (RDF) standard to describe the datasets-pnoceating workflow.

In summary, a number of actiohave been conducted in order to implememoaccess, reproducibility
and reusability of results, including:

Use of standards and opsaurce tools

Open access to raw data and derived Atlas products via the DIECC

Provision of full provenance metadadescribing the product generation workflow

Access to code through an online reposif{éiyrbide et al., 2021)ncluding the scripts needed for
calculating the intermediate datasats #or reproducing some of the figures of ftlas chapter
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1 Provision of annotated (Jupyter) notebooks describing key elements of the code to provide guidance
and facilitate reusability.

All final products visualized in the Interactive Atlas can be exported in a variety of formats, including PNG
and PDHFor bitmgp andvector informationrespectivelyMoreover, in the case of the global maps, the final
data underlying these products can be downloaded in GIS format (GeoTIFF), thus facilitating reusability of
the information. Note that the imageg éinal IPCC prodcts (covered by the IPCC terms of use), whereas
the underlying data are distributed by the IPBRC under a more flexible license which facilitates

reusability. Moreover, a comprehensive provenance metadata description has been gerdudied,all

details needed for reproducibility, from the data sources to the differenppmstsses applied to obtain the

final product. In these cases, there is also the possibility to download a PNG file augmented with attached
metadata informatiofin JSON format)This metadata information (including the source code generating the
product) can be accessed and interpreted automatically using specific JSON software/libraries. However, for
the sake of simplicity, humanreadable version of the metaales accessiblalirectly from the Interactive

Atlas describing the key information along the workflow

Provenance is defined as a O6record that describes
producing, influencing, or deliverimgpiece ofdataro a t hi ng6. Thi s i nformati or
assessments about their quality, reliability or trustworthiness. In the context of the outcomes of the

Interactive Atlas, having an effective way of dealing with data provenance is a mgcesslition to @asure

not only the reproducibility of results, but also to build trust on the information provided. However, the

relative complexity of the data and the ppeicessing workflows involved may prevent a proper

communication of data provenanwith full detdls for reproducibility. Therefore, a special effort was made

in order to build a comprehensive provenance metadata model for the Interactive Atlas products.

Provenance frameworks are typically based on RDF (Resource Description Frinaviamily of World
Wide Web Consortium (W3C) specifications originally designed as a metadata(@addhn et al., 2001)
It is an abstract model that has become a general methoohimeptual descrijpn of information for the
Web, using a variety of syntax notations and serialization formats. META@&®#ia et al., 2019 xploits
RDF through specific vocabularies, written in the OWL ontology language, descriffgrg i aspects
involved in climate product generation, from the data source to themasissing workflow, extending
international standard vocabularies such as PRWoreau et al., 2015)The METACLIP vocabularies
are publicly available in the METACLIP repository (httgithiub.com/metalip/vocabularis).

METACLI P emphasises the delivery of o6final produc
stored in a file, such as a plot or a map) with a full semantic description of its origin and meaning attached.
METACLI P e ohinereagabilitsh mtah r o u g h -defined, standardf metadath Yocabularies,
providing semantic interoperability and the possibility of developing database engines supporting advanced
provenance analytics. Therefore, this framework has been adopgfeda@te provemae information and

attach it as metadata to the products generated by the Interactive Atlas. A specific vocadularg(c ) t er ms
is created alongside the inclusion of new products in the Interactive Atlas and uses the controlled

vocabulaies existing fron CMIP and CORDEX experiments. As an examplgure Atlas.1Ghows the

semantic vocabularies needed to encode the information of the typical workflow for computing (from bias
adjusted data) any of the climate indices (extreme or CIDi)ded inthe Interactive Atlas

[START FIGURE ATLAS.10 HERE]

Figure Atlas.10: Schematicrepresentation of the Interactive Atlas workflow, from database description,
subsetting and data transformation to final graphical product generation (maps and plots).
Productdepement workflow steps are depicted with dashed borders. METACLIP specifically
corsiders the different intermediate steps consisting of various data transformations, bias adjustment,
climate index calculation and graphical product generation, providing axierdascription of each
stage and the different elements involved. The diffecentrolled vocabularies describing each stage
are indicated by the colours, with gradients indicating several vocabularies involved, usually meaning
that specific individual nst ances ar e diextendmggeneiicrtlasées@cc _t er ms
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0 d at aGsThase twoeocabulariesdealing with the primary data sources have specific annotation
properties linking their own features with the CMIP5, CMIP6 and CORDEX Data Referen@x Sy
taking as reference their respective controlledabulariesAll producs generated by the Interactive
Atlas provide a METACLIP provenance description, including a persistent link to a reproducible
source code under versioontrol.

[END FIGURE ATL AS.10 HERE]

Atlas.2.4 Guidance for users
Atlas.2.4.1 Purpose of the Interactive Atlas

Theprimary purpose of the IPCC is to provide a policy relevant;prescriptive assessment of the state of
knowledge on climate change and its impacts. This purpose is different qrothision of information
targeted to implement climate policies, whishihe focus of climate services and national climate change
assessment communities. IPCC assessments are based on quantitative observational-gedereaidel
data that are also @d in many activities supporting the development of climate policieseiAzwthe
functionality of the Interactive Atlas is primarily aimed at supporting the knowledge assessment.

Much of the assessment in this report is based on multiple lines of exifl¥nss Chapter Box 10.3The

Interactive Atlas facilitates combiningultiple observational and modgénerated datasets and spatial and
temporal analyses that combine to support statements on the characteristics of the climate system. The use of
preddined spatial and temporal aggregations imposes constraints on thetabitiake specific or tailored
assessments but does provide essential background and uncertainty information to genefatdibgsad

and provide confidence statements on thesa, Alhe inclusion of a selection of extremes and CIDs is a new
element irthe Interactive Atlas and facilitates broader application inctuthe handshake with WGII.

Below, some guidelines on the use, interpretation and limitations of the Interactivaratigigen.

Atlas.2.4.2 Guidelines for the Interactive Atlas

Atlas.2.4.2.1 Quantitative supportor assessments

Many assessment statements make use of evidence derived from observed changes, model projections, and
processoriented attribution of changes to human interventiohs. fiteractive Atlas shows a small subset of
available observations thdbcument climate change, nhamely surface air temperature and total precipitation
(and thus not including observationsotfier atmospheric artelarthsystem components usedpast of he

evidence base for the repoi®nly datasets that have (negigbal o large regional gridded spatial coverage

and go back multiple decades are used. For each variable multiple datasets are included, but some of these
have overlapping nativgroundstaion observationand so are nahdependent (see Sectidtlas.1.4.).

The datasets show patterns of substantial spatial and temporal variability, and the empirical evidence of a
nonstationary cinatology needs to be filterébm this information. Issues with quality, representativity,

and mutual consistency lead to constraints on their use for attribution of causes of treSdst{ere

10.4.1.2%for examples). The practice of attributing trelaasl extreme events to humamusas gives

confidence that these trends are expected to continue in the (near) future, provided the human drivers of
climate change remain unchanged. However, large internal variability at decadal time scales can be mis
interpreted as an anthropogenic irghce on the likelihood of extreme events, and in that case extrapolation

of trends cannot be expected to be a relipl@elictorfor the future(Schiermeier, 2018)

The Interactive Afs gives access to a spec#et of climate variables from a large number of climate model
simulations, particularly the (global) CMIP5, CMIP6 and (regional) CORDEX archiveglobal model
outputs generally give a relatively coarse picture of climaémge, which is an importarhé of evidence

for the detection and attribution of climate change idtdrely directly applicable for local climate change
assessment or support of policy dediggm den Hurk et al., 2018)o provide additional detail, downscaling
global projections with regional climate models (R€) or statistical downscalingan be undertaken but
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also adds a source of uncertainty as it involves additional modele$¢ction 10.3

The information displayed in the Interactive Atlas allows a number of sources of unceddiaty

quantified 0 Ob s er v at idisrapaekentedrbytieeruse afimaltiple (albeit often not completely
independent) observational d at @&camnot be quadtified direatht ai nt y
since multiple realizations froifmistoric and future projections are not accessftiie Interactive Atlas uses a

single realization of each model). The use of a large collection of model systems allows for an elaborate
guanti ficati on adrfaddidionpacariparison @RS tral CMIP6ysuppasievidence of

progress in madel quality since the AR5, while the evaluation of the added value of RCMs reveals model
uncertainty related to spatial resolution (Seetion 10 Fi nal | 'y, the assessment of
is supported by the inclusion of multiple emissionsaeos for both CMIP5, CORDEX and CMIP6.

The communication of uncertainty has a profound influence on the perception of information that is
exchanged during the communication process. An assessment timigeommunication and the barriers
to climateinformationconstruction is given iSection 10.5.4

Atlas.2.4.2.2 Insightsfrom physicalunderstanding

The detailed technical findings in IPCC reports also serve as an important benchmark resource for the
research ammunity. The Interactive Atlas complements th€E@Passessment report as a repository of
scientific information on global and regional climate and its representatcwordinatel model ensemble
experiments. Regional climate is governed by a mixtureie¢idy, such as circulation patterns, seasonal
morsoons, annual cycles of sn@andregional landatmosphere feedbacks. Global warming may affect
regional climate characteristics by altering the dynamics of their drivers. The Interactive Atlaslaiow
conparison of different levels of global warming specific regional climate features but is not designed for
advanced analysis of the relationship between drivers and regional climate characteristics. For this, tailored
analysis protocols need to be appliedch as the aggregation of climate changerimégion from ensembles

of regional climate projections, and stratification according to drivers of regional climate such as patterns of
atmospheric circulatiofLenderinket al., 2014) The analysis of complex regional climate characteristics
resulting from compound drivers also require additional expert knowledge and data prodéssimgson et

al., 2016) Section 12.6.2assesses various categories of climate services, including tailored analysis of
regional climate processes.

Atlas.2.4.2.3 Construction of storylines

Communicating the full extent of available information on future climatefregion, including a
guantification of uncertainties, can act as a barrier to the uptake and use of such infqlreatmet al.,
2012; Daron et al., 2018Jo address the need to simplify and increase the relevance of information for
specific contexts, recent studies have adops&thtive and storyline approachemzeleger €al., 2015;
Shepherd et al., 201&eeSections 1.4.4 and 10.5& definitions and further discussion on these
concepts). The use of regispecific climate storylines, includjra role for local mechanisms, drivers and
societal impacts generally rages detailed information that is typically not provided by the Interactive
Atlas. However, background information and basic (scenario) assumptions can be derived from the
Interactive Atlas which can be considered to provide an expert knowledge baseliiomtavbuild targeted
storylines and climatmformation

Atlas.2.4.2.4 Visual information

The visual communication of climate information can take many forms. Besides the standard visetd produ
typically used for communicating global and regional climate infoonat practitioners (e.g., maps, time
series or scatter plots), the I nter ac®RMet62018)t | as i
facilitating the communication of key messages (e.g., warming and consistency across models) to a less
technical audience. The varioustédy and graphical representation alternatives included as options in the
Interactive Atlas Figure Atlas.8 facilitate exploring the information interactively from different

perspectives and for different levels of detail, thus favouring the communieatiothe larger and diverse
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audience of IPCC products.

To support the wsof visuals provided in the Interactive Atlas for application to different audiences, new
insights since the AR5 have emerged from a range of scientific disciplines, includingtitéve and
psychological sciencdsiarold et al., 2016)Studies have used interviews and online surveys to assess
interpretations of visuals used to communicate climate informatiol uncertaintiearon et al., 2015;

Lorenz et al., 2015; McMahon et al., 2015; Retchless and Brewer,. 20isy) commonly find wideganging
interpretations and varil understandings of climate information amongst respondents due toite ah
visuals. In addition, Taylor et gR2015)found that preferences for a particular visualization approach do not
always align with approaches that achieve greatest accuracy in interpretation. Choosing sppisymia

for a particular purpose and audience can be informed by testing and evaluittiitarget groups.

Atlas.2.4.2.5 Dedicated climate change assessment programs

Communication aimed at informing the general public about assessed scientific fimdaligsatechange
have a different purpose and format tlifaimtended to inform a specific targmtidience to support
adaptation or mitigation policigsVhetton et al., 2016)The growing societal engagement with climate
change means IPCC reports are increasingly used diredilydiyesses, the financial sector, health
practitioners, civil society, the media, andiealtors at all levels. The IPCC reports could effectively be
considered a tiered set of products with information relevant to a range of audiences.

The Interactive Atls does provide access to a collection of observational and modelling datasets,doresente
in a form that supports the distillationioformationon observed and projected climate trends at the regional
scale. Access to the repository of underlying dasaseables further processing for particular purposes. As
noted above, it is not the imion nor the ambition of this IPCC assessment and the Interactive Atlas
component to provide a climate service for supporting targeted policies. For this an inanaadieg of
dedicated climate change assessment programs havedsged outaiming atmapping climate change
information relevant for adaptation and mitigation decision support.

For instance, thEuropean Environment Agen¢®018)provides an overview of European national climate
change scenario programs. Most of these use CMIP5 (or earlier) global climage ehaembles driven by
an agreed set @greenhousgas emission scenarios, followed nshscaling using RCMs and/or statistical
methods, in order to generate regionally representative hydrometeorological indicators of climate change. In
some cases, outpat seleceddownscaled global and regional models is provided to (géustton et al.,
2012; Daron edl., 2018) Uptake by users is strongly dependenpmviding justificationof the selectiorr
for the downscaling procedure aifidurther stepsreneeded to tér the information to local sca€Lemos

et al., 2012)More comprehensive programs provide probabilistic climate information by carefiyksis
andinterpretation of ensembles of model outguiswe et al., 2018)The information is generally tailored to
professional practitioners with expertise to interpret and process this fistizathata This topdown
probabilistic information chain isot alwaysable to highlight the essential climate change information for
users, and alternative bottemp approaches are encoura@edgg et al., 2013)Section 12.6.2ssesses
climate servicemcluding the national climate assessments and user uptake.

Atlas.3  Global synthesis

Most other chapters in WGissesgast or future behaviour specific aspects dhe global climate system

and thissectionintroduces some of the key results, specificiithyn Chapter, 4 and9. This provides

global overview on bservations and information from the CMIP5 and CMIP6 ensenbl@sderpirthe

regional assessments in the rest of the AGlaapterand the results displayedtime Interactive AtlasThus,

its aim is not to generate an assessment of regional climate change directly but to provide the global context
for this information derived later in the Atlas. Sectatias.3.1considers global atmospheric and land

surface information with global ocean informatian SectionAtlas.3.2
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Atlas.3.1 Global atmospherand land surface

The principal atmospheric quantities of interest for understanding how climate change may impact human
and ecological systems, agas being key global indicators of change, are surface air temperature and
precipitation. They are thefore a significant focus of the regional climate assessments in the following
regional sections of the chaptéitl@s.4to Atlas.1]) and oftheInteractive AtlasChanges in these variables
over land during the recent past (18B015) are shown iRigure Atlas.1lusing results from twolgbal

datasets (assessedChapter 2to illustratebothwhere there is robust information on observed trends and
observational uncertainty.

For temperature, a clear signal of warming is seen over most land areas with an amplification at high
latitudes though all continents apart from Europe also have regioesentends are not significant.
Significant changes in annual mean precipitation are seen over much more limited areas though with
consistent increasing trends over some northernlaighde rgions and decreasing trends over smaller
regions in tropicalfrica, the Americas and Southwest Aslde information conveyed iRigure Atlas.11

on both consensus in the signal of change and on observational uncertainty is used in this chapterf as a line o

evidence to assess historical observed trends.

As an altenative way of viewing and summarising information in the observational data, the (@raeid

(d) in Figure Atlas.1Ishow the time at which any significant temperature trends from the Beikatthand
CRUTEMS5datasets, averaged over the referenc@nsgiemerged from interannual variabilityith a

signal to noise ratio greater than t(itawkins et al., 2020)n the former a regionally averaged warming
signal has emerged over all of thedreference regionsn the latter emergence times aoaly calculated

for those regions whh havedata available in more th&0% of the land are@nlike Berkeley Earth,
CRUTEM does not include spatial interpolation, Seetion2.3.1.1.3) and these are similar for all but one of
the regionsndicating that observational uncertainty does matnge the main conclusion of widespread
emergence of surface temperature sigoes land regions

[START FIGURE ATLAS.11 HERE]

Figure Atlas.11:Observed linear trends of signals in annual mean surface air temperature (a, b) and
precipitation (e, f) in the Berkeley Earth, CRU TS and GPCC datasets (see Sectiétlas.1 for
dataset details).Trends are calculated for the common 1i9BIL5 period and are expressed as °C per
decade for temperature and relative change (with respect to the climatological mean) per decade for
precipitation. Crosses indite regionsvhere trends are not significant (at a 0.1 significance level) and
the black lines mark out the reference regions defined in Se&tias 1 Panels ¢ and d display the
period in which the signals of temperature change in dgieegated over the reference regions
emerged from the noise of annual variability in the respective aggregated data. Emergence time is
calculated for (c) Berkeley Earthg used in (a)) and CRUTEMS5. Regions in the CRUTEMS map are
shaded grey when data aveailable over less than 50% of the land area of the relgiother details
on data sources and processing are available in the chapter data tabl&{faatsé.15.

[END FIGURE ATLAS.11 HERE]

As described earlier, information on projected future gkarns required both at different time periods in the
future under a range of emissions scenarios but also for different global warmingReueis Atlas.12

shows theglobal surface air temperature change projection calculated from the CMIP6 ensemblef fioe
the middle of the century under the SSP@ and SSR3.0 emissions scenarios compared to the end of the
century warming under SSH30 and for a global warmirgvel of 2°C.The patterns ofhangesresimilar

to the observed warming aftfiere & a high level of consistenayith CMIP5in terms ofbothpatterns and
magnitude of changénteractive Atlay. However, for the longerm future, warming in the CMIP6

ernsemble is generally higher, reflecting the increase in the top end of the rangeaté densitivities
amongst the CMIP6 GCMs (Figure Atlas.13).
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[START FIGURE ATLAS.12 HERE]

Figure Atlas.12: Global temperature changes projected for the miecentury under SSP12.6 (left, top) and SSP3
7.0 (left, bottom) compared with a 2°C global warming level (right,dp) and the end of the
century under SSP37.0 (right, bottom) from the CMIP6 ensemble Note that the future period
warmings are calculated against a basqiig@od of 19952014 whereas the global mean warming
level is defined with respect to the baseli@iod of 18511900 used to define global warming
levels. The other three S&Rased maps would show greater warmings with respect to this earlier
baseline Further details on data sources and processing are available in the chapter data table (Table
Atlas.SM.15).

[END FIGURE ATLAS.12 HERE]

Figure Atlas.12lemonstratehow temperature is projected to increase for all regions, and at a greater rate
than the global average over many land regions and with significant amplification in the Arctic. It also show
the higher miecentury warming and significantly higher end ehtury warming under the higgmission
SSP37.0 scenario compared to the l@mission SSR2.6 scenario. Conversely, comparing the projected
2°C Global Warming Level change with that progetadditional warming compared to the recent past under
the SSP2.6 scenari@lemonstrates the much smaller additional warming projected under thesrimsion
scenario. Finally, the maps display the CMIP6 ensemble mean projection but it is imporkghbrie the

full range of outcomes from the ensemble, for examplennundertaking a comprehensive risk assessment
in which temperature is an important hazard. This can be explored regionally in the Interactive Atlas
(SectionAtlas.2 by viewing the timeseries of changes for all of the models within the ensemble over the
AR6 WGI reference regiongigure Atlas.2).

Changes in annual mean precipitation present a more complex picture with regioneadaelas well as
increase and areas where there is model disagreement on the sign of the change, even when the signal is
strong in thdong-term future period as shown in CreSkapter Box Atlas.1, Figure 1. However, as with the
temperature changes, thésea high level of consistency in the patterns and magnitude of the precipitation
changes, with changes in some areas being larglee liomgterm futureperiod.Considering changes over

land, CrossChapter Box Atlas.1, Figure 1 also shows that at lovaming levels there are many regions,
especially in the southern hemisphere, where there is no robust signal of change from the models.

In addition to displaying results from global model ensembles as maps of projected changes and their
robustness or dsneseries of the projected temporal evolution of the median and range of a climate statistic,
it is often useful to generate araeelaged summaries of these statistics under different future emission
scenarios or at specific global warming levels. Thidamonstrated iRigure Atlas.13and forms the basis of

a common set of analyses which are presented for the reference regionegiaih@ assessments in the
following SectionsAtlas.4to Atlas.11 It shows the range of projected changes compared to thé ISBED

and the recent past 192914 baseline periods for the CMIP5 and CMIP6 ensembles. The first four panels
show: annual mean changes in temperature globally and over land only for vaslmalsagkrming levels

and emission scenarios and time periods (left pair) and then again globally and for global land, changes in
precipitation and temperature at the same global warming levels (right pair). The second four panels provide
the same temperatiandprecipitation information globally and for global land only in the Deceinber
February and JuhAugust seasons. These results demonstrate the consensus between the two ensembles for
increased warming over land areas and increases in global preaipdiadiovarming levels and that global
land precipitation increases more. They also show the increased precipitation response in DJF reflecting the
large precipitation increases in the northern hemisphere higher latitudes in winter. Finally, they @énonstr
the greater warming projected by the CMIP6 ensemble, as an average over the ensemble and the upper end
of the range. Se€hapter 4or an indepth assessment of these results.
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[START FIGURE ATLAS.13 HERE]

Figure Atlas.13:Changes in annual mean surface air temperate and precipitation averaged over the global
(left) and global land areas (right) in each horizontal pair of panelsThe top left two panels show
the median (dots) and #090" percentile range across each model ensemble for temperature change,
for two datasets (CMIP5 and CMIP6) and two scenarios (SSPA/RCP2.6 and SSRR5/RCP8.5).
The first twelve bars represent the projected changes over three time perioderne2021 2040,
mid-term 20412060 and longerm 20812100) compared to the baseline pdrof 1995 2014 and
the remaining four bars represent the additional warming projected relative to the same baseline to
reach four global warming levels (GWL; 1.5°C, 2°C, 3°C and 4°C). The top right two panels show
scatter diagrams of temperature agaimstipitation changes, displaying the median (dots) arfdl 10
90" percentile ranges for the same four GWLs, again representing the additional changes for the
global temperature to reach the respective GWL from the baseline period ®20285In all panels
the dark (light) grey lines or dots represent the CMIP6 (CMIP5) simulated changes in temperature and
precipitation between the 1851000 baseline used for calculating GWLs and the recent past baseline
of 1995 2014 used to calculate the changes in thallzrans and scatteplots. Changes are
absolute for temperature and relative for precipitation. The script used to generate this figure is
available onlindlturbide et al., 2021and sinilar results can be generated in the Interactive Atlas for
flexibly defined seasonal periodsurther details on data sources and processing are available in the
chapter data table (Tabidlas.SM.15.

[END FIGURE ATLAS.13 HERE]

Global warming leads tsystematic changes in regional climate variability via various mechanisms such as
thermodynamic responses via altered lapse (Kiéser et al., 2017; Brogli et al., 20180d land

atmosphere feedbackBoé and Terray,@14). These can modify temporal and spatial variability of
temperature and precipitation, including an altered seasonal and diurnal cycle and return frequency of
extremes. Regional influences from and feedbacks with sea surfawgs,aladiation and othprocesses

also modulate the regional response to enhanced warming, both locally and, via teleconnections, remotely.

Given their potential to influence extremes in temperature, precipitation andtlirtihetic impactdrivers
andhazards, and thus risk® human and ecological systems, it is important to understand these links for
developing adaptations in response to clear anthropogenic influences on individual hazards. This will also
support the related fields of disaster ristuetion and global sustable development effor{Steptoe et al.,
2018) They demonséited that 15 regional hazards shared connections via the EISdidithern Oscillation,

with the Indian Ocean Dipole, North Atlantic Oscillation and the Southern Annular ModAar{seg IV)

being secondary sources of significant oegil interconnectivityKigure Atlas.14. Understanding these
connections and quantifying the concurrence of resulting hazards can support adaptation planning as well as
multi-hazard resilience and disaster risk reduction goals.

[START FIGURE ATLAS.14 HE RE]

Figure Atlas.14:Influence of major modes of variability (see Annex IV) on regional extreme events relevant to
assessing multhazard resilience.Ribbon colours define the driver from which they originate and
their width is proportional to the correlatio@rossed linesepresent where thei® conflicting
evidence for a correlation or where the driver is not directly related to the hazard arepdegent
drivers that have both a positive and negative correlation with the hazard. Figure is copied from
Steptoe et a2018)/ CCBY4.0.

[END FIGURE ATLAS.14 HERE]

The main modes of variability influencindpdpal and regional climate are comprehensively described in
Annex IV. In the context of the assessment inAktlas chapterthey are important because of their influence
on the variability of temperatuf®art A)and precipitatiorfPart B)in regions arond the world. This is
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guantified inTable Atlas.1which lists the fraction of interannual variance in seasonal mean temperature and
precipitation explained by variability in these modes. The table provides information ofiubeda of the
teleconnections for selected seasons for the interannualadadenodesindat an annual scale for the
multi-decadal Thecolumns related to thaterannual to decadal modeguson the seasons where these
connections are strongest butleanode of variability will often have influences in other seasons (for more
detailsseeAnnex V). The table showthat for many regionseasonalemperature and precipitation is
substantiallynodulated byhese modes of variabilityll regions feel sominfluence and variability in
ocearbasins often has influence in multiplenete regions.

[START TABLE ATLAS.1 HERE]

Table Atlas.1: Regional mapping of the teleconnections associated with the main modes of variabiligx (V).
Fraction of sface air temperaturand precipitation variance explained at interannual timescale by
each modef variability (columns) for each ARG region (rows) based on the coefficient of
determination R Units are in percent and naignificant values based orstatistics at the 95%\el
confidence are indicated by a cross. HadCRUT (HAD), GISTEMP (GIS) eBsrkarth (BE), and
CRU-TS (CRU) observed datasets are used to assess the strength of the teleconnection for surface air
temperature and GPCC and CRS are used for precipitatiolhe colour scale given on label bars
shown at the bottom quantifies the wed of the explained variance and also stands for the sign of the
teleconnection for the positive phase of the mode. All data are linearly detrended prior the
computation of the regssion. Note that results are sensitive to the choice of the detrendatigriu
(linear, loess filter, drder polynomial function) but by few percent at most, which is well below the
range of the observational uncertainty assessed here through tHesegeral observational products.

2-meter temperature

NAM SAM ENSO 10B [e]] AZM AMM PDV AMV
DJF DJF DJF MAM SON JJIA JJA Annual Annual
19592019 19792019 19592019 19582019 19582019 19582019 19582019 19002014 19002014
Africa
Sahara 60 56| 60 9 |15|14| 16 8 |10(12| 9 7 13| 5 | 15|14
Western Africa 24(22|26|28 11 4 0 45 40 18 15| 8 [ 13| 8 8 5 419
Central Africa 16(22| 17| 19 14 fk] 50 41 56 58 13(16| 9 |12 11 15|13 (13|13
North-eastern Africa] 1920|1621 40 34 4 8 5]s 9
Southeastern Afric 9 17(11| 12|17 6 4 78|17 6 8 12| 5
Westsouthern Afric 43 4 6 17 718 4|4 5 5
Eastsouthern Africa] 12 13 40 ' 36 4|3
Madagascar 12 16 9 (14| 7|13 10| 10| 8 4|5
Asia
West Siberia
East Siberia 4 0 7 3134
Russian Far East | 7 8 8|14|12| 9] 6|66 7145
West Central Asia
East Central Asia 7
Tibetan Plateau 19| 11| 15| 14 8(5(4|5]6|8]|5]|17
East Asia 8 8 6 13| 12| 14|14
South Asia 9|9|8(10 7 11|14| 12|11 9|7 8 416 5
Southeast Asia 4 46 36| 4 6 7 4 6 5
Arabian Peninsula [l 29 12 1 7 10| 11|11
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Australasia

Northern Australia 12 19 4| 46 4|5]|5(12

Central Australia 14|12( 14| 14]19| 18 19(18| 18| 18] 19 g 4141619

Eastern Australia 21| 22(24|21 19 18 18| 17] 11 10| 7 65611

Southern Australia

New Zealand 15|17

Central and South America
South Central
America
North-western Soutl
America

Northern South
America
Northeastern South
America

South American
Monsoon
Southwestern Soutl
America
Southeastem South 19 5
America

Southern South ><

AN PANRINNY 79 86 82|80 59 |48 ) 12 15 7 15(10| 14|11} 5(6 |19 | 9

14|119|19(10] 13 11| 8 (1112 7 8|11| 7| 4

America

Europe

Mediterranean 25|25 28 7 7 16|19 18

Western & Central
Europe

Eastern Europe 6 34 71778

Northern Europe 49 4 6(8|5|5

North America
North Central
America

Western North
America

Central North
America

Eastern North
America
North-eastern North|
America
North-western NortH
America

10 10 18(10| 15| 9 J22(15|19( 17 7|77 7|15|17|17|11 16| 11

17| 18|17 17 7|7(8|8 919 (7]|11

13)11|11f11 12(10| 11|10 4|14|4|8(10|9 (10

10|10| 9 (11)16|18( 17|18 68|79

Small Islands

Caribbean 15 15| 8 19| 23 15[ 20( 17 416 |12

Pacific

Polar Terrestrial Regions

Greenland/Iceland

42| 38 7 42 43|38

Russian Arcti 17 9 |14| 10| 10

West Antarctica 12 14 8 10187 24|17 6

East Antarctica 25

Colder Warmer

50 40 30 20 20 30 40 50
Temperature anomalies and percentage of explained variance
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Precipitation

NAM SAM ENSO 10B 10D AZM AMM PDV AMV
DJF DJF DJF MAM SON JJIA JJIA Annual Annual
19592019 19792019 19592019 19582019 19582019 19582019 19582019 19002014 19002014
Africa GPCC| CRU| GPCC| CRU| GPCC| CRU | GPCC| CRU|GPCC| CRU| GPCC| CRU|GPCC| CRU| GPCC| CRU| GPCC| CRU
Sahara X 17 14 10 7 10 25 24
Western Africa 17 13 4 7 19 !
Central Africa 8 10 9 11 13 9
North-eastern Africa 7 16 11
Southeastern Africa 9 4
Westsouthern Africa 0 22 17 14 11 13
Eastsouthern Africa X 6 7 7 6 5}
Madegascar 7 12 8
Asia
West Siberia X X 7 X X X 8 9 X X 11
East Siberia 11
Russian Far East 9 10 5
West CentraAsia 13 17 14 4
East Central Asia 9 6
Tibetan Plateau 16 13 7 9 13 4 6
East Asia X X 19 X 8 9 X 9 8
South Asia 8
Southeast Asia 6 4 9 14 8 6
Arabian Peninsula 5| 7
Australasia
Northern Australia 14 12 19 18 7 7
Central Australia 13 11 19 21 7 7 5 4
Eastern Australia 14 10 8 7 8 7
Southern Australia 10 11 4 8 8 3
New Zealand
Central and South America
South Central America 16 15 7 7
xr(:]rg;z\;estern South 7 16 11 23 16 8
Northern South America 64 16 11 12
North-eastern South Ameri 20 17 12 11 7 8
South American Monsoon 7 > > 6
i?nuet:z\;estem South 10 16 12 19 12
Southeastern South Ameri 19 13 13 10 13 10 6 4 6 5
Southern South America 13 7 9
Europe
Mediterranean 8 8
Western & Central Europe] 15 20 10 9 4 8
Eastern Europe
NorthernEurope

North America
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North Central America 25 26 12 12 11 12 5) 6

Western NorthAmerica 4 5
Central North America 14 10 17 16 3 6 6
Eastern North America 8 10 4
North-eastern North Ameriq 24 27 4 16 4
zg:g:i—(\?gestem North 15 13 8 4

Small Islands

Caribbean 10 18 8 8 12 10 13 5 5

Pacific

Polar Terrestrial Regions

Greenland/Iceland 7 9 7

Russian Arctic 10 6 8

West Antarctica

East Antarctica

Drier Wetter

50 40 30 20 20 30 40 50
Precipitation anomalies and percentage of explained variance

[END TABLE ATLAS.1 HERE]

Atlas.3.2 Globalocean

As with the atmosphere, there are several key emdated quantities which are relevant fodarstanding

how climate change may impact human and ecological systems and/or key global indicators of change.
These include ocean surface temperature anccbatent, segurface heightsea ice cover and thickness,

and certain chemical properties sushoaean acidity and oxygen concentration. For example, there is
growing awareness of the threat presented by ocean acidification to ecosystem servicee@ad its s
economic consequences are becoming increasingly apparent and quafitiiatlet al., 2018and SR1.5
(IPCC, 2018choted a significant impact of low levels of global warming on the state of the global oceanic
ecosystera and food security. For instance] $0% of coral reefs are projected to decline at a warming
level of 1.5°C, with larger losses at 2°C.

Thus, because of their importance to coastal populations and infrastructure and ocean ecosystems, the
Interactive Atasfocuses on change in searface temperature, sea level and pigure Atlas.15shows

projected changeseasurface temperature and sea leateghe end of the century under SSP8 andSSP5
8.5emissions, demonstrating the much larger changes seen with thednghsiom scenario. The projected
changes in sea levdt@w the significantly greater increases, of up to 1 m locally, under eehigdsions

future. Regional details of these projected changes under a range of emission scenarios and time periods can
be exploredn thelnteractive AtlasAn in-depth assessmeat these changes is presente&ection5.3 and

Chapter 9

[START FIGURE ATLAS.15 HERE]

Figure Atlas.15: Projected changes in sea surface temperature (top), sea level rise (bottom) for 20BI00 under
the SSP12.6 (left) and SSP58.5 (right) emission scenarios comparetb a 1995 2014 baseline
period from the CMIP6 ensemble For sea surface temperatudéggonal lines indicateegions
where 80% of the models do not agree on the sign of the projected cHaungfestdetails on data
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sources and processing are availabltnénchapter data table (Tal#das.SM.15.

[END FIGURE ATLAS.15 HERE]

Atlas.4  Africa

The assessment ihi$ section focuses on changes in average temperature and precipitation (rainfall and
show),including the most recent years of observations, updatesstereed datasets, the consideration of
recent studies using CMIP5 and those using CMIP6 and CORDEX simulations. Assessment of changes in
extremes are i€hapter 11 (Table 111.416) andclimatic impactdriversin Chapter 12 Table 121-12.12.

Atlas.4.1 Key featues of the regional climate and findings from previous IPCC assessments
Atlas.4.1.1 Key features of the regional climate

Africa has many varied climates which can be categorized as dry regimeSattaean region, tropical

humid regime in West and East Africa exclytparts of the Greater Horn of Africa (alpine) and the Sahel
(semiarid), and a dry/wet season regime in the northern and southern African region including the Namibian
desert; each chate region has its local variations resulting in very high sgat@temporal variation®eel

et al., 2007)Based on the varied climates, nine subregiondefined for Africa(seeFigure Atlas.16:the
Mediterranean region (MED) including North Africa, Sahia@duding parts of the Sahg€bAH), West

Africa (WAF), Central Africa (CAF), NortlieasternAfrica (NEAF), SouthEasternAfrica (SEAF), West
SouthernAfrica (WSAF), EasSouthern Africa (ESAF)and Madagascar (MDG).

The climatic features that characterize the isasonal and intemnual variability of Africa are mainly the
MaddenJulian Oscillation (MJO) which is confingd the deeptropics during boreal winter, Pacific Decadal
Variability (PDV), and the shift of the Atlantic Inter Tropical Convergence Zone in response to changes in
the meridional SST gradient. A positive phase ofRB¥ weakens African monsooiisieehl and Hu,
2006)Figure AlV.8d) and MJO phase 4 suppresses convection over the equatorial (Afgauee AV .109
(seeAnnex IV). Other features influence specific subregions. For instancefiBléventsncrease
precipitation in eastern Africa and decreases precipitation in soutfreza. Over southern Africa there is a
strong link between ENSO and drougfiseque and Abiodun, 2015Jhe positive phase of the IOD
increases rainfall in eastemopical Africa in boreal autumn to early wintgigure AV .5d), while the
negative phase induces the reduction in rainfall. West African monsoon is influencédrticXonal

Mode (AZM) with decreased rainfall over the Sahel and increased rainfalGomeea(Losada et al., 2010)
Positive Atlantic Multidecadal Variability (AMV) influensepositive anomalies all year round over a broad
Mediterranean region, including North Africa.

Atlas.4.1.2 Findings frompreviouslPCC assessments

The most recent IPCC repiey AR5 and SR1.BChristensen et al., 2013; Hoe@uldberg et al., 2018¥tate

that over most parts of Africa, minimut@mperatures have warmed more rapidly than maximum
temperatures during the teB0 to 100 yearsedium confidengeln the same period minimum and

maximum temperatures have increased by more than 0.5°C relati®8@a900(high confidence While

the guality of ground observational temperature measurements tends to mohighred to that of
measurements for other climate variables, Africa remainsédarrepresented region as reported in SR1.5
(Hoedh-Guldberg et al., 2018; IPCC, 2018Bgased on the Coupled Model Intemparison Project Phase 5
(CMIP5) ensemble and reported in IPCC AR5 and SR1.5, surface air temperatures in Africa are projected to
rise faster than the global average increasdikely to increase by more than 2°C and up to 6°C by the end

of the centuryelative to the late 20th century if global warming reaches(Bi@loff et al., 2013; Niang et

al., 2014; HeghGuldberg et al., 2018Yhe higher temperaturaagnitudes are pregted during boreal

summer. Southern Africa likely to exceed the global mean land surface temperature increase in all seasons
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by the end of the century. Temperature projection&é&mst Africa indicate considerable warming under
RCP8.5 where average wiaing across all models is approximately 4°C by the end of the century.
According to SROCC, eastern Africa like other regions with smaller glaciers is projected to lose more than
80% ofits glaciers by 2100 under RCP8rhgdium confidengéHock et al., 2019b)

West Africa has also experienced an overall reduction of rainfall over the 20th century, with a recovery
towards the last 20 years of the cent{@ristensen et al., 2013pver he last three decades rainfall has
decreased ovdfast Africa especially between March and May/June. Projected rainfall changes over Africa
in the mid and late 21st century is uncertdin regions of high or complex topography such as the Ethiopian
Highlands, downscaled projections indicéikely increases in rainfall and extreme rainfall by the end of the
21st century. However, Northern Africa and the sewméistern parts of South Afa arelikely to have a

reduction in precipitation.

The consequence of increased temperature and evapotranspiration, and decreased precipitation amount, in
interaction with climate variability and human activities, have contributed to desertificatioyland areas
in SubSaharan Africarbedium confidengeas reported in SRCC{Mirzabaev et al., 2019)

Atlas.4.2 Assessment and synthesifobservatims, trends and attribution

Figure Atlas.11shows observed trends in annual mean surface temperature and indicates it has been rising
rapidly over Africa over 1962015 and with significant increasés all regiors of 0.1°Q 0.2°C per decade
andhigheroversome northerneasterrand southwestern egions(high confidencie(seealsolnteractive

Atlas). This is confirmed by an independent analysis performedItorger period (19612018) over areas
where longterm fomogeneous temperature tiseries are availabl&ngelbrecht et al., 2015ore

specifically over the Horn of East Africa, the letegm mean annual tgrarature change between 1930 and
2014 showed two distct but contrary trends: significant decreases between 1930 and 1969 and increases
from 1970 to 2014Ghebrezgabher al., 2016) North Africa has an overall warming abserved seasonal
temperaturéBarkhordarian et al., 2012; Lelieveld et al., 20d@h positive trends in annual minimum and
maximum temperaturd¥izy and Cook, 2012)Temperatures over West Africa have increased over the last
50 year{Mouhamed et al., 2013; Niang et al., 20dth a spatially variable warmingeaching 0.5°C per
decade from 1983 to 2018ylla et al., 2016)West Africa has also experienced a decrease in the number of
cool nightsas well as more frequent warm days and warm s@dtisihamed et al., 2013; Ringard et al.,

2016) Similarly, East Africa has experienced a significant ineeda temperature since the beginning of the
early 19804¢Anyah and Qiu, 2012)ith an increase in seasonal mean temperature. Over South Africa,
positivetrends were found in the annual mean, maximum and minimum temperatures fic2QEHM all
seasons, except for the central inte(kruger and Shongwe, 2004; Zhou et al., 2010; Collins, 2011; Kruger
and Rkele, 2013; MacKellar et al., 2014)here minimum temperatures have decreased significantly
(MacKellar et al., 2014)Iinland southern Africa, minimum temperaturasd increased more rapidlyan
maximum temperaturgdlew et al., 2006)

Most areas lack enough observational data to draw conclusions about trandsahprecipitation over the

past century. In addition, many regions of Africa have discrepancies between different observed precipitation

datasetgSylla et al., 2013; Panitz et al., 201A)statistically significant (95% confidence level) decrease in
rainfall and the number of rainy days is reported in autumn over the east, centnaridwehstern parts of
South Africa in spring and summer during 188010(MacKellar et al., 2014; Kruger and Nxumalo, 2p17
Central Africa has experienced a significant decrease in total precipitation which is likely associated with a
significant decrease of the length of the maximum numberrsfezutive wet day@guilar et al., 2009)
Furthermorerainfall decreased significantly in the Horn of AfriCEerney et al., 2015)ith the largest
reductions during the long rains season March to lggn and Dewitt, 2012; Viste et al., 2013; Rowell et
al., 2015) Over mountainous areas significant increases araf the number of rain days around the
southern Drakensberg in spring awnmer during the period 1968010(MacKellar et al., 2014)

Similarly, southern West Africes observed to have had more intense rainfall from 1950 to 2014 during the
second rainy season of September to Nover{ildkrumah et al., 2019)'he Sahel region also had more
intense rainfall throughout the rainy sea¢Banthou et al., 2014, 2018b, 2018a; Sanetal., 2015; Gaetani

Do Not Cite, Quote or Distribute Atlas-42 Total pagesi96



O©CoO~NOOITA,WDNPE

Final Governmenbistribution Atlas IPCC AR6 WGI

et al., 2017; Taylor et al., 2017; Biasutti, 208iying the period 198@2010.Southern African rainfall
shows a significant downtrend ©9.013 mm day yeat? in recent decademd 1 0.003 mm day yeat* for
longer periods during 1902010(Jury, 2013)low confidence

Temperature increases over Africa in the 20th century can be attributed to the strong evidence of a continent
wide anthropogenic signal in the warmifidperling et al.2006; Min and Hense, 2007; Stott et al., 2010,

2011; Niang et al., 201@igure 3.8. More specifically over West Africa, the clear emergence of

temperature chang€&i@ure Atlas.11):is due to the relatively small natural climate variability in the region

which generates narrow climate bounds that can be easily surpassed by relatively small climate changes
(Niang et al., 2014)Warming over North Africas largely due toanthropogenic climate forcinginippertz

et al., 2003; Barkhordarian et al., 2012; Diffenbaugh et al., 2017)

The drying observed over the Sahel in the 1960s to 1970s has bieneattto waming of the South
Atl antic SST and southern Afr i can/(Hderliygietralg 2086Dag r e s
2011) Enhanced rainfall intensity since the rii@i80sover the SaHgMaidment et al., 2015; Sanogo et al.,
2015)is associated with increased greenhouse gases suggesting an anthropogenic (Bikmsurttie2019)
(medium confidengeln the last decade, the changes in the timing of onset and cessation of rainfall over
Africa have been linked to changes in the progression of the tropical rainband and the Saharan Heat Low
(Dunning et al., 2018; Wainwright et al., 201R)oreover, later onset and earlier cessation of Eastern Africa
rainfall is associated with a delayed and then faster movement of the tropical rainbibnamis durig the
boreal spring and northward shift of the Saharan Heat(Mdainwright et al., 2019Iriven by

anthropogenic carbon emissions and changing aerosol foramgiuim confidengeOver East Africa, the
drying trend is assmated with aranthropogenidorced relatively rapid warming of Indian Ocean SSTs
(Williams and Funk, 2011; Hoell et al., 201@)shift to warmer SSTs over the western tropical Pacific and
cooler SSTs over the central and eastaypical Padic (Lyon and Devtt, 2012} multidecadal variability of
SSTs in the tropical Pacific, with cooling in the east and warming in the(Ayest, 2014) and the
strengthening of the 26fb easterliegLiebmann et al., 2017However, decadal natural variability from

SST variations over the Pacific Geehas also e associated with the drying trend of the East Africa
(Wang et al., 2014; Hoell et al., 202¥ith an anthropogenitorced rapid warming of Indian Ocean SSTs
(medium confidenge

Atlas.4.3 Assessment of model performance

Model development has advanced in the world Aftica still lags as a focus and in its contributidames

et al., 2018)None of the current generationgsneral circulation models (GCMs) was devetbpreAfrica
(Watterson et al., 2014and the rievant processes in the continent have not tleepriority for model
development buteated in a oneizefit-all approact{James et al., 201&xcept fora few studies that
focused on convectivpermtting climate projectiongStratton et al., 2018; Kendon et al., 2Q19pwever,
there are growig efforts to boost African climate science lbjpmning and evaluating climate models over
Africa (Endris et al., 2013alognomou et al., 2013; Gbobaniyi et aD12; Engelbrecht et al., 2015; Klutse
et al., 2016; Gibba et al., 2019)

The CMIP project previously did not result in improved performance for AfFitzdo et al., 2013; Rowell,
2013; Whittleston et al., 2013)d culling ensembles based on existing metesAfirica fails to reduce the
range of uncertainty in precipitation projectiqi®ehrig et al., 2013; Yang et al., 2015; Rowell et al., 2016)
but biases over Africa are lower@MIP6 compared to CMIP8AImazroui et al., 2020bNonetheless, the
CMIP5 ensemble has been evaluated over Africa to advance its application for climate (Esasnttn

2013; Rowell, 2013; Dike et al., 2015; McSweeney and Jones, 2016; Onyutha et al., 20%Gjghtaét al.,
2019)as has, more recently, the CMIP6 ensenfilmazroui et al., 2020b)

Coordinated Regional Downscaling Experiment (CORDEX) regional climate models have been widely
evalwated over Africa. They capture the occurrence oiestAfrican Monsoon jump and the timing and
amplitude of mean annual cycle of precipitation and temperature over the homogeneous subregions of West
Africa (Gbobaniyi et al., 2014¥simulate eastern Africa rainfall adequaténdris et al., 2013nd over
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Southern Africa capture the observed climatological spatial patterns of extreme preci(iftiatiort al.,

2016) They simulate also the phasing and amplitude of monthly rainfall evolution and the spatial
progression of the wet season onset well over Southern Afsicangwe eal., 2015) However,

discrepancies and biases in pres#ay rainll are reported over Uganda from the RGhulated rainfall
compared to three gridded observational datdB&tembe et al., 20185 pecifically, they reported that the
CORDEX models underestimate annual rainfall of Uganda and struggle to reproduce the variability of the
long and shd rainy seasons.

Atlas.4.4 Assessment and synthesisgbjections

Research over Africhas improved since AR5 and though SRt& Coninck et al., 2018jas synthesised
new information for the continent, there is still not enough literature on specific areas for assessment. CMIP5
and CMIP6 projectiongHgure Atlas.16: are for continued warming, with median projected regional
warming for 20802100 compared to 1998014 of between 1°C and 2°C undeiP32.6/RCP2.6

emissions and exceeding 4°C and in some regions 5°C undet838REPS8.5 missions. The central

interior of Southern and Northern Africa diteely to warm faster than equatorial and tropical regions
(Interactive Atla¥. Projections from CMP5 show that East Africa likely to warm by 1.7°C2.8 °C and
2.2°A'5.4°C under the RCP3 and RCP8.5 scenarios respectively in the periodiZA0D relative to 1961
1990(Ongama et al., 2018)Over southern Africa, areas in the sewtstern region of the subcontinent,
covering South Africa and parts of Namibia and Botswana, are projectéagerience the largest increase in
temperature, which are expected to be greaterttigaglobal mean warmin@ladre et al., 2018)A large
ensemble of CORDEX Africa simulations have been usgudjectthe impact of 1.5°C and 2°C global
warming levels (GWLs]KIutse et al., 2018; Lennard et al., 2018; Madure et al., 2018; Mba et al., 2018;
Nikulin et al., 20180sima et al., 2018While a few studies addressed the whole African continent
(Lennard et al., 2018; Nikulin et al., 2018pmefocused on specific regions of Ade (Diedhiou et al.,

2018; Klutse et al., 2018; Kumi and Abiodun, 201&vk et al., 2018; Mba et al., 2018ORDEX
simulations project robust warming over Africa in excess of the global (heanard et al., 2018; Nikulin

et al., 2018and over West Africa the magnitude of regional warming reaches thé 20Dglobal

warming level one to two decades ear{iora et al., 2013; Niang et al., 2014; Sylla et al., 2016; Klutse et
al., 2018) Tempeature increases projectadder RCP8.%ver Sudan and northern Ethiopia implying that
the Greater Horn of Africa would warm faster than the global mean relative t6208X(Osima et al.,

2018) Over North Africa, summer mean temperatifrom CORDEX, CMIP5 (RCP8.5) and CMIP6
(SSP58.5) are projected to increase beyond 6.0°C by the end of the century with respect to the périod 1970
2000(Schilling et al., 2012; Ozturk et al., 2018; Almazroui et al., 202849 also thimteractive AtlasNote
that results for the CORDEXFR over the Mediterranean (MED) are consistent with thosertiesghfrom

the CORDEXEUR datasetRigure Atlas.24:SectionAtlas.1.3, in agreement withegasa et al2020)

[START FIGURE ATLAS.16 HERE]

Figure Atlas.16:Regionalmean changes in annual mean surface air temperature and precipitatiaelative to the
1995 2014 baseline for the reference regions in Africa (warming since the 183(®00 pre
industrial baseline is also provided a an offset).Bar plots in the left panel of each region triplet
show the median (dots) and 10809th percentileange (bars) across each model ensemble for annual
mean temperature changes for four datasets (CMIP5 in intermediate colours; subset of §&dIf5 u
drive CORDEX in light colours; CORDEX overlying the CMIP5 subset with dashed bars; and CMIP6
in solid colouss); the first six groups of bars represent the regional warming over two time periods
(nearterm 20212040 and longerm 2081 2100) for threescenarios (SSP2.6/RCP2.6, SSR2
4.5/RCP4.5, and SSR&5/RCP8.5), and the remaining bars correspond to fouabledrming levels
(GWL: 1.5°C, 2°C, 3°C, and 4°C). The scatter diagrams of temperature against precipitation changes
display the median (dotgnd 10tk 90th percentile ranges for the above four warming levels for
DecembetJanuaryFebruaryMarch (DJFM; midde panel) and Jurduly-AugustSeptember (JJAS;
right panel), respectively; for the CMIP5 subset only the percentile range of temperatunens s
and only for 3°C and 4°C GWLE&hanges are absolute for temperature (in °C) and relative (as %) for
precipi@ation. See SectioAtlas.1.3for more details on reference regiditsirbide etal., 2020)and

Do Not Cite, Quote or Distribute Atlas-44 Total pagesi96



O©CO~NOUITR_RWNE

Final Governmenbistribution Atlas IPCC AR6 WGI

SectionAtlas.1.4for details on model data selection and processing. The script used to generate this
figure is available onlin@turbide & al., 2021)and similar results can be generated in the Interactive
Atlas for flexibly defined seasonal peridéurther details on data sources and processing are available
in the chapter data table (Tal#das.SM.15.

[END FIGURE ATLAS.16 HERE]

Projectel rainfall changes over Africa in the mid and late 21st century are uncertain in many regions, highly
variable spatially and with differing levels of model agreemdfitsu¢e Atlas.16:though with robust

projections of decreasén MED andWSAF and increases in NEAF and SEAF by 2GBIMO under high
emissionslfiteractive Atlay. Some uncertainties are reported over parts of Africa from CORDEX
projections(Dosio and Panitz, 2016; Endris et al., 2016;t&duet al., 2018)or example, large uncertainties

are associatedith projections at 1.5°C and 2°C of global warming over Central A{iiza et al., 2018)

and over the SahéGbobaniyi et al., 2014; Sylla et al., 2016\ver southern Africa, enhanced warming is
projected to result in a reduction in mean rainfall across the r@diaire et al., 2018nd in particular over

the Limpopo Basi and smaller areas of the Zambezi Basin in Zambia, and also parestdri/Cape,

South Africa, under a global warming of 2°C. The projections of reduced precipitation in summer rainfall
regions of southern Africa are associated with delayed wet seaseniio sprindDunning et al., 2018&jue

to a northward shift and delayed breakdown of the Congo Air BourfHamward and Washington, 2020)
However, projected rainfall intensity over southern Adriglikely to increase and be magnified under

RCP8.5 compared with R@F for the period 2062098 relative to the reference period (102@05)

(Pinto et al., 2018)ForWest Africa, rainfall projection is uncertain because of the contrasting signals from
models(Dosio et al., 2019)Nonetheless, West Africa riveasinscale irrigation potential would decline

under 2°C of global warming even for areas where water availability increadés et al., 2018)The

western and eastern Sahel are prejgets hotspots for delayed rainfall onset dates of about four days and six
dayscausing reduced length of rainy season in the 1.5°C to 2°C warmer climates under RCP4.5 and RCP8.5
scenariogKumi and Abiodun, 2018)Projected delay in rainfall cessation dates and a longer length of rainy
season over the western part of the Guinea colilstligunder the same scenarifSellami et al., 2016;

Kumi and Abiodun, 201&igure Atlas.16. There is a tendency towards an increase in annual mean
precipitation over central Sahel and eastern Afrigure Atlas.16(Nikulin et al., 2018especially over the
Ethiopian highlands with up to 0.5 mm dayOsima et al., 2018)

Atlas.4.5 Summary

The rate oburfacetemperature increase has generally been more rapid in Africa than the global andrage
by at leasD.1°Q 0.2°C during 19602015(high confidence Minimum temperatures have increased more
rapidly thanmaximum temperatures over inland southern Africee¢ium confidengeSince 1970, mean
temperature over East Africa has shown an increasing trend but showedasighectrend ithe previous 40
years fnedium confidenge

The Horn of Africa has experiencsmnificantly decreased rainfall during the long rain season from March

to May (high confidenceand drying trends in this and other parts of Africa are attlile to oceanic
influenceghigh confidenck resulting from both internal variability and anthropogenic causes. Drying over
the Sahel in the last century was attributed to an increase in the South Atlantic SST and more recently over
southern African aa response to anthropogeiiecced Indian Oceaawarming. Drying over East Africa is
associated with decadal natural variability in SSTs over the Pacific Ocean. The enhanced rainfall intensity
over the Sahel in the last two decades is associated withgadrgeeenhouse gases indicating an

anthropogeit influence(medium confidenge

Relative to the late 20th century, annual mean temperature over Africa is projected to rise faster than the
global averagévery high confidengawith the increasékely to exceed 4°C by the end of the century under
RCP8.5 emissions. The central interior of Southern and Northern Afridékaleto warm faster than
equatorial and tropical regionsigh confidenck
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There are contrasting signals in the projections of rhio¥ar some parts of Africa until the end of the 21st
century(high confidencgethough changes in any given region geaerallyprojected withmedium
confidenceln regions of high or complex togmaphy such as the Ethiopian Highlands, downscaled
projectons indicaténcreases in rainfall by the end of the 21st century. However, Northern Africa and the
southwestern parts of South Africa dikely to have a reduction in precipitationderhigherwarming

levels figh confidence Over West Africa, rainfais projected to decrease in the Western Sahel subregion
(medium confidengend increase in the central Sahel subredmm ¢onfidencgand along the Guinea

Coast subregiomfedium confidengeRainfall amounts are projected to reduce over the weptatrof East
Africa, but to increase in the eastern part of the regimd{um confidengeSouthern Africa is projected to
have a reduction in annual mean rainfall but increases in rainfall itytéays? 100 (hedium confidenge

Atlas.5 Asia

The assessment ihis section focuses orhanges in average temperature and precipitation (rainfall and
snow),including the most recent years of observations, updates to observed datasets, the consideration of
recent studies using CMIP5 and those using CMIP6 and CORDEXations. Assessment of changes in
extremes are i€hapter 11 (Table 11.71.9) andclimatic impactdriversin Chapter 12Table 12.4)It
coversmost Asian territories of the regigRigure Atlas.17): with the exception afhe Russian Arctic, RAR,
which is assessed as part of the Arctic in section Theseinclude West and East Siberia (WSB, ESB) and
the Russian Far East (RFE) in the north; West and East Central Asia (WCA, ECA), the Tibetan Plateau
(TIB) and East Asia (EASand the Arabian Peninsula (ARP), South and Southeast Asia (SAS, SEA) in the
south.Figure Atlas.17supports the assessment of regional mean changes in annual nfeanau
temperature and precipitation over Asia. Due tdhilgh climatological and geographical heterogeneity of
Asia, the assessment is performed over fivecutiinental areas: East Asia (EAS+ECA), North Asia
(WSB+ESB+RFE), South Asia (SAS+TIB), Shaast Asia (SEA) and Southwest Asia (ARP+WCA).

[START FIGU RE ATLAS.17 HERE]

Figure Atlas.17:Regional mean changes in annual mean surface air temperature and precipitation relative to the
1995 2014 baseline for the reference regions in Asia (warming since the 183000pre-
industrial baseline is also provided as an offsetBar plots in the left panel of each region triplet
show the median (dots) and 108@th percentile range (bars) across each model ensemble for annual
mean temperature changes for four datasets (Cimilriermediate colours; subset of CMIP5 used to
drive CORDK in light colours; CORDEX overlying the CMIP5 subset with dashed bars; and CMIP6
in solid colours); the first six groups of bars represent the regional warming over two time periods
(nearterm 20211 2040 and longerm 20812100) for three scenarios (SSRB/RCP2.6, SSR2
4.5/RCP4.5, and SSRB5/RCP8.5), and the remaining bars correspond to four global warming levels
(GWL: 1.5°C, 2°C, 3°C, and 4°C). The scatter diagrams of temperature againgsitatien changes
display the median (dots) and 108®@th pecentile ranges for the above four warming levels for
DecembetJanuaryFebruary (DJF; middle panel) and Jtihdy-August (JJA; right panel),
respectively; for the CMIP5 subset only the perceméitege of temperature is shown, and only for
3°C and 4°C GWLsChanges are absolute for temperature (in °C) and relative (as %) for
precipitation.See Sectiotlas.1.3for more details on reference regiditsirbide et al., 2020and
SectionAtlas.1.4for details on model data selection and process$ingher details on data sources
and processing are availabletiive chapter data table (Tal#das.SM.15.

[END FIGURE ATLAS.17 HERE]
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Atlas.5.1 East Asia
Atlas.5.1.1 Key features of the regional climate and findings from previous IPCC assessments

Atlas.5.1.1.1 Key features of the regional climate

The climatic regions defined for East Asia umbd central and eastern China, Japan and Korea Peninsula
(regions ECA and EAS iRigure Atlas.17). East Asia is sigficantly influenced by monsoon systems (see
Section 8.3.2.4)2 The seasonal advance or retreat of the EdanAsimmer monsoon (EASM) rain band is
crucial to local climate. The East Asian winter monsoon (EAWM) has significant influence on the weather
andclimate over East Asia and plays an important role in regulating winter temperatures including strong
cold eents and snowstornfg/ang and Chen, 2014; WangdLu, 2016) The East Asian monsoons exhibit
considerable variability on a wide range of time scales,idtiey notable interannual variabilities that
includes an effect of the Bifio Southern Oscillation (ENS@)Vang et al.2000)and the Indian Ocean

Dipole (IOD) (Takaya €al., 2020) and significant intedecadal variabilities in the 20th century resulted
from the effect of Pacific Decadal Variability (PD¥Zhou et al., 2009)see alsédnnex IV andTable

Atlas.1: The thermal conditions of both the Tibetan Plateau and redatatdregionsplay key roles in
modulating the intensity of the monsoon circulation. The East Asian maammnainly driven ly land-sea
thermal contrast and, thueedeeply affected by global climate chari@ng et al., 2014; Gong et al.,

2018)

Atlas.5.1.1.2 Findings from previous IPCC assessments

The findings of the IPCC AR&hristensen et al., 2018)ated that the EASM and EAWM circulations have
experienced an intafecadal scale weakening since the 19l&2ling to a warmer climate in winter and
enhanced mean precipitation along the Yangtze River Valley (30°N) but deficient mean precipitation in
North Chinain summer. Since the middle of the 20th century, likidy that there has been an increasing
trend in winter temperatures across much of ASiaristensen et al., 2013Jhe numbersfccold days and
nights have decreased and the numbers of warm days and nights have increassid (Mart#ann et al.,
2013) It islikely that there are decreasing numbers of snowfall events where ettresder temperatures
have been observéHartmann et al., 2013Yhe SRCCL reports a langse change inded cooling as large
asi 1.5°C in eastern China between 1871 and ZBfartmann et al., 2013Yhe summer rafall amount

over East Asia shows no clear trend during the 20th century.

The IPCC ARHChristensen et al., 2018)portsa significant increase in mean temperatures in southeastern
China, associated with a decrease in the number of frost days under the SRES A2 scenario. The CMIP5
model projections indicate an increase of temperature mbmeal winter and summer over EAsta for

RCP4.5. Based on CMIP5 model projections, theneedium confidenda an intensified EASM and

increased summer precipitation over East Asia. More than 85% of CMIP5 models show an increase in mean
precipitation of the EASM, while more than 95% models project an increase in heavy precipitation events
(Christensen et al., 20103ROCCstates that future projections of annual precipitatioicatd increases of

the order of 5%d 20% over the 21st century in many mountain regions, including the Himalaya and East
Asia(Hock et al., 2019b)SR1.5 reports that statistically significant changes in heavy precipitation between
1.5°C and 2°C of globalarming are found in East AsfaloeghGuldberg et al., 2018)

Atlas.5.1.2 Assessment and synthesis of observations, trends and attribution

Summer (Jurigdugust) meanemperature in Eastern China hagé@ased by 0.82°C since reliable
observations were established in the 1950 et al., 2014)Based on historical meteorological
observations, the best estimatele linear trend of annual mean surface air temperature (SAT) for China
with 95% uncertainty ranges is 0.38 + 0.05°C per decade foii 20T9(Li et al., 2017) From 1960 to

2010, the incredsg trend of temperature was about 0.34°C per decadeiartd region of northwest China,
higher than the averageerChina(Li et al., 2012a; Xutal., 2015) Over South Korea, warming is 12.6
times larger than global trends. The increase is 1.90°C during 2812 and 0.99°C during 1973014

(Park et al., 201Ayith a 25 45% urbanizationantribution. The annual temperature increased in large cities
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at a ra¢ of 0.29 + 0.08°C per decade compared with 0.11 + 0.08°C per decade in other stations in South
Korea from 1960 to 201(im et al., 2016a)A relatively high increase in annual mean temperature at the
rate of 30°C per century was detected in the Tokyo metropolitan area for tioel 4901 2015(Matsumoto

et al., 2017)Trends of annual temperature for the period &@012015 are shown irFigure Atlas.11:Most
areas of East Asia have significant warming trends exceeding 0.1%@gateand the strongest warming
(0.3°Ci 0.4°C perdecadepccurs in northern China.

Observational studies indicated significant decadal variations in the EAMég and Lu2016; He et al.,

2017) It weakenedignificanty around the late 1980s, being relatively strong during 18987 and weaker
during 19882001. The EAWM has recovered inensity after 2004 and caused frequent and prevalent
severe cold spells, as wal a number of unusually harsh cold winters in many parts of East Asia during the
period 20042012(Wang and Chen, 2014; Kug et al., 2015; Ge et al., 2016; Gong et al., Rega}ive

zonal mean winter SAT anomalies were observed over the whilest Asia from 1980 to 1988, with

positive anomalies observed over hagidlow latitudes from 1988 to 201®iao and Wang, 2020)

Precipitation trends over East Asia show considerable regional differemedisiih confidende Mean

precipitation has shown negligible sensitivity to therming trend with consequently limited overall trends

in China thougtlsummer rainfall daily frequency and intensity show respectively decreasing and increasing
trends from 19610 2014(Zhou and Wang,@L7). The summer precipitation trends over eastern China

display a dipole pattn, characterized by positive anomalies in the ceatralern China along the Yangtze

River Valley and negative anomalies in the north China since the 198@si¢n 8.3.2.4)2 This pattern has
changed with the enhanced rainfall in the Huaihe RivereYahd decreased in the regions south of the

middle and lower reaches of the Yangtze River Valley since the ZDid0st al., 2012; Zhao et al., 2015)

The climate in nort hwedsrty 6Chtihenead dcahcaomgde d1D80(leng nd vt ahrem
and Zhou, 2017; Wang et., 2020) with anincrease rate of annual precipitatioof about 3.7% per decade

from 1961 to 201%Wu et al., 2019aand 11.2 mm per decade between 1960 and 2011 in northern Xinjiang

(Xu et al., 2015)Mean rainfall and the number of rainy days during the M&giu-Chargma period from

June to September have increased duringI8¥I5 in Koea(Lee et al., 2017)The precipitation trend has

caused a large increase in summer precipitation at a rate of 40.6 + 4.3 mm per decade, resulting in an
increase of amual precipitation of 27.7 £ 5.5 mm per decade in South Korea fromt@I8IL0(Kim et al.,

2016a) Precipitation amounts exhibited a slight decrease at both the annual and seasonal scales in Japan for
the period 190i12012(Duan et al., 2015)

Agriculture intensification through oastxpansion in Xinjiang region has increased summer precipitation in
the Tianshamountairs (Zhang et al., 2009, 2019b; Deng et al., 2015; Guo and Li, 2015; Yao et al., 2016;
Xu et al., 2018; Cai et al., 2018igh confidencdrom medium evidencith high agreementHowever,

there isvery low confidencef theeffectof oasis expansion on the temperature warming tfidad and

Yang, 2013; Li et al., 2013; Yuan et al., 2017)

In the context of climate warming, ints:snowfalls have hit China frequeritiyrecent winters and have
caused severe damages to the sustainability of the s¢®ietyet al., 2019)0bservations generally show a
decrease in the frequency and an increase in the mean intensity of snowfalls-imestetim, nortreastern
and soutkeastern China and the eastern Tabd®lateawsince thel960s(Zhou et al., 2018)ut the results
may depend on the objective criteria for identifying wintertime sno\iifal et al., 2020a)

Atlas.5.1.3 Assessment of model performance

Current climate models perform poorly in simulating the mean precipitation in Eastrstiging the phase
of the northward progression thfe seasonahkin bandZhang et al., 2018bAlthoughthere has been an
improvement in the simulation of mean states, interannual variability, and past climate changes in the
progression from CMIP3 to CMIP5, some prexdlyudocumented biases (such as the ridge position of the
western North Pacific Subtropicdigh and the associated rainfall bias) are still evident in CMIP5 models
(Sperber et al., 2013; Zhou et al., 20IMpst modelsapture the main characteristics of the winter mean
circulation over East Asia reasonalgll, but they still suffer from difficulty in predicting the interannual
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variability of the EAWM(Shin and Moon, 2018Models have improved from CMIP5 to CMIP6 for
climatological temperature and EAWMiang et al., 2020aome CMP6 models also show improvements
in simulating theannualmean and interannual variatiohprecipitation(Sellar et al., 2019; Tatele al.,

2019; Wu et al., 2019bThe performance of models is sensitive to cumulus convection schemes and
horizontal resolutioifHaarsma et al., 2016; Wu et al., 2017; Kusunoki, 2Q18igh-resoluton atmospheric
general circulation mode{AGCM) successfly reprodue the intensity and the spatial pattern of the EASM
rainfall (Li et al., 2015; Yao et al., 2017; Ito et al., 2028a)l improve the simulation of the diurnal cyofe
precipitation rates and the probability density distributions of daily precipitation over Korea, ddpan a
northern ChindLin et al., 2019)but increasing horizontal resolution (at the typical saadesl in GCMs) is
not always a panacea for solving model bigBeberts et al., 2018)

Recent studies usj) CORDEXEA models with resolution about 125 km showed that the RCMs produce
relatively more detailed regional features of the temperature distribution compared with the driving GCMs
(Tang et al., 2016)0ver China, RCMs provide more spatial details and in general reduce the biases of their
driving GCMs, in particular in DJF (DecembdanuaryFebruary) and over areas with complex topography
(Wu and Gao, 2020However, RCMs also show biases in simulgtEast Asian precipitation and its
variability (Park et al., 2016; Zhou et al., 2016; Zou and Zhou, 2@I®) do noalways show added value
compared to the driving GCM&i et al., 2018a)For example, by comparing iH&CM and interRCM
differences around the Japan archipelago, it was found thatdg@@btataelatively large differencein
precipitation(SuzukiParker et al., 2018he RCM multimodel ensemblproduces superioiraulation
compared to that of a single modéh et al., 2016; Guo et al., 20184)comparative study of RCMs at
different spatial resolutions showeith coarseresolutionthey presensomelimitationsandhigh-resolution
RCMs offer added valuef several evaluation metri¢Bark et al., 2020)

Atlas.5.1.4 Assessment and synthesis of projections

The development aflimate models provides a solid basis for projection of future monsoon changes under
different global warming scenarios. Coupled model simulations indicate that East Adikeljilexperience
higher warming than the global mean conditions across dablearming levelsKigure Atlas.17):and with

the projected waring greater in ECA than EAS. Also, in the CMIP6 ensemble, the smaitiel mean and

90th percentile warming for a given period and emissions scenario are consistently greater than in the
CMIP5 ensemble. Larger warming magnitudes projected to occur indgtsouthern, nortivestern, and
north-eastern regions of China, parts of Mongolia, the Korean Peninsula, and Japan than in othgt.regions
et al., 2018h)Projections indicated that the winteABincreases over the Eastias continent, and the
precipitation increases over the northern East Asian continent in winter reaching 1.5°C and 2.0°C global
warming under the RCP4.5 and RCP8.5 scenéiiimo et al., 202Q)

Projected annual precipitation changes in the CMIP5 and CMIP6 ensembles are positive for all warming
levels in ECA and for the higheramming levels in EASChanges in precipitation pdegreeCelsius global
warming are larger in DJF than in JJA in ECA but show smaller seasonal difference {Rig&®

Atlas.17. The EASM precipitatioms projected to increasbut with a complex spatiatructure(Kitoh, 2017,
Moon and Ha, 2017)Simulations from CMIP5 models show that compared with the current summer
climate, both SAT and precipitation increase sigaifitly over the East Asian mtinent during the 1.5°C
warming periodChen et al., 2019aand the main mode of EASM precipitation changing from tripolar to
dipolar(Wang et al., 2018)The increase in precipitable water in the wet EASM region is only slightly
greater than global average but the incré@ageecipitation is much greatéri et d., 2019b) The monsoon
circulation in the lower troposphere is projected to strengthen due to the enhanced thermal forcing by the
Tibetan Platea(He et al., 2019; He and Zhou, 202@hich causes the in@sed summer precipitation over
the East Asian continent. Precipitation over eastern China increases for almost all months under global
warming in projections from GCMsith different horizontal resolution&usunoki, 2018a)Also, under

RCP scenarios, in the 21st cagtunean precipitation is projected to increésin et al., 2020kspecially

in the late afternoon®h and Suh, 2018)ver the Korean Peninsula due to global warming and associated
changes in EASM. Increase in JJA mean precipitation is projected in northern Eaginissséently among
the CMIP models, while northward migration of early summer EasnAsia band such as the Meipaiu-
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Changma is delayed along with that of the taiitude westerly jet in the futu(&lorinouchi et al., 2019)
However, the geographical distribution of precipitation change tends to depend more on the cumulus
convection schem@se, 2017and horizontal resolution of models rattithan on SST distributions. Under
the RCP4.5 and the RCP8.5 scenarios, the interannual variability in EASM rainfall is projected by the multi
model ensemble meadn increase in the 21st centyien et al., 2017)Further studies showed a projected
increase in heavy rainfall together with incredasasinfall intensity(Endo et al., 2017Multi-model
intercomparison indicates significant uncertainties in future projections of climate change in East Asia,
althoughprecipitation increases consistently across mgdlsu et al., 2017)Simulations under RCP4.5
scenaio project that the number of snow days will be reduced by the end of the 21st century relative to
1986 2005, primarily owing to the decline of light snowfall evefitse total amount is projected to increase
in northrwestern China but decrease in thesotsubregiongZhou et al., 2018)

The increasing temperature trenaglerRCP scenarios were consistently reprodungatojections using
CORDEXEA models(Kim et al., 2016bps reported iR5 using GCMs. However, changes in anrarad
seasonal mean precipitation exhibit significant HRE&M differencesith larger magnitudeand variability
thanin theGCMs(Ham et al., 2016; Ozturk et al., 2017; Sun et al., 2018a; Zhang et al., ZRC84)
simulations project that the MeiyBaiu-Changma heavy rainfall will significantipcrease in northern Japan
at the end of the 21st century under the RCP8.5 scg@sakada and Nakakita, 2018t projected
precipitation amount and number of precipitation days in summer around and over Japan differ as a result of
RCM uncertaintySuzukiParker et al., 2018Annual total snowfall is projected to decrease in masispof
Japan except for Japan's northern island under RQRawmse et al., 2021)

Statistically downscaling of 3€MIP5 GCMs for Xinjiang, China projected pronounced temperature
increase of 0. 27 front2021  20®Awhile precipitatioe chandeevas projected to be
betweeri 1.7% to 6.8% per decade and varying seasonally and spétiadiyet al., 2018)A decrease of
precipitation was profged in the western region of Xinjiang during summer. More extreme rainfall events
were projected to occur during summer and autumn.

Atlas.5.1.5 Summary

In East Asia annual mean temperature has been increasing since thehidbOar(fidence The linear
trend ofannual mean surface air temperalikely exceeded 0.1°C peecadeover most of East Asia from
1960 to 205. Trends of annual precipitation sh@ensiderableegional differences with areas of both
increases and decrease®(lium confidengeand withincreases over northwest China and South Korea
(high confidence Agricultural intensification through oasis expansion in Xinjiang region has increased
summer precipitation in the Tianshamountairs (high confidence

GCMs still show poor performance in sitating the mean rainfall and its variability over East Asia,
especially over regions characterized by complex topogrdpteyCMIP6 models have improved from
CMIPS for climatological temperature and winter monsoadnshow little improvements for the suram
monsoonThe RCMs produce relatively more detailed regional features, but do not gwealyge superior
simulations compared witie driving GCMs.

The annual mean surface temperature &ast Asia willvery likelyincrease under all emissions sagos
and global warming levels. Larger warming magnitudeslikély occur in the northern part &AS and in
ECA. Precipitation isikely to increase over land in most of EAS at the end of the 21st century uniger hig
emissions scenario (SSFY, RCP&, SSP53.5) and global warming levels and in ECA under all
emissions scenarios and global warming levels. Summer precipitation incriéleely ts occur in East Asia,
corresponding to the strengthened summer mansiwoulation.
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Atlas.5.2 North Asia
Atlas.5.2.1 Key fatures of the regional climate and findings from previous IPCC assessments

Atlas.5.2.1.1 Key features of the regional climate

North Asia extends from the Ural Mountains in the west to the Pacific Ocean in the east and from the
Russian Arctic in the north to Southwestidand East Asia in the south. Its most recognizable features are
boreal forests and permafrost. In AR6 North Asia is divided into three reference régipme @tlas.17):

West Siberia (WSB) with a continental climate, waummers and cold winters, many waterlogged areas
and several natural zones due to a large extent from south to north and heterogeneity in regitesl clima
East Siberia (ESB) which is mainly highland with extensive permafrost and a more severe continental
climate characterised by harsh, long winters and short, hot summers, and by less precipitation and snow
cover than in neighbouring regions; and thedfars Far East (RFE) with a monsemfluenced climate, cold
winters and wet summers in the south and eghters and cool summers almost without precipitation in the
north. WSB and ESB are mainly influenced by NAO and NAWir(ex IV.2.]) and AO with assoaied
atmospheric blocking by the Siberian High that exhibits a pronounced décadaltidecadal variakty

(see alsdable Atlas.). RFE is under the influence of the ENS&h(exIV.2.3) and the PDVAnnex

IV.2.6) that mostly affect rainfall variability

Atlas.5.2.1.2 Findings from previous IPCC assessments
In the previous IPCC assessment cycles, the three subregiopsising North Asia in this section along

with Eastern Europe and the Asian Arctic were considered as either Northern Eurasia or Russia in AR4 and

AR5. WGI ARS stated that for North and Central Asia CMIP5 models had difficulty in representing
climatologcal means of both temperature and precipitation, which is partly related to the scarceness of
observational data in northern parts of the region amsstes related to the estimation of biases with coarse
resolution model§Christensen et al., 2013n CMIP3 projections under different RCP scenarios, North
Asia temperatures increase more in winter (DJF) than summer(8daéviratne et al., 2012)ith most
models projecting increased precipitatiogrgficantly above the 29ear natural variability, it was

conclucked that precipitation in northern Asia wiry likelyincreasgChristensen et al., 2013)

SRCCL identified aridisationf the climate in southern Eastern Siberia between 1976 anch2@Ehising

an extension of the steppes polewards whilst climate change also extended the vegetation season, increasing

forest productivity in most of boreal Siberia, but increasing riskiloffine and tree mortalityMirzabaev et

al., 2019) SROCC noted the warming climate has caused permafrost thaw and loss oficgpand thus

land subsidence and collapdésturbing ecosystesrand human infrastructure. Permafrost stability,
hydrology and vegetation were also impacted by recent extensive fires burning into the organic soil layer
(Meredith et al., 2019)SR1.5 noted that future, higher levels of warming lead to greater impacts in key
systems such asthe Siberia e c o sy st e ms, identified a&forcCoreernolf t
T R F C IHo¢ghGuldberg et al., 2018yith impacts at 2°C expected to begter than those at 1.5°C
(medium confidenge

Atlas.5.2.2 Assessment and synthesis of observations, trends and attribution

Increases in surface air temperature (SAT) have been observed since-fl8 @sadver the whole of North
Asia (Frolov et al.2014) and particularly over the norgrastern pa (Gruza et al., 2015(see alsd-igure
Atlas.18. Trerds of annual SAT in the northern part of the region during the last decadegwgelikely
twice as strong as the global averéiggure Atlas.1) (Frolov et al., 2014; Mokhov, 2015; Sherstyukov,
2016)with trends in RFE of 0.8°K1..2°C per decade for the 192014 period and more intense warming
strengthening from south to north obsst in spring in ESEFrolov et al., 2014; Ippolitov et al., 2014;
Kokorev and Sherstiukov, 2015)

Recent strong warming in polar regio&e¢tionAtlas.11.3 was accompanied by cooling in winter in mid
latitude regions particularly in the southern part of WSB and ®iBen et al., 2014; Ippolitov et al., 2014;
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Gruza et al., 2015; tkaryutkina et al., 201@&)verland et al., 2016; Perevedentsev et al., 2017; Wegmann et
al., 2018) These temperature decreases were strongly correlated with significant warming over the Barents
KaraSea (greater than 2.5°C per decade duringiZlli¥7) andseaice loss suggestina causal linkOutten

and Esau, 2012; Semenov et al., 2012; Overland et al., 2016; Semenov, 2016; Wegmann et al., 2018;
Meleshko etl., 2019; Susskind et.aR019)though recent studigBlackport et al., 209; Clark and Lee,
2019)have shown that both phenomena result fromlatitlide circulation variability (see al€gross

Chapter Box 10)1 In addition, significant warming in the last decade has halved the cooling trend in
southen WSB fromi 0.6°C perdecade during 197012 toi 0.3°C per decade during 192018(Frdov et

al., 2014; Roshyadmet, 2019)high confidenck

Annual precipitation totalgery likelyincreased over North Asia in the last half century along with more
heavy and less light precipitation, more freezing rain and less freezing @vizheet al., 2014; Groisman et
al., 2016; Ye et al., 2017; Chekulsky et al., 2019$eeFigure Atlas.1landInteractive Atlay The highest
increasevas obsered over regions of Siberia and RFE with estimated trendsi @X0m per decade for
the 19762014 periodKokorev and Sherstiukov, 2018) 5% per decade for the 192018 period
(Roshydromet, 2019)ncreases over southern RFE are the largest (over 50emdepade) and mostly due
to positive changes iconvective precipitation intensity in the regiorsummer season (JJA) during 1966
2016 fmedium confidengd€Chernokulsky et al., 20190 decreasing trend was observed in central WSB,
northern ESB, the Baikal and Transbaikal regions, the ARer region, and Primorie territories of RFE
(the Kamchatka and Chukchi Peninsulas) with ui@2tbmm per decade for the 192814 period Kokorev
and Sherstiukov, 2019y 15 20% per decade for the 1972918 period Roshydromet, 2019PDverall,solid
precipitation predominantly decreased in North Asiaatg likelycaused both less Snow Cover Extent
(SCE) and Snow Water Equivalent (SWE), attributable to the anthropogenic influent¢eghitonfidence
(Sections 2.3.2.2, 3.4.2

Snow characteristics depend on both temperature and precipitation, and observed trends over North Asia
show large spatidieterogeneity and interannual variabiljBigure Atlas.18:leading tomedium confidence

that maximum snow depth has increased over Siberia, the Okhotsk sea coast and in southern RFE since
1960s(Callaghan et al., 2011; Loginov et al., 202ith trends during 1972016 of 1.8 cm (in WBS), 1.1
cm(in ESB), and 4.6 cm (in RFE) per decdBelygina et al., 2017)Snow cover duration increased in

Yakutia, Sakhalin Isind and some other coastal areas of the Pacific Oc&frEmuring 19802009

(Callaghan et al., 2018nd deceased in WSB and ESBulygina et al., 2017; &shydromet2019)
However,Gorbatenko et a[2019)reported that in southeastern WSB maximal snow depth has increased by
5i 20 cm andluration of steady snow cover by between 4 and 10 daysgil989 2016(Figure Atlas.13.

[START FIGURE ATLAS.18 HERE]

Figure Atlas.18:Linear trends for the 1980 2015 period based on station data from the World Data Centre of
the Russian Institute for Hydrometeorological Information (RIHMI -WDC) (Bulygina et al.,
2014) (a) Snow season duration from 1 Juty31 December (days per decade); (b) snow season
duration from 1 January to 30 June (days per decade); (c) maximum annual height of snow cover (mm
per decade)lrends have been calctegd using ordinary least squares regression and the crosses
indicate nasignificant trend values (at the 0.1 level) following the method of Santer(20@8)to
account for seriatorrelation Further details on data sources anacpssing are available in the
chapter data table (Tabhdlas.SM.15.

[END FIGURE ATLAS.18 HERE]

Atlas.5.2.3 Assessment of model performance

Temperature trends and means derived from reanalysis dataset®5,JRIERRA) correctly represented
temperaturevariability shown in observational data over the Asian territory of Russia faSir& 2010
period(Loginov et al., 2014)Assessment of CRU TS 3.22, CRUTEMP4, ERferim and NCEP2atasets
against station data over North Asia for annual and seasonal air termpéagishown that the ERAterim
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reanalysis outperforms others for the 198105 period Kokorev and Sherstiukov, 2015he latter
reanalysis also underestimates summer precipitation and shows latgjasgstover Northeast Asia during
spring and underestimates mean seasonal tetapever northeast Asia in spring (MAM), autumn (SON),
and winter (DJFput overestimate it in summer (JJA) compared with the CRU dataediym confidenge
(Ozturk et al., 2017; Top et al., 2021)

GCMs capture the main synoptic processes affecting North Asia and the CMéptbénsimulates the
temporal evolution of the magnitude and position of the Siberian High (SH) over the perid@ @ (Eei
and YongQi, 2015) CMIP5modelssimulate a weakened intensity of the winter SH and a strengthened
interannual ariability compared to observatio(fsei and YongQi, 2015) The characteristics of blocking
events over the region (number, duration, intensityfaequency) were reasonably well reproduced by
GCMs(Mokhov etal., 2014)and most overestimate the annual mean temperature over northern Eurasia
(Interactive Atlag. Biases in simulated annual surface air temperature simulatioandy come from

winter (DJF) season and are relatively smaller in other se@dloms et al., 2014Peng et al., 2019Most
GCMs capture the main decadal SAT tré¢kiiao et al, 2014)though CMIP5 GCMs fail to capture the
decreasing temperature trend over East SiljEgnand YoneQi, 2015) Possible causes of GCMs inability
to represent the recent slowdown of warming is discussed m@r@#sChapter Bx 3.1 For CMIP5,
models with higher resolution do not always perform better thae tliith lower resolutionsnfedium
confidence (Miao et al., 2014)

Sixteen CMIB model simulations of SAT variability over Eurasia were evaluated against CRU observations
for permafrost subregiorfPeng et al., 20195howing a warm bgin northwest Eurasia capturing the

climate warming over the 20th century and its acceleration during the late 20th century. CMIP5 GCMs
generally underestimate dailgmperature range compared with observations over-pagtern Russia

(Sillmann et al., 2023,3.indvall and Svensson, 201%Jurrently there is no literature on the CMIP6 ensembl
over the region though a few singteodel studies are availal€¢oldoire et al., 2019; Wu &tl., 2019b)

There is very limited use of RCMs for North Asia. CORDEAS covers North Asia except parts of RFE

and ARCTICCORDEX the northern regioriEigure Atlas.6.. For CORDEXCAS three RCMs (REMO,
ALARO-0 and CLMcom) hve been used and have warm biases for maximum temperatures, cold biases for
minimum temperatures and atimas in the north during the wintéfop et al., 2021)Rain gauges,

however, are known to have problems in terms of measuring properly solid precigi¢agio drifting snow)

which can greatly affect the accuracy of precipitation observations over NortfHassiis et al., 2014)

Atlas.5.2.4 Assessment and synthesis of projections

CMIP5 and CMIP6 projections are consistent in the tdoaand rangesf surface temperature change
which arehigher than the global average amith ensemble meawarming of around6°C for the4°C GWL.
Projectedprecipitationchanges are also consisteiith significant increaseis winter,of up to40% inthe
ensemble mean for the highest warming leastsllower increasgin summerexceptfor WSBwhere
changes are smalhd suggest drying at tH8C GWL (Figure Atlas.17:Interactive Atla}.

The CMIP5 ensemble projects a warmif theannual mean SA®ver northern Eurasia in the 21st century,
likely in the range of 0.8°1.0°C (RCP2.6), 2.3°3.1°C (RCP4.5) and up to 7.2°C (RCB§Miao et al.,
2014; Peng et al., 2019Ylid-latitude permafrost subregions in Eurasia are projected to warmthanm the
global mean ad nonpermafrost territories, with ensemble aseraged changes of 1.7°C (RCP2.6), 3.2°C
(RCP4.5) or 6.4°C (RCP8.5) in 2081100 relative to 198&2005(Penget al., 2019)

Over the Central Asia CORDEX domain, RegCM4 @rulationsdriven by two different CMIP5 GCMs
(HadGEM2ES and MPIESM-MR) project SATwarming for 20712100relative to 19712000 ofabout

3°Ci 4°C during the summdor RCP4.5to over7°C for all seasons for RCP8Projected v@arming is most
evident on the large continental Siberian Plateau with boreal argbsedl climates and biomes (i.e., taiga
forests and tundra) during the winter seagorturk ¢ al., 2017) The Voeikov Main Geophysical

Observatory (MGO) RCMdriven by five CMIP5 GCMs for the RCP8.5 scenario, projects a faster increase
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in annual minimum temperature as compared with maximum temperature over the whole territory of Russia

(Kattsov et al., 2017)and the smallest change in growing season lengths (i.e., periods with daily
temperatures over 5°C, 10°C and 15°C) in the area of northern taiga in WSB and ESBabtawaén otler
territories of Russia during the 21st cent(Ffgrzhkov et al., 2019)

For precipitationMGO RCM projections for the Arci€ORDEX domain under the RCP8.5 scenario are
for increases in annual totals for northern North Asiderease in sumer over ESBor 2006 2100

relative to 19512005 andsignificant increases in the upper limit of intense precipitation over most of the
region in winter(Kattsov et al., 2017; Khlebnikova et al., 2018}her RCM projections show thatmost
seasons and for all future periogescipitation in Siberia is not projected to change with respect to the
1971 2000 period, except under the RCP8.5 scenario for the winter and a@utark et al., 2017)This

very limited and controversial evidence leadiote confidencén RCM precipitation projectiosfor North

Asia and since the projections of GCMs and ESMs are more physically consistent, assessment of future
precipitation changes is based on CMIP5/CMIP6 presentedjime Atlas.17and thelnteractive Atlas

Atlas.5.2.5 Summary

Annual surface air temperature and precipitation vave likelyincreased and maximm snow depth has
likely increased over most of North Asia since the-a8@0s. The highest warming has been found in spring
in ESB and RFE,teengthening from south to north with linear trends of 0i8°€°C per decade over the
1976 2014 periodlfigh confidencke A temperature ecrease was identified just in winter in the southern
part of WSB and ESB as a result of natural variability, butdtafvtomi 0.6°C per decade in 1978012 toi
0.3°C per decade for the longer 182618 period due to recent warmer wintdnglh confidence Over

North Asia annual precipitation increases with estimated trendsl&ffam per decade in the 192014
period lave been recorded with an exception over the Kamchatka and the Chukchi Peninsulas where
decreases up i®0 mm per decade in the same péthave been foundanedium confidengeSnowcover
duration hawery likelydecreased over Siberia amtiieases in m@mum snow depths of 1.8 cm, 1.1 cm,
and 4.6 cm per decade have been observed for WSB, ESB, and RFE respectively from 19786imoit2d16 (
evidencg

Most of the CMIP5 and some CMIP6 GCMs overestimate the annual mean air temperature and precipitation

ove North Asia regionrhedium confidengeGCMs generally represent the observed decadal temperature
trend fnedium confidengend biases primarily come from the winter (DJF) sealigh (confidencke

Results of a very limited number of RCMs applied ovemthele region show that they have warmer biases
for maximum and colder biases for minimum temperatureslium agreemeritmited evidende Sparsity

of observational data particularly in the northern part of ESB and the whole of the RFE rdeuits in
corfidencein the assessments of model performance in North Asia.

Surface air temperature and precipitation in North Asigesiected to increase furthdrigh confidence

with warming higher than the global average and arod@d6the 4C GWL. Temperatte change in 2080
2099 relative to 1982000 islikely in the range of 3°C in summer to 4.9°C in winter under the RCP4.5
scenario, and 5.6°C in summer to 9.7°C in winter under the RCP8.5 scenario. Precipitation is projected to
increase with ensemble medmaages of 9% in summer under both RCP4.5 and RCP8.5 and of 22% and
56% in winter respectively.

Atlas.5.3 South Asia
Atlas.5.3.1 Key features ahe regional climate and findings from IPCC previous assessments

Atlas.5.3.1.1 Key features of the regional climate

The countries in this regicare mostly semarid to arid and therefore depend heavily on the summer
monsoon (Juricseptember, JJAS) which is wherost of the precipitation falls over the South Asia region
(SAS) Figure Atlas.17. The topographic mechanlatfectof the Tibetan Plateau (TIB) promotes moisture
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convergence downstream which triggers the early summer monsoon onset particularly over the Bay of
Bengal and South China. In winter, Westerly Disturbances (WD) bring moisture from the Atlantic Ocean.
The WD interaction with Himalayas causes precipitatioer northern and western parts of South Asia that
is crucial to maintain the glacier mass balance. The observed teleconnection patterns over SAS for
temperature shows cooling effects during NAM andnavag effect when in positive phase with ENSO,

I0B, AMM and AMV (Annex IV). IOD also influences South Asian precipitat{@dmnex V).

Atlas.5.3.1.2 Findings from previous IPCC assessments

Recent IPCC reports assessed thatiery likelythat the mean annual tempeen@ over South Asia has
increased during the past canyt (Figure 2.21 irHartmann et al., 201Figure 242 in Hijioka et al., 2014,
and the frequency of cold (warm) days and nights have decreased (increased) acrofsAsizosince

about 1950 (Figure 2.32 Hartmann et al., 20)3AR5 assessed that therehigh confidencehat the large
scale patterns of surface temperature are generally well simulated by the CMIP5 models though with
problems in some regions, particularly at higher elevations over the Him@rgaset al., 2013)CMIP5
models projeted for the 21st century a significant increastemperature over South Asiaigh confidence
from robust evidengeand in projections of increased summer monsoon precipitatiedigm confidenge
(Collins et al., 2013)AR5 assessed therehigh confidencehat highresolution regional downscaling,
which generate results complementary to those from global climate models, adds value to the simulation of
spatial variatias in climate in regionwith highly variable tpography (e.g., distinct orography, coastlines),
and for mesoscale phenomena and extréfiato et al., 2013)

Inconsistent evidence was fouad the declining trends in mean precipitation and increasing drofugits
1950 onwardsonsidering 19601990 as the baseline period. Similarly, SRE¥ble 33 in Seneviratne et

al., 2012)eportedow confidencddue to lack of literature) in trends in climate indiceated to extreme
precipitation eventsThe Indian summer monsoon circulation was found to have weakened, but this was
compensated by increased local atmospheric moisture content leading to more magdfiali( confidenge

It is likely that the occurrencef snowfall everg is decreasing in South Asia along with other regions due to
an increase in winteemperaturegHock et al., 2019bBased on satelliteand surfacébased remote sensing

it is very likelythat aerosol optical depth has increased ovahsow Asia sinc€000.

Atlas.5.3.2 Assessment and synthesis of observations, trends and attribution

Recent studies show that annual mean land temperatures over India warmed at a rate of around 0.6°C per
century during 19012018, which was primarily contributed bysignificant increase in annual maximum
temperature of 1.0°C per century, while the annual minimum temperature showed a lesser increasing trend of
0.18°C per century during this period, with significant rise only in the recent few decades2QBBlat a

rate of 0.17°C per decad8rivastava et al., 2017, 2019he annual average of daily maximum and

minimum temperatures has increased over almost all Pakistan with a faster increasing trend in the south
(high confidence Minimum temperatures have incsed faster (0.17°(.37°C per decade) than maximum
temperatures (0.1790.29°C per decade) with the diurnal temperature range redi@d®{C toi 0.08°C

per decade) in some regiofhan et al., 2019)

There has been a noticeable declining trend in rainfall with monsoaitsieticurring with higher

frequency in different regions in South A¢see also Section®2.4on the South Asian monsoon)
Concurrently, the frequency of heavy precipitation events has increased over India, while the frequency of
moderate rain eventathdecreased since 1930gh confidence(Goswami et al., 2006; Dash et al., 2009;
Christensented., 2013; Krishnan et al., 2016; Kulkarni et al., 2017; Roxy et al., 20hére is a

considerable spread in the seasonal and annual mean precipitation climatology and interannual variability
among the different observed precipitation datasets odex (Gollins et al., 2013; Prakash et al., 2014; Kim

et al., 2018; Ramarao et al., 2018gt, the regions of agreement amatajasets lentigh confidencé¢hat

there has been a decrease in mean rainfall over most parts of the eastern and central north regions of India
(Singh et al., 2014; Roxy et al., 2015; Juneng et al.,;Xighnan et al., 2016; Guhathaka and

Revadekar, 2017; Jin and Wang, 2017; Latif et al., 204 gJobal modelling study with high resolution
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over South AsigSabin et al., @13)indicated that a juxtaposition of regional lamske changes,
anthropogeni@erosol forcing and the rapid warming signal of the equatorial Indian Ocean was crucial to
simulate the observed Indian summer monsoon weagién recent decadesédium conélence).

A dipole-like structure in summer monsoon rainfall trends is observed over the northetifdkidtan area
with significant increases over Pakistan and decreases over central north India resulting fromrsimgngthe
(weakening) of vertically intgrated meridional moisture transport over the Arabian Sea (Bay of Bengal)
(low confidenck(Latif et al., 2017)Positive annugbrecipitation trends are observed in global and regional
datasetsHigure Atlas.11andInteractive Atlay during 19602015 and over arid provinces of Pakistan (for
Rabi and Kharif cropping seasons) during IZ8115 of 2.834.8 mmperdecadgKhan et al., 2020mply

high confidencéor increased cipitation in PakistarObservations located in the monsetominated strip

in Pakistan indicate thaté mean monsoon onset became earlier duringi 220(Ali et al., 2020)

Snow and glaciers are the main water resource$§ obuntries in South Asia. Glacier melting is mainly
controlled by natural phenomena but anthropogenic emissions of black carbon (BC) are nowamaking
significant contributing to total glacial melting in the Hindu Kush Himalaya (HKH) re@esmon, 2002;
Ramanathan et al., 2007; Ramanathan and Carmichael, BID8pncentration is seventen times higher

in mid-altitudes (10004000 metres above sea level) than at high altitudes (>4000 metres above sea level).
The concentration of BC sahepl from the surface of snow/ice samples as well as ice core records shows
decreasing ice albedo andateleration in glacier meltingVester et al., 2019kee alscCrossChapter

Box 10.4. Karakoram and westen HKH snow cover is increasing, a
anomal yé, and tpanintréaselinistyength bftwestety distuebadifdésster et al., 2019)

Significant glacier retreat has been observed since 1960 in TIB with lower rates in the interior of the region
(Yao et al., 2007)A large interdecadal variation in snow cover is also observed from 1960 to 2010.
Observations and modetraulations showed that the increasing temperature of frozen grounds is leading to
thawing and reduced depth of permafregth further significant reductions projected under future global
warming scenariogyang et al., 2019medium confidenge

Atlas.5.3.3 Assessment of model performance

Whilst sinulations of Indian summer monsoon rainfall (ISMR) have improved in CMIP5 compared to
CMIP3 in terms of northward propagation, time feag monsoon and withdraw@perber eal., 2013)
they fail to simulate the trends in monsoon rainfall and the J#260 weakening of monsoon circulation
(Saha et al., 2014This is partially attributed to the failure afarse resolution CMIP5 models to simulate
fine-resolution processes such as orographic effecendrdurface feedback, and problems in cloud
parameterization result in an overestimation of convective precipitation frg8iiagh et al., 2017a)jn
CMIP6, a significant improvement is found in capturing the monsoon spatiotemporal patterns over India,
particulaty in the Western Ghats and noghstern Himalayan foothil(&usain et al., 2020PDver Pakitan
the CMIP6 models simulate surface temperature better in JJA thafiKBxiim etal., 2020) The CMIP6
ensemble underestimates annual mean temperature over all of South Alsiarixed results for
precipitation(Almazroui et al., 2020c)The CMIP6 GCMs have a large cold bias in both mean annual
maximum and minimum temperatures in the complex Karakorum and Himalayawaimaanges but
exhibit warm biases in mean annual minimum temperature in most of the restloAStzut

Regional climate model (RCM) downscaling of CMIP5 models as part of CORDEX South Asia uses higher
resolution (50 km) and improved surface fieldstsas topography and coastlines to resolve better the
complexities of the monsoon and other hydraabprocesse&Giorgi et al., 2009)Theadded value of their
simulations, relative to the driving GCMs, presents a complex picture. CORDEX RCMs better represent
spatial patterns of temperaty&anjay et g, 2017) the spatial features of precipitation distribution

associated with the Indian summer mons(@@moudhary and Dimri, 2018nd the simulation of monsoon

active and breakphase composite precipitatigidarmacharya et al., 201.6§heRCMs follow the driving

GCMs in underestimating seasonal mean surface air temperature and overestimating spatial variability in
precipitation. They amplify CMIP5 cold biases over almost the entire region, including over the HKH
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region, Afghanistan and sthwest Paistan during wintelgbal et al., 2017and substantial cold biases of

6°Ci 10°C are found over the Himalayan wateeds othe Indus BasiiNengker et al., 2018; Hasson et al.,

2019) Neither RCMs nor their driving CMIP5 GCMs rep
(Mishra, 2015) In addition, important characteristics of ISMR such as northward and eastward propagation,
onset, seasonal rainfall patterns, irgemsonal oscillations and patterns of extremes did not show cohsisten
improverent(Singh et al., 2017bAlso, these RCM simulations have not demonstrated added value in

capturing the observed changes in ISMR characteristEsrecentlecades though RegCM4 simulations at

25 km showed high accuracy in capturing monsoon precipitation characteristics and atmospheric dynamics

in historical simulationgAshfaq et al., 2020)

Evaluationof four global reanalysis produdiSRA5 and ERAInterim, JRA55 and MERRAZ, Section
Atlas.1.4.2 for snow depth and snow cover over the TIB was performed agaiinssi28 station

observations, Interactive MultisesrsSnow and Ice Mapping System (IMS) snow cover and a satellite
microwave snow depth datag€trsolini et al., 2019)Most ofthe reanalyss showed a systematic
overestimationOnly ERArInterim assimilated IMS snow cover at high altitudes, whereas ERA5 did not and
the excessive snowfall, snow depth and snow cover in ERAS was attributed to this difference. The analysis
of annual naximum consecutive sneaovered days for the pedd 980 2018 over TIB using JRA5 and
Passive Microwave satellite observations showed decreasing trend in all time periods and in recent snow
seasons for MERRA (Bian et al., 2020)The uncertainty assessment of model physiehow modelling

over TIB using groundbased obs&ations and higitesolution snowcover satellite products from the

Moderate Resolution Imaging Spectroradiometer (MODIS) and Fen@BuirY3B) suggests that errors

can be overcome by optimizing parametditas of the snow cover fraction rather than opting physics
scheme option@liang et al., 2020b)

Atlas.5.3.4 Assessment and synthesis of projections

CMIP5 ard CMIP6surface temperature projections are consisterass the range of global warming levels
with increases greater than the globatrage, more so over T(Bigure Atlas.17. CMIP6 models show
higher sensitivity to greenhouse gas emissions, projecting higher warming for a given emission 3tenario
northwestern parts of South Asia, mainly covering Karakorum and Himalayan mountain ranges, are
projected to warnmore (over6°C under SSPB.5, with higher warming in winters than in summer, see
Interactive Atlaj and this will accelerate glacier melting in the region. The warming pattern of maximum
and minimum temperatures are projected to intensify in higher latitudes camptrenid-latitudes of

South Asia in CMIP5 simulations for all RCP scenafigikah et al., 202Q)

Seasonal precipitation projections show increased winter precipitation over the western Himalayas and
deceased precipitation over the eastern Himalayas. On the other hand, summer preqpajgbions

show a robust increase over most of South Asia, with the largest over the arid region of southern Pakistan
and adjacent areas of India, under S8PRFAImazroui et al., 2020c)Daily biasadjusted projections from

13 CMIP6 GCMs using all emission scenarios project a warmei 83} and wetter (1i330%) climate in

South Asia in the 21st centufishra et al., 2020)

With continued global warming and anticipateductions in anthropogenic aerosol emissions in the future,
CMIP5 models project andnease in the mean and variability of summer monsoon precipitation over India
by the end of the 21st century, together with substantial increases in daily precipikatones fedium
confidencg (Gnanaseelan et al., 2028ge also Sectidh4.2.4 orchanges in the South Asian monsodhe
CMIP5 GCMs consistently project an increase in the moisture transport over the Arabian Sea and Bay of
Bengal towards the end of 21st cenflay increase in moisture convergence and consequent increases in
monsoon rafall over the IndePakistan region which are higher under RCP8.5 thanREBd&astava and
Delsole, 2014; Mei et al., 2015; Latif, 201Qut of 20 CMIP5 GCMs, four showed an increase in
magnitude and lengthening of-#fidia summer monsoon under RCP8.5. The intensity of both strong and
weak monsoonis projectedd increase during the period 202D99(Srivastava and Delsole, 2014)

Summer pregiitation changes in South Asia are consistent between CMIP3 and CMIP5 projections, but the
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model spread is large for winter precipitation changes. Changes in summer monsoon rainfall will dominate
annual changes over South Aéfdoo et al., 2019)CMIP3 GQMs project agradual increase in annual
precipitation over monsoedominated areas of Pakistan throughout tifeCHntury and increases in humid

and semiarid climate areafSaeed andthar, 20.8).

Warming of 2.5°C to 5°C is projected over northern Pakistan and (Bgé et al., 2014CORDEXSouth
Asia projections over northeast India under RCP4.5 for the period 2080, show increasing trends for
both seasnal maximunmand minimum temperature over northeast Intlite(active Atlay The future
projections of South Asian monsoon from the CORBERRE exhibit a spatially robust delay in the
monsoon onset, an increase in seasonality, and a reduction in thee@son legth over parts of South
Asia at higher levels of radiative forciigshfaq et al., 2020)

With the TIB camtinuing to warm, snow cover and snow water equivalent are projected to decrease but with
regional differences due to synoptic influenf@&ester et al., 201¥ndCrossChapter Box 10.4There is

limited evideneon whet her the O6Karakoram Anomal y-termwi | |
persistence ignlikelywith continued projected warmingigh confidence(Section 9.5.10). It is projected

that peak river flow at higher @lides will commence eaer, due to warming influences on snow cover area
and snow/glacier melt rates and with more precipitation falling as rain rather tharesmite magnitude

and seasonality of flow will change over South ASiharles et al., 21B).

Atlas.5.3.5 Summary

Mean, minimum and maximum daily temperatures in South Asia are increasing and winters are getting
warmer faster than summetsdgh confidence The South Asian monsoon has shown contrasting behaviour
over India andPakistan. There isigh confidencehat there has been a decrease in mean rainfall over most
parts of the eastern and central north regions of India and an increase in precipitation in Pakistan.

Global model performance over the region has improved €MP3 to CMIP5 to CMIP6n the multi

model ensemble mean simulation of the amplitude and phase of the seasonal cycles of temperature and
precipitation. However, there was no appreciable improvement in regions with steep orography, and there
has remainedubstantial intetmodel spead in seasonal and annual mean temperatures over South Asia with
generally cold biases which are largiesthe complex Karakorum and Himalayan mountain ranges. CMIP6
GCMs also show a dry bias ([1Z0%) in mean annual precipitatian the majority of Solt Asia region with

a wet bias in Nepal, Pakistan and northern India.

It is likely thatsurfacetemperatures over South Asia (SAS and MH) increase greater than the global
average, more so over TIBnd withprojectedincreass of 4.6°C (3.4°C 6.0°CQ during 20812100

compared with 1992014 under SSP8.5 and 1.3°C (0.7°C2.0°C) under SSP2.6 (nteractive Atlas.

Summer monsoon precipitation in South Asilikisly to increase by the end of the 21st centuinle winter
monsoons are projected to ¢héer. Over the same time periods CMIP6 models project an increase in annual
precipitation in the range 186% under SSR8.5 and 0.416% under SSP2.6 (nedium confidenge

With continued warming, TIB snow covand snow water equivalent dilely to decrease and with more
precipitation falling as rain rather than snow in SAS. It is projected that the peak river flow at higher
altitudes will commence earlier due to the effect of warming on snow cover and swoev/melt rates,
causing changes in magrde and seasonality of flow.

Atlas.5.4 Southeast Asia

Atlas.5.4.1 Key features of the regional climate and findings from previous IPCC assessments

Atlas.5.4.1.1 Key features of the regional climate
The Southeast Asia region is composed of taemthat are part of Indochina (or maind Southeast Asia)
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and countries that are very archipelagic in nature and have strorgdeasatmosphere interactions,

including those that are part of the Maritime Continent and the Philippines. Its clime@lyg tropical

(i.e., hot and humid withbundant rainfall). Rainfall seasonal variability in the region is mainly affected by
the synoptiescale monsoon systems, the nestluth migration of the ITCZ artdopical cyclones (mainly

for the Philippines anthdochina)while intraseasonal variabiitcan be influenced by the MJ@nnex V).
Temperature and especially rainfall are also interannually affected by ENSO and Indian Ocean Basin and
Dipole (IOB/IOD) modesAnnex IV, Table Atlas.}.

Atlas.5.4.1.2 Findings from previous IPCC assessments

WGI AR5 showed tat the mean annual temperature of Southeast Asia has been increasing at a rate of
0.14°C to 0.20°C per decade since the 1960s, along with an increasing number of warm days and nights, and
a decreasignumber of cold days and nigli@hristensen et al., 2013)R5 also reported the lack of

sufficient observational records to allow for a full understanding of past precipitation itnendst of the

Asian region, including Southeast Asiadahat precipitation trends that were available differed

considerably across the region and between sefSaristensen et al., 2013

On projected changes, findings from AR5 showed tarming isvery likelyto continue with substantial
subregionl variations over Southeast A¢{@hristensen et al., 2013Jhemedian increase in temperature

over land projected by tf@MIP5 ensemble mean ranges from 0.8°C in RCP2.6 to 3.2°C in RCP8.5 by the
end of the 21st century. Moderate future increases in precipitatioergrékely with projected ensemble
mean increasex 1% in RCP2.6 to 8% in RCP8.5 by 2100. In the SR165¢tls a projected increase in
flooding and runoff over Southeast Asia for a 1.5°C to 2°C global warming, and these will increase even
more for a greater than 2°C level of warm{ihtpeghGuldberg et al., 2018)

Atlas.5.4.2 Assessment and synthesis of observations, trends and attribution

Within the last decade, there has been an increasing number of studiesatic tfends over Southeast

Asia, carried out on a regiahbasigThirumalai et al., 2017; Cheong et al., 20&BJocused orspecific
countriegCinco et al., 2014; Villafuerte et al., 2014; Mayowalet2015; Villafuerte and Matsumoto, 2015;
Guoetal., 217 a; Sadadi et al ., 2 0 1 7. Theysdoquraentirtuabytcertaid . 20
significant increases in mean as well as extreme temperature. The minimum temperature ety dikely
warmed faster compared to the maximum temperafi@@peratures, including extremes, are strongly
influenced by ENSO in the regid@inco et al., 2014Thirumalai et al., 2017; Cheong et al., 20X8yer
muchof the regions, extreme high temperature occurred mostly in April and almost all April extreme
temperatures occur in El Nifio yedi$irumalai et al., 2017)n most of Southeaststa (except for the
north-eastern areas), there wi®ly an increase in the number of warm nights with El Nifio episodes within
the period 19722010(Cheong et al., 2(&).

Changes in mean precipitation are less spatially coherent over Southeast Asia. Over Thailand, the average
number ofrain days has decreased by 1.3 to 5.9 days per decade while averagaimfaillintensity has

increased by 0.24.73 mm dalt perdecadegLimsakul and Singhruck, 2018Precipitation is also affected

by ENSO event§Tangang et al., 2017; Supari et al., 2013yer Southast Asia, there has been a significant
increase in the amount of precipitation and its extremes with La Nifia episodes in the past decades, especially
during the winter monsoon periokigh confidaecg (Villafuerte and Matsumoto, 2015; Limsakul and

Singhruck, 2016; Cheong et al., 2018)

Figure Atlas.13shows trends in mean temperature andipition during 19602015 for two global

datasets, indicating a significant overall warming over Southeastigladonfidenckg with higher rates of
warming in Malaysia, Indonesia, and the tb@un areas of mainland Southeast Ak (confidence

Annual mean precipitation trends (s#solnteractive Atlasvhich includes the regional dataset Aphrodite

see sectiortlas.1.4.) over the region are mostly not significant except for increases over parts of Malaysia,
Vietnam ad southern Philippinesnedium confidenge
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It is important to note that the availabilityyality, and temporal and spatial density of observation data may
lead to uncertainties and varying results in Southeast(dgigeng et al., 2016%5ome efforts have been

made to prodce better observationallyased gridded datasets for the redg., NguyerXuan et al.,

2016; van den Besselaar et 2D17; Yatagai et al., 2020)

Atlas.5.4.3 Assessment of model performance

Performance in simulatingirdall over Southeast Asigaries among CMIP5 GCM#igh confidence Only
some are capable of reasonably simulating the rainfall seasonal cycle and spatia{P@tteet al., 2013;
Raghavan et al., 2018pver mainland Southeast Asia, the parfance of CMIP5 GCMs in simulating
rainfall during wet season was superior to thatftnual and dry season precipitat{bhet al., 2019a)

RCMs have beemiensively used over the region in recent years in a series of single emodél

experiments and there isedium confidencinat they reproduce reasonably well seasonal climate patterns of
temperature, precipitation and largeale circulation over thdifferent subregions ddoutheast Asia with

added values compared to their host GEWEn Khiem et al., 2014; Kwan et al., 2014; NDQac et al.,

2014, 2017; Juneng €lt,&2016; Katzfey et al., 2016; Loh et al., 2016; Raghavan et al., 2016; Cruz et al.,

2017; Ratna et al., 2017; Triilhu an et al ., 201 8; .REMengeminle nedaiend to e t a l
outperform the individual modein representing the climatajccal mean statéNgo-Duc et al., 2014; Trinh
Tuan et al ., 2018 ; Th&gisurgiaively ligh consestencyaamong thesinalaigns of

historical climate over mainland Southeast Asia compared to those over thenkl@atitinent for both
seasonal and intemnual variabilityNgo-Duc et al., 2017)The consistency in rainfall simulations was
lower than for temperature simulations.

Some RCMs showed a systematic cold Bldanomaiphiboon et al., 2013; Kwan et al., 2014; Nna et

al., 2014; Loh et al., 2016; Cruz and Sasaki, 2017; Cruz et al., 8@t %yas mainly due to model physics
(Manomaiphiboon et al., 2013; Kwan et @014) and/or the biases in the SST forciiNgo-Duc et al.,

2014) A few simulations revealed a warm bias over some areas such as in thead/@intinent(Cruz et

al., 2017)or Vietnam(Van Khiem et al., 2014)The biases for rainfall in GCMs and RCMs o@eutheast
Asiawere found to be less systeticavith wet or dry biases depending on the subregdidtasmomaiphiboon

et al ., 2013; Kwan et al ., 2014 ; Van Khiem et al
et al., 2020; Tangang et al.,Z0) although wet biases were more pronounced in RQM&n et al., 2014;

Van Khiem et al., 2014; Kirono et a22015; Juneng et al., 2016; Supari et al., 2020; Tangang et al., 2020)
Some RCMs overestimated rainfall interannual variabilityneng et al., 2016)hile some others

underestimated {Kirono et al., 2015)Simulated rainfall amount is sensitive to the choice of convective
schemgJuneng et al., 2016; Ngouc et al., 2017and the choice of larsurface schem@hung et al.,

2018) Rainfall biases in current climate simulations can be greatly reduced if a bias correction method such
as quantile mapping is appli€frinh-Tuan et al., 2018)The pattern of tropical cjonenumbers in the

region were reasonable represented by RCM ou{piats Khiem et al., 2014; Kielihi et al., 2016;

Herrmann et al., 2020)

Atlas.5.4.4 Assessment and synthesis of projections

Mean temperature in Southeast Asigrigjected to contine to rise through the 21st centuviriyally

certain, very high confidengeProjections by mukimodel regional climate simulations of CORDESEA
showed a temperature increment over land under RCP8.5 to range from 3°C totbé@iyof 21st
centuryrelative to prel986 2005 period Tangang et al., 2018for the same periods, the average mean
temperature increase ovand projected by ®IP5 (CMIP6) varies from @.+ 0.3°C (12 + 04°C) under
RCP2.6 (SSR2.6) to 35+ 0.7°C (38 £ 0.9°C) under RCP8.5 (SSH®5) (nteractive Atlas. For all Global
Warming Levels (GWLs) the land region is projected to warm by a slighitbller amount thatine global
average, with 10it90th percentile ranges for CMIP5 (CMIP6) 02°LC to 16°C (12°C to 15°C) for the

1.5°C GWL and of 33°C t04.0°C (33°C t03.9°C) for the £C GWL relative to the 1850900 baseline
(calculated from RCP8.5 (SSB%) projetions). Changes for other warming levels, periods, and emissions
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pathways are shown Figure Atlas.17and can be explored in thateractive Atlas

Projections of futureainfall changes are highly variable among-sedfionsof Southeast Asia and among

the modelsHigh confidence The CMIP5 and CMIP6 ensembles showed an increase in annual mean
precipitation over most land areas by the mid and late 21st century, althdyg¥itbra strong model
agreement for higher warming levélsteractive AtlasFigure Atlas.17, while CORDEX produces a

general decrease in projected precipitatieigire Atlas.1y. Based on CORDEX Southeast Asia multi

model simulations, significant amdbust increases of mean rainfall over Indochina and the Philippines were
projectal while there is a drying tendency over the Maritime Continent during DJF for the early, mid and
end of the 21st century periods under both RCP4.5 and RCR§ang eal., 2020)Figure Atlas.19. At

the end of the 21st century during DJF andenrRICP8.5, an increase of 20% in mean rainfall is projected
over Myanmar, northern central Thailand and northern Laos, arid 6¢&over the eastern Philippines and
northern Vietnam. During JJA, significant drier conditions are projected over almostiteeSenitheast

Asia except over Myanmar and northern Borneo. Over the Indonesian region, especially Java, Sumatra and
Kalimantan, as much as aiBD% decrease in meaainfall is projected during JJA by the end of the 21st
century. The projected drier cdtidn over Indonesia from CORDEX is consistent with thafkafsunoki,

2017; Gorgi et al., 2019; Kang et al., 2019; Supari et al., 2@62d)is associated with enhadcsubsidence

over the regioriKang et al., 2019; Tangang et al., 2020)

[START FIGURE ATLAS.19 HERE]

Figure Atlas.19:The RCM projected changes in mean precipitation between the early (2012040), mid (2041
2070) and late (207012099) 21st century and the histdcal period 1976 2005.Data are obtained
from the CORDEXSEA downscaling simulationBiagoal linesindicateareas with low model
agreement (less than 80%). Adapted flbamgang et a(2020)

[END FIGURE ATLAS.19 HERE]

Atlas.5.4.5 Summary

It is virtually certainthat annual mean temperature has been increas®gutheast Asim the past decades
while changes in annual mean precipitation are less spatially coherent though with some increasing trends
over parts of Malaysia, Vietnam and southiehilippines (nedium confidenge

Although various biases still exist, therenigh confidencehat themodels can reproduce seasonal climate
patternsvell over the different subregions of Southeast Asia. Tharedium confidencehat the RCMs
show adéd value compared to their host GCMs over the region.

Projections show continued warming over Southaagt, butlikely by a slightly smaller amount than the
global average. Projected changes in rainfall over Southeast Asia vary, dependiodebnsubregion and
seasonl{igh confidencewith consistent projections of increases in annual mean rainfall@hdi®5 and
CMIP6 over most land areasmédium confidengeand decreases in summer rainfall from CORDEX
projections over much of Indonesiadgdium confidence

Atlas.5.5 Southwest Asia
Atlas.5.5.1 Key features of the regional climate and findings froeviouslPCC assessmé

Atlas.5.5.1.1 Key features of the regional climate

Southwest Asia includes the Arabian Peninsula (ARP) and West Central Asia (WCA) refergoos
(Figure Atlas.1). ARP has a sendrid or arid desert climate with very low annual mean precipitation and
very high emperature. Its temperature is influenced by SST variations over the taggeale.g., ENSO)
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and the NAO and AQAttada et al., 2019seeAnnex IV for these and subsequent modes of variability).
Rainfall isinfluenced by the IOD and ENSO with more rainfall during El Niang et al., 2015; Kumar et

al., 2015; Abid et al., 2018; Kamil et al., 20H3)d less during La Nifi@tif et al., 2020) The wet season in

ARP is mainly from November to April and the dry season isifdone to August. Rainfall is confined

mostly to the soutlivestern part of the Peninsula and contribution of extreme events to the total rainfall
varies within 2070% from region to region and season to sedatmazroui, 2020b; Amazroui and Saeed,
2020) WCA is separated from Eastern Europe by the Caucasus Mountains, is adjacent to ARP, with South
Asia (SAS) to the south and West Siberia (WSB) to the north, and tigedrethe Mediterranean (MED),
Tibetan Plateau (TIB) and Easentral Asia (ECA) regions. WCA is heterogeneous in terrain with the

Zagros Mountains and Iranian Plateau in the west and southwest, the Caspian Sea and lowland with deserts
in the north and ndneast. The regional climate of WCA is influenced by the Neh@ ENSO and it is

typically semiarid or arid with a strong gradient in both precipitation and temperature from the mountains to
the plains and from north to south.

Atlas.5.5.1.2 Findings frompreviouslPCC assessments

The IPCC AR5 established itvery likelythattemperatures will continue to increase over WCA in all
seasons whilst projections of decreased annual mean precipitatioretaom confidencdue tomedium
agreementesulting from modetlepenént subregional and seasonal chari@wsistensen et al., 2013)
AR5 also concluded thébr a better understanding of the climate of the region, resuliigldresolution
regional climate models also need to be assesse@Miitb modelggenerallyhad difficultiessimulatingthe
mean temperature and precipitation climatology for Southwest Asia. This is partly related to the poor spatial
resolution of the models not resolvitige complex mountainous terrain ahe influence of different drivers
of the European, Asian and African climatElewever, observational dasagarsityand issues related to the
comparison of observations with coarssolution models added to the unagry and remained poorly
analysed in peereviewed literature on climateadel performanc€Christensen et al., 2013)

SR1.5 stated that even for 1.5°C and 2°C of global warming, SestiAgia is among the regions with the
strongest projected increase in batremes with more urban populations exposed to severe droughts in West
Asia, while an increase of heavy precipitation events is projected in mountainous regions of Central Asia
(HoeghGuldberg et al.,@18; IPCC, 2018c)Higher temperatures with less precipitation Vikiély result in
higher risks of desertification, wildfire and dust storms exacerbated bytmdnd landove changes in

the region with consequent effects on human health. Furthiegdsf the Aral Sea in Central Asia wilkely
have negativeffectson the regional microclimate adding to the growing wind erosion in adjacent deltaic
areas and deserts thaaiseady resulting in a reduction of the vegetation productivity includiogiands.

There is also a projected increase of precipitation intensity in the Arabian Peninsula Wkéth tis lead to
higher soil erosion particularly in winter and spring tluéoods(Mirzabaev et al., 2019\WCA includes

high mountains with enhanced warming above 500 m whegardless of themissionscenaripdecrease

in snow coveareprojected due to increased winggrowmelt and more precipitation falling as rdigh
confidenc® A very strong interannual and decadal variability, as well as scarce in situ recaragifaain
show cover, have prevented a quantification of recent trends in High MountaifHaslaetal., 2019hb)

Atlas.5.5.2 Assessment and synthesis of observations, trends and attribution

Since the AR5, there has been an increasing number of studies on paist chiange in Southwest Asia
thoughmeteorological stations are sparsely scatterdéke region They are mainly located in the plains

below 2 km of altitude, very scarce in mountainous areas and have declined in number in WCA since the end
of the SovieUnion in 1991. This increases the uncertainty in both temperature and precipitation trends
particulrly for elevated ared€hristensen et al., 2013; Huang et al., 2Gh#&h confidence So esearchers

use other sources of climate data in the region, particularly freely available gridded datanged.

Globally drylands showed an enhanced warming over the past century of 1.2°C to 1.3°C, significantly higher
than the warming over humid lands (0.8%CL.0°C)(Huang et al., 2017bA strong increase in annual
surface air temperature 0f27°Cto 0.47°C per decade has been found over WCA between 1960 and 2013
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(very high confidenggHan and Yang, 2013; Li et al., 2013; Hu et al., 2014, 2017; Huang 204#; Deng

and Chen, 2017; Zhang et al., 2019a, 2017; Guo et al., 2018b; Haag et al., 2019; Yu ef)alV&0difig is

most prominent in the spring based on the CRU dataset witHikalgsanging from 0.64°C to 0.82°C per
decaddHu et al., 2014)Analysis of seasonal temperature trends based orrésgghution 1 km x 1 km
dowrscaled dataset CHELSA and 20 stations in Uzbekistan has confirmed the maximum significant trend in
temperature of from 0.6°C up to 1°C per decadspinng from 1979 to 2013 and no significant trend in

winter (Khaydarov and Gerlitz, 2019)here isvery high confidenc@obust evidencehigh agreementthat

the shrinking of the Aral Sea hasluced an increase in surface air temperature around the Aral Sea region
in the range of 2°C to 6°(Baidya Roy et al., 2014; McDermid and Winter, 2017; Sharma &Cdl8) The
plateau of Iran has experienced significant increases in the average monthly values of daily maximum and
minimum temperatures with spatiallpnying rates of 0.1°@.3°C up to 0.3°00.4°C per decade and

greater spatial variation in minimunmteeratureshigh confidence(Mahmoudi etal., 2019; Fathian et al.,

2020; Sharafi and Mir Karim, 2020)

Observed warming over northern ARP is higher than over the south, where minimum terepenae
increasing faster than maximum temperat@fdsmazroui, 2020a)The rate of mean temperatimereasas
estimated at 0.10°C per decamer 1901 2010(Attada et al., 2019while it has reached 0.63°Gkely in
the range of 0.24°C to 0.81°C) per decautetie more recent periad 1978 2019(Almazroui, 2020a)

An overall increasing trend of annual precipitation (0.66 mm per decade) was farrdemiral Asia based

on GPCC V7 data for the period 19@D13(Hu et al., 2017)but annual trends wefeund not significant

over the shorter period 1962013 (see alsd-igure Atlas.1landInteractive Atlak Winter precipitation saw

a significant increase of 1.1 mm per dezéflong and Bai, 2016 hese estimates halow to medium
confidencesincethe satellite precipitation products have large systematic and random errors in mountainous
regions. MoreoveEMORPH and TRMM products faibtcapture the precipitation events in the ice/snow
covered regions in winter antd®w a substantial falselarm percentage in summébutthe gaugecorrected
GSMAP performs better than other produ@sng and Bai, 2016; Guo et al., 2017b; Hu et al., 2017; Chen et
al., 2019b)Over the elevatepart of eastern WCA precipitation increases in the range b B3nm per

decade during 196@013 were observeddry high confidendgHan and Yang, 2013; Li et aR013; Hu et

al., 2014, 2017; Huang et al., 2014; Deng and Chen, 2017; Zhahg2$19a, 2017; Guo et al., 2018b;

Haag et al., 2019; Yu et al., 2018eductions in spring precipitation and increases in winter have been
reported for Uzbekistan over theriod 19792013 based on station data but these are not significant
(Khaydarov and Gerlitz, 2019y here isvery low confidencef impact of the Aral Sea shrinking on
precipitation(Chen et al., 2011; Jin et al., 2017)

A decreasing trend of precipitation is reported for ARP with the mean valie3mm per decade (range of
730 mm to 16 mm) for the period 197819 (ow confidencgwith large inteannual variability over Saudi
Arabia, which covers 80% of the regiphlSarmi and Washington, 2011; Almazroui et al., 2012; Donat et
al., 2014) The same decreasing trend negpitation totals and an increasing trend in the number of
consecutive drgays are found for most of the Iranian platéaedium confideng€Rahimi and Fatem

2019; Fathian et al., 2020; Sharafi and Mir Karim, 202@huaryto-March mean snow cover and depth
over mountainous areas decreased between 2000 and@918 rhedium confidencgueto limited

evidencg (Safarianzengir et al., 2020)

Atlas.5.5.3 Assessment of model performance

There idimited evidencabout the performance of GCMs and RCMs in representing the current climate of
Southwest Asia due to very few studies evaluating models over this region, but literature is now emerging
particularly on CMIP5/CMIP6 and CORDEX simulations.

Over ARP, surface temperature biases for 18 of 30 CMIP5 models are within one standard deviation of the
observed variabilityAlmazroui et al., 2017)A warm bias in summer and a cold bias for others months

along with an underestimation of wet seapmgtipitation and an overestimation in thg geason have been
reported in 26 CMIP5 mode{kelieveld et al., 2016 30 CMIP6 GCMs have limited skill in simulating
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annual precipitation patterns, annual cycle statistics andtérngprecipitation trends over Central Asia
partially due to considerable wet biases of up to 100% in the Southern Xinjiang and HexirCegilus
(Guo et al., 2021)Also, CMIP6 models display a wide range of performance in reproducing ENSO
teleconnections that influences the regiBarlow et al., 2021)

RCM simulations using the CORDEMENA domain reproduce the main features of the mean surface
climatology over AR with moderate biaseBigh confidence RegCM4 driven by five GCMs (HadGEM2,
GFDL, CNRM, CanESM2, and ECHAMG6) showed an ensemble mean cold bias of abt@ and dry

bias ofi 13% over ARRAImazroui, 2016)with a cold (warm) bias over western (scetistern) aregSyed

et al., D19). Temperatue biases in 3@ear historical simulations with WRF using three different radiation
parameterizations were with#2°C and mostly caused by surface lamave radiation errors which affected
nighttime minimum temperatures over 70% of ttmmain(Zittis and Hadjinicolaou, 2017Mean absolute
errors in COSM@CLM driven by ERAInterim were about 1.2°C for temperature, 15 mm per month for
precipitation and % for total cloud cover, and with new parameterizations of albedo and aerosols optimized
for the regiorthe RCMsimulated the main climate features of this very complex(@weechignani et al.,
2016) RegCM4.4 also simulated the main features of the observed climatology (especially for drg)regio
with temperatug biases within £3.0°C. Annual precipitation was overestimated with winter and spring
underestimate(Ozturk et al., 2018)

Four RCMs (REMO, RegCM4.3.5, ALARQ, and COSMGECLMS5.0) driven by ERAInterim, NCEP2
reanalyses and two different GCMsproduced reasonably well the spagmporal patterns for temperature
and precipitationhough underestimated diurnal temperature range and had cold biases over mountainous
and high plateau regions in all seasdr®ere islow confidencen this result lecause of low station density

and aack of highelevation stations and with biases dependent on the choice of the observational dataset.
However, the performance of both GCMs and RCMs is better than reanaheesompared to available
observationgMannig et al.2013; Ozturk et al., 2017; Russo et al., 2019; Top et al., 2021)

Atlas.5.5.4 Assessment and synthesis of projections

Temperature and precipitation projections from CMIP5/CMIP6 and CORDEX for different global warming
levels, SSRAnd RCP scenarios, time periods dadelines are shown gure Atlas.17and further details
can be explored in tHateractive Atlas

In WCA, projections for different GWLs are consistent not only in annual and seasonal warming but in
ranges ofhe projectionsUnder RCP8.5annual mea temperaturavill likely exceed 2°C by midentury
(compared witlL995i 2014) and reach up t8°Q 6°C by the end of the centufyang et al., 201 Ayith

faster warming projected by the CMIBfsemble under SSR55. In individual countylevel studieson

GCM future climate projections temperataiecreasd by up to 7°C by the end of the century, depending on
season and emission scengAtlaberdiyev,2010; MENRPG, 2015; Vermishev, 2015; Gevorgyan et al.,
2016; Osborn et al., 2016; Aalto et al., 2017; IDOE, 2017; Salman et al., 3diftical downscaling of 18
CMIP5 GCMs projectedraannual tempetture increasef 0.37°C per decade (under RCP4h the
maximum in northern WCA and warming most conspicuous in surflmeret al., 2019)RCM

downscaling of GCMs over Central Asia projected a larger increase of temperature under RCP8.5 for the
2071 2100 period, ranging from 5°C to 8{Ozturk et al., 2017)

In ARP, the projected change in ensemble mean annual temperature from 30 CMIP6 models is from 1.6°C
(SSP12.6) to 5.3°C (SSRB.5) by 20702099 compared to 1982010(Almazroui et al., 2020a)The

projected warming is the highest in the north, reaching 5.9°C and lowest in the south (4.7°C). ©@DBMO
projections over thEORDEX-MENA domain show for ARP and WCA a strong warming with keat
seasonality for the end of the 21st century, ranging from 2.5°C in winter under RCP4.5 to 8°C in summer
under RCP8.5 and witlarge increasefoundover highaltitude areas in winter and spriBucchignani et

al., 2018; Ozturk et al., 2018)he CMIP5 multimodel mean warming in boreal summer in 20719,

compared with 1951980, is projected to bout 2.5°C and 6.5°C at the 2°C and 4°C globaimiray

levels respectivelyHuang et al., 2014)
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Future projections of precipitation in Southwest Asia have large uncertainties atmirttoasfidence There

are few significanthanges, little consensus on the sign and with a tendency for reduction in CMIP5 being
reversed in CMIPG6 across all warmingéés (Ozturk et al., 2018)Statistical downscaling of 18 CMIP5

GCMs under RCP4.5 projected an increase in precipitati 4.6 mm per decade in Southwest Asia during
2021 2060 relative to 1962004 (Luo et al., 2019)CMIP5 simulations project a general decrease in
precipitaton over lowlands in Turkey, Iran, Afghanistan and Paki@Baturk et al., 2017and increase over
high-mountain regiongAalto et al., 2017; Salman et al., 2018} a 4°C global warming level, the multi
model mean annual precipitatiar Turkmenistan and parts of Tajikistan and Uzbekistan is projected to
decrease bg20%, withsomewhat stronger relative decreases in suniReyer et al., 20170ver northern
WCA, the CMIP5 ensemble meangject increases of over 3 mm per decatelerRCP2.6 and over 6 mm
per decadenderRCP4.5 ad RCP8.5 over the 21st centfyuang et al., 2014Mean annual precipitation

is projected to rise by 5.2% at the end of the 21st centuA0{2099) under RCP8.5, compared to 1976
2005, while mean annual snowfall is projected to decrease by 26.5% in Centrgd ssieet al., 2017)
However, regardless of the sign of the precimtathange in the higlmountain regions of Central Asia, the
influence of the warming on the snowpack wily likelycause important changes in the timing and amount
of the spring mel(Diffenbaugh et al., 2013)

In ARP, the projected change in ensemble mean annudpipaion from 30 CMIP6 models ranges from
3.8% ([ 2.6% to 28.8%) to 31.8% (12.0% to 106.5%) under S&EBhAnd SSPB.5 emissions for the period
2080 2100 compared with 1993014 (Almazroui et al., 2020aNorthwest ARP precipitation is projected

to decrease betwe&b% toi 27% per decade and in the south precipitation to increase by up to 8.6% per
decade. CMIP6 projections are in line with those from CMIRBGMIP5, however they are less variable in
the central area in CMIP6. The uncertainty associated with precipitateA&P is large because of very
low annual amounts and high variability.

Atlas.5.5.5 Summary

Increase in annual surface air temperature over SegthAsia areery likelyin the range of 0.24°C to

0.81°C per decade over the last 60 years. Annual precipitatiarhange over ARP since 1970 is estimated

at1 6.3 mm per decade (and in the rangé3ff to 16 mm per decade) and over WCA is generally not
significant except over the elevated part of eastern WCA where increases between 1.3 mm and 4.8 mm per
decade during960 2013 have been observaa(y high confidengeln mountainous areas, the scarcity and
decline of the number of observation sites aitiee end of the former Soviet Union from 1991 increase the
uncertainty of the longerm temperature and precipitatiestimateskigh confidence

Mean temperature biases in RCMs are within £3°C in Southwest Asia, and annual precipitation biases are
postive in almost all parts of the region except over the ARP where they are negative in the wet season
(November to Apf) and over WCA in winter and spring (from December to Maggdium confidenge

Since regional model evaluation literature has onlynégemerged there imedium evidencabout the
performance of RCMs in Southwest Asia though widiumto high agreenenton mean temperature and
precipitation biases. RCMs simulate colder temperatures than observed over mountainous and high plateau
regions (imited evidencghigh agreement

Further warming over Southwest Asia is projected in the 21st ceotbeygreater than the global average
with rates varying from 0.25°C to 0.8°C per decade depending on the season and andnsiomum

rates dbund in the northern part of the region in sumnhéyl{ confidence The influence of the warming on
the snowpack willery likelycause changes in the timing and amount of the spring melt. CMIP6 projected
changes in annual precipitationdts are in theange ofi 3% to 29% (SSR2.6) and 12% to 107% (SSP5
8.5) in ARP (nedium confidengeStrong spatidemporal differences with overall precipitation decreases
projected in the central and northern parts of WCA in summer (JJA) with incieageser (DJF)(medium
confidencg
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Atlas.6  Australasia

The assessment ihi$ section focuses on changes in average temperature and precipitation (rainfall and
snow),including the most recent years of observations, updates to observed datasets, thawonsitier
recentstudies using CMIP5 and those using CMIP6 and CORDEX simulations. Assessment of changes in
extremes are i€hapter 11 (Table 11.102) andclimatic impactdrivers inChapter 12 Table 125).

Atlas.6.1 Key features of the regional climate arithdings from previouslPCC assessments
Atlas.6.1.1 Key features of the regional climate

Australasia is divided into five regions for the Atl&sgure Atlas.2}, as follows:New Zealand (NZ), with a
varied climate with diverse landscapes, mainly maritime temperetdour distinct sesons; Northern
Australia (NAU) which is mainly tropical with monsoonal sumrdeminated rainfall (monsoon season
December to MarcltseeAnnex V), but with a hot, semarid climate in the south of the region; Central
Australia (CAU) wth a predominantly hotry desert climate; Eastern Australia (EAU) with a temperate
oceanic climate at the coast to sarid inland; and Southern Australia (SAU) which ranges from
Mediterranean and serarid in the west to mainly cool temperate maritictimate in the southst Various
remote drivers have notable teleconnections to regions within Australasia, including an effect of the El Nifio
Southern Oscillation and the Indian Ocean Dipdlgb{e Atlas.1Annex IV). Much of southern NZ and
SAU are affeted by systems withithe westerly midatitude circulation, in turn affected by the Southern
Annular Mode. The monsoon and the Maddetian Oscillation affect rainfall variability in northern
Australia.

Atlas.6.1.2 Findings from previous IPCC assessments

The AR5 WGI and WGII report§lPCC, 2018; Stocker et al., 2013; Reisinger et al., 20dide very high
confidencehat air and sea temperatures in the region have warmed, cool extremes have become rarer in
Australia and New Zealand since 1950, while hot extremes have become more frequateinsedé.git

is very likelythat the number of warm days and nightsehanereased)TheARS reported it isvirtually
certainthat mean air and sea temperatures will continue to increasejemjthigh confidencthat the

greatest increase will be eqenced by inland Australia and thmallestincrease by coastal areas v
Zealand. ThéR5 reporteda range of different precipitation trends within the region. For example, while
annual rainfall has been significantly increasing in naréstern Ausralia since the 1950s€ry high

confidencg it has been decreasing irethortheast of the South Island of New Zealand overiZaER

(very high confidengeand over southwest of Western Australia. In line with these trends, WGI reported it is
likely that drought has decreased in northwest Australiture projections for poipitation extremes

indicate an increase in most of Australia and New Zealand, in terms of fgreaddall extremes (i.e.,

current 20year return period events) and of shortadian (subdaily) extremesredium confidenge

Likewise, however, there & projected increase the frequency of drought in southern Austreddiym
confidencgand in many parts of New Zealandddium confidengeOwing to hotter and drier conditions
there ishigh confidencehat the occurrence of fire weather will increasenost of southern Australia, and
medium confidencinat the fire danger index will increase in many parts of New Zealand.

AR5 reported mean sea levels have also increased inehastnd New Zealand at average rates of relative
sealevel rise of 1.4 £.6 mm yf* from 1900 to 2011, and 1.7 £ 0.1 mmXfrom 1900 to 2009, respectively
(very high confidengeThe assessment foutitht the volume of ice in New Zealand has decling8a

61% from the midate 1800s to the late 1900%dh confidencg while lateseason significant snow depth
has also declined in three out of four Snowy Mountain sites in Australia between 1957 antig®02 (
confidencg As mean sedevel rise is projeted to continue for at least several more centuries, theesyis
high confidencehat this will lead to large increases in the frequency of extremlegelaevents in Australia
and New Zealanddn the other hand, the volume of winter snow and the nuoflziays with lowelevation
snow cover in New Zealand are projected tordase in the futureséry high confidengewhile both snow
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depth and area are projected to decline in Austradiey (high confidenge

SROCC(Hock et al., 2019hjeports on thelaserved and projected decline in snow cover in Australasia, as
well as the retreat of New Zealand glaciers following an advance iri 2988 due to enhanced sriail. It
alsoreportsonthe vulnerability of some Australian communities &odsystems to sdevel rise, increase

in the intensity and duration of marine heatwaves driven by human influsigbecbnfidenck the decrease

in frequency of tropical cyclones landfall on eastern Australia since the late 180@®(fidencen an
anthropogenic sigal), and presented a case study on the multiple hazards, compound risk and cascading
impacts from climate extremes in Tasmania in 2015/2016 (including an attributable human influence on
some events). SRCOMirzabaev etal., 20199 ound wi despread vegetation
of Australia, and an increase in the desertification and drought risk ne fatsouthern Astralia.

Atlas.6.2 Assessment and synthesis of observations, trends and attribution

Reliable station observations are available from around 1900 in Australasiasbote regionghe

coverage was and remains pobustralia and New Zealand have continued tormand many rainfall
trends have continued since the AR5. Changes and trends in temperature and precipitali8@lftom

2015 from three different global data sets are displaydeignre Atlas.1land thdnteractive Atlaand show
significant (at 0.1 ginificance level) warming trends over the soutlard easterAustralia. Most of the
observed changes in precipitation over the region are not significant over this péttiodgh observed
datasetsd.g.GPCC and GPCRjenerallyagree on a significantying trend in the southern regions of New
Zealand during the shorter 1980 to 2015 peribis is in facthe reverse of the longéerm trends il961 to
2015 (Interactive Atlgs

For a longeiterm perspeive based on higlquality regional datasetBjgure Atlas.2Ghows Australasia has
warmed over the last centunyefy high confidengeAustralian mean temperature has increased by 1.44 +
0.24°C during the period 1912019 using the updated observed terapge dataset ACORSATV2.1,

with 2019 Austrah 6 s hott est year on record and nine out
2005(Trewin et al., 2020)Much of the warming has occurredat 1960, there is clear anthropogenic
attribution of this changand emergence of the signal frainel8501900climate(BOM and CSIRO, 2020;
Hawkins et al., 2020)Varminghas beemore rapid than the national avgean central and eastern
Australia, with a warming mimum and nossignificant trends since the 1960s in the north@SiRO and
BOM, 2015; BOM and CSIRO, 2020Yhe National Institute of Water and Atmospheric Research
temperature record, NIWA NZ, shows a warming of ®1B27°C during the period 1902019, although
several stationd®w nonsignificant trends since 196Bigure Atlas.2), including a warming minimum in
the southeast at least pardyeto a persistent shift in atmospheric circulat{®burman anduénol, 2013;
MfE and Stats NZ, 2017, 2020)

[START FIGURE ATLAS.20 HERE]

Figure Atlas.20: Observed trends in mean annual temperature (gb) and summer (DJF) and inter (JJA)
precipitation (ci d) for Australia and New Zealand from highquality regional datasets Time
seiies show anomalies from 19611990 average and df@ar running mean; maps show annual linear
trends for 19602019; rainfall trends are shown in % per decadesses showreas andtatonswith
a lack of significant trend and regions of seasonally dryitiond (<0.25 mm ddy) are masked and
outlined in red. Datasets are Australian Climate Observation Reference Nét®ortace Air
Temperature version 2.1 (ACORBIATv2.1) for Australia temperature, the Australian Gridded
Climate Data (AGCD) for Australrarainfall (Evars et al., 2020ajand the 3&tation highquality
network for New Zaland temperature and rainfdfurther details on data sources and processing are
available in the chapter data table (Tabtias.SM.15.

[END FIGURE ATLAS.20 HERE]
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Sincel960, precipitation has increased in much of mainland Australia in austral samdhgecreased in
many regions of southern and eastern Australia in austral wititemé Atlas.2D. A detectable
anthropogenic signalf increases in precipitation in Ausliemhasbeen reported particularly for north central
Australia and for a few régns along the soutbentral coast for the period 19@D10(Knutson and Zeng,
2018) Seasonayi, there is a significant decline in winter rainfall in southwest Western AustFadjaré
Atlas.20, with an attributable human influence witlgh confidencérobust evideneandmedium
agreement(Delworth and Zeng, 2014, and othésgeSection 10.1 Rainfalltrends in the southeast are not
significant since 1960 but have shown a notable reduction since the 1990s, andithiéeslisvidencéor

the attribution of this change mman influencée.g., Rauniyar and Power, 2020) New Zealand between
1960 and 2019 in both summer and winter, rainfall increassone stations in the South Island and
decreased at many stations in the North Island, however most station trends are not statistically significant
(Figure Atlas.2)(MfE and Stats NZ, 2020)n JJA Milford Sound (increasingand Whangaparaoa
(decreasing) trendare significant.

In Australia, there has been a decrease in snow depth and area since the late 1950ly, iesg@ing

(BOM and CSIRO, 2018Based on a reconstructed snow cover record, the recent rapid decrease in the past
five decades has beshown to be larger by more than an order of magnitude than the maximum loss for any
5-decade period over the past 2000 y¢sisGowan et al., 2018)n New Zealand, from 1977 to 2018,

glacier ice volume decreased from 26.6 kmn17.9 kni (a loss 0f33%)(Salinger et al., 2019)

Atlas.6.3 Assessmerof climate model performance

Most studiesassessed WGII AR5 were based on Coupled Model Intempaison Project Phase 3

(CMIP3) models and SpetiReport on Emission Scenarios (SRES) scenamokCMIP5 models whenever
available. WGIARS reported tht model biases in annual temperature and rainfall are similar to or lower

than other continental regions outside the tropics, with temperature bégeally <1°C in the muHlinodel

mean and <2°C in most models over Australia compared to reanalysigitladwet bias over the

Australian inland region but a dry bias near coasts and mountain regions of both Australia and New Zealand.

Early results fom CMIP6 suggest incremental improvements compared to CMIP5 in the simulation of the
mean annual climatogy of temperature and precipitation of the Iffeiacific region surrounding

Australasia, the teleconnection between ENSO and IOD and Australianlramfather relevant climate
featureqGrose et al., 2020 hese assessments suggest that confidence in projections is similar to AR5 or
incrementally improved. The CORDEX Australasia simulations are found to have cold biases in daily
maximum temperaterand an overestimation of precipitation but overall shaadeld value in the

simulation of the current clima{®i Virgilio et al., 2019; Evans et al., 2020b)

Atlas.6.4 Assessment and synthesis of projections

Similar to the global averag€lhapter 4, mean temperature in Australasia is projected to contotise
through the 21st century at a magnitypdeportional to the cumulative greenhowses emissionssirtually
certain, very high confidence, robust eviden€&MIP5 and CMIP6 results are showrFigure Atlas.21A
higher end to the range of tempeirat projections is found in CMIP6 compared to ®®(Grose et al.,
2020) produced by a group of models with high climate sensit{Fbyster et al., 2019and this eates a
higher multtimodelmean change. For exale, projections for Australasia includingeanbetween 1995
2014 and 20812100are 14°C (11°C to 18°C 10th 90th percentile range) in CMIP5 under RCP4.5, but
1.8°C (13°C to 25°C) in CMIP6 under SSP2.5.

Using warming levels, the results candiectly compared accounting for the different distribution of

climate sensitivities in the two ensembles. In this framework, Australasia (land only) is projected to warm by
a similar amount to the global aveead 4°C to 1.8°C for the 1.5°C warming levethrough ta3.9°C to

4.8°C for the 4°C warming level from the 188000 baseline in CMIPGsing SSPB.5 (resultsusing other

SSPs and frol®MIP5 are similar) Projected warming is greater over land than ocgagater in Australia
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than in New Zealand, drgreater over inland Australia than coastal regions. Due to historical warming,
projected temperature change from the AR6 baseline ofi 20938 is lower: B°C to 10°C for the 1.5°C
warming level, through t0.9°Cto 4.0°C for the 4°C warming levelChanges for other warming levels,
subregios andemissions pathways are showrFigure Atlas.2landcan be explored ithe Interactive
Atlas. Regional modelling suggests projected temperature increase is highaurtainousreas than
surrounding lowelevation areas in New Zealand and Austrdlilson et al., 2016; MfE, 2018)

[START FIGURE ATLAS.21 HERE]

Figure Atlas.21:Regional mean changes in annual mean surface air temperature and precipitation relative to the
1995 2014 baseline for the reference regions in Australasia (warming since the 183900 pre
industrial baseline is also provided as an offsetBar plos in the left panel of each region triplet
show the median (dots) and 1080th percentile range (bars) across each model ensemble for annual
mean temperature changes for four datasets (CMIP5 in intermediate colours; subset of CMIP5 used to
drive CORDEX inlight colours; CORDEX overlying the CMIP5 subset with dashed bars; and CMIP6
in solid colours); the first six groups of bars represent the regional warming over two time periods
(nearterm 20212040 and longerm 20812100) for three scenarigSSP12.6/RCP2.6, SSP2
4.5/RCP4.5, and SSRB5/RCP8.5), and the remaining bars correspond to four global warming levels
(GWL: 1.5°C, 2°C, 3°C, and 4°C). The scatter diagrams of temperature against precipitation changes
display the median (dots) and 1080th percerite ranges for the above four warming levels for
DecembetJanuaryFebruary (DJF; middle panel) and Jeihdy-August (JJA; right panel),
respectively; for the CMIP5 subset only the percentile range of temperature is shown, and only for
3°C and 4€ GWLs. Chages are absolute for temperature (in °C) and relative (as %) for
precipitation.See Sectiortlas.1.3for more details on reference regiditsirbide et al., 2020and
SectionAtlas.1.4for details on model data selection and processing. The script used to generate this
figure is available ontie (Iturbide et al., 20213nd similar results can be generated in ther&ctive
Atlas for flexibly defined seasonal period&irther details on data sources and processing are
availablein the chapter data table (Tal#idas.SM.15.

[END FIGURE ATLAS.21 HERE]

In line with recent trends, a significant reductioraimual mean rainfall in southwest Australia is projected,
with the greatest reduction in winter and springry likely,high confidencke There is more than 80% model
agreement for projected mean annual rainfall decrease in southwest Western Austratiaritd (2041
2060) and faf2081 2100) future, and for all warming levdlateractive Atlay Rainfall decreases, maynl

in winter and spring, are also projected for other regions within southern Australia witineuafitym
confidencdmedium evidencand medium agreementAlmost all models projeatontinued drying irBAU

in winter (JJA) and also in spring (SON), but a fewdels show little chang€MIP5 and CMIP6 esults

are similar omwith aslightly narrower range in the lattéfigureAtlas.27). CORDEX produces a similar
range of change in winter rainfall change for SAU as a whole. Circulation change is the domweatf dr
these projected reductions, explaining the range of model results for southern A(GBHR® and BOM,
2015; Mindlin et al., 2020)Studies of winter rainfall change and circulation in southern Aissaggest

the wettstchangein winter rainfall change may possibly be rejedi@dose et al.2017, 2019a)

The model mean projection of northern Australian wet season precipitation (a period includingf®JF) is
little changeunderall SSPs and warming levelsith low confidencén thedirection of changasthe
projectionsinclude botHarge and significant decrease andreass (Figure Atlas.21Interactive Atlak.
Evidence from warming patterns suggests a constraint on the dry end of proj@itioms et al., 2016)and
the CMIP6 ensemble suggests that the projection follows the zanaiwed rainfall response in the
southern hemisphere rather ttdranges in the wesrn Pacific(Narsey et al., 2020Y here is also evidence
for a projected increase in rainfall variability in northern Australia in scales from days to sifiienlen et
al., 2017)Liu et al. (2018¥ind that under 1.5°C warming, central and northeast Australia is projected to
become wetter, however this projection g confidenceThere are similar projections from CMIP5 and
CMIP6 (Figure Atlas.2)

Do Not Cite, Quote or Distribute Atlas-69 Total pagesi96


https://www.spellchecker.net/mountainous

O©CoO~NOOITA,WDNPE

Final Governmenbistribution Atlas IPCC AR6 WGI

Projections for EAU varyyseason, with modate model agreement on a decrease in rainfall in winter and
spring, but with lower agreement in CMIP6 compared to CMIP5, and low model agreement on the direction
of change in summeF{gure Atlas.2)l. CAU shows a similar range of chargeEAU, with low madel

agreement on the direction of change in DJF, moderate agreement on direction of change in JJA, but
significant changes are projected by some models. Other seasonal and regional rainfall changes in Australia
are reviewed iDey et al (2019)

For the NZ reference region, precipitation is projected to increase in winter and anrfallj véth some

differences in magnitude between CMIP5, CMIP6 and COR[HQUre Atlas.2) This projection of

rainfall increase is a function of changes in the southern extent of the region, and notable regional differences
are expected. Regional modefjisuggests preciptian increases in the west and south of New Zealand and
decreases in the north and gdtE, 2018) with medium confidencand with notable differences by

seasonLiu et al.(2018)project that the North Island will be drier, while the South Island will be wetter

under both 1.5°C and 2°C warming levels. The projected increase in precipitation in theré (A1

2100) for the southern regions of NZ lgh agreementinteractive Atlay Other seasonal and regional

rainfall changes in Australiean be explored in the Interactive Atlas.

The CORDEX Australasia simulations produce some regional detaibjiecpal precipitation change

associated with important features such as orogra
simulation of the current climate and O6potenti al
changesigngicollec t i vely termed 6érealised added valued) in

and parts of northern Australii Virgilio et d., 2020) There have been several studies of regional climate
change for New Zealand and states within Australia at fine resoluii@2 {n) that have produced

important insightsOneis enhanced drying in cool seasons on the windward sloihe sbuthern

Australian Alps (decreases ofiZD% compared to 105% in the drivingnodels), and conversely a chance
of enhanced rainfall increase on the peaks of mountains in sui@nuse et al., 2019byvith the summer
finding in line with thosdor the European Alp&Giorgi et al., 2016)

Under future warming, the snowpack in Australia is projected to decrease by approximately 15% and 60%
by 2030 and 207fespectively under the SRES A2 scenéiDolLuca et al., 2018)while in New Zealand the
number of annual snow days is projected to dserés 30 days or more by 2090 under RCRgf&,

2018) New Zealand is also projected to lose up to 88 + 5% of its glacier volume by the end of the 21st
century(Chinn et al.2012; Hock et al., 2019a)

Atlas.6.5 Summary

There isvery high confidencehat the climate of Australia warmed by around 1.4°C and New Zealand by
around 1.1°C since reliable records began in 1910 and 1909 respectively, with human influence the dominant
driver. Warming isvirtually certainto continue, with a magnitie roughly gual to the global average

temperature. A significant decrease in April to October rainfall in southwest Western Australia is observed
from 1910 to 2019, is attributable to human influence Witih confidenceand isvery likelyto continue in

future notirg consistent projections in CMIP5 and CMIRBher observed and projected rainfall trends are

less significant or less certain. Model representation of the climatology of Australasian temperature and
rainfall has improved since AR5, throughiaorementaimprovement between CMIP5 and CMIP6 and the
development of coordinated regional modelling through CORIBEXtralasia. Snow cover likely to

decrease throughout the region at high altitudes in both Australia and New Z&agncbafidence

Atlas.7 Central and South America

The assessment ihi$ section focuses on changes in average surface temperature and precipitation (rainfall
and snow)jncluding the most recent years of observations, updates to observed datasets, the consideration
of recentstudies using CMIP5 and those using CMIP6 and CORDEX simulations. Assessment of changes in
extremes are i€hapter 11 (Table 11.135) andclimatic impactdriversin Chapter 12Table 12.6)It
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considers climate change ovke regions show iRigure Atlas22, extending to all territories from Mexico

to South America, including the Caribbean islands. This figupports the assessment of regional mean
changes over the region whichyedto the high climatological and geographical heterogeneity, has bien spl
into two subregios: Central America and the Caribbean, and South America.

[START FIGURE ATLAS.22 HERE]

Figure Atlas.22:Regional mean changes in annuahean surface air temperature and precipitation relative to the
1995 2014 baseline for the reference regions in @&al America, the Caribbean and South
America (warming since the 18501900 preindustrial baseline is also provided as an offsetBar
plots in the left panel of each region triplet show the median (dots) ant@khpercentile range
(bars) across eachodel ensemble for annual mean temperature changes for four datasets (CMIP5 in
intermediate colours; subset of CMIP5 used to drive CORDEX tolours; CORDEX overlying
the CMIP5 subset with dashed bars; and CMIP6 in solid colours); the first sixsgrbbprs represent
the regional warming over two time periods (neaxm 20212040 and longerm 20812100) for
three scenarios (SSR2I6/RCP26, SSP24.5/RCP4.5, and SSF&B5/RCP8.5), and the remaining bars
correspond to four global warming levels (GWIL5°C, 2°C, 3°C, and 4°C). The scatter diagrams of
temperature against precipitation changes display the median (dots) angDiithercentileanges
for the above four warming levels for DecemilanuaryFebruary (DJF; middle panel) and June
July-August(JJA,; right panel), respectively; for the CMIP5 subset only the percentile range of
temperature is shown, and only for 3°C and 4°C GVdmngs are absolute for temperature (in °C)
and relative (as %) for precipitation. See Seclias.1.3for more details on reference regions
(Iturbide et al., 2020and SectiorAtlas.1.4for details on model data selection and processing. The
script used to generate this figure is available or{linebide et al., 2021and similar results can be
geneated in the Intergtive Atlas for flexibly defined seasonal perio&sirther details on data sources
and processing are available in the chapter data table (AtaéeSM.15.

[END FIGURE ATLAS.22 HERE]

Atlas.7.1 Central America and the Caribbean
Atlas.7.1.1 Key features fotheregional climate and findings from previous IPCC assessments

Atlas.7.1.1.1 Key features of the regional climate

The Central America and Caribbean region is assessed considering three reference regions South Central
America (SCA), including the isthmus and the ¥ian peninsula; North Central America (NCA), including
Mexico (centre and north); and the Caribbean (CAR)Juding the Greater Antilles, the Lesser Antilles, the
Bahamas and other small islands (Begure Atlas.2®, NCA is also covered in Sectidktlas.9North

America.

Precipitation in most of SCA is characterized by two maxima in June and September, an extended dry season

from November to May, and a shorter relatively dry season betweeantifyugust known as the
midsummerdrought (MSD)(Magafia et al., 1999; Perdigdforales et al., 2018seeChapter 1) To some
extent, precipitatioseasonality is explained blye migration of the Intertropical Convergenfime (ITCZ)
(Taylor and Alfaro, 205). The climate of NCA is temperate to the north of the Tropic of Cancer, with
marked difference between winter and summer, modulated by the North American monsoon (NAmerM,
Section 8.3.2.4Y¥ CAR has two main seasons, daerized byifferences in temperature and precipitation.
The wet or rainy season, with highetdues & temperature and accumulated precipitation, occurs during the
boreal summer and part of spring and auty@ouirand et i, 2020) The MSD is also present in the Greater
Antilles and the Bahamg%aylor and Alfarq 2005) influenced by the oscillations of the North Atlantic
Subtropical High (NASH), interacting with the Pacific and Atlantic branches of the ITCZ and modulated by
the Atlantic Warm Pool and the Caribbean Lbewvel Jet (CLLJ), while thétlantic ITCZ is responsible for
the unimodal rainfall cycle of the central and southern Lesser Ar(tillaginez et al., 2019)The CLLJ is a
persistent climatological feature of tlwav-level circulation in the Central Caribbean, with a characteristic
semiannual cycle with maxima in trammer (mainand winter (secondaryAmador, 1998; Magafa et al.,
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1999; Whyte etla 2008) Temporal variability is influenced by several laigmale atmospheric modes (see
Annex IV andTable Atlas.). A significant positive correlation between precipitation rates in CAR and the
Atlantic Multidecadal Variability was foun(Enfield et al., 2001)A similar result was found in southern
Mexico (north of SCA) in the MSD regiqiMéndez and Magafia, 2010; Cavazos et al., 2@32@) case

study discusion inSection 10.4.2)33 On the other hand, ENSO favours wet conditions in NCA, but its effect
is modulated by Pacific &adal VariabilitMaldonado et al., 2016)

One of the most prominent features of the regional climate is thieemz of tropical cyclones (TCs), which
represent an important hazard for almost all the countries of the region between June amtbNdve
detailed assessment is giverGhapter 11

Atlas.7.1.1.2 Findings from previous IPCC assessments

According to the AREChristensen et al., 201 3ignificant positive trends of temperatuse/a been

observed in Central Americhi@h confidenck while significant precipitation trends are regionally
dependentgespecially during the summer. In addition, changes in climate variability and in extreme events
have severely affected the regiongdum confidence A decrease in mean precipitation is projected in SCA
and NCA. El Nifio and La Nifia teleconnections argquted to move eastwards in the futurefium

confidenc® while changes in the&ffectson other regions, including Central Ameraad the Caribbean is
uncertain fnedium confidengeThere ignedium confidenda projections showing an increase in sead

mean precipitation on the equatorial flank of the ITCZ affecting parts of Central America and the Caribbean.

In relation to the 286 2005 baseline period, temperatures\agy likelyto increase by the end of the
century, even for the RCP2.6 scepawith changes ofmore than 5°C in some regions for the RCP8.5
scenario. Precipitatiochanges projected to vary between +10% dr&#5% (medium confidenge
(Christensen et al., 2013R1.5(HoeghGuldberg et al., 2018 atesthere is ehigh agreemenandrobust
evidencedhat at the 1.5°C global warming level the Caribbean region willreqpee a 0.5°C to 1.5°C
warming compared to the 1972000 baseline period, with greatest warming over larger land masses.

Atlas.7.1.2 Assessmerand synthesis of observations, trends and attribution

Significant warming trendsetweer0.2°C and 0.3°C per decade have been observed in the three reference
regions of Central America in the last 30 yg@tanos Gutiérrez et al., 2012; Jones et al., 2016c; Hidalgo et
al., 2017) with the largest increases in the North America monsoon relgigin ¢onfideae) (Cavazos et al.,
2020)(see alsd-igure Atlas.1landtheInteractive Atlay. There ishigh confidencef increasing temperature
over parts of NCA, reaching 0.5°C per decade in Mexico and soutlhgrCRlifornia. with a lower rate

(0.2°C per decade) in the Yucatan Peninsula and the Guatemala Pacific coast¢Owegiort al., 2010;
Garcia Cueto et al., 2013; MiamtzAustria et al., 2016; Martinexustria and Bandala, 2017; Navatro
Estupifian et al., 2018; Cavazos et al., 2@2@) CAR(McLean et al.2015)over the last 30 to 40 years.
Cooling trends have been detecietimited areas of Honduras and northern Pané#idealgo et al., 2017)

Changes in mean precipitation rates are less consistent argdtonggends are generally weak. Different
databases show signifidadifferences depending mainly on the type and resolution of GatatellaArtola
et al., 220). Small positive trends were observed in the total annual precipi(&®iephenson et al., 2014)
In SCA and CAR, trends in annual precipitation are generallysigmificant, with the exception of small
significant positive trends for subregions or limited peri@anos Gutiérrez et al., 2012; Hidalgo et al.,
2017)andthe 19701999 trends in precipitation in SCAeagenerally nossignificant(Jones et al., 2016a,;
Hidalgo et al., 2017)Positive trends in the duration of the MSD have been found inethism over the past
four decadegAnderson et al., 2019)ow confidence For CAR seelao Sectiomtlas.10Small Islands.

Atlas.7.1.3 Assessment of model performance

The ability of climate models tsimulate the climate in this region has improved in manyasggcts
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(Karmalkar et al., 2013; Fuentésanco et al., 2014, 2015, 2017; Vicldano et al., 2014; Vichetlano
and MartinezCastro, 2017; Martine€astro et al., 2018aParticubrly relevant for this region are increased
modelresolution and a better representation of the-lmface processebigh confidence

Regional climate models (RCMs) forced with reanedyand atmosphe@nly global climate models provide
simulations \ith a reasonably good performance over the comthNamerican monsoon, mostly in NCA
(high confidence(Bukovsky et al., 2013; Ceredota et al., 2015)RCMsalsoreproduce the seasonal
spatial patterns of temperature and the bimodal rainfall characteristics of the NCA, SCA afldig?AR
confidence (Karmalkar et al.2013; Centell@rtola et al., 2015; Martine€astro et al., 2018b; Cavazos et
al., 2020; Vichot.lano et al., 2020)hough in some subregiospecificmodelsoverestimate and shift the
monthof the maxina. RCM simulations in the region do not necesgamiprove with the size of the
domain, as important features of the regional circulation and key rainfall climate features, such as the CLLJ
and MSD, are well represented for a variety of domains of diffaizegCentellaArtola et al., 2015; Cabos
et al., 2018; MartineCastro et al., 2018b; Cavazos et al., 2020; Vidhanho et al., 2020fhigh

confidence

Atlas.7.1.4 Assessment and synthesis of projections

Figure Atlas.2Zandthe Interactive Atlasynthesize regional mean changes in annual mean surface air
temperature and pregtation for the Central America reference regions for CMIP6, CMIP5 and CORDEX
for different warming levels and time periods. At th6°CGWL, it is very likelythat average annual
temperature in Central Americarer landsurpasses 1.3°C (CAR),72C (NCA) and 16°C (SCA). For the

3°C GWL, the corresponding projected ensemble mean regional warming value8@rgC2AR), 35°C

(NCA) and3.1°C (SCA). CAR average annual warming is vethe level of global warming, while the two
continental reference regioase close to the global warming lewgth CMIP6 and CMIPB showing very
consistent resultg-igure Atlas.2?. However, when focusing in time slices instead of warming levels, the
CMIP6 projections show systematically higher median values than CMIP5. CORI3Hlts are also
consistent with the previous findings, though the subset of driving models spans arsmgdesf

uncertainty, particularly over CAR. Results have also been reported for this region based on CMIP5, CMIP6
and downscaled simulations otee CORDEX CAM domain or similar smaller domafiaylor et al.,

2013a; Nakaegawa et al., 2014 plach et al., 2018; Vichdtlano et al., 2019; Almazroui et al., 2021)
Statistical downscaling methods have been also applied to CMIP5 pnogettiobtain biasdjusted

regional projectiongColoradeRuiz et al, 2018; Taylor et al., 2018; Vichaiano et al., 2019)

Global and regional models consistently project warming in the whole region fordha the century,

under RCP4.5 and RCP8.5 for CMIP5 projections with greater warming for continental coapauslar
territories,likely reaching values between 2°C and 4h@lf confidence(Campbell et al., 2011; Karmalkar

et al., 2011; Cavazos dirriagaRamirez, 2012; Cantet et al., 2014; Chou et al., 2014; Coppola et al., 2014;
Hidalgo et al., 2017; GoradoRuiz et al., 2018; Imbach et al., 2018he greatest warming of 5.8°C for the

end of the century was projected for northern MexicderRCP8.5ColoradeRuiz et al., 2018)using an
ensemble of CMIP5 GCMs (see also thieractive Atlaj.

Regarding precipitation, it igkely that the annual average precipitation changes for the 1.5°C@\be

in the ranges af11% to 0% in CAR, fromi 12% to 0% in SCA, and froni 10% to+3% in NCA (Interactive
Atlas). For the 3°C GWL, the corresponding annual average precipitation changes will GeliBamo i 2%

in CAR, fromi 16% to+2% in NCA, and fron 1 23% to 0% in SCA. A clear drying tendency is observed for
the 3°C GWL relative to the 1.5°C GWMaloney et al(2014)examined 21stenturyclimate pojections

of North American climate in CMIP5 models under RCP8.5, including Central America and the Caribbean.
Summertime drying was projected in CAR and SCA for most of the models, with good agreement. The
strongest drying is projected to occluring Juy and August which are the months when the MSD occurs in
many subregionggure Atlas.22andthe Interactive Atlas Intensification of the MSD in SCA was also
projected byusing the Rossby Centre Regional Climate Model (RQ&#yralesSuastegui et al., 202d)ut
with future decrease in area and frequency essChapter Box Atlas.2)They also éund a pragcted
intensification of CLLJ and drying for the future time slice of 2195, relative to their baseline of 1981
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2005.Decreased precipitation was also projected for §@dach et al., 2018)ith the 8km resolution Eta
RCM during the rainy season, including an intensification of the MSD, although no significant change was
projected for the CLLJ.

ColoradoRuiz et al(2018)assessed an ensemble of 14 GCMs fromRBMor a 19712000 baseline

period, projecting precipitation decreases of between 5% and 10% by the end of the century for the RCP4.5
and RCP8.5 scenarios respectively. The greatest decrease in precipitation is projected during summer
reaching 13%, espadly in southern Mexico, Centralmerica and the Caribbean. Dynamically downscaled
simulationgBukovsky et al., 2015Iso projected a decrease of precipitation for the middle ofethieiry

(2041 2069) relative to 1B1i 1999 for the north of Mexicahough despite good agreement amongst the
models, these results must be considerdovettonfidencebecause of their poor simulation of important
monsoon physical process®échot-Llano & al. (2021)used a multiparameter ensemble of RegCM4, driven
by the CMIP5 global model HagGEMES projections to conclude that, relative to the 12094 baseline,

in the near (202®049) and more prominently in the far (202099) future, drier conditions wilprevail at

over the eastern Caribbedrhe projectedfuture warming trenavas statistically significant at the 95%
confidence level over CAR and SCAImazroui et al(2021) used an ensemble of 31 CMIP6 retsito

estimate climate change signals of temperature and precipitation in six reference regions in North, Central
America and the Caribbean, finding a decrease in precipitati®®@1%) over Central America and the
Caribbean under three scenarios withioeal and seasonal variations.

There ishigh agreemeraindhigh confidencén the projected decrease of precipitation by the end of the
century for most of the region particularly for annual and summer precipithtibthere idow confidence

on the mgnitude of this decrease which varies between 5% and 50% for different projections and different
subregions (see extended information inltiteractive Atla}.

The status of climate extreme trends and projectionhéoregion has been assesseGhiaper 11and the

main findings are synthesized here. Theigigh confidencén the projections of significant heatwave

events at the end of the century in S@¥gelesMalaspina et al., 201&nd an increase in warm days and
warm nights over thisegion and CARStennetiBrown et al., 2017)For CAR islands, using dynamically
downscaled CMIP3 modelKarmalkar et al(2013)projected increasin drought severity at the end oéth
century, mainly due to precipitation decrease during the early wet season. In SCA projections suggest an
increase in the MSlImbach et al., 201&nd increase in consecutive dry dgghou et al., 2014)

consistent with the projections 8tennetiBrown et al.(2017)

Atlas.7.1.5 Summary

Significant warming trendsetweer0.2°C and 0.3°C per decade have been observed in the three reference
regions of Central America in the |&84 years, with the largest increases in the North America monsoon
region figh confidence Changes in mean precipitation rates are less conssstdrbngterm trends are
generally weak. Small positive trends were observed in the total annual priecipitgiart of the region.

Warming in the continental part of the region is projected to increase in the range of the mean global values
for GWL of 1.5°C and 3°C, but in the Caribbean regional warming will be lower. Precipitation is projected
to decreaswith increasing GWLs especially for CAR and SCA.

Projected change in mean annual precipitation shows a large spatial variability across Cemical #&rmde
the Caribbean. Under moderate future emissions overall negative bsignifitant precipitationrends are
projected for the 21st centurpy confidencke Underhigheremissions scena@nd at higher GWLs
average precipitation lkely to decrease in most of the region, particularly intbeth-westernand central
Caribbean and part of continehCentral America, especially in SCA.
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Atlas.7.2 South America
Atlas.7.2.1 Key features of the regional climate and findings frmeviouslPCC assessments

Atlas.7.2.1.1 Key features of the regional climate

Regional synthesis of observed and modelled climate in South America is gimgjldne to théatitudinal

extent of the continent, the des mountains, and local to regional climatic features, which are influenced by
multiple drivers The main largescale drivers include many modes of natural variakifynex 1V.2): the
interdecadl modesAtlantic Multidecadal Variability (AMV) and Pafic Decadal Variability (PDV); the
interannuato-annual modes, El NiA8outhern Oscillation (ENSO), the Indi@tean Dipol€lOD), the

Southern Annular Mode (SAM) and the North Atlantic Oscilla(iNAO); seasonal variability driven by the
meridional migation of the Intertropical Convergence Zone and the timing and intensity of the South
American Monsoon System (SAmerBection 8.2.4.5), the MadderJulian Oscillation suiseasonal mode

of naturalvariability (MJO) and the behaviour at finer scales ofttbpical easterly waves.

The regional assessment in this section emphasizes the seven new SouthnAeferieaceegions Figure
Atlas.22 (lturbide et al., 2020hat have a largely consistent climate and response to climate change and can
be used for analysis and impact studfesiman et al., 2008; Neukomadt, 2010; Barros et al., 2015; Nobre

et al., 2016)At the subregional scale, several phenomena drive climate variability. Brazil's nomtmést (
Eastern South Americ&JES) is the most densely populated dryland glokedlg recurrently affected by
climatic extremes. The climate variability, particularly the precipitation, is marked by strong interannual
variability related to ENSO, the ITCZ, and the North Tropical Atlantic Ocean @&drengo et al., 2018a)
Northern (NSA) andNorth-Western South America (NWS) are part of the Amazonia region. Its most
recognizable featusarethe high rainfall, high humidity, @ahhigh temperatures that peshin the region.

Rainfall variability in these regions results from the interplay between regional atmospheric circulation, the
SSTs variations in both the Pacific and Atlamti@an among other regionab-local interactios (Marengo

and Espinoza, 2016; Espinoza et al., 2020 South America monsoon (SAM) region has distinct wet
(summer) and dry (winter) periods. Key drivers include the South Atlantic ConvergencéVi&reago et

al., 2012) the Bolivian High the 40to 60-day intraseasonal oseition, and the forcing of the high Andes
Mountains to the wegAlmeida et al., 2017)Thegeographic position ddouth-WesternSouth America

(SWS) results in vergpecificclimatic characteristics since SWS contains subtropical climates as well as
sub-Antarctic and Antarctic climates. The climate of SWS is driven by seasonal changes inttba pbsi
subtropical higkpresure air masses in the South Atlantic and South Pacéan the Southern Annular

Mode, the dynamics of the cold Humboldt ocean current, and the icy cold fronts atadituéd® westerlies
(ValdésPinala et al., 2016)The densely populated, highly productive subregidBooth-EasternSouth

America (SES) has cool winters and hot summers typical of the temperate zone, and climatic conditions are
strongly tied to ENSO, wise influence is moderated mcal airsea thermodynamics in the South Atlantic
(Barreiro, 2010)Lastly, the climate of the sdwdrn tip of South America (29 is cold and dry, and is
influenced by the Southern Annular Mode, and the interaction between the wetter Pacific winds and the
Andean CordillergAceituno, 1988; Silvestriral Vera, 2009)

Atlas.7.2.1.2 Findings fom previouslPCC assessments

According to WGII AR5 Chapter 2(Magrin et al., 2014)during the last decades of the 20th century,
observational studies identifisignificant trends in precipitation and temperature in South Amerigh (
confidencg Increasing trends in annual rainfallsouth-easterrSouth America contrast with decreasing

trends in central southern Chile and some regions of Brazil. Warming has been detected throughout South
America (near 0.7°C to 1°C in the 40 years since thel®itDs), except for a cooling off the &zn coast

of abouti 1°C over the same period.

WGI AR5 (Flato et al., 2013poted that climate simulations from CMIP3 and CMIP5 models were able to
representvell the main climatological features, such as seasonal mean and annuahigyctoffidence
although some biases reimad over the Andes, Amazon basin and for the South America Monsoon. On the
other hand, climate models from CMIP5 showed better results when compared to CMIP3.
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The SR1.5HoeghGuldberg et al., 2018)ssessed that a further increase of 0.5°C or 1°C is likely to have
detectable effects on mean temperature and precipifat®outh America, particularly in tropical regions
(NWS, NAS, SAM and NES), as well asSES given that changes in mean temperatures and precipitation
have already been attributed in the last decades for global warming of less than 1°C.

Atlas.7.2.2 Assessment argynthesis of observations, trends and attribution

Studies on climatic trends in Soudimerica indicate that mean temperature and extremely warm maximum
and minimum temperatures have shown an increasing thégtd¢onfidenck particularly for a large regn

in northern South America and theuthwesternAndes (NSA, SAM, NES, SWS and therth of SES)

(Skansi et b, 2013; de Barros Soares et al., 201430, the trend of the difference betwedba annual mean

of the daily maximum temperature and the annual mean of the daily minimum temperature wasi pgsitive
to 1°C per decadkeover the extraropics with he maximum temperature generally increasing faster than the
minimum temperature, while negative trend up toi 0.5°C per decadiewas observed over the tropics.

Regionally, analyses of temperatures point to an increased warminghigimdgnfidenceover Amazonia
over the last 40 years, which reached approximately DB7CC Figure Alas.1land thelinteractive Atlaj
and with stronger warming during the dry season and over the southeast. The analyses also showed that 2016
was the warmest year sinddeast 195Marengo et al., 2018bAndean temperatures showed significant
warming trends, especially at inland and higélewvation sites, while trends are rgignificant or negtive

at coastal site@/uille et al., 2015; Burger et al., 2018; Vicet@errano et al., 2018; Pab@aicedo eal.,
2020)(high confidence Over central Chilepositive trends are largely restricted to austral spring, summer

and autumn seasons for mean, maximum and minimum temper@urgsr et al., 2018; Vicent8errano et

al., 2018) Over Peru trends of maximum air teengture were mainly amplified during the austral smm

but trends of cold season minimum air temperature showed an opposite pattern, with the strongest warming
being recorded in the austral win{®ficente Serrano et al., 2018)

In general, the spatial patterns of observed trends in temperature are more consistent than for precipitation
across the whole South Amai@interactive Atlaj (de Barros Soares et al., 20{Mediumconfidencg In
southeast Brazil there is a region of highly significant decrease of rainfall in both wet and dry seasons
recorded in the period 1972011 (Rao etal., 2016)Interactive Atlay The most consistertidence of

positive rainfall trend occurs in the southern part of the La Plata Basin (southern Brazil, Urugumyrttand
eastermrgentina)(de Barros Soares et al., 201ffigh confidenck By contrast, theris high confidence

tha annual rainfall has decreased over northeast Brazil during the last déCadesho et al., 2020)

Contrary to temperature changes, trends in annual precipitaditbit different sigs across sectors in the
Andes. For instance, annual precipitation trends in north tropical (north of 8°S) and south tropical (8°S
27°S) Andes do not show a homogeneous pattern. Over the subtropical Andes, central Chile shows a robust
signal of declining pcipitation since 197@PabdénCaicedo et al., 202@high confidence

Observational studies show thiaé dryseason length over southern Amazonia has increased significantly
since 1979Fu et al., 2013; Alves, 201@high confidence In the PeruvialmazonrAndes basin, there ion
trend in mean rainfall during the period 198807 (Lavado Casimiroteal., 2012houghstatistically

significant decreases in total annual rainfall in the central and southern Peruvian Andes from 1966 to 2010
were foundHeidinger et al., 2018Despite that, recent analyses of Amazon hydrological and precipitation
data suggest an intensification of the hydrological cycle overasief@w decaddg$loor et al., 2015)In

general, these changes are attributed mainly to decadal climate fluctubititneonfidencg ENSO, the

Atlantic SST nott-south gradient, 'edbacks between fire and lande change mainly across southern
southeastermmazon and changes in the frequency of organized deep convgaimandes et al., 2015a;
Sanchez et al., 2015; Tan et al., 2015)

Since AR5, there has been limited attribution &tare in the South ierica. Recent publications based on
observational and modelling evidence assessed that anthropogenic forcing in CMIP5 models explains with
the overall warmingHigh confidenceover the entire South American continent, including tleesi@se in

the frequacy of extreme temperature eve(itannart et al., 2015uch as the Argentinian heatwave of
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December 2018Chapter 11 It has a detectable influence in explaining positive and negative précipitat
trends observeih regions such as SES and the Southern AQdes and Diaz2015; de Barros Soares et

al., 2017; Boisier et al., 2018; de Abreu et al., 20D@8kpite that, there Ianited evidence¢hat human

induced greenhouse gas emissions had an influence on the 2014/2015 water shortage in Souilheast Braz
(Otto et al., 2015)Extreme event attribution on sgbntinental scales is assesse@hapter 11and
continentalscale attributiorin Chapter 3

In summary, analyses of historical temgera time series poirgtronglyto an increased warming trend

(high confidenceacross many South American regions, except for a cooling off the Chilean coast. Annual
rainfall has increased oveoutheasterrSouthAmerica and decreased in most tropicadlaegions,

particularly in central Chilehjgh confidence The number and strength of extreme events, such as extreme
temperatures, droughts and floods, have already increasefium confidengddseeTable 11.7.

It is noted that the major barriertfee study of climate change in many regions of South Amerstdlithe
absence or insufficiency of long time series of observational@atxalho, 2020; Condom et al., 2020)
Most national datasets were created in the 1970s and 1980s, preventing a more comprehetsiue long
trend anal ysi s. Tddordinatolbgicdl ant imeteoralagieattespdodudte covering the
whole region, several interpolation technigues have been used with reanalysis and gridded @gsige
productgto add the necessary spatial detail to the climate analyses over larat alhdite variability and
trend studies Wit these are subject to uncertain(i@kansi et al., 2013; Rozante et al., 2020)

Atlas.7.2.3 Assessment of model performance

Since AR5 the number of publications on climate model performance and their projections in South America
has increased, particularfigr regional climate modelling studié&iorgi et al., 2009; Boulanger et al., 2016;
Ambrizzi et al., 2019and the understanding of their strengths and weakn@ggbasconfidenck

Most global and regional climateodels can simulate reasonably well the current climatological features of
South America, such as seasonal mean and anyalekdHowever, significant biases persist mainly at
regional scaleshfgh confidence(Torres and Marengo, 2013; Blazquez andiély 2013b; Gulizia et al.,

2013; Joetzjer et al., 2013; Jones and Carvalho, 2013; Gulizia and Camilloni, 2015; Zazulie Efal., 20
Abadi et al., 2018; Barros and Doyle, 2018; Solman and Blazquez, 2019; Teichmann et al., 2020; Fan et al.,
2020; Rivera ad Arnould, 2020)During the dry season, precipitation is underestimated in most models
over Amazoniarfiedium evidence ardgh agreement(Torres and Marengo, 2013; Yin et al013; Solman

and Blazquez, 2019pDver regions with complex orography, such as the tropical Andes of NWS, CMIP5
models tend to uretestimate precipitation which is associated with the misrepresentation of the Pacific
ITCZ and the local lowevel jets(Sierra et al., 2015, 201,8)hereas over the subtropical central Andes in
SWS, the models are founddwerestimate both mean temperature and precipitation véilmied evidence
andhigh agreement(Zazulie et al., 2017b; Rivera and Arnould, 2020; Diaz et al., 20&iSt models show

a dry bias over SE@iaz and Vera, 2017; Barros and Doyle, 2018; Solman and Blazquez, 2019 &liaz e
2021)associated with an underestimation of the northern flow that brings water vapour into the region
(medium confidengdGulizia et al., 2013; Zazulie et al., 2017a; Barros and Doyle, 20h8)biases in

seasonal precipitation, annual precipitatiom climate extremes over several regions of South America were
reduced, including the Amazon, central Soiitherica, Bolivia, eastern Argentina and Uruguay, in the
CMIP5 models when compared to those of CMIP@dium confidengdgJoetzjer et al., 2013; Gulizia and
Camilloni, 2015; Diaz andlera, 2017)The evidence is still insufficient to determine whether CMIP6 biases
are reduced when compared with CMIP5 simulations regardingpjpa#ion and its variability in South
America. The temperature and precipitation patterns of anomaliesaaedonith ENSO in the tropical

South America (NWS, NSA and NES) are better captured by GCMs in tropical South America (NWS, NSA
and NES) than inxgra-tropical South America (SES), particularly during austral summer and autumn
(limited evidencandhigh agreement(Tedeschi and Collins, 2016; Perry et al., 2020)

Basd on regional simulations, studies showed that some RCMs improve the quality of the simulated climate
when compared with the driving GCvhédium exdenceandhigh agreement(Llopart et al., 2014; Sanchez
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et al., 2015; Falco et al., 2019; Solman and Blazquez, 2019; Ciarlo et al., 202 araicét al., 2020)
Regional climate model (RCM) simulations over South America can reproduce the naieSed
temperature and precipitation in terms of both spatial distriba(®oiman et al., 2013;dfco et al., 2019)

and seasonal cydever the different climate regimes, including the ntafxmerMfeatures lfigh

confidenc (Jacob et al., 2012; Solman, 2013; Llopart et al., 2014; Reboita et al., 2014a; de Jesus et al.,
2016; Lyra et al., 2018; Bozkurt et al., 2019; Ashfaq et al., 2Q26)vever, RCMs showed systematic biases
such as precipitation overestimations and temperature underestimations along the Andes throughout the
(high confidencgalthough these biases may be mitifly amplified by the lack of a dense observational
station networkJacob et al., 2012; Solman et al., 2013; Bozkurt et al., 2019; &adtg 2019)RCMs

tended to show dry biases over the Amazon and the northern part of the continenN&®\uring DJF

and during the maximum prexiation associated with the intertropical convergence zone (ITCZ) over NSA
during JJA fhedium evidereand high agreeméntSolman et al., 2013; Falco et al., 201B@¢mperature
overestimation and precipitan underestimation over La Plata Basin (in SES) areRd&d common biases
with the warm bias ampl#d for austral summer and the dry bias amplified for the rainy seligpn (
confidence (Solman et al., 2013; Reboitaa., 2014a; Solman, 2016; Falco et al., 20D@&spite their
relevance RCM simulations at very higdsolution (less than 10 km) are still few in South Ameitiggh(
confidencgand are mainly designed for specific regions or purpsea et al., 2018; Bozkurt et al., 2019;
Bettolli et al., 2021)

The evaluation of statistical downscaling models (ESD) in representing regional climate features in South
America has increased since the AR5, however there are still few ESD studies over the different subregions.
Precipitation simulations based on EBDcels are able to reproduce mean precipitation over tropical and
subtropical South American regions, especially over maximum precipitation areas in western Colombia,
southeasterrPeru, central Bolivia, Chile and the La Plata basiadium confidengéSouvignet et al.,

2010; Mendes et al., 2014; Palominemus et al., 2015, 2017, 2018; Troin et al., 2016; Soares dos Santos et
al., 2016; Borges et al., 2017; Bettolli and Penalba, 2018; Absgas et al., 2020; Bettolli et al., 2021
Temperature simulations are fewer but show added value to GCM simulatiedisi(n evidencandhigh
agreement(Souvignet et al., 2010; Borges et al., 2017; Bettolli and Penalba, 2018:@sa¢s et al.,

2020).

Overall, climate modelling has made some progress in the past decade but there is no model that performs
well in simulating all aspects of the present climate over South Amiglaconfidence The performance

of the models varies according tettegion, time scale, and variables analyé&dadi et al., 2018)There is

also a fairly narrow spread in the representation of temperature and precipitation over South America by the
CMIP5 GCMs and also the RCMs, with bisthat can be associated with the parametrizations and schemes
of surface, boundary layer, microphysics and radiation used by the models. Finally, observational reference
datasets, such as reanalysis products, used in the calibration and validaiibatefrabdels also can be

quite uncertain and may explain part of #pparenbiases present in climate modéiigh confidencke

Atlas.7.2.4 Assessment and synthesis of projections

It is very likelythat annual mean temperature will increase over South Ameitteawide rangeof
projected changes Gf0°C to 6.0°C by the end of the 21st ceniiigm RCP2.6/SSR2.6 to RCP8.5/SSP5
8.5emissionsFigure Atlas.22. Overall, GCMs project higher tenmagure change than RCMs in austral
summer and winter over allregiors and in winter mainly over the central part of the conti¢@oppola
etal., 2014; Llopart et al., 2020; Teichmann et al., 226 alsdheInteractive Atlay The largest
warmings over the South American continent are projected for the Amazon basin (SANtS&jcand the
central Andes range (southern SAM, northern SWSsantheasterrNWS), Figure Atlas.22especially
during the dry and drjo-wet transition seasons (austral winter and spiiBzquez and Nufiez, 2013a;
Coppola et g, 2014; Pab6iCaicedo et al., 2020; Teichmann et al., 202@h confidence

Using warming levelsKigure Atlas.2®, the temperature is projected to increaiser above th&evel of
global warming in all regions apart from SSA with additional wagh{sompared ta 199% 2014 baseline)
of over4°C for the4°C warming levein NSA and SAM Changes for other warming kg, subregios and
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emissions pathways are showrFigure Atlas.22andcan be explored witthe Interactive Atlas

In general, modelshow a wideegional range in the directi@nd the magnitude of mean precipitation
change in many Southmerican regions, with large significant increases and decrdaigese Atlas.22
Interactive Atla}. In the medium and long term, under the haghission scenario, the CMIP5 mutltiodel
ensemble projected an increase in precipitation (generally greatet®%) in SES and NWS and a decrease
(less 10%) in NSA across seasolnigllf confidencerobust evidengeg(Solman, 2@3; Chou et al., 2014;
Coppola et al., 2014; Llopart et al., 2014, 2020, Reboita et al., 2014b, 2020e5é&nhah, 2015; Menéndez

et al., 2016; Ruscica et al., 2016; Bozkurt et al., 2018a; Zaninelli et al.,. 204®)in parts of SWS, annual
precipitation is projected to decrease (up 30%) by the late 21st c€Buyignet et al., 2010; Palomino
Lemus et al., 2017, 2018; Bozkurt et al., 2018mder high RCPs, the CMIP5 ensemble projéts all
Brazilian regions willexperience more rainfall variability in the futuss,drier dry periods and wetter wet

periods on daily, weekly, monthly and seasonal timescales, despite the future changes in mean rainfall being

currently uncertainnjediun confidence(Alves et al., 2020)Regarding the SAmerM, it igery likelythat
the monsoonvill experience changes in its life cycle by the end of th& 2enturyfor both RCP4.5 and
RCP8.5emissionsaand in particular,delayed onset. However therdasy agreemenon the projected
changes in terms of extreme and t@tacipitation of the monsoon season in South Amétitmpart et al.,
2014; Ashfaq et al., 2020Thanges in the SAmerM are assessefiction 8.3.2.4.5

Projected changes in seasonal precipitation and their uncertainties gerggeslyih the annual changes,
particularly for the decreases in SWgureAtlas.22. DJF precipitation changes in NSA and SAM are
largely uncertain, with weak agreements in the projections, particularly for CMIP5 and CMIP6 ensembles,
which project almosho change and decreasing precipitation for NSA and a narrow range froi slig
increases to no change respectively for SAM.

Atlas.7.2.5 Summary

In summary, it isvirtually certainthat the climate of South America has warmed. Studies on climate trends
in South Ameica indicate that mean temperature, maximum and minimum temperaturesdraased over
the last 40 years. LoAgrm observed precipitation trends show an increasesowtireasterrSouth

America and decreases in most tropical land regioigs confidene).

Evaluation of global and regional climate model simulations haveased over South America in the past
decade and shown improved performance. However, the results reveal that no model performs well in
simulating all aspects of the present clim@gry likely. On the other hand, there is still a lack of kigh
guality andhigh-resolution observational data that may explain part of the important biases present in
climate modelshigh confidenck

Climate model projections show a general increasaimualmeansurfacetemperature over the coming
century for all emission snarios (RCPs and SSPk)gh confidenceconsistent with the observed warming
andwith all regions except SSA warmirgster than the global averadénlike temperature, annual
precipitation has patterns of decreas@lorth-easernSouth AmericgNES) aml South-westernSouth
America (SWS) and increase in southern South America (SEQNatigwestern South Americaivs)
(high confidencg with small changes projected under adawission scenario. However, therdasy
confidencen the magnitude because of the large spread among models, both GCMs and RCMs.

Atlas.8 Europe
The assessment in this section focuses on changes in average tempadprecipitation (rainfall and
snow), incuding the most recent years of observations, updates to observed datasets, the consideration of

recent studies using CMIP5 and those using CMIP6 and CORDEX simulations. Assessment of changes in
extremes ar@a Chapter 11 (Table 11.181.18)andclimatic impactdriversin Chapter 12 (Table 12.7)
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Atlas.8.1 Key features of the regional climate and findings from previous IPCC assessments
Atlas.8.1.1 Key features of the regional climate

Westerly winds and the accompanying Atlantic storack with cyclones and anticyclones trdimel from

the Atlantic towards inland Europe are the main climatic features that characterize dailyaonoizr

variability in the European region. The Siberian High in winter determines cold weather EuEzst and

can affect other regions with cbbutbreaks. Intréeasonal and intemnual variations are driven by modes

of climate variability such as the North Atlantic Oscillation ($able Atlas.landAnnex 1V.2). Global

warming can lead to systematicanges in regional climate variability tf@ermodynamic responses such as
altered lapse raté&roner et al., 2017; Broglitaal., 2019)and landatmosphere feedbackdampieri and

Lionello, 2011; Boé and Terray, 2014egional feedbacks involving the lag€ea contrassea surface, land
surface, clouds, aerosols, radiation arfeeoprocesses modulate the regional response to enhanced warming.

Four climatic regions are defined for Europe (Biegire Atlas.2). The Mediterranean region (MED) in the
south is characterd by mild winters and hot and dry summers (Mediterraneaatejraeesection

10.6.4.2. It covers both Europe and Africa, and MED assessments in this section generally imply the entire
MED domain unless stated otherwise. Wiesernand Central Europeegion (WCE) has distinct summer

and winter seasons with incr@ag continentality of climate eastwards. The northern region (NEU), close to
the Atlantic Oceanis characterized by high humidity and relatively mild winters, and strong exposure to the
Atlantic storm track. Eastern Europe (EEU) covers the western pRrtssiia and neighbouring territories

and has continental characteristics. Many regional datasets and model projections assessed here do not
sufficiently cover the EEU region.

Atlas.8.1.2 Findingsfrom previous IPCC assessments

AR5 WG Il (Kovats et al., 2014eports withhigh confidene that observed climate trends show regionally
varying changes in terapature and rainfall in Europe. The average temperature in Europe has continued to
increase, with seasonally different rates of warming being greatest in high latitudes in Northeen Europ
Annual precipitation has increased in Northern Europe and decriegsads of Southern Europe. SROCC
(Hock et al., 2019bjeports withhigh confidencehat a reduction in snow cover at low elevation and glacier
extent is observed in recent decadesh wbnsequent changes in annual and seasonal runoff patterns.
According to the SRCCL repoftPCC, 2019b}here ishigh agreementhat observed vegetatigmeening

and forestation in the last 30 years cools summertime sudiagerature and warms winter temperature due
to decreased snow cover and increased snow shading in forested areasy likelythat aerosol column
amounts have declined over Euecggince the mid 980s.

AR5 (Collins et al., 2013j)eports that the ability of models to simulate the climate in Europe has improved
in many important aspects. Parti@dy relevant for this region are increased model resolution andea bett
representation of the largiirface processes in many of the models that participated in CMIP5. The spread in
climate model projections is still substantial, partly due to pronountechal variability in this region
(particularly NAO and AMO)In thewinter half year, NEU and WCE alikely to have increased mean
precipitation associated with increased atmospheric moiahghaoisture convergence and intensification

in extratropicacyclone activity. No change or a moderate reduction is projecteddEar. In the summer

half year, it idikely that NEU and WCE mean precipitation will have only small changsa notable
reduction in MED. According to SR1(6loeghGuldberg et al., 2018}hese precipitation changes are more
pronounced at 2°C than R 5°Cof global warming. For a 2°C global warming, an increase in runoff is
projected fo north-easterrEurope while decreases are projected in the Mediteararegjion, where runoff
differences between 1.5°C and 2°C global warming will be most promimetiym confidengeAccording

to SROCQHock et al., 2019he RCP8.5 projections ledol a loss of more than 80% of the ice mass from
small glaciers by thenel of century in Central Europhigh confidence Snow cover and glaciers are
projected to decrease all along the 21st century.
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Atlas.8.2 Assessment and synthesis of observations, trends #nithation

To support climatological analyses and model evaluatidigna meteorological and hydrological services
are increasingly making available high spatial and temporal resolution gridded and in situ homogenized and
guality-checked datase(®équé and Somot, 2008; Vidal et al., 2010; Rauthe et al., 2013; Noél et al., 2015;
Spinoni et al., 2015b; Ruti et al., 2016; Fantini et al., 2018; Lussana et & Htera et al., 2019;

Skrynyk et al., 2020)The inclusion of adtional station data and data rescue activities lead to a better
representation of extreme precipitation statistics than the globabntinentalscale datasets (see Section
Atlas.1.4.). Recent gridded prodwimerging radar and station data allow higher spatial and temporal
resolutions to be reach@daidenet al., 2011; Tabary et al., 2011; Berg et al., 2016; Fumiere et al.,. 2020)
number of regional reanalysis products has become avditalilee European regiaiBolimeyer et al.,

2015; Bach et al., 2016; Dahlgrenal., 2016; Landelius et al., 2018)European ensemble of regional
reanalyses from 1961 to 2019 is shown to add accuracy and rgliabdomparison to global reanalysis
products, but also introduces additional uncertainties, especially fondladmsed climate indicd&Kaiser
Weiss et al., 2019However, gridded European dsg¢s are unreliable over datparse regions. Also, many
datasets employ different approaches to interpolation and gridding, which adds tn¢ketainty and
complicates comparative evaluatigBerthou et al., 208; Fantini et al., 2018; Kotlarski et al., 2015pr
somesubregios and performance metriddéfferences betweetiatasets have been shown to be of the same
magnitude as errors in regional climate mod@elzin et al., 2016; Prein and Gobiet, 2017; Fantini et al.,
2018) but observational unceiitty is substantially reduced when datasets of similar nature and
representativeness are ugkdtlarski et al., 2019)

In addition to the global display of obsentethperature and precipitation trends$-igure Atlas.1lannual
mean temperature and precipitation trends between 1980 and 2015 calcahatdtefgridded ensemble E
OBS datasetCornes et al., 201&yre shown irFigure Atlas.23together with time series of temperature and
precipitation anomalies relative to the 198015 mean value from #0BS, CRU EWEMBI and Berkeley

for temperature, and-BBS, CRU, GPCC and GPCP for precipitation (seefigore2.11for global mean
values, andectionAtlas.1.4.1for description of global datasets).

In NEU continuedvarming has been observed, particulahlying spring. An annual mean temperature
increase of 0.4°C per decade was reported between 1970 an(R28§&sson et al., 2019n WCE
temperature increases since the mid 20th century have been documented fof fdlarglii r mend ¢ i |
2004)and UkraingBoychenko et al., 2016; Balabukh and Malitskaya, 20la)d-only observations

indicate a rapid increase in summer (JJA) mean surface air temperature since1B80s{Bong et al.,

2017) In EasterriEurope no significant trend in winter mean air temperatures was fmingen 1881 and
2016 in BelarugLoginov et al., 2018)In parts of the European area of the M&WDing and smnmer
temperatures are reported to increase faster than in the otbeng&aunetti & al., 2006; Homar et al.,

2009; Lionello et al., 2012; Philandras et aD15; GonzaleHidalgo et al., 2016; Vicent8errano et al.,
2017)(see also the Mediterranean case stn@ection 10.6.4ndFigure 10.18 Figure Atlas.23hows that
since 1980n each European region all datasets show a consistent warnangual mean temperature of
0.04°C yt'to 0.05°C yt!. Trends in European land temperature cannot be explained without accounting for
anthropogenic warming offset by anthropogenic aeras@sons ¢eeSection 8.3.1.1 and Figure 3.8 is
virtually certain that annual mean temperature continues to increase in each European subdomain.

Multidecadal trends in mean precipitation are generally small andigaificant. Apart from difficultis
related to observational coveragrein and Gobie017) gauge undercatde.g., Murphy et al., 201@)nd
data inhomogeneitge.g., Camuffo et al., 201,33trong interannual and multidecadal variability is dominant
over at least the last two centuriewever, ggnificant precipitation trendéiave beemecorded forecent
periods, for examp in southwesternEurope between 1960 and 20@@&fiaAngulo et al., 2020and
between 1961 and 2015 in NEU (Interactive Atldd30, ome studies suggest that in the MBi@cipitation
hasdeclinad and more frequent and severe metlmical drought$iave occurretietween 196@nd 2000
(Spinoni et al., 2015a; Gudmundsson and Seneviratne,,2ib)n some regions cannot be explained
without anthropogenic forcindKnutson and Zeng, 2018ee als®ection 10.4.12 Other studies suggest
that this trend can be seen as an esgion of multidecadal internal variabiliyiven mainly by the North
Atlantic Oscillation Table Atlas.) (Kelley et al., 2012; Zittis, 2018¥5lobal dimming and brightening also
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are reported to affect precipitation trends in the Mediterranean regioBdsten 8.3.1.@ndFigure 8.7.

The largescale spatial gtterns of the E)BS annual mean precipitan trend between 1980 a@015 shown

in Figure Atlas.23s broadly consistent with trends derived from CRU, GPCP and GP@g@r¢ Atlas.1})

but with more explicit spatial detail. Trends calculated for regioreflames are sensitive to the selection of
the time window: for 19802015 annual mean precipitation averaged over the regions shows a positive trend
(not significant at p = 0.05), while for CRU and GPCC the trend calculated ovér2l861s positive for

NEU, EEU and WCE, and nesignificant for MED. Precipitation trends in the MED are significant only in
selected aregkionello et al., 2012; MedECC, 202MlIso the NEU trends show large spatial variability and
are subject to decadal variability related to®IfHeikkila and Sorteberg, 2012)ut are generally positive

over the 20th centuryF{gure Atlas.23 There isnedium confidencihat annual mean precipitation in NEU,
WCE and EElhas increased sintie early 20th century. In the European Mediterranean observed land
precipitation trends show pronounced variability within the region, with magnitude and sign of trend in the
past century depending on time period and exact studyrégiedium confidenge

Trends in snowfall and snow melt are related to seasonal changes in both temperature and precipitation. In
EEU melt onset dates have advancedit®weeks in the 1972012 periodMioduszewski et al., 2015)

Over Eurasia, trends in spgirand early summensw cover extent increased over the 1214 period
(HernandezHenriquez et al., 2015Between 1966 and 2012, averaged over entire Eurasia, monthly mean
snowdepth decreased immn and increased in winter and sprfdgong et al., 2018)while the snow

cover extent was reported to have decreased during the past 4(Bydggina et al., 2011)in NEU late

winter and early spring snow depth and snow cover decreases since the early 1960s are reported over Finland

(Luomaranta et al., 201@nd Norway(Rizzi et al., 2018yith a dependence on altitu(fekaugen et al.,

2012) while winter snow depth increased in northern Swelehler et al., 2006)1t is very likelythat since

the early 1980s in snedominant areas in NEU and EEU the length of the snowfall season is reduced with
regional warming, and the melt onset dates have advanced.

[START FIGURE ATLAS.23 HERE]

Figure Atlas.23:(a) Mean 19802015 trend of annual ean surface air temperature (°C per decade) frabBE
(Cornes et al., 2018pata for norEuropean countries in the MED area are masked out. (b) Time
series of mean annual temperature aalgmelative to the 180i 2015 period (shown with grey
shading) aggregated for the land area in each of the four Eurepkaeygios, from EOBS, CRU,
Berkeley and ERA5S (see Section Atlas.1.4.1 for description of global datasets). Mean trends for
1901 2015,1961 2015 and 198015 are shown for each data set in corresponding colours in the
same units as panel (a) (see legend in upper panel). (c) As panel (a) for annual mean precipitation
(mm day* per decade). (d) as panel (b) for annual mean precipitatmhdata sets-DBS, (RU,
GPCC and GPCP. Note that®BS data are not shovim panels b and tbr region EEU. For the
MED region data are aggregated over the European countries alone. Trends have been calculated
using ordinary least squares regressionthrdrosses indicateon-significant trend values (at the 0.1
level) following the method dbanter et al(2008)to account for serial correlatioRurther details on
data sources and processing are available in the clugttetable (Tablatlas.SM.15.

[END FIGURE ATLAS.23 HERE]

The increasing trend in surface shortwave radiation, documented ifHeRBnan et al., 2013)o have

occurred since the 1980s and referred to as a brightening effect, is substantiated over Europe and the
Mediterraneanregion Nabat et al ., 2014; Sanchez.Thisdncreasizgo et
trend has been attributed to the decreas@inropogenic sulphate aerosols over the 18802 period

(Nabat et al., 2014)n model sensitivity experiments, the aerosol trend has been quantiéeplam 81+

16% of the European surface shortwave trend anel528 of the European surface temperature warming. It

is likely that tiends in anthropogenic aerosols in Europe lyggreerated positive trends in shortwave

radiation and surface temperatunecs the 1980s (see alSections 6.3.3.1, 8.3.1.6 and 10)6.4
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Assessments of observed European trends in meteorological extren@@®arate reported elsewhere in

this reportSection 11.3.5locuments and attributes an increase in the frequency amd efkteeatwaves and
daily maximum temperatures, aBdction 11.6.2liscusses the uncertainty concerning the detection of trends
in meterological droughts, and the role of increasing atmospheric evaporative demand on hydrological and
ecological/agriculturdedroughts.Section 8.3.1.8eports on increasing aridity trends in the Mediterranean
related to soil moisture declines and increasegmospheric water vapor dema8eéction 11.4.2eports on

the increased likelihood and intensity of daily precipitagatremeswhile Sections 11.5.2 and 12.4.5.2
discuss implications for peak streamfld®ection 12.4.5.8iscusses the increased likaldd of wildfires,

while Section 12.4.5.8iscusses the substantial decadal variability in mean wind speed and théntrends
wind storms and gusts. The acceleration of sea level rise in the Atlantic and European seas has been
discussed irpection 12.4.5.5

Atlas.8.3 Assessment of model performance

A global evaluation of annual mean temperature and precipitation from the CMIPgbémsepresented in
Sections 3.3.1 and 3.3:@spectively. In general, annual mean temperature is slightly underestimated at high
latitudes and overestimated in the MED area. Temporal evolution of decadal temperature oscillations in
Europe simulated by ¢hCMIP6 historical simulations is well reprodud&an et al., 2020Fernandez

Granja et al(2021)report an overall improvement of CMIP6 compared to CMIP5 to reproduce atmospheric
weaher patterns over Europe.

Regional climate models (RCMSgction 10.3.1)?have been extensively evaluated for a range of climate
features over Europ€asanueva et al., 2016; Vaittinada Ayar et al., 2018 dv et al., 2017; Krakovska et

al., 2017; Terzago et al., 2017; Cavicchia et 8118 Drobinski et al., 2018; Fantini et al., 2018; Harzallah

et al., 2018; Panthou et al., 2018B)andard assessments of RCMs driven by reanalyses, typically run at 12
25 km spatial resolution, confirm that the E@®RDEX and MeedCORDEX ensembles aoapable of
reproducing the salient features of European clirgtéddlarski et al., 2014; Krakovska, 201&)drepresent
European circulation features realisticaltyardoso et al., 2016; Drobinski et al., 2018; Flaounas et al., 2018;
SanchezGomez and Somot, 201&easonal and regionally averaged temperature biases generally do not
exceed 1.5°Cwhile precipitation biases can be up to +4(€6tlarski et al., 2014)Extensive evaluation of a
large collection of RCMGCM combinations show a general wet, cold and windy bias compared to
observations and reanalyses, but none of the models is systematically performimgueest(®autard et

al., 2020) Higherresolution simulations do show improved performance in reproducing the spatial patterns
andseasonal cycle of not only extreme precipitation but also mean precipitation dveraglean regions
(Mayer et al., 2015; Fantini et al., 2018; Soares and Cardoso, 2018; Ciarlo et a(s&@&®a®EGections

10.3.3.4 and 10.3.3f6r an extensive evaluati@f the added value of increased simulation resolution).

In line with findings repord inSection 10.3.3,8several studies argue that both GCMs and RCMs
underestimate the observed trend in European summer temp¢aisi@ 2016; Boé et al., 202Qb)

indicating that essential processes are mgser that the natural variability is not correctly sampled

(Del | 6 Aqui ) Nabatet al(2014)argue@h@tin8luding realistic aerosol variations enables

climate models to correctly reproduce the summer warming trend (as is required for attributing continental
annual temperature trends, Section 8.3. Hbwever, other studies showed models to be sensil$eeto

local effects, such dandsurface processes, convection, microphysics, and snow gNedtard et al.,

2013; Davin et al., 2016)n EurcCORDEX the warm and dry summer bias over southerrsantheastern
Europe is reduced compared to the previous ENSEMBLES simuléiairagkou et al., 2015; Giot et al.,
2016; Prein and Gobi 2018) Natur@l Larigbilitythad strodgly gftectdd the et a |
historical warming and large ensembles are necessary for a correct estimation of the forced signal versus
natural variability(Aalbers et al., 2018; Lehner et al., 2020)

Specific assessments of Convection Permitting RCMs (CPRCMSs, running at a resolution of typically 1 to 3
km and designed for extreme precipitation characterisgasjdertakemm Section 10.3.3.4.1A unique

CPRCM ensemble has been applied over the great Alpine domain and ismemresentation of mean and
extreme precipitation compared to coarser resolutiodels(Ban et al., 2021Pichelli et al., 2021)
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The role of aerosol forcing is increasingly analysed as new andre@igtic aerosol datasets become
available(Nabat et al., 2013; Pavlidi$ al., 2020) and as RCMs begin to include interactive aeradtddbat
et al., 2012, 2015, 2020; Drugé et al., 20E}plicitly accounting for aerosol effedts RCMs leads to
improved representation of the surface shortwave radiation at various scaldsrtomgeangGutiérrez ¢
al., 2018) dayto-day variability(Nabat et al., 2015and longterm trendgNabat et al., 2014)

New, or updated, higheesolution, coupled atmospherseeanice model systems have been found to
improve simulations obbserved climate features over the Baltic area compared to atmmephemodel
versionsjncludingcorrelation between precipitation and SST, between surfacdliveabmponents and
SST, and wather events like convective snow bands over the Balti¢eSga Tian et al., 2013; VarhBm et
al., 2014; Groger et al., 2015; Wang et al., 2015a; Pham et al., Zalifled atmospheilendriver-ocean
Regional Clmate System Models (RCSMs) from MEDRDEX have similar skill as the ENSEMBLES and
the EureCORDEX ensembkgto represent decaldaariability of Mediterranean climate and its extremes
(Cavicchia et al., 2018; Del |Ranhgwetd(2018®showadthat, 201 8
over land differences beveen atmospherenly and coupled RCMs are confined to coastal areas that are
directly influenced by SST anomalies. In contr&stn Pham et a(2014)showed significant differences in
seasonal meaemperature across a widespread continental domain.

Statistical downscaling methods are assess&eédtion 10.3.3,7ncluding the intecomparison and
evaluation activities performed in the framework of VALUE and ED@RDEX over Europe.

Atlas.8.4 Assessment ahsynthesis of projections

Simulations from CMIP5 and CMIP6 indicate pronounced geographical patterns and scenario dependence of
the progctions of mean temperature and precipitation. Global warming projautiedSSP58.5 emissions

in CMIP6 exceeds the warmimgojectedby RCP8.5emissionsn CMIP5 (Forster et al., 2019kee also
Section 4.3 In selected regions in Europe CMIP6 also projects a systathatigher mean temperature
than CMIP5(Seneviratne and Hauser, 2020he annuaiean projections from CMIP5, CMIP6 and 0.11°
resoluton EURO-CORDEX contained in thimteractive Atlasare shown for the four European regions in
Figure Atlas.24For each region and seasawarming offsetbetween the preindustrigd850 1900 and the
recent pasf1995 2014 baselines is also shown. Theuks confirm higher CMIP6 longerm annual mean
warming rates for WCE, EEU and MED and a larger imeddl spread for each region. For giv global
warming levels, regional annual mean temperature change in CMIP5 and CMIP6 are largely cansistent
highe than the global average, most prominently in EEQF high warming levels the CMIP5 subset of 8
GCMs used to drive the EUROORDEX simulgions show a lower annual mean temperature change than
the full CMIP5 ensemble in each of the European subregiofisilllistrates the large intenodel spread

and implications for subsampling a relatively small subset from the full ensemble. Regaanaig is
strongest in continental EEU away from the Atlantic and in MED during surtuiogrello and Scarascia,
2018) The assessment of EURTDRDEX projections for levels of global warmin§1.5°C and 2.0°C
indicate enhanced local warming even at relatively low global warming levels, particularly $aheurtbrth

in winter (Schaller et al., 2016; Dosio and Fischer, 2018; Kjellstrém et al., 2018; Teichmann et al., 2018)

Some gjnatures of climate change projected by GCMs are modified by RCMs and CPRCMs. Projections of
temperature, precipitain and wind in RCMs may deviate from GCM signals dependent on the dominant
atmospheric circulatiofKjellstrém et al., 2018)In many areas RCMs produce lower warming rates and
higher precipitation (less drying) in sumngeernandez et al., 2019; Boé¢ et al., 202090 for mean

surface shortwave radiation systematic differences between GCM and RCM outputs a(Béotdhdet al.,
2017; Gutiérrez et al., 2020)lthough RCMs generally have a smaller bias for the present cl{@atkand

et al., 208) and better cloud representati@artok et al., 2017)the representation of aerosol forc(iBpé

et al., 2020a; Gutiéez et al., 2020Q)ir-sea couplingBoé et al., 2020a)r vegetation response to elevated
atmospheric Ce(Schwingshackl et al.,(19)give rise to systematic biases in RCM projections. The
comparison between EUROORDEX and the CMIP5 subset showrFigure Atlas.24llustrates that the
RCMs primarily modify the climate change warming signal from the driving GCMs for MED and WCE in
summer(Boé et al., 2020a)
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Changes in precipitation clearlyash a seasonal signature and a meridional gradient over Europe. Mean
precipitation increases by 4% to 5% per °C of global warming in NEU, EEU and WCE in DJF, and
decreases in summer in WCE an&Dli(Jacob et al., 201&¥eeFigure Atlas.23% CMIPS5 projectionsof
precipitation changa MED arestrongest in DJF in the soyilhile changes in JJA are dominant in the
northern(European) part of ME[Lionello and Scarasci@018) The European northouth gradient in
precipitation response is confirmed by the EURORDEX experimentCoppola et al., 2020put Figure
Atlas.24shows that the JJA precipitati reduction in WCE projected by CMIP5 and CMIP6 at higher
warming levels habw confidencén the CORDEX simulations. Precipitation in JJA in EEU is reduced in
CMIP6, while little change is shown in CMIPGuantitative estimations of climate change fesgfrom
regional climate projections in Eastern Eur@Partasenok et al., 2015; Kattsov et al., 20iak)elow
confidencedue to the use of relatively small ensembles of GCMs and/or RCMs, and limited evaluation of
model performance in the regio

Over specific geographic features such g Imountains, RCMs further modify the climate change signal of
precipitation simulated by the levesolution GCMgGiorgi et al., 2016; Torma and Giorgi, 2020hisis

especially true for summer precipitation over the Alps where opposite signs of changes in mean and extreme
precipitation are generated by the CMIP5 GCM ensemble and tkm Med CORDEX and EURO©

CORDEX RQM ensemblegGiorgi et al., 2016]see als&ection 10.6.4)7

[START FIGURE ATLAS.24 HERE]

Figure Atlas.24:Regional mean changes in annual mean surface air temperature and prpitation relative to the
1995 2014baseline for the reference regions in Europe (warming since the 185000 pre
industrial baseline is also provided as an offsetBar plots in the left panel of each region triplet
show the median (dots) and 108@th pecentile range (bars) across eachdeleensemble for annual
mean temperature changes for four datasets (CMIP5 in intermediate colours; subset of CMIP5 used to
drive CORDEX in light colours; CORDEX overlying the CMIP5 subset with dashed bars; and CMIP6
in sdid colours); the first six groupsf bars represent the regional warming over two time periods
(nearterm 20212040 and longerm 2081 2100) for three scenarios (SSPB/RCP2.6, SSR2
4.5/RCP4.5, and SSF&5/RCP8.5), and the remaining bars corresporfdutoglobal warming levels
(GWL: 15°C, 2°C, 3°C, and 4°C). The scatter diagrams of temperature against precipitation changes
display the median (dots) and 1080th percentile ranges for the above four warming levels for
DecembetJanuaryFebruary (DJF; nadle panel) and Junguly-August (JA; right panel),
respectively; for the CMIP5 subset only the percentile range of temperature is shown, and only for
3°C and 4°C GWLsChanges are absolute for temperature (in °C) and relative (as %) for
precipitation. Se Sectiortlas.1.3for more details on reference regiditsirbide et al., 2020and
SectionAtlas.1.4for details on model data selection and processing. The script used to generate this
figure is available onlin@turbide et al., 2021&nd similar results can be generated in the Interactive
Atlas for flexibly defined seasonal periodigurther details on data sources and processing are
available in the chapter data table (Tabtias.SM.15.

[END FIGURE ATLAS.24 HERE]

Regional warmings virtually certainto extend the observed downward trends in snow accumulation, snow
water equivalent and length of the snow cover season in NEU and low altitudes in mountainous areas in the
Alps and Pyreneeséry high confidengeThis is supported bgegional and global mukinodel and/or
singlemodel ensemble projections including CMIP5, PRUDENCE, ENSEMBLES and EOBRDEX

(Jylh& et al., 2008; Steger et al., 2013; Mankin and Diffenbaugh, 2015; Schmucki et al., 2015; Marty et al.,
2017; Frei et al., 201&nd attributed to changes in the snowfall fraction of precipitation and to increased
snov melt. In mountain areas a strong dependence of projected snow trends on altitude is shown, with most
pronounced effects below 1500(bbpezMoreno et al., 2009)erzago et al(2017)showed a large positive

bias in the amplitude of the annual snow cycle of ELRORDEX 0.11° simulations driven by GCM

projections, whilegeanalysisdriven RCMs showed good agreement witfsitu observations.

Regionaloceanwarmingin projections withRCSMsfor the Baltic and North Sg&roger et al., 2015nd
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for the Mediterranea(Darmaraki et al., 20193 associated with increased intensity and frequency of marine
heatwaves in # Mediterranean (sekection 12.4.5) strong freshening in the Baltic, and, for some
simulations, chares in the circulation in response to aamform changes in asea interactiofDieterich et

al., 2019) MedCORDEX RCSM and CMIP5 GCM results agree well on the Mediterranean SST warming
rate(Mariotti et al., 2015; Darmaraki et al., 2019%e also thinteractive Atlas

Assesments of projected changes in meteorological extremes and CIDs are reported elsewhere in this report.
Extreme precipitation and temperature often exhildifferent response to global warming than mean
values. Increased intensity and frequency of exttemgeratures and heatwaves is assessgéddtions

11.3.5 and 12.4.5.Changes in the hydrological cycle include enhanced soil moisture declinghersou
Europe, drying in summer and autumn in central Europe, and spring drought due to early snow melt in
northern EuropeSections 8.4.1, 11.6.5 and 12.4)5@hanges in mean and extreme wind are very uncertain
(Section 12.4.5)3 while sea level rise Wincrease the frequency of occurrerdeextreme sea level at most
European coastSéction12.4.5.5.

Atlas.8.5 Summary

An assessment of recent literature largely confirms the findings of previous IPCC reports but with additional
detail and (in some cases) hé confidence due to improvements in observations, reanalyses and methods.
Observational datsets with global coverage are complemented byt Sgridded ensemble temperature

and precipitation dataset, a range of regional observational analysesgiamalrreanalysis products. New

RCM experiments, including CPRCMs and regional coupled céragstem models, mostly coordinated

under the umbrella of CORDEX, have generated many new projections and process studies.

The representation of mean Europelimate features by GCMs and RCMs is improved compared to
previous IPCC assessmemsedium confidengein spite of persisting biases in annual mean and seasonal
temperature and precipitation characteristics. The added value of regional downscaling diyGR0Ad
projections for summer mean temperature, precipitation and shortwaveoradiatonstrained by the
representation of processes that lead to a systematic difference between RCM and driving GCM, such as
aerosol forcingmedium confidenge

It is virtually certainthat annual mean temperature continues to increase in each Euregiea. There is

medium confidenciat annual mean precipitation in NEU, WCE and EEU has increased since the early 20th
century. In the European Mediterranean trendmimual mean precipitation contain substantial spatial and
temporal variability fhedum confidencg It is very likelythat since the early 1980s in snowminant areas

in NEU and EEU the length of the snowfall season is reduced with regional warmingeamelt onset

dates have advanced. Itilely that decreasing trends in anthropiigeaerosols in Europe have generated
positive trends in shortwave radiation and surface temperature since the 1980s.

At increasing levels of global warming, therevésy high confidencéhat temperature will increase in all
European areas at a rate eedieg global mean temperature increases, while increased mean precipitation
amounts at high latitudes in DJF and reduced JJA precipitation in southern Europe will deooediitm
confidencdor global warming levels of 2°C or less, and wiigh confidencéor higher warming levels. At
high latitudes and lovaltitude mountain areas in Europe strong declines in snow accumulatiartzetly
certainto occur with furtherncreasing regionaémperature¢very high confidenge

Atlas.9 North America

The assessment in this section focuses on changes in average temperature and precipitation (rainfall and
snow) for North America, including the most recent years of observatiorstesgd observed tiesets, the
consideration of recent studies using CMIP5 and those using CMIP6 and CORDEX simulations. Assessment
of changes in extremes areGhapter 11 (Table 11.191)and climatic impaetrivers inChapter 12 (Table
12.8)

Do Not Cite, Quote or Distribute Atlas-86 Total pagesi96



O©CoO~NOOITA,WDNPE

Final Governmenbistribution Atlas IPCC AR6 WGI

Atlas.9.1 Key featues of the regionatlimate andfindings from previous IPCC assessments
Atlas.9.1.1 Key features of the regional climate

The recenpast climate of North America is characterized by high spatial heterogeneity and by variability at
diverse temporal scales. Considerihg traditional KppenGeiger classification, North America covers all

main climate types (see reference region descriptions below). Important geographical features influence local

climates over various distances, like the Rocky Mountains through cyelgsigé@rise et al., 2013nd the

Great Lakes through laleffect snowfall(Wright et al., 2013)The cryosphere is an important component of
the climate system in North America, with fundamental roles for sea ice cover, snow abperraafost.

The aean surrounding the continent also influence its climate, with water temperatures strongly influencing
hurricane activity which impacts the coasts of eastern Mexico and-easittrn US (Walsh et al., 2010)
Temporal variability is influenced by several lasgmale atmospheric modesnnex IV, Table Atlas.} with
theNorth Atlantic Oscillation (NAO) affecting norteasterrJSA and eastern Canada precipitat{gvhan

and Zwiers, 2017)and El Nifid Southern Oscillation (ENSQ¥ffectingtemperature and precipitatiom

California, althoughin a canplex and not yet fully understood man@€éoon et al., 2015; Yeh et al., 2018)

The reference regiortefinedfor summarising North America climate chan§e(re Atlas.2pinclude:
NorthrWestern North America (NWN), characterized by a subarctic climate with cool summers and rainfall
all year round; NortiEastern North America (NEN), which also has aasatic dimate with sections of
tundra climate in the far north (these two northern regions are also discussed in/A&gidd.2 Polar
Arctic; Western North America (WNA), which has a complex but mainly seldtarid climate; the Central
North America CNA) with amainly by continental climate in the northern part of the region and humid
subtropical in the southern portion; Eastern North AmdiddA) with a humid continental climate in the
northern half ané humid subtropical climate to the south; Northern Central America (northern Mexico)
(NCA), has a temperate climate to the north of the Tropic of Cancer, with marked differences between
winter and summer, modulatdyy the North American monso@Reel et al., 2007NCA, also covered in
SectionAtlas.7.1Central Americahas a temperate climate to the north of the Tropic of Cancermaitked
differences between winter and summer, modulbtethe North American monsodReel et al., 2007)

Atlas.9.1.2 Findings from previous IPCC assessments

The IPCC ARYBindoff et al., 2013; Hartmann et al., 2018)nd that the climate of North America has
changed due to antbtpogenic causesigh confidenckg in particular with primarily increasing annual
precipitation and annual temperatuverfy high confidenge Assessment of CMIP5 ensemble projections
concluded that mean annual temperature over North America and areuipitation north of 45N wilvery
likely continue to increase in the future. AISSMIP5 projects increases in winter precipitation over Canada
and Alaska and decreases in winter precipitation over the southwestern USA and much of Mexico.

The CMIP5 muli-model ensemble generally reproduces the observed spatial patterns but somewhat
underestimates the extent and intensity of the North American Monsoon, and also underestimates wetting
over Central North America over the period of 185012 during winter seson according to AR&lato et

al., 2013) In the longterm (20812100), the largest changes of precipitataver North America are

projected to occur in the mid and high latitudes and during wikigman et al., 2018

SR1.5(HoeghGuldberg et al., 2018gported a stronger warmingrapared to the global mean over Central
and eastern North America, and aakening of storm activity over North America under 1.5°C of global
warming. SROCQGHock et al., 2019eported that snow depth or mass is projected to decline by 25%
mainly at lowe elevations over the high mountains in Western North AmeBSR&CL (Mirzabaev et al.,
2019)observed vegetation greening in gahiNorth America withhigh confidence
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Atlas.9.2 Assessment and synthesis ofselvations, trends, and attribution

The observed trends in annual mearfacetemperature (seleigure Atlas.1land thelnteractive Atlag

across neaArctic latitudes are exceptially pronounced (>0.% per decade), significant and consistent
across dataseexcept for far northeast Canada where trends are not significant in the CRU dataset.
Significant positive trends are seen across the rest of North America duriid@26@igure Atlas.1)

though oer the shortet 980 2015periodthe regional dataset Daym@thornbon et al., 2016)ecords non
significant changesver southern Alaska, western and sexghtral Canada, and noitientralUSA

(Interactive Atla¥. An analysis ohnnual measurfacetemperature in the Berkeley Earth dataset aggregated
over the referenceegions(Figure Atlas.1) demonstrates that a temperature change signal has emerged over
all regiors of North America.There is a detectable anthropogenic influemeedjum confidengen the
observed upward annual temperature trends in western and nadxitréih AmericaVose et al., 2017; Wang

et al., 2017b; Smith et al., 2018)

Comparedo temperature, trends in annual precipitation over 18805 are generally nesignificant
though there are consistent positive trends over parts of ENA andEitjis&e Atlas.1)land Daymet
(Interactive Atla} (high confidenck The global and gtonal daasets irFigure Atlas.1landInteractive
Atlas also indicate significant decreaseprgcipitation in parts of soutlwestern US and nortivestern
Mexico (see als&igure 2.15Xhough these are not all spatially coherent so there isoadljum onfidence
in a drying trend over this region.

Several factors account for the differences in temperature and precipitation trend significance. Observed
trends in precipitation are relatively modest compared to the very large natural interannual variability of
precipitation. Furthermore, the precipitait observing network is spatially inadequate Seetion 10.2.2)3

and temporally inconsisterdgeSection 10.2.2Yover some regions of North Amerigaarticularly over

Arctic and mountainous are& detectiorof multidecadal trends is difficult, pscially for regions with
summertime convective precipitation maxima that may be spatially p@eisyerling et al., 2017%ee

Section 2.3or further discussion of precipitation trends.

There is euwdence of a recent decline in the ovelgdrth American annual maximum snow mass, with a
trend for noralpine regions above 40°N during 192018 estimated from the biasrrected GlobSnow 3.0
data(Pulliainen et al., 202Qmedium confidengeThis is despite technical challenges with in situ
measurements and remote sensing retrievals of snow vaiibates et al., 2017; Smith et al., 2017; Wang
et al., 2017a; Zeng et al., 2018patial heterogeneity andénpolation assumptionsahaffect gridded
reference products, notably over alpine and forested @vkalyk et al., 2015; Dozier et al., 2016; Cantet et
al., 2019)and breaks in instruments and proced(ikemkel et al., 2007; Mortimer et al., 202@hanges in
snow cover hee evolved in a complex waywyith both positive and negive trends and differinfjom one
metric to anothefKnowles, 2015; Brown et al., 201Hvidence of largarea snow cover decline includes
decreases in annual maximum snow depth and in snow water equivateent et al., 2015; Kukel et al.,
2016; Mote et al., 2018as well as a shortening of the snow season dur@imowles, 2015; Vincetret al.,
2015) Howeverreported snow decline trends are statistically significant only for a fraction of the concerned
areas or locations (s&ggure Atlas.2} (low confidenckg See als&ections 2.3.2.2 and 9.5.3.1

Rupp et al(2013)applied a standard fing@rinting approach to CMIP5 models and detewul that the
decline in Northern Hemisphere spring snow cover extent could only be explained by simulations that
included natural and anthropogenic forcing. In an attribugtady focusing on direct physical causes, it was
found that increased spring snoelt in northern Canada was driven by warmimguced high latitudes
changes such as atmospheric moisture, cloud cover, and energy adMicituszewski et al2014)

In an analysis of drivers of the record low snow water edent (SWE) values of spring 2015 in the western
US, it was found that the relative importance of greenhouse gases varies qiadiedlgt al., 2016)See
alsoSection3.4.2for further discussion of anthropogenic influences on snow extent.
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[START FIGURE ATLAS.25 HERE]

Figure Atlas.25:Grid -box trends (mm yr') in annual maximum snow depth for cold seasoperiods of 1960/1961
to 2014/2015(Left) Numbers indicate number of staticmgilable in that grid box. (Right) Boxes
wi t h & x dondignifitanttranddat the p < 0.05 level of significanc@unkel et al., 2016)

[END FIGURE ATLAS.25 HERE]

Atlas.9.3 Assessment of model performance

CMIP6 malels have been evaluated in the literature, although these studies have not included the full set of
CMIP6 simulationsFan et al(2020)established on a continahbasis for North America that temperatur
pattern correlations were quite accurdtieorarinsdottir et al(2020)compared maximum and minimum
temperatures over Europe and North America with several observational datasets and found that the CMIP6
ensemble agreed better with ERAS datantti@d CMIP5.Srivastava et a{2020)evaluated historical CMIP6
simulations for precipitation, compag them with several observational dataseser the continental US.

Most models show a wet bias over the eastern halbmtfinental USA and the northeast region while dry

biases persist in the central part of the cou@kmsanola et al(2020a)andAlmazroui et al(2021). The

spatial structure of biesis similar in CMIP5 and CMIP6, bwtith lower magnituds inCMIP6. Agel and

Barlow (2020)exanined 16 CMIP6 models over the nogthstern US foprecipitationanddid not find a

distinct improvement over CMIP5, although they did find the higher resolution models tended to perform
better. On the basis of the evidence so far, thereedium confidere that CMIP6models are improved

compared t€€CMIP5in terms of biases in mean temperature and precipitation over North America.

North America has been extensively used as a testbed for regional climate model (RCM) experiments, such
as the North AmericaRegional Climate Change Assessment Program (N2 (Mearns et al., 2009)

the MultiRCM Ensemble Downscaling (MREDYoon et al., 2012)and NACORDEX (Bukovsky and

Mearns, 202Q)Therefore, much performanceadwation has been conducted with a focus on specific climate
features in NorttAmerica. For the North American monsoon region, multidel performance evaluation
(Bukovsky et al., 2013; Tripathi and Dominguez, 2013; CeMpta et al., 2015)r a single member
performancéLucasPicher et al., 2013; Martynov etal., 28 ; Ge p ar o vdeionsratedahe . , 201
added value of RCMs, particularly more recent CORDEX simulations, through improved simulation of
summertime precipitation and the climatological wintertime storm tracks across the WhstedhStates
NA-CORDEX simulations were more successful at reproducing weather types compared to a single model
based large perturbgthysics ensembl@rein et al., 2019)Theapplication of a complex evaluation tool to

the full suiteof NA-CORDEX simulations found that the higher resolution simulations (25 km vs 50 km) of
precipitation were improved, particularly for daily intengiBibson et al., 2019)

However, deficiencies have also been reported. For example, storm occurrence over the East Coast of North
America was foun@Poan et al., 2018and amplitude in the simulated annual cycle was generally excessive

in NA-CORDEX simulations. RCMs tend to produce more (less) precipitation over mountains (the coastal
plains) (CerezeMota et al., 2015and winter precipitation in the western US had large positivebiasall

RegCM simulations, regardless of the driving GQWahoney et al., 2021)

Recently, convectivpermitting RCMs have been used to siatalNorth American climate features and
generated better simulations of precipitation. For example, summer precipitation over theesiath

USA wasimproved due to better representation of organized mesoscale convective systems alditg sub
scale(Castro et al., 2012; Liet al., 2017; Prein et al., 2017b; Pal et al., 20t diurnal cycle of
convection(Nesbitt et al., 2008)andin terms of means (and extremes) for the nedhtern United States
(Komurcu et al., 2018)

Recent studies have examined RCMs simulaticBWE, a quantity of primary importance notably for
hydrological modelling though its ground measurements are restricted by relatively high time and monetary
costs(Smith et al., 2017; Odry et al., 2020hich limit model assessment. Also, studies oéiBrphasize that
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a false impression of model skill for SWE can be obtained by compensatingrétung and precipitation
biases. Assessment frameworks have dealt with these issues by considering observational uncertainty
(Mccrary et al., 2017and by decomposing SWE biases into their contributinggsse$Rhoades et al.,

2018; Xu et al., 20195WE biases exceed observational uncertainty in sevetiairb@analysisriven
NARCCAP simulations over sewairegions, for all cold monti®lccrary etal., 2017) Analyses of NA
CORDEX simulations show that refining spatial resolution frdmd12 km improves certain (but not all)
aspects of SWE, stemming from improved mean precipitation and topogelpted temperatur&u et al.,
2019) Similarly an assessment of RCM simulations of freezing rain over Eastern Canada found a mix of
improved and deteriorated aspects from higher resol(fbRierre et al., 2019)

Atlas.9.4 Assessment and synthesispyojections
[START FIGURE ATLAS.26 HERE]

Figure Atlas.26:Regional mean changes in annual mean surfacer &&mperature and precipitation relative to the
1995 2014 baseline for the reference regions in North America (warming since the 183®00
pre-industrial baseline is also provided as an offsetBar plots in the left panel of each region
triplet show the median (dots) and 1i080th percentile range (bars) across each model ensemble for
annual mean temperature changes for four datasets (CMIP5 in intermediate colosespf CMIP5
used to driveaCORDEX in light colours; CORDEX overlying the CMIP5 subset with dashed bars; and
CMIP6 in solid colours); the first six groups of bars represent the regional warming over two time
periods (neaterm 20212040 and longerm 2081 2100) for three scenarios$812.6/RCP2.6,
SSP24.5/RCP4.5, and SSRB5/RCP8.5), and the remaining bars correspond to four global warming
levels (GWL: 1.5°C, 2°C, 3°C, and 4°C). The scatter diagrams of temperature against precipitation
changes displathe median (dots) and 10@0th percentile ranges for the above four warming levels
for DecembeiJanuaryFebruary (DJF; middle panel) and Juhdy-August (JJA; right panel),
respectively; for the CMIP5 subset only the percentile range of temperatucsvis, stnd only for
3°C and 4°AGWLs. Changes are absolute for temperature (in °C) and relative (as %) for
precipitation. See Sectioktlas.1.3for more details on reference regiditsirbide et al., 2020and
SectionAtlas.1.4for details on model data selection and processing. The script used to gdmnerate t
figure is available onlinéturbide et al., 2021and similar results can be generatedhie Interactive
Atlas for flexibly defined seasonal periodiurther details on data sour@es processing are
available in the chapter data table (Tabtias.SM.15.

[END FIGURE ATLAS.26 HERE]

CMIP5 and CMIP&urfacetemperature and precipitation projections over the region are simiilarall
regions warring more than the global averageost prominently those ithe north mosfFigure Atlas.28.
CMIP6 projeds, for scenarios and timperiods higher temperature chges (see alsGhapter 4 with this
contrast more accentuatedthe longtermfuture andat higher global warming levels. Thegher warming
in the north (also see theteractive Atlagis clearwhencomparingNEN, with increases from 8°C to over
11°C on an annual basis fBISP58.5 (neatterm to longterm compared to a 1968014 baseling}o NCA,
wherechangs rangdrom 15°C to6°C across the same periods. Maps showing changes in temperature and
precipitation and theirobustnessare available in thénteractive AtlasThe number of model results (i.e.,
ensemble size used to generate these figures) differs, and thie saamlifference may affect the results,
but the patterns and magnitudes of change are generally consistemisinis tery likelythat temperatures
will increase throughout the &tlcentury in all land areas, with stronger warming in the far north.

CMIP5 results have been analysed extensi(ely., Maloney et al., 2014nhdused in major climate change
assessments. The most recent US National Climate Assessment analysis of@@MsPy on RCP4.5 and

RCP8.5 for two future time periods stated that the USA would continue to warm regardless of scenario but is
likely to be highewith higher emissions scenarios (e.g., RCP8.5). Projected changes in precipitation are
somewhat compleXqut increased precipitation dominates in winter and spring, whereas in summer changes
are more variabl e and uncerm(Busmand Leénamerg 20appesentCh an gi n
changes in temperature and precipitation, as agetither variables, such as snow, for future periods in
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Canada using results from CMIP5. It indicates #ratual and winter precipitation is projected to increase
everywhere in Canada over the 21st century with larger percentage increases in the mpghatliee is
also projected to increase, regardless of scenario, and with larger changes occurringrth.the n

To provide the basis for generating additional information compared to that derived from CMIP5-the NA
CORDEX experiments were designed todlive a GCMRCM matrix which included multiple GCMs that
sampled the full range of climate sensitivity, mpié RCMs, at two different spatial resolutions (25 and 50
km) and a range of emissions scenarios (in most cases RCP4.5 and RKIE&B3% et al., 2017)
Karmalkar(2018)noted that th&NA-CORDEX model coversubregional ranges of temperature change
from the CMIP5 GCMdbetterthan NARCCAP did for the CMIP3 models. This structuraigie shift

provides greater confidence in the N\DORDEX results in terms of sampling the uncertainty adiuss
CMIP5 modelsFigure Atlas.2Y (Bukovsky and Mearns, 20200he pattern of warming is as seen in
CMIP5 and CMIP6 which also builds confidence that the RCMs gerf@giteéesolution results consistent
with CMIP5 on large scales whilst providing added value over regions such as the complex topography of
the Rocly Mountains in the US Weswhich are not well resolved in the GCMs. Therhigh confidence

that downscaling a subset of CMIP models that spanstige of climate sensitivities in the full ensemble is
critical for producing a representative range afiawyically downscaled projections.

[START FIGURE ATLAS.27 HERE]

Figure Atlas.27:Changes (207®099relative to 19701999) in the annual mean surface air tempeediyithree
GCMs (GFDL ESM2M, MPI ESMLR, HadGEMZ2ES) and two RCMs (WRF and RegCM4) nested
in the GCMs, for the RCP8.5 scenafédter Bukovsky and Mearns, 2020)

[END FIGURE ATLAS.27 HERE]

There are striking contrasts in the seasonal resulfgéaipitation fo the subregiongjgure Atlas.2§ The
northern regions and ENA all show steady increases with the global warming Verglkigh confidenge

For example, the projected increases in NEN region range from 7% in the near48¥nabtle end of the
214 century for the SSP8.5 scenario. In contrast, projected changes for NCA are for significant decreases
both on an annual basisi{eractive Atlay and in winter and which become greater as warming increases
(Akinsanola et al., 2020b; Almazroui et al., 20ZIHe other twaegions (WNA andCNA) exhibit mainly
increases in winter. In summelistributions are in general less uniform except for NWN and NEN which
display steady increases with global warming levels (but smaller than in winter). WNA and CNA mainly
show decreasdbased on the ndéan values) but with some models projecting increases. Projections from
the NACORDEX ensemble are consistent with those from the GCMs whilst providing greater detail of
precipitation changes over the mountains and along the ¢Bastsvsky and Mearns, 20dMteractive

Atlas). Similar results aréound in otheranalyses of RCM projectiorf§Vang and Kotamarthi, 2015; Ashfaq
et al., 2016; Teichmann et al., 2028)so, further analysis of the NEORDEX projections showed
substantial changes in weather typsated to inaeased monsoonal flow frequency and drying of the
northern Great Plains in summ@rein et al., 2019)

In summary, NEN, NWN and most of ENA wilery likelyexperience increased annual mean precipitation,
with greate increases at higher levels of warmingry high confidengeln NCA decreases predominate on
an annual basis and particularly in winteigh confidence Projected changes in summer are highly
uncertain throughout other regions apart from the far aontharts of NEN and NWN which wiikely
experience increaselsigh confidence

As discussed isection 10.3.3.4n important advance in regional modelling over the past decade or so is the
use of convectiopermitting regional models (CPM&rein et al., 2015, 20176)here have been a number

of experiments using CPMs over NoAmerica(e.g., Rasmussen et al., 2014; Prein et al., 2015, 2019; Liu

et al., 2017Komurcu et al., 2018A CPM study over North Americdat investigated changes in

Mesoscale Convective Systems projected that by the end of the century, assuming an RCP8.5 scenario, their
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frequency more than tripled and associated precipitationasedeby 80%Prein et al., 2017aA multiple
nesting of WRF over northastern USlownscahgto 3 km a CESM GCM climate projection assuming an
RCP8.5 scenario, found a differgattern of precipitation change of mixed increases ancdses
compared to the GCM projection of increases every mgtdamurcu et al., 208). These investigations
demonstrate the potential of ydrigh-resolution simulations to add important dimensions to our
understanding of regional climate change, though not necessarlguoceuncertainty figh confidenck

It is virtually certainthat snow cover will experience a general decline acrosth Morericaduring the 21st
century, in terms of extent, annual duration and SWE, based on GMHney et al., 2014)CMIP6

(Mudryk et al., 202Q)NA-CORDEX (Mahoney et al., 202.9nd NARCCARPR(e.g., McCrary and Mearns,
2019)simulations. For some regions the decline could be discernible over the next few decades, for example
in western USAFyfe et al., 2017)It is, howeverlikely that some highatitude regions will rather

experience an increase in certain winter snow cover propévtielryk et al., 2018; McCrary and Mearns,

2019) due to snowfall increag&rasting et al., 2013grevailing over tke warmingeffect Discussion of

changes in snow in the future is also covereSdation 9.5.3but for larger regions.

The fraction of precipitation falling as snaswrojected talecrease practically everywhere over North
America, includingover westen USA andsouthwestern Canad@Mahoney eal., 2021) andin theGreat
Lakes basin where lakeffect precipitation is importariSuriano and Leathers, 201&) this basin, the
frequency of heavy lakeffect snowstorms is expected tecdease during the 21st century, except for a
possible temporary increase around Lake Superior bycamtury, if local air temperatures reiméow
enough(Notaro et al., 2015)CMIP5 simulations of the periods 19&@D00 and 20812100 over central and
eastern US suggest a nortmg shift in the transition zone between rdominated and snc@ominated
areas, by about 2° latitude under theFRG scenario and 4° latitude under the RCP8.5 sceNing and
Bradley, 2015)Rairnron-snow event propeds over North America should also evolve during the 21st
century, with nortrivial dependencies on the positioning relative to the frediniegJeong and Sushama,
2018)and on elevatiofMusselman et al., 2018)

Atlas.9.5 Summary

AcrossNorth America it isvery likelythat positive surface temperature trends are persigtertss near

Arctic latitudes of North America increases are exceptionally pronounced, greater than 0.5°C per decade
(high confidencg. In partsof eastern and central North America itikely thatannual precipitation has

increased over the period of 1960 to 2015 but with no clear trends in other regions except for parts of south
western US and nortivestern Mexico where theismedium confidence drying.

Model representation of the climatologf mean temperature and precipitation liesy improved

compared to the AR5 over North America. This is aided by continuous model development, and the
existence of new coordired modelling initiatives such as NBORDEX. There ishigh confidenc¢hat
downscaling a subset of CMIP models that spans the range of climate sensitivities in the full ensemble is
critical for producing a representative range of dynamically downscaleztpous.

It is virtually certainthatannualandseasonasurface temperates over all of North America will continue

to increasat a rate greater than the global averagth greater increases in the far north. Mesy likely

based on global anégional model future projections, that on an annual time scale precipitatio

increase over most of North Americarth of about 45°N and in eastern North America, andikety that

it will decrease in the southwest US and northern Mexico, patlguh winter. Elsewhere the direction of
change of precipitation is uncertalhis virtually certainthatsnow cover will experience a decline over

most regions of North America dog the 21st century, in terms of water equivalent, extent and annual
duration It is howevelrvery likelythat some highatitude regions will rather experience an increase in winter
snow water equivalent, due to the snowfall increase prevailing ovesttmeingeffect
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Atlas.10 Small islands
Atlas.10.1Key features of the regional climai@nd findings from previous IPCC assessments
Atlas.10.1.1Key features of the regional climate

Many small islands lie in tropical regions and their climate varies depending on a range of factors with
location, extent and topography having major influences. In getiegal climate is determined by that of
the broader region in which they lie asytheave little influence on the regional climatighough steep
topography can indudggher rainfall totaldocally. Temperature variability tends to be low due to the
influence of the surroundingcean most marked in the tropics where oceanic tempereanges are small.
However, seasonal rainfall variability can often be significant, both through the annual cycle and also
interannually through the influence of many modgsariability (for more details se@rossChapter Box
Atlas.2; Annex IV andSectionAtlas.7.1for the Caribbean Many small islands are exposed to tropical
cyclones and the associated hazardsgi iinds, storm surges and extreme rain&ald many lowlying
islands are exposed to regular flooding from natural high tide and wave activity. In the, Phaiies of the
El Nifio Southern Oscillation result periods of warmer or cooler than averégmperatures following the
upper ocean warming of El Nifio events or cooling of La Nifia eyvantsrespectively weaker and stronger
trade winds. El Nifio conditions also lead to drought in Melanesian islands agalsied typhoons and storm
surges in FrencRolynesia with La Nifia conditions causing drought in Kiribati. Other islands experience
increased rainfall during these periods.

Atlas.10.1.2Findings from previous IPCC assessments

The AR5 noted observed temperature increases of DA.2CC per decade in Pacifislands and that

warming wasvery likelyto continue across all Small Island regig@&ristensen et al., 2013; IPCC, 2013a)

It also reported decreased raihfaler the Caribbean, increases over the Seychelles, streamflow reductions
overthe Hawaiian Islands and projections of reduced rainfall over the Caribbean and drier rainy season for
many of the southwest Pacific Islan@hristensen et al., 2013; IPCC, 2013a; Nurse et al., 20hé)

remaining findings are derived from the SRO@RCC, 2019a)Ocean warming rates halieely increased

in recem decades with arine heatwaves increasiagdvery likelyto have become longdaisting, more

intense and extensive as a result of anthropogenic warming. Open ocean oxylgdralexery likely

decreased and oxygen minimum zones hi&edy increased irextent. There isery high confidencthat

global mean sea level rise has accelerated in recent decades which, combined with increases in tropical
cyclone winds and rainfall and increases in extreme waves, has exacerbated extreme sea level events and
coasal hazardshigh confidenck It is virtually certainthat during the 21st century, the ocean will transition

to unprecedented conditions with further warming and acidificaiibumally certain increased upper ocean
stratificationvery likelyand contimed oxygen declinar{edium confidengeThere isveryhigh confidence

that marine heatwaves angdium confidenciat extreme EIl Nifio and La Nifia events will become more
frequent. It isvery likelythat these changes will be smaller under scenarios evitlyteenhousgas

emissions. Global nam sea level will continue to rise and therbigh confidencéhat the consequent

increases in extreme levels will result in local sea levels in most locations that historically occurred once per
century occurring deast annually by the end of the aggtunder all RCP scenaridsigh confidencke In

particular, many small islands are projected to experience historical centennial events at least annually by
2050 under RCP2.6 and higher emissions. The proportioatefGry 4 and 5 tropical cyclones, and

associated precipitation rates and storm surges, along with average tropical cyclone intensity are projected to
increase with a 2°C global temperature ribereby exacerbatingpastal hazards.

Atlas.10.2 Assessment and syrdkis of observations, trends and alttwition

Significant positive trends in temperature ranging from 0.15°C per decade (over the peridzD19%8
0.18°C per decade (over the period I198111) are noted in the tropical Western Pacific, where the
significant increasing trends in the warndasrool extremes are also spatially homogenéduses et al.,
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2013; Whan et al., 2014; Wang et al., 208sinilarly, much of the Caribbean regi showed statistically
significant warming (at the 95% level) over the 102110 periodJones et al., 2016bPbservation records

in the Caribbean region indicate a significant warming trend of 0.p8f@ecade and 0.28°C per decade in
daily maximum and minimum temperatures, respectively, with statistically significant increases (at the 5%
level) in the numbebf warm days and warm nights during 198010(Taylor et al., 2012b; Stephemset

al., 2014; Beharry et al., 2015)

A weather statiofbased annual precipitation trend analysis over 12010 in the Caribbean region

indicatad some locations with detectable decreasing tré¢ilidatson and Zeng, 2018)hich were

attributable in part to anthropogenic forcing. These include southern Cuba, the northern Bahartiess,
Windward Islandsithoughsignificant trends were not found over the shorter periods of iIEEI0 and

1981 2010.In Caribbean Islands, a Palmer Drought Severity Index dataset from 1950 to 2016 showed a
clear drying trend in the regiqilerrera andiult, 2017) The 20182016 period showed the most severe
drought during the period and was strongly related to anthropogenic warming, which would have increased
the severity of the event by 17% and its spatiaént by 7%Herrera et al., 2018However, a seasonal

analysis of observations grouped into large subregions of the Cariteheated no significadong-term

trends in rainfall over 1902012 but significant inteidecadal variabilitfJones et al., 2016H)eclines in

summer rainfalli(4.4% per decade) and maximum fiday rainfall { 32.6 mm per decade) over 19@005

were reported fioJamaicdCSGM, 2012)and an insignificant decrease in summer precipitation was

observed for Cuba for 1960 to 19@8aranjeDiaz and Centella, 1998Fhree of four stations examined for
Puerb Rico exhibited declining JJA rainfalver 19552009 with the trend statistically significant at the

95% level for CanévangMéndezLazaro et al., 2014)n the Caribbean, positive regional trends in

precipitation of 2% and trends in extremes during 1961 to 2010 were found to be not statistically significant
(at the5% level)(Stephenson et al., 2014; Beharry et al., 20R&3%itive trends in JJA rdul over Cuba and
Jamaica are seentine CRU whereas they are negative over Cuba for GR®¥€r eastern Hispaniola they

are positive in CRU and negative in CHIR@&vazos et al., 2020)

In Ha w g betbveen 1920 and 2012, over 90% of the islands shmedededainfall andstreamflow,an
increase in the frequency ddys withzero flow(Strauch et al., 2015; Frazier and Giambelluca, 2ahd)
robust positive trends in the drought frequency and seV@fitreeet al., 2016)Over the western Pacific,
interannual and decadal variabilities also drive {argn trends in rainfall. Recent analysis of station data
showed spatial variations in the mostly decreasing busigmificant trends in annual and extrerafall
over the Western Pacific from 1962011 (ow confidenci(McGree et al., 2014PDver the southern
subtropical Pacificlecreases iannual, JJASON and extreme rainfall and incresgsdrought frequency in
western region has been observed since (B®®ianovic et al., 2012; McGree et al., 201690

Over the Western Indian Ocean significant warniregdshave been reported for Mauritius (1.2°C during
1951 2016(MESDDBM, 2016), La Réunion (0.18°C per decade over 1288 9(MétécFrance, 2020)
and Maldive§MEE, 2016) Both Mauritius and La Réunion have experienced rainfall decreases of 8%
during195% 2016 and 1.2% per decade during 188119 with generally weak, nesignificant rainfall
trends during 196722012.

Assessing observed climate change for Small Islands is often constrained by low statior{RRgmnsinhd
Hayhoe, 2014; Jones et,&016¢), digitization requirements or data sharing limitati¢dhenes et al., 2016¢)
Station data typically have longer temporal coverage relative to satellite products but are limited in spatial
coveragdCavazos et al., 2020For Snall Island nations, spatial gaps between observations can be very
large due to isolation of the islan@/right et al., 2016)Additionally over past decades, the number of
station observations has declined substantially in Maufibbhsirmea et al., 2019) H a (@Bassidumi and

Oki, 2013; Frazier and Giambelluca, 20And most Pacific Island countries since the $486nes et al.,

2013; McGree et al., 2014, 201&) Fiji, meteorological stations were located on or by the coabsparse

in the irterior (Kumar et al., 2013)Notable topography and land usay result in chares in climatic

conditions over small distancésoley, 2018) making the observational density particularly relevant.

Moreover, many stations have little metadata available, including those in VatieaBolomon Islads and
Papua New Guine@Vhan et al., 2014)Compared to earlier decades, little metadata are currently being
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documented in the vetern Pacific island@VicGree et al., 2014Wwhich will challenge the homogenization of
long-term observational records. Challenges in the Caribbean include maintaining continuous daily time
series with metadata, converting climatological data into digitaldtsrmnd making theffneely available
(Stephenson et al., 2014, Beharry et al., 2015; Jones et al., ZDiBdy also an issue in the Pacific as
mary data are kept inational (local) databases, with only a fraction having been incorporated into global
dataset¢Whan et al., 2014)

Because oftte small number of stations used for interpolation and the complex mountainous topography,
gridded product for these small islands should be interpreted with célatamier and Giambelluca, 2017)

For the Antilles, the error in estimating CRU2.0 monthly precipitation can stand locally between 20% and
40%. Over the Caribbea(Cavazos et al., 202@und a discrepancy across gridded observational datasets
(CRU, CHIRPS, and GPCP) in detecting orographic precipitation especially during boreal summer making
their use in climate model evaluation challengiHgrrera and Ault, 2017Furthermore, some reanalysis
products such as the 0.7° x 0.7° EfRderim reanalysisare not adequate as many of the smaller Caribbean
islands are not represented as l@hahes et al., 2016¢)

Atlas.10.3Assessment of model performance

An assessment of model perfoammce for the Caribbean region is contained in Seétitas.7.1on Central
America. In summary, the ability of climate models to simulate the climate over the region has improved in
many key respects with the application of @ased model resolution andhetter representation of the land
surface processes of particular importance in these advdngke<¢nfidence Regional climate models

(RCMs) simulate realistically seasonal surface temperature and precipitation patteiagrtbe bimodal
rainfall in the precipitation annual cycdédthoughwith some timing biases in some regiohigb confidenck

The important regional circulation and precipitation features, the Carithlosahevel Jetand the mid

summer drought, are wekpresented over a variedy RCM domains covering the regiomigh confidence

Over the tropical Pacific, surface temperature biases in CMIP6 models remain similar to those in CMIP5,
althoughare reduced in the higher resolution models in the HiRBsivisemble. CMIP6 models geally
represents trends in sgarface temperatures better than CMIP5 &aetion 9.2.Tor more details). For
precipitation, he persistent tropical Pacific bias of the double IT&Zdqnioushands of excessive rainfall
bothsides of the equatorial Pacific) is still present in CMIP6 moal#isughis slightly improved compared
to those in CMIP3 and CMIP5 modetegtion 3.3.2.2 Application of downscaling techniques (RCMs and
stretcheegrid GCMs) usingresolutiondiner than10 kmover the Pacifican capturéopographic influences
on wind andainfall to generate realistic simulations of island climétéasr example over Fiji and New
Caledonia(Chattopadhyay and Katzfey, 2015; Dutheil et al., 20tBpothcases applying bias adjustment
to theseasurface temperatures used as a lower boundary condition for the downscaling models was
important to generate realistic simulations.

Atlas.10.4Assessment and synthesis of projections

Projecedmedian temperature increages Small Islands from the CMIP5 emsble range from 1°C
(RCP4.5) to 1.5°C (RCP8.5) in the period 202@55, and from 1.3°C (RCP4.5) to 2.8°C (RCP8.5) by
2081 2100 relative to 198@005(Harter et al.2015) Spatial variations in thearming trend are projected
to increase by the end of the 21st century, with relatively higher increaseircticeand subArctic
islands, and in the equatorial regions compared with islands in the Southerni@aeanet al., 2015)n
the western Pacific, temperatures are projected to increase by 2.0°C tbyt583knd of the 21st century
relative to 196111990(Wang et al., 2016)The warming over land in the Lesser Antilles is estimatdxto
about 1.6°C (3.0°C) by 2072100 br the RCP4.5 (RCP8.5) scenario, relative to 12000(Cantet et al.,
2014. Projections from the CMIP6 emable support these findingBigure Atlas.28and across global
warming levels from 1.5°@ 4°C CMIP5 and CMIP6 consistently project lower levels of warming for
Small Islands than the global average (see alstmtaective Atlas.
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[START FIGURE ATLAS. 28 HERE]

Figure Atlas.28:Regional mean changes in annual mean surface air temperatynerecipitation and sea level rise
relative to the 19952014 baseline for the reference regions in Small Islands (warming since the
1850 1900 preindustrial baseline is also provided asn offset).Bar plots in the left panel of each
region triplet show thenedian (dots) and 10tB0th percentile range (bars) across each model
ensemble for annual mean temperature changes for four datasets (CMIP5 in intermediate colours;
subset of CMIP5 uskto drive CORDEX in light colours; CORDEX overlying the CMIP5 subs#t w
dashed bars; and CMIP6 in solid colours); the first six groups of bars represent the regional warming
over two time periods (neaerm 20212040 and longerm 20812100) for three aenarios (SSR1
2.6/RCP2.6, SSRP2.5/RCP4.5, and SSRB5/RCP8.5), anche remaining bars correspond to four
global warming levels (GWL: 1.5°C, 2°C, 3°C, and 4°Bar plots in the right panshowthe median
(dots) andbthi 95th percentile range (barsgalevel risefrom theCMIP6 ensembldsee Chapter 9 for
details)for thesametime periodsandscenariosThe scatter diagrams of temperature against
precipitation changes display the median (dots) and 20th percentile ranges for the above four
warming kevels for Decembetanuaryrebruary (DJF; middle panel) and Juhdy-August (JJA;
right panel), respectively; for the CMIP5 subset only the percentile range of temperature is shown,
and only for 3°C and 4°C GWLs. Changes are absolute for temperatu€ @nd relative (as %) for
precipitation. See Sectiohtlas.1.3for more details on reference regiditsirbide et al., 2020and
SectionAtlas.1.4for details on model data selection and processing.sthipt used to generate this
figure is available onlin@turbide et al., 2021&nd similar results can be generated in the Interactive
Atlas for flexibly defined seasonal periodiurther details on data sources and processing are
available in the chapter data table (Tahtis.SM.15.

[END FIGURE ATLAS.28 HERE]

The CMIP5 ensemble median projected a precipitation decreases df1§%taver the Caribbean, parts of
the Atlantic and Indian Oceans and southern-sobical and eastern Pacific Ocean, and increases of up to
10% over partsfahe western Pacific and Southern Ocean, and up to 55% in the equatorial Pacific islands
under RCP6.in the period 20812100relative b 1986 2005(Harter et al., 2015)A projected decrease in
amual precipitation is also noted over the Lesser Antilles under the RCP4.5 and RCP8.5 Jesatied et

al., 2014) Seasonal rainfall is projected to decrease in most areas indj@weept for the climatically wet
windward side of the mouains, which would increase the wet and dry gradient over thé Eiremn et al.,

2015) The average precipitation changeslia w aare @stimated to be abduit1% toi 28% under RCP4.5
during the wet season, and ab©d#o toi 28% under RCP4.5 during the dry season in the period 2071
relative to 19762005 with larger tianges under RCP8(%imm et al., 2015)There are still uncertaies in

the projected changes, which have been attributed to factors including insufficient model skill in representing
topography in the small islands, and high variability in climate drivers. However, thedwaladbattern of
projected wetter conditiona the western and equatorial Pagifiorth Indianand Southern Oceaandof
drier conditions over the Caribbean, tsaof the AtlanticWestIindian and the southern stitmpical and
eastern Pacific Oceaare further strengthened in the CMIP6 ensentBigufe Atlas.28which are thus
likely regional responses as the climate continues to warm.

The negative trend in fute summer rainfall in the Caribbean and Central America is projected to be
strongest during thenid-summen(Juné August)based orstudies using GCM&Rauscher et al., 2008;
Karmalkar et al., 2013; Karmacharya et al., 2017; Taylor et al8)20ke future summerrgling over the
Caribbean is associated with a projected future strengthening of the Calildveaevel Jet (Taylor et al.,
2013b) Rauscher et a(2008)hypothesized that the simulated 21st cgntlrying over Central America
represents an early onset and intensification of thesomoimer droughfThe westward expansion and
intensification of the NASH associated with the raidnmer drought occurs earliender A1B, with
stronger lowievel easterts.Rauscher et a(2008)further suggested that the eastern Pacific ITCZ is also
located further southward and that there are some indications that these changes caréd by NSO
like warming of the tropical estern Pacific and increased laodean heating contrasts over the North
American continent. Other studies also suggest a future intensification of the NASH due to changes in land
sea temperature contrast resultiram increasedjreenhousgasconcentratias(Li et al., 2012h)
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Atlas.10.5Summary

It is very likelythat all Small Island regions have warmed with significant trends recorded from at least the
1960s in all territories or nations. Tasinclude 0.15°00.18°C per decade in thepical Western Pacific

(1953 to 2011), significant warming over the Caribbean (12010) with trends of 0.19°(.28°C)per

decade in daily maximufminimum temperaturg@$1961 2010) andn La Réunion of 0.18°@er decade

(1968 2019). There are fewerggiificant trends in precipitation in these regions though several locations in
the Caribbean have detectable decreasing trémigls ¢onfidenck in part attributable to anthropogenic

forcing (imited evidencg Also, it islikely that drying has occurrezsince the mieROth century in some parts

of the Western Indian Ocean, and in the Pacific poleward of 20° latitude in both the northern and southern
hemispheres.

It is very likelythat Small Island regns will continue to warm in the coming decades a&vallslightly
lower than the global mea8mall Island regions in th&/estern and equatorial Pacifidorth Indianand
Southern Ocean ali&ely to be wetter in the future arldose inthe Caribbean,arts of the Atlantic and
WestIndian Oceans and the sbarn suktropical and eastern Pacific Ocean drier.

[START CROSS-CHAPTER BOX ATLAS.2 HERE]
Cross-Chapter Box Atlas.2: Climate information relevant to water resources in Small Islands

Coordinators. Tannecia Stephenson (Jamajéaye Abigail Cruz (Philippines)

Contributors: Donovan Campbell (Jamaica), Subimal Ghosh (India), Rafig Hamdi (Belgium), Mark Hemer
(Australia), Richard G. Jones (UK), James Kossin (USA), Simon McGree (Augtijglidlair Trewin
(Australia), Sergio M. Vicent&errano (Spain)

Constructing regionatlimate information for Small Islands involves synthdssn multiple sources. This
crosschapter box presenitsformationrelevant to water resourcesawing onseveral chapters in ARgd
SectionAtlas.1Q It introduces the context and current evidence base followed by an assessment of trends
and projections in rainfall, temperature and sea levels across Small Islands and highlight key findings.

Regional context

Small Islands are predominantly located in the fiRaditlantic and Indian Oceans, and in the Caribbean
(Nurseet al., 2014; Shultz et al., 2019)hey are characterized by their small physical size, being surrounded
by large ocean expanses, vulnerability to natural disasters and extreme events and relative Maois¢ien

al., 2014)Section 12.4.7SectionAtlas.1Q Glossary. These and neaylarger islands (e.g., Madagascar,
Cuba) are often watescarce with low water volumes due to increasing demand (from populatiwthgrnd
tourism), aging and poorly designed infrastruc{i@erns, 2002and decreasing supply (from pollution,
changes in prepitation patterns, droughgaltwater intrusion, regional sea level rise, inadequate water
governancéBelmar et al., 2016; Mycoo, 20.8nd competing and conflicting usgashman, 2014;

Gheuens et al., 2018%ection 8.1.1.). In the Caribbea groundwater is the main freshwater source and
depends strongly on rainfall variabilifi?ost et al., 2018)hile rain, ground or surface water are the primary
sources for the Pacific islands depending on island type (volcanic or atoll), size and quality of groundwater
reservegBurns, 2002) Groundwater pumipg and increasing sea levels adfi@ct water availability by
increasing the salinity of the aquif@.g., Bailey et al., 2015, 2016jusreinforcing negative drought effects
from reduced rainfall and increased evaporative demand from higher tempefatuesample,ri 54% of

the Marshall Islands, grounauer is highly vulnerable to drobts (Barkey and Bailey, 2017)

The climate of Smalllslands and findings from previous IPCC assessants

Intraseasonal to interannual rainfall in the Caribbean and in the Indian and Pacific Ocean is influenced by the

trade winds, the passage of tropical cyclones (TCs), Madidiean Oscillation (MJO), eastg waves,
migrations of the Inteffropical Cowvergence Zone (ITCZ) and the North Atlantic Subtropical High (NASH)
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for the Caribbean, the South Pacific Convergence Zone (SPCZ) and western North Pacific summer monsoon
for the Pacific and the South Asian nsonns for the Indian Ocean. The relevant dontinaodes of climate
variability (Annex IV, Section 8.3.2)%re El NifileSouthern Oscillation (ENSO) and the Indian Ocean

Dipole (IOD) which have been associated with extreme events in the i§&trghenson et al., 2014; Kruk

et al., 2015; Frazier et al., 20{8hnex V). The modes of climate variability are modulated by Pacific

Decadal Variability (PDV), Interdecadal Pacific Oscillation (JR@d Atlantic Multidecadal Variability

(AMV). These modes show no sustained trend since the late 19th céighrggnfidence(Section 2.4

The AR5 WGI reports observed temperature increases ofiI2W per decade in Pacific Islands with
these trendsery likelyto continue under high emissgmrand projects a drier rainy season for matands

in the southwest Pacifi€Christensen et al., 2013)\R5 WGII reports rainfall reductions over the Caribbean,
increases over the Séalles, streamflow reductions over the Hawaiian Islands anevasdt intrusion into
groundwatereserves in Pacific Islands resulting from storm surges and high{Ndese et al 2014)
SROCC(IPCC, 2019ajinds very high confidencthat global mean sea level rise has accelerated in recent
decadesvhich has exacerbated extreme sea level events and flobidtitigconfidenck It will continue to

rise with consequent increases in extreme levels so that the historiéatanentury extreme local sea

level will become an annual event by the endchef¢entury under all RCP scenaribgb confidencke In
particular, many Small Islands are progtto experience historical centennial events at least annually by
2050 under RCP2.6, RCP4.5 and RCP8.5 emissions. The proportion of Category 4 and 5aESschangd
precipitation rates along with their average intensity are projected to increase2itlgbbal temperature
rise which will further increase the magnitude of resultant storm surges and flooding. The SROEC cross
chapter box on Lovlying Islards and CoastdVlagnan et al., 2019pcused on sea level rise and oceanic
changes and their impacts, therefore the assessmsanf®é here on climate changes relevant to water
resources, including precipitation and temperature, is complementary.

Observations and attribution of changes

CrossChapter Box Atlas.2resents an overview observedsubregionl trends relevant to water resources
in some Small Islands and island regiongddy from 1951. Some general observed climate trends include
higher magnitude and frequency of temperatures including warm extreredsi(to high confideoe

Table 11.7, Sections 12.4.7Atlas.10.3, declines in high intensity rainfall eventeW to medium
confidenceTable 11.7, regional sea level rise with strong storm surge and wagedting in increased
coastal flood intensitfhigh confidenceSection 12.4.7 4SectionAtlas.10.3, and increased intensity and
intensification rées of tropical cyclones at global scateedium confidenc&ections 11.7.1.2, 1243) and
ocean acidificationvirtually certain Chapters 2, 6 and $ectionAtlas.3.2.

No significant longterm trends are observed for annual Caribbean rainfall over the 20th cémury (
confidenceSectio Atlas.10.3. Over the western Pacific, generally decreasing butsigmificant trends are
noted in annual total rainfall from 1961 to 201dw( confidenceSectionAtlas.10.2 Table 11.%. JuneJuly-
August §JA)rainfall over the Caribbean shows sodmging tendencies thahay be linked to the combined
effect of warm ENS@ventsand a positive NAO lpase(Giannini et al., 2000¥iéndezLazaro et al., 2014;
Fernandes et al., 2015y towarm ENSOevents and a positive PDWaldonado et al., 2016Jhe work

of Herrera et al(2018)however suggests that anthropogenic influencesatsmpe possible though

proposé mechanisms to date have not decoupled the influence of anthropogenic trends versus natural
decadakariability (Vecchi et al., 2006; Vecchi and Soden, 2007; QiNet al., 2009)

Southern hemisphere subtropical Pacific JiNwvember drying has been associated with intensification of
the subtropical ridge and assated declines in baroclinicifWhan et al., 2014)Austral summer drying in
the southwest French Polynesia subregion has béesdlwith increased greenhougas and ozone changes
(Fyfe et al., 2012)The southern misphere jet stream hékely shifted polewardsSection 2.3.1.4)3which

is attributed largely to a trend in the Southern Annular M&#etion 3.7.2

These assessments are constrained by limited availability of observational datasets and af sitidiei
Assessment of observed climate change for Small Islands is often constrained by low statio(Riensity
and Hayhoe, 2014; Jones et al., 2016bprt perids of record, digitization requirements or data sharing
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limitations (Jones et al., 2016c@vailability of metadatéMcGree et al., 2014; Stephenson et2014; Jones
et al., 2016h)challenges in some gridded product representations of variability, for example forxomple

topography(Frazier and Gimbelluca, 2017)and challenges characterizing the impact of vertical land
motion on sea level riggVoppelmann and Marcos, 201@ge also Sectiohtlas.10.3.

[START CROSS-CHAPTER BOX ATLAS.2, TABLE 1 HERE]

Cross-Chapter Box Atlas.2, Table 1: Summary of observetlends for Small Island regions. SLR = sea level ii$g;
= tropical cyclone; SPCZ = South Pacific Convergence Zone.

Region |Subregion [Temperature Rainfall Other
Caribbear Low confidencén drought intensity
increasing over 2012016(Herrera
and Ault, 2017; Herrera et al., 201
Jamaica, Low confidencen declining JJA No attributable JJA
Cuba, rainfall (CSGM, 2012and rainfall trends 195il
Puerto Ricg decreasing trend Puerto Rico 18552010(Knutson and
2009(MéndezLazaro et al., 2014) |Zeng 2018)
Mixed trends 198(010(Cavazost
al., 2@0),
Eastern  |Medium confidence |Low confidencén an increase in  |Medium confidence
Caribbean |in increased periods ofdrought since 199®/an |[SLR of 71 2.5 mm yi*?
frequency of hot Meerbeeck, 2020) since 195@Van
extremes Meerbeeck, 2020)
Pacific |Midway- [High confidencén |Medium confidencén rainfall Medium confidencin
Hawaiian |the increase in mea|decreasing since 1920, drought |relative SLR of 2.1
Islands temperature since [frequency and severity increasing |mm yr! (Mokuoloe Is,
1917 and stronger |sincel951 and exceptional artg  |and Honolulu, Oahu
increase in minimun{since 2008(McGree et al., 2016; |Is.) over 19982017
temperature since |Frazig and Giambelluca, 2017; Lu
1905(Keener et al., |et al., 2020h)
2018; McKenzie et
al., 2019; Kagawa [Low confidencén extreme rainfall
Viviani and increasingKruk et al., 2015)
Giambelluca, 2020)
Northwest |High corfidencein  |Low confidencén JJA and SON tai |Low confidencén
Tropics the increase in meajand extreme rainfall decreasing, [decreasentotal TC
and extreme increasing drought in east Microne{numbers. Depends o
temperature and marginal increase in rainfall fo|dataset/perio@Choi
at most locations  [western islands since 198ruk et |and Cha, 205; Lee et
since 195 Whan & (al., 2015; McGree et al., 2019) al., 2020)
al., 2014; McGree €
al., 2019) Medium confidencen
relative SLRof 2.8
mm yr'! (Majuro,
Marshall Is.) over
1994 2015(Ford et
al., 2018)
Equatorial Low confidencén increasing annualLowto medium
Pacific and JJA extreme rainfall, decreasiiconfidencen relative

consecutive dry days in the centra

region since 195(McGree et al.,

SLR of 5.3 (Nauru),
0.8 (Kanton, Kiribati)

Do Not Cite, Quote or Distribute

Atlas-99

Total pagesi96



=

CQOVWoO~NOUITDWNPE

Final Governmenbistribution

Atlas

IPCC ARG WGI

Southwest
SPCZz

Northeast
SPCz

Southern
Subtropics

2019)and increasig DJF total
rainfall (BOM and CSIRO, 2014)

Low confidenceén decreasing SON
total rainfall, increasing JJA and
SON extreme rainfall and fewer
consecutive wet days in western
region since 195(BOM and CSIRO
2014; McGree et al., 2019)

mm yr!over 1993
2015(Albrecht et al.,
2019; Martinez
Asensio et al., 2019)

Low confidencen change in mean
and extreme rainfall at most locatid
since 195XKeener et al., 2012;
McGreeet al., 2016, 209)

Low confidencén change in mean
and extreme rainfall at most locatid
since 195 BOM and CSIRO, 2014
McGree et al., 2016, 2019)

Medium confidencen annual, JJA
and SON total and extreme rainfal
decreasing and increasing drought
frequency in western region since
1951 (Jovanovic et al., 2012; McGr
et al., 2016, 2019)

Low confidencén annual, SON, DJ
MAM total and extreme rainfall
decreaing, increases in droughtAlJ
rain days and consecutive dry day
Southwest French Polynesia since
1951(McGree et al., 2016, 2019)

Medium confidencm
decrease in total TC
numbers antbw
confidencean decrease
in numbers of intense
TCs since 1981
(Kuleshov et al.,
2020)

Low confidencén shift
in mean SPCZ positig
since 191X Salinger e
al., 2014)

Medium confidenci
increase in relative
SLR of 1.70 7.7 mm yt
Lacross southern
Pacific Islands over
period 19982015
(MartinezAsensioet
al., 2019)

Western
Indian
Ocean

Mauritius

Warming of 1.2°C
over 19512016
(MESDDBM, 2016)

Rainfall decrease of 8% over 1951
2016(MESDDBM, 2016)

Relative SLR at 5.6
mm yr'! over 2007
2016(MESDDBM,
2016)

La Réuniori

Temperatre increas
0.18°Cper decade
over 19682019
(MétéoFrance,
2020)

Rainfall decrease of 2% per decad
over 061 2019(MétéaFrance,
2020)

Maldives

Generally warming
trends fran the 1970

to 2012(MEE, 2016)

Generally weak, nesignificant
rainfall trends over 1962012

(MEE, 2016)

SLR of 2.93.7 mm y'
Lover 19912012
(MEE, 2016)

[END CROSSCHAPTER BOX ATLAS.2, TABLE 1 HERE]

Information on future climate changes

Small Islands willivery likelycontinue to warm this century, thoughaatate less than the global average

(Figure Atlas.28 with consequent increased frequency of warm extremes for the Caribbean and Western

Pacific islands, and heatwave events for the Caribbégh ¢onfidencg(Table 11.7. Annual and JJA
rainfall declires ardikely for some Indian and southern Pacific regions withrd) over southern French
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Polynesia (attributed partially to greenhowses increases) and farther east clearly evident in CMIP5 and
CMIP6 projectios (Figure Atlas.28 (high confidenck See also Sectioitlas.10.4

Rainfall isvery likelyto decline over the Caribbean, in the annual mean and especially in JJA, with a
stronger and more coherent signal in CMIP6 compared to CNHiIgGré Atlas.28Interactive Atlasand
reductions of 2030% by the end of the century under high future emisgi8&P5.5). This JJA drying has
been linked to a future strengthening of the Caribbean Low Level Jet (Claypr et al., 2013h)a
wedward expansion and intensification of the NASH, strongerltoxgl easterlies over the regian,
southwardly placed eastern Pacific IT@GZauscher et al., 2008nd changing dynamics due to increased
greenhous@as concentrationi et al., 2012b)very high confidengeProjections from 15 GCM and two
RCM experiments for 208@089 relative to 19710989 were for a generally drier Caribbean and a robust
summer dryingKarmalkar et al., 2013More recent downscaling studi@sg., Taylor et al., 2018; Vichot
Llano et al, 2021)also project a drier Caribbean and longer dry spebs Meerbeeck, 2020)

Sealevel rise isvery likelyto continue in all Small Island regiofiSigure Atlas28, see also Sectief.6.3.3
andl12.4.7.4)and itsthe effects will be compoued by TC surge events. In general, the most intense TCs
arelikely to intensify and produce more flood rains with warming, however detailed effects of climate
change on TCs will vary by regidinutson et al., 201%%ection 11.7.)L Bailey et al(2016)projected a

20% decline in groundwater availability by 2050 in Coral Atoll islands @fbderal States of Micronas

and stressed that under higher sea level rise the decrease could be higher than 50% due to marine water
intrusion into aquifers, as well as drought events.

Summary of information distilled from multiple lines of evidence

It is very likelythat most Srall Islands have warmed over the period of instrumental records. The clearest
precipitation trend is kkely decrease in JJA rainfall over the Caribbean since 1950. Tharatésl
evidenceandlow agreementor the cause of the observed drying trendethkler it is mainly caused by
decadaiscale internal variability or anthropogenic forcing, but liksly that it will continue over coming
decades. It ifikely that drying has occurred since the Adth centurym some parts of the Pacific poleward
of 20° latitude in both the northern and southern hemispheres and that these will continue over coming
decades. Rainfall trends in most other Pacific and Indian Ocean Small Islands are mixed and largely non
significant.lt is very likelythat sea levels wiltontinue to risén all Small Island regionand this will result

in increased coastal flooding with the potential to increasevsadir intrusion into aquifers in Small Islands.

Whilst this assessment demonstrdbed the climate of Small Islands haxlawill continue to change in

diverse ways, constructing climate information for Small Islands is challenging. This is due to observational
issues, incomplete understanding of some modes of variability and thegserfation by climate models

and the lak of availability of large ensembles of regional climate model simulations and limited studies to
decouple internal variability and anthropogenic influences.

[END CROSSCHAPTER BOX ATLAS.2 HERE]

Atlas.11 Polar regions

Theassessment imis section focuses omanges in average temperature, precipitation (rainfall and snow)
and surface mass balance over the polar regions, Antarctica and theidchtding the most recent years

of observations, updates to observed d#&taiee consideration of recent studising CMIP5 simulations

and those using CMIP6 and CORDEX simulatidfiadings are presented férfest Antarctica (WAN), East
Antarctica (EAN) and three Arctic regionsictic Ocean (ARO), Greenland/Iceland (GIC) dassian

Arctic (RAR) (Figure Atlas.2®with some reference also to Nofasern North America (NEN), North
WesernNorth America (NWN) and Northern Europe (NEU), which are covered more extensively in
SectionsAtlas.9andAtlas.8respectivly. Subregioml changes are discussed when relevant, for example the
Antarctic Peninsula (APas a subregion of WAN.he Southern Ocean (SOO) region is assess€tapter

9 with changes irtlimatic impactdriversassessed iGhapter 12 (12.4.9,able 12.1) and somextremes in
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Chapter 11 (Table 11.® for RAR). Chapter Qrovides an overall assessment of the ice sheet processes and
changes, as part of the cryosphere, ocean and sea level change assessment.

[START FIGURE ATLAS.29 HERE]

Figure Atlas.29:Regional mean chages in annual mean surface air temperature and precipitation relati to the
1995 2014 baseline for the reference regions in Arctic and Antarctica (warming since the 1850
1900 preindustrial baseline is also provided as an offsetBar plots in the left pgel of each region
triplet show the median (dots) and 1i088th perentile range (bars) across each model ensemble for
annual mean temperature changes for four datasets (CMIP5 in intermediate colours; subset of CMIP5
used to drive CORDEX in light colour€ORDEX overlying the CMIP5 subset with dashed bars; and
CMIP6 in sold colours); the first six groups of bars represent the regional warming over two time
periods (neaterm 20212040 and longerm 20812100) for three scenarios (SSPB/RCP2.6,
SSP24.5RCP4.5, and SSP&.5/RCP8.5), and the remaining bars corresponduodlobal warming
levels (GWL: 1.5°C, 2°C, 3°C, and 4°C). The scatter diagrams of temperature against precipitation
changes display the median (dots) and 19@th percentile ranges fdrg above four warming levels
for DecembefJanuaryFebruary (DJF; midle panel) and Junguly-August (JJA; right panel),
respectively; for the CMIP5 subset only the percentile range of temperature is shown, and only for
3°C and 4°C GWLsChanges are absotufor temperature (in °C) and relative (as %) for
precipitation. Se&ectionAtlas.1.3for more details on reference regiditsirbide et al., 2020and
SectionAtlas.1.4for details on model data selection and processing.sthipt used to generate this
figure is available onlin@turbide et al., 2021&nd similar results can be generated in the Interactive
Atlas for flexibly defined seasonal periodiurther details on data sources and processing are
available in the chapter data talflableAtlas.SM.15.

[END FIGURE ATLAS.29 HERE]

Atlas.11.1Antarctica
Atlas.11.1.1Key features of the regional climate divtings from previous IPCC assessments

Atlas.11.1.1.1 Key features of theegional climate

The Antarctic region, covered by an ice sheet and surrounded by ther8dDddiean, is characterized by
polar climate. It is the coldest, windiest and driest continent on Badilplays a pivotal role in regulating
the global climate andydrological cycle. Antarctica has a mean temperatur@siC (Leneerts et al.,
2016)and receives 171 mm'ymwater equivalent of snowfall (north of 82 estimate based on satellite
measurements during 20Q@®11)(Palerme et al., 2014Precipitation in Antarctica occurs mostly in the
form of snowfall and diamond dust, with sporadic coastal rainfall dun@gammer over the Antarctic
Peninsula and sufntarctic islands. Drizzle events sometimes occur during warm air intruliceas et
al., 2017)at relativey low temperature€Silber et al., 2019)Precipitation constitutes the largest component
of thesurface mass balance (SMBich also includes sublimation (frometlsurface or drifting snow),
meltwater runoff and redistribution by wirjdenaerts et al., 20195MB can be considered as ayyrof
precipitation if averaged over an annual cy@erodetskaya et al., 2015; Bracegirdle et al., 2019)
Precipitation and SMB exhibit spatial and temporal variabiliiytolled by atmospheric largeale low
pressure systems and moisture advection from lower latitudes. SMB is an impariponeat of the total
ice-sheet mass balan¢8ection 9.4.2.1)The Antarctic contribution teealevel results from the imbalance
betweemet snow accumulatioendice dischargénto the oceanBox 9.1). Ice shelvedbuttress the ice sheet
and are influenakby oceanic and atmospheric drivéBex 9.1).

Antarctic climate variability is influenced by the Southern AnnMade (SAM) and regionally by other
modes, including ENSO, Pacifsouth American Pattern, Pacific Decadal Variability, Indian Ocean Dipole
and Zonal Wave 3Annex |V). Climate change in Antarctica and the Southern Ocean is influenced by
interactions betwen the ice sheet, ocean, sea ice, and atmosfMeredith et al., 2019)Sectiors9.2.3.2
9.3.2and9.4.2. In addition toChapter 9 Antarctica is discussed across the report: global climate links
(Chapters 2 and )Qattribution Chager 3, global water cycl€Chapter 8 extremesChapter 1}, and
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climatic impactdrivers(Chapter 12

Atlas.11.1.1.2 Findingsfrom previous IPCC assessments

AR5 (Vaughan et al., 2013gpotted warming over Antarctica since 1950s, mostly over AP and WAN,
attributed to the positive trend in the SAM. These trends in the Antarctic temperature wetewiven
confidencedue to substantial mwénnual to multidecadal variability, as well agcetainties in magnitude

and spatial trend structure. AR5 repor@a confidencehat anthropogenic forcing has contributed to the
temperature change in Antarctica. AR5 highlighted a large interannual variability in snow accumulation with
no significan trerd since 1979 around Antarctica, dmgh confidencén the overall mass loss from

Antarctica, accelerated since 1990s.

In this and the following paragraphs findings are I®SROCC(Meredith et al., 201Q)nless otherwise

stated. Warming trends were reported over parts of WAN with record surface warmth over WAN during the
1990s compared to thegt 20 years, and AP surface melting intensifying since the2att century. No
significant temperature trends were reported over EAN and therewasnfidencén both WAN and EAN

trend estimates due to sparse in situ records and large interanimiatdecadal variabilityln the AP,

concomitant increase in temperature and foehn winds due to positive SAM caused increased surface melting
over the Larsen ice shelvaaddium confidengdeStrong warming between the ril®50s and the late 1990s

led to tte collapse of the Larsen B ice shelf in 2002, which had been intact for the 11,00(0yeditsm

confidencég

Snowfall increased over the Antarctic ice sheet over AP and WAN, offsetting some of the 20th century sea
level rise (nedium confidengeLonger ecordssuggest either a decrease in snowfall over the Antarctic ice
sheet over the last 1000 years or a statistically negligible change over the last 800wearsfidenck

Recent warming in the AP and consequensivelf collapse arlikely linked to antbropogenic ozone and
greenhous@as forcing via the SAM and anthropogenicalhjven Atlantic sea surfacélso, there idigh
confidencen the influence of tropical sea surface temperature on the Antarctic temperature and Southern
Hemisphee midlatitudecirculation, as well as the SAM. Therenredium agreemeibiut limited evidence

of ananthropogenic forcingffecton Antarctic icesheet mass balandew confidencgand partitioning
between natural and human drivers of atmospheric arahageculationchanges remains very uncertain.

In AR5 Church et ali2013)gavemedium confidence model projections of a future Antarctic SMB
increase, implying a negative contribution to global mean sea Isgetonsistarwith a projection of
significant Antarctic warmingChurch et al(2013)alsogavehigh confidencéo the relationship between
future temperature and precipitation increases in Antarctica on phgsicaids andrbm ice core evidence.
In Meredith et al(2019) the total mass balance projections detifrem ice shet models were reported
without separating the SMB though projections were reported of increased precipitation and continued
strengthening of the westerly winds in the Southern Ocean.

Atlas.11.1.2Assessment and synthesis of observations, trendst@iadition

Figure Atlas.30(Antarctic map inset) shows near surface air temperature trends fe2026andl979

2016 at the stations where observations are available for at least 50 years and the detected trends have
statisticalsignificance of at least 90% accordimgthe most recent (after SROCC) studimes et al., 2019;
Turner et al., 2020)t is very likelythat the western and northern AP has been warming significantly since
1950s (0.49 + 0.28°C per decade during 12526 and 0.46 + 0.1&8°during 19512018 at Faraday
Vernadskystation; 0.29 + 0.16°C per decade during 12926 at Esperanza station), with no significant
trends reported in the eastern AP during the same p@imkzdez and Fortuny, 2018; Jones et al., 2019;
Turner et al., 2020Bhort-term cooling trends, strongest during austral summer, have been reported at AP
stations during 1992016but the absence of warming and coolaigsome stations during 19916 is
corsistent with natural variability and there is no evidence of a shift in the overall warming trend observed
since 1950¢Turner et al., 2016, 2020; Gonzalez and Fortuny, 2018; Jonks2811®; Bozkurt et al., 2020)
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Significant warming at the Byrd station (0.29 £ 0.19°C per decade during 2058) confirms and extends
earlier trend estimates (0.42 + 0.24°C per decade during 2059 and is representative of the entire WAN
warming (0.22 + 0.12°C per decade from 1952042 averaged over WAN excluding ARedium
confidencedue to lack of observationromwich et al., 2013, 2014; Jones et al., 200N and AP
show statistically significant warming in the HadCRUToliservational datas@figure 2.1b). There is a
high confidencén thelong-term warming trend at the AP and WAN alsahat century scale based on
reconstructiongZagorodnov et al., 2012; Stenni et al., 2017; Lyu et al., 26@W)rming the trends
estimated by earlier studies assessed in the SRBIERdith et al., 2019)The centuryscale warming trend
in the AP isvery likelyan emerging signal comgel to natural variability, while the WAN warming trend
falls in the high end of centwscale trends over the last 2000 yd&tenni et al., 2017(medium
confidencég

In EAN, during 19572016, three stations showed significant warming (Scott base 0.22 + 0.15,
Novolazarevskaya 0.13 + 0.09 avidstok 0.15 + 0.13°C per decade), while other stations with-lena
observations inidated no statistically significant trends (Figure Atlas.30). During 28019, three coastal
stations showed cooling, while at South Pol@arming trend was detectadgreasingto 0.61+0.34 °C per
decade during 1982018 (Jones et al., 2019; Clem et al., 2020; Turner et al., ZG2)re Atlas.30).The
centuryscale warming in Queen Maud Land Coast based on thmieereconsuctionsis within the range
of centennial internal variabilitStenni et al., 2017)

While a trend towarda positive phasef the SAMsincethe 1970slikely explains a significant part of the
warming at the northern AP, it had a cooling effect on the continental WAN and EAN (particutary st
DJF, Table.Atlas.1)Warming in western AP and over WAN during 193@16 (Figure.Atlas.30and

throughto 2020 (Figure 2.11) ibkely due to significant contribution of other factors, such as tropical Pacific
forcing through PDV, ENSO, AmundsengSeow position/strength and also anthropogenic climate change
(Jones et al., 2019; Scott et al., 2019; Wille et al., 2019; EMaghin et al., 2020; Turner et al., 2020)

Since SROCC, new studies confirmed the influence of foehn wind and cloud radiative forcingesn@.ars
surface mel{Elvidge et al., 2020; Gilbert et al., 2020; Turton et &2@. In the WAN, summesurface

melt occurrence over ice shelves may have increased since the lat¢2@0et al., 2019}t is likely that
increased meltater ponding and resulting hydrofracturing have been important mechanisms of the rapid
disintegration of the Larsen B ice sh@anwell et al.2013; MacAyeal and Sergienko, 2013; Robel and
Banwell, 2019) Ice shelf disintegration and relevant processes are discusSedtions 9.4.2.1 and 9.4.2.3

Direct observations of snowfall in Antarctica using traditional gauggehighly uncertain andeicords from
precipitation radar§Gorodetskaya et al., 2015; Grazioli et al., 2017; Scarchilli et al., 2020)ot long
enough to assess trends. Estimates of precipitation and SMB are largelybasetbdue to the paucity of in
situ observations iAntarctica(Lenaerts et al., 2019; Hanna et al., 202@}arctic SMB is dominated by
precipitation and removal sublimation with very small amais of melt mostly important only on the ice
shelves. Climate models and satellite recdBBIE team et al., 2018; Rignet al., 2019; Mottram et al.,
2021)suggest that strong interannual variability of Antaretide SMB over the satellite period currently
masks any existing tren&igure Atlas.3Din spite of a possible 0zone depletimhated precipitation
increase ogr the 19912005 periodLenaerts et al., 2018)o significant Antarctievide SMB trend
continentwide SMB trend is inferred since 197®BIE team et al., 2018; Medley and Thomas, 2019)
While ice core reconstructions showignificant increase in the western AP SMB since 19b8esmas et
al., 2017; Medley and Thomas, 2019; Wang et al., 2@hB)trend is not reproduced by regional climate
models or reanalysesedsto drive themHKigure Atlas.3) (van Wessem et al., 2016; Wang et al., 2019)

According to the ice core reconstructions, SMB over WAN (including AP)ikely increased during the

20th cetury with trends of 5.4 + 2.9 Gtjrper decade (190@010)(Wang et al., 2019nitigating global

mean sea level rise by, respectively, 2817 mm per decade (WAN excludiA®, during 19012000)

and 0.62 £ 0.17 mm per decade (AP, during 12090)(Medley and Thoma£019) Significant spatial

hetergeneity in SMB trends has been observed over AP and WAN:

1 western AP habkely experienced a significant increase in SMB beginning ara930 and

accelerating during 197@010, which is outside of the natural variability range of the past 300 years
(Thomas et al., 2017; Medley and Thomas, 2019; Wang et al.,;2019)
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1 eastern AP has no significant SMB trends duringstiree periodl¢w confidenceobservations
limited to one ice core and large interannual variabi{ifyjomas et al., 2017; Engel et al., 2Q18)

1 overall WAN SMB (excludingAP) was stable during 198R009 but exhibitedhigh regional
variability (Medley et al., 2013)ignificant increases {85 mm per decadduring 19572000) to
the east of the West Antarctic ice sheet divide and significant dectdasg b mm per decade
during 19011956, adi 5 toi 15 mm per decadguring 1957 2000) to the wegiMedley and
Thomas, 2019; Wapet al., 2019)

The SMB of EANincreasedluring the 20th century whiahitigated global measea level rise by.07 +
0.40 mm perdecadeaduring 19012000(Medley and Thomas, 201@nedium confidengeEAN SMB has
been increasing at a muaiwler rate since 1979 as showndbservations, while regional climate models
show strong interannual variability masking argnd(Medley and Thomas, 2019; Rignot et al., 2019)
(Figure Atlas.3)(low confidencelue to limited observationdeAN SMB changes dimg the 2@h century
and recent decades showedjke spatial heterogeneity:

1 With significant increasdgkely in Queen Maud Land (QML): 5.2 + 3.7% per decddeng 1920
2011 measured in ice core near the Kohnen st@tledley et al., 2018)an increase on the plateau
(Altnau et al., 2015)and stable conditions during 192810 along the annual stake line from
Syowa (coast) to Dome F (plategdWang et al., @15b) increases during 1912010(Thomas et
al., 2017)with anomalously high SMB observed in 2009 and 2@dening et al., 2012; Lenaerts et
al., 2013; Gorodekaya et al., 2014)

9 increasesn Wilkes Landand Queen Mary Land during 192000(Thomas et al., 2017; Medley
and Thomas, 2019)ow confidencealue tolimited observationsnd strong spatial variability

91 alikely stable SMB in the interior of the East Antarctic platehwingthe 19012000 period and the
last decadeéThomas et al., 2017; Medley and Thomas, 2019)

9 stable in Adelie Land (annuakste line during 19712008)(Agosta et al., 20123Jow confidence
due tolimited evidencke

Regional trends of the last 50 years (198110) and 100 years (1912010) are within centennial variability
of thepast 1000 years, except for coastal QML (unusualyBad increase in accumulation) and for coastal
Victoria Land (unusual 189ear decrease in accumulatigipomas et al., 2017Nevertheless, the current
EAN SMB is not unusual compared to the past 800 y&amezzotti et al., 2013)

The geographic patte of accumulation changes sirtbe 1950s bears a strong imprint of a trend towards
more positive phase of the SAd.g., Medley and Thomas, 201@hichcould be linked to ozone depletion
(Lenaerts et al., 2018y largescale atmospheric warmirigrieler et al., 2015; Medley and Thomas, 2019)
More evidence has emerged showing the importandeed®acifieSouth American Pattern, ENSO and
Pacific Ocean convection, and largeale blocking causing wargir intrusions and both extreme
precipitation and melt events, responsible for large interannual SMB varigbidjty confidence
(Gorodetskaya et al., 2014; Bodart and Bingham, 2019; Scott et al., 2019; Tuwine2@t9; Wille et al.,
2019; Adusumilli et al., 2021Y his strengthens evidence for an important connection between Antarctic
climate and tropical sea surface temperature stated by SR@€€dith et al., 20195ection 3.4.&nd
SROCC(Meredith et al.2019)provide a discussion of attribution of Antarctic ice sheet changes.

Atlas.11.1.3Assessment of model performance

This section provides evaluation of atmospheric global and regional climate models, including reanalyses.

Evaluation of the ice sheet models aalvant processes, including selection of the atmospheric models
used to drive ice sheet models, is giveaation 9.4.2.2

One of the major systematic biases in CMIP5 and earlier GCMs was an equatorward bias in the latitude of

the Southern Hemisphemnei d | ati tude westerly jet, which 1is
(Bracegirdle et al., 2020aBCM Southern Ocean sé biases are also of importance as they inflagist

century temperature projections in Antarctica and simulation of present day temperatures are highly sensitive

to these lseqAgostaet al., 2015; Bracegirdle et al., 201B)positive bias in neasurface temperature
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over the Antarctic plateau is seen in GImodelgLenaerts et al., 2016)

CMIP6 GCMs showed an improdeaepresentation of the Antarchearsurface temperatuempared to
CMIPS5 butlittle improvement (maintaining positive bias)AntarcticprecipitationestimategPalerme et al.,
2017; Roussel et al., 202@n analysis of the 18 2000 SMB mean, trends and interannual and spatial
variability suggests slightly worse agreement withdoesbased reanalysén CMIP6 than CMIP5Gorte

et al., 2020)Comparison of CMIP5 models with CloudSat satellite productsaandecorebased SMB
reconstructiorshowed almost all the models overestimate current Antgmaipitation some by more than
100%(Palerme et al., 2017; Gorte et al., 20ZBEM simulatios of surface snownelt processeare of
variable quality, with extremely simprepresentatonsy nonexistent(Agosta et al., 2015; Trusel et al.,
2015) Though most meltwater refreezes in the snowpackirent climate simulatiathis may be an issue
in the future climate simulations under global warminguasoff is projeced to increaséKittel et al., 2021)
Since CMIP5, representation of sn@uenaerts et al., 201@nd stable surface boundary lay@rgnon et

al., 2018)has improved in som@mosphericisCMs. In one example, the CMIP6 model CESM2 simulation
of cloud and precipitatioshowed substantial improvemefiBchneider et al., 202€houghsurface melting
is still considerably overestimated compared to RCMs and satellite pr@@itegsl| et al., 2015; Lenaerts et
al., 2016)

Assimilation of observations in reanalypi®ducts yield realistic temperature patterns and seasonal
variations, with theecentERA5 reanalysis showing improved performance compared tosdtinenean

and extreme temperature, wind and humiditpugh a warm bias in the nearrface air temperatures
remaing(RetamalesMufiozet al., 2019; Tetzner et al., 2019; Dong et al., 2020; Gorodetskaya et al., 2020)
Theability of the reanalyses to simulgiescipitation and SMBs more vaiable; they generally overestimate
the latten{Gossatrt et al., 2019; Roussel et al., 20BQj are well suited to provide atmospheric and sea
surface boundary conditions to drivERs.

Recent higheresolution simulations covering the entire Antarctic ice sheet with a grid spacing of 12 to 50
km include five PolalCORDEX RCMsi RACMO2 (van Wessem et al., 2018)AR (Agosta et al., 2019;
Kittel et al., 2021) COSMGCLM2 (Souverijns et a).2019) HIRHAMS (LucasPicher et al., 2012jand

MetUM (Walters et al, 2017; Mottram et al., 2021)and one stretchegrid GCMi1 ARPEGE(Beaumet et

al., 2019) RCM simulations forced by ERMterim agree well with automatic weather station temperatures,
with high correlation (R> 0.9) and low bias (<1.5°C) except for high tetion HIRHAMS5 (i 2.1°C) and
MetUM (i 3.4°C), which are not internally nudged mod@ttram et al., 2021)RCMs generally
underestimate the observed SMB but with biases lower than 20%, except for COISWat lower
elevations (<1200 m) and HIRHAM5 and MetUM at higher elevations (>22Q®otjram et al., 2021)

These RCM simulations lead to estimates of the grouAdeéarctic ice sheet SMB ranging from 2133 Gt yr
1to 2328 Gt yrt when considering thi®ur simulations compatible with the IMBIE2 Antarctic total mass
budget(IMBIE team et al., 2018; Mottram et al., 202However, thesimulatedspatial patten of SVB

differs widely between modesuggesting the importance of missing or uAdgresentegrocesse the
models, such adrifting-snow transport and sublimatigAgosta et al., 2019kloudprecipitdion

microphysical processgsan Wessem etl., 2018)and snowpack modelling/iottram et al., 2021)
Comparsons of integrated SMB estimates between modelslssecomplicated by different resolutions and
continental ice masks, with models showing large differences in the absolutéMBKtEam et al., 2021hut
better agreement f@MB annual ratesHigure Atlas.3)

Finer resolution RCM studies demomgé improved re@sentation of precipitation and temperature
gradientgyvan Wessem et al., 2018; Bozkurt et al., 2020; Ddegnin et al., 2020; Elvidge et al., 2020)

and strength of kabatic winds(Bintanja et al., 2014; Souverijns et al., 20itByoastal and mountainous
regions. Adequate representation of some processes is still lacking, including drifting snow, sublimation of
falling snow or the spectral dependencyrdw albedqLenaerts et al., 2019Nonhydrostatic regional

models, for example PoRWRF, MetUM or HARMONIEAROME at spatial resolutions up to 2 km further
improve regional RCM simulations, but are still often unable to resolve relevant feedbaéssrand
processeg§Grosvenor et al., 2014; Elvidge et al., 2015, 2020; Elvidge and Renfrew, 2016; King et al., 2017;
Turton et al., 2017; Bozkurt et al., 2018b; Hines et al.92¥ignon et al, 2019; Gilbert et al., 2020)
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Existing uncertainties in the Antarctic climate representation by both GCMs and RCMs cause significant
spread in the future Antarctic climate and SMB projecti@rte et al., 2020; Kittel et aR021) Runtime

bias adjustment in atmospheric GCisinner et al., 2019, 202@ee alscCrossChapter Box 10.Phas

been proposed to provide ldwas present ancbnsistentlycorrected future RCM forcing (reducing the need
for coupled model selection), whichudd be used directly for Antarctic climate projectigisinner et al.,
2019)

[START FIGURE ATLAS.30 HERE]

Figure Atlas.30: (Upper panelsTime series of annual surface mass balance (SMB) rates (if)@&traGreenland ice
sheet and its regions (shown in the inset map)He periods 1972018(Mouginot et al., 2019nd
1980 2012 (Fettweis et al., 2020)sing 13 diffeent models(Lower panels Time series of annual
SMB rates (in Gt'd) for the grounded Antarctic ice sheet (excluding ice shelves) and its regions
(shown in the inset map) for the periods 11 9(Rignot et al., 2019&nd 19802016 (Mottram et
al., 2021)using five PolatCORDEX regional climate model$he Antarctic inset map also shothe
location of the stationdiscussedn section Atlas.11.1.2 where observations are available for at least
50 yearsColors indicaé near suface air temperature trends for 198716 (circles) and 1972016
(diamonds) statistically significant at 90%ones et al., 2019; Turner et al., 20Zxations with an
asterisk (*) are where significance estimates disagree between the two publidatither details on
data sources and processing are available in the chapter data tableA{leah&M.15.

[END FIGURE ATLAS.30 HERE]

Atlas.11.1.4Assessment and synthesipufjections

This section provides an assessment of projections in temperature, precipitatBviBan8eeSedion 9.4.2
for projected changes in the ice sheet total mass balance and relevant processeSeamtidisee3.1 (Table
4.2) and Sectiod.5.1for Antarctic temperature projections relative to other regions.

The Antarctic region igery likelyto experi@ce a significant increasn annual mean temperature and
precipitation by the end of this century under all emission scenarios usedib@ktd CMIP&Bracegirdle
et al., 2015, 2020b; Frieler et al., 2015; Lenaerts et al., 2016; Previdi and Polvani, 2016; Pakerme et
2017)Figure Atlas.2® Ensemble means (and 1089th percentile ranges) of enftcentury 208Li 2100)
projected Antarctic surfacdr temperature change from 35 CMIP6 models and relative td 2098 are
1.2°C (05°Ci 2.0°C) for the SSP-R.6 emissias scenarios, 2°C (13°Ci 3.4°C) for SSP24.5, 35°C
(2.0°Q'5°C) for SSP37.0 and 4°C (28°Ci 6.4°C) for SSP53.5 (nteractive Atla¥. Both temperature and
precipitation projections are characterised by a relatively large-matlel rangeRigure Atlas29,
Interactive Atla}. A strong regional variability is present with the projected changes over coastal Antarctica
not scaling linearly with global forcing. While continental mean temperatures are linearly related to global
mean temperatures in CMIP6 mégjehe relative increase in coastal temperatures are highenfor

emissions scenarios due to stronger relativetigson Ocean warming and relatively stronger effects of ozone
recovery(Bracegirdle et al., 2020bA higher multtmodel average increase in temperature is projected by
CMIP6 models compared to CMIP5, with a 1.3°C higher mean Antarctiesneface temperature at the end
of 21st centuryKittel et al., 2021) While similar median temperaturbanges are projected for WAN and
EAN, the former shows larger spread and higher projected temperature range in both CMIP5 and CMIP6
modelsand for all scenariog-{gure Atlas.29. CORDEXAntarctica simulations show a mean and range in
the future temperatarchanges similar to the subset of CMIP5 models used to drive them for the RCP8.5
scenario and 1.5°C, 2°C and 3°C global warming levelsl(}5\Figure Atlas.2.

There ishigh confidencéhat projected future surfa@gér temperature increase over Antaratiill be
accompanied by precipitation increab&(re Atlas.2p. CMIP6 models show a similar or larger but more
constrained increase imgeipitation (more models agreeing with larger precipitation increase) for the same
GWLs compared to CMIP5. Fexample, over WAN during JJA for 3°C GWL, CMIP6 and CMIP5 models
project a median 15% increase in precipitation wittOth 90th percentile rargyof 7i 25% in CMIP6
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models and o8i 24% in CMIP5. Average precipitation changes relative to 12954 over WAN ad EAN

are largely similar, and show projected increases for SFPESSPEB.5) of around% (5%) for 2021

2040,7% (10%) for 20412060, andl2% (25%) for 2081 2100 with smaller increases projected for SSP1
2.6 emissions, reaching arousfb in 2081 2100.Regionally, the largest relative precipitation increase is
projected (under all scenarios) for the eastern part of WAN, the western AP, ldsgef @2AN plateau and
over coastal EAN within 0°E0°E longitudinal sector (Interactive Atlas). The largestéase in absolute
precipitation amount is projected along the coastal regions, with the largest increase over coastal WAN and
the western AP, ahis projected to be largely driven by the increase in maximdiay5precipitation
(Interactive Atlas), which im line with the dominant contribution of extreme snowfall events to the total
annual precipitation in the present Antarctic clim@eening et al., 2012; Gorodetskaya et al., 2014; Turner
et al., 2020)Under all emission scenarios, the coastal precipitation increase correspondshtmatfzd!
increase, except for the northern and central part ofi¢istern AP, where snowfall is projected to decrease
and rainfall to increase (similarlp the tendency towards increased precipitation, decreased snowfall and
increase in rainfall over th®outhern Ocean) (Interactive Atlas).

From 2000 to 2100, the grounded Antarctic SMB is projected to mitigate sea level rise for RCP4.5 (RCP8.5)
by the folowing sea level equivalents (SLE), 0.03 + 0.02 m (0.08 £ 0.04 m SLE) from 30 CMIP5 models
and for $SP24.5 (SSP3.5) by 0.03 £ 0.03 m SLE (0.07 £ 0.04 m SLE) from 24 CMIP6 mdcdste et

al., 2020) Subsets or downscaling of CMIP AOGCMs lead t8 @intury cumulativeprojections in the
range of 0.05 N 0.03 m SLE for CMI P58R@HReetah, and
2020; Nowicki et al., 2020; Seroussi et al., 2020; Kittel et al., 2028 of model subsets reduces spread
leading to either lower or higher climate sensitivity in the Antarctic depending on the selection method. For
example, modelselected by Gorte et §2020)based on SMB iceore reconstruction from Medley and
Thomag(2019)tend to underestimate strongly winter sea ice gkgasta et al., 2015; Roach et al., 2020)

and show reduced 2tentury increase in Antarctic SMB compared to the full ensenfhtpssta et al.,

2015; Bracegirdle et al., 2015 different subset of models is used for |$MISecton 9.4.2.3 which

gives a lower increase in Antarctic SMB than the full ensemble for CMIP5 but a larger increase for CMIP6.

PolarCORDEX RCMs show higher variability in precipitation projections compared to CMIP5 models with
a similar spatial pgern ofthe areas with precipitation increase over continental Antarctica but with higher
local magnitude and also showing a larger increase over the Weddell Sea ice(fitehagtive Atla.

CMIP5 and CMIP6 models, biasljusted based on regional clita modesimulations, showed that the
projected warming is expected to result in increased surface melting over the Antarctic ice shelves, with
meltwater runoff under RCP8.5 and SSIP5 becoming larger than precipitation over ice shelves over the
period2045 2090, surpassing intensities that were linked with the collapse of Larsen A and B ice shelves
(Trusel et al., 2015; Kittel et al., 202iven the existing uncertainty in the present precipitation and SMB
simulations and the significant range in the prigdgregitation increase under various emissions
scenarios in CMIP5, CMIP6 and CORDEX models, themadium confidenciat the future Antarctic

SMB will have a negative contribution to sea level during ttiec2ntury under all emissions scenarios (see
Secton 9.4.2.3or assessment of the drivers of future Antarctic ice sheet chandseatidn 9.4.2.6or

longer time scales).

Atlas.11.1.5Summary

Observations show\eery likelywidespread, strong warming trend startimg 950s in the Antarctic

Peninsula. Significarwarming trends are observed in other West Antarctic regions and at selected stations
in East Antarcticarfedium confidengeAntarctic precipitation and SMB showed a significant positive trend
over the 2€h century according to the ice cores, while largerannual variability masks any existing trend
over the satellite period since the end of 19qn@sdium confidenge

An assessment of model performance for the present day shows thegdolghion reginal climate models

with polaroptimised physicare important for estimating SMB and generating climate information, and

show improved realizations compared to reanalyses and GCMs when evaluated against observations. At the
same time, CMIP6 GCMs showed iamproved representation of the Antarctic nrearface temperature
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compared to CMIP5, though still struggle with the representation of precipitatiere is thereforenedium
confidencén the capacity of climate models to simulate Antarctic climate &t &hanges.

Under all assessed emission sceEgiboth West and East Antarctica aeeylikely to have higher annual
mean surface air temperatures and more precipitation, which will have a dominant influence on determining
future changes in the SMBIigh confidence Howeverdue tothe challengesfanodel evaluation over the
regionand the possibility of increased meltwater runoff described above ist@ml medium confidence
that the future contribution of the Antarctic SMB to sea level this century will be negative under all
greenhous@as emision scenarios.

Atlas.11.2Arctic
Atlas.11.2.1Key features of the regional climate and findings frmeviouslPCC assessments

Atlas.11.2.1.1 Key features of theegional climate

The Arctic region comprises the Arctic Ocean (ARO), Russian Arctic (RAR), Greenland and Iceland (GIC)
and othe surrounding land areas in Europe (NEW) and North America (NEN, NW®iyJie Atlas.2® The
region is one of the coldest andeadt regions on Earth and plays a key role influencing global and regional
climates and the hydrological cycle. A number of jitglsprocesses contribute to amplified Arctic
temperature variations as compared to the global temperature, in particular eamizdchanges that

include the increase in surface absorption of solar radiation due to surface albedo feedbacks resad with
ice, ice, and snowover retreat as well as poleward energy transports, wapsurradiation and cloud
radiation feedback&Screen and Simmonds, 2010; SerrezeBamdy, 2011; Pithan and Mauritsen, 2014;
Bintanja and Krikken, 2016; Graversen and Burtu, 2016; Franzke et al., 2017; Stuetk&0418)

Precipitation in the Arctic is dominated by snowfall, with rainfall present mostly during the summer period.
Arctic climate is influenced byhe North Atlantic Oscillation, the leading mode of atmospheric variability in
the North Atlantic bain with a nhorthward extension into the Arctic affecting temperature, precipitation and
sea ice over the region, with ENSO aktthntic Multidecadal Variability also affecting parts of the region
(Annex IV). Further, the Greenland Ice Sheet contributiose@level results from the imbalance between
mass gain by net snow accumulation and mass loss by meltwater runoff andhaegéiscto the ocean

(IMBIE team, 2020) highlighting that the ice sheet is a major contributor to sea level changes.

Atlas.11.2.1.2 Findings frompreviousIPCC assessments

The following summey from previous IPCC reports is derived from the SRGIRCC, 2019alnless
otherwise stated. Arctic surface air temperatures have increased from th@5@&jwith feedbacks from
loss of sea ice and snow cover contribgitio the amplified warmingh{gh confidence(IPCC, 2018c)and
havelikely increased by more than double thebal average over the last two decadegh confidence
Arctic snow cover in June has declined from 1967 to 28igh(confidenck Arctic glaciers are king mass
(very high confidengeand this along witlthanges in higimountain snow melt have cadsehanges in
hydrology, including river runoff, that are projected to continue in the near bégimn ¢onfidence The rate
of ice loss from the Greenland I8beet has increased; during 208B15 the loss was 278 + 11 Gtlywith
the rate for 2012016 hgher than for 20022011 and several times higher than during 12921 igh
confidencég

The Arctic sedce area is declining in all months of the yeary high confidencgwith the September sea
ice minimumvery likelyhaving reduced by 12.8 + 2.3%pdecade during the satellite era (1979 to 2018) to
levels unprecedented for at least 1000 yaaedd{um confidenge

The high latitudes aréely to expeience an increase in annual mean precipitation under RQPEE,

2013c) Further, changes in precipitation will not be uniform. Autumn and spring snow cover duration are
projectedo decrease by a further B0% from current conditions in the near term (2@%50). No further
losses are projected under RCP2.6 whereas a furth2b%breduction in snow cover duration is projected
by the end of century under RCP8high confidence
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Atlas.11.2.2Assessment and synthesis of observations, trends and attribution

The Arctic has warmed at more than twice the global rate over the past 50 years with the greatest warming
during the cold seasdiavy et al., 2018; Box et al., 2019; PrzybylaklanWy s zy EGs ki , 2020; X
2020)(high confidencg This isbased on various Arctic amplification processes, in particular the combined
effect of several related feedback processes includinggeead snowover albedo and wateapour
cloudradiaton feedbacks as well as poleward energy transports. The aneuaj@ Arctic surface air
temperature increased by 2.7°C from 1971 to 2017, with a 3.1°C increase in the cold season {Gstbber

and a 1.8°C increase in the warm season (BememberJAMAP, 2019) Satellitebased data estimate the

rate of annual warming for 1982012 over se#&e covered regions to be 0.47°C per decade, whereas the
trend was significantly higher at 0.77°C per decader Greenland and amplified in the northern Barents

and Kara eas(Comiso and Hall, 2014Yhe largest Arctic warming in 2003017was reportedver the

Barents and Kara Seas with trends larger than 208f@ecadéSusskind et al2019)andArctic

temperatures from 2014 to 2018 have exceeded all previous records sin¢Blt888n and Arndt, 2019)

Over theARO, longterm temperature records are available from Spitsbergen (Svalbard Airport). For the
period 18982018, the annual mean warming was 0.32°C per decade, about 3.5 times the global mean
temperature for the same period and since 1991, h&f@ecader about seven times the global average
for the same periofNordli et al., 2020) There is a positive trend in the annual temperature for all stations
across Svaard(Gjelten et al., 2016; Hanss&auer et al., 2019; Dahlke et al., 20290.64°Q 1.01°C per
decade for 197R2017(HansserBauer et al., 2013)o-varying with regional changes in se& conditions
(Dahlke et al., 2020)The largest temperature trenasy likelyoccur in winterwith Svalbard airport

warming at 0.43°C per decadkiring 18982018 and 3.19°C per decade during 121 8(Nordli et al.,
2020)andlsaksen et al2016)reporing on substantial warming in western Spitsbergemticulaty in

winter, while the summer warming is moderate.

A multi-dataset analysis for NEN shows a consistent warfnifRga p a i | ewith thelargest agn0al 5 )
temperature trengreater than 0.3°C per decade during 1981 t® 20&r eastern NEN and also significant
warming over northern Quebec and most of the Canadian Arctic north of the treeline. For the loriger 1950
2010 period, a consistent warming is found over central an@mesSEN, but no trend or no consensus is

found over the Labrador coast. The latter is related with cooling of the North Atlantic region during the

1970s. For western Greenland, however, summer temperatures increased (2.2°C in June, 1.1°C in July) from
1994to 2015(Saros et al., 2019For neighbouring Arctic regions of NEU, WSE and ESB, datasets show a
consistent warming of annual mean temperature since th&9wigs and 1980 (see Sectidktkas.8and

Atlas.5.9.

Along with the amplified warming, the Arctic has become moidénke et al., 2019; Nygard et al., 2020)

AM AP reported Arctic precipitation increases ofi2$% per decade, with tls#rongest increase in the cold
season (OctobeMay) (AMAP, 2019)(mediumconfidencg Also, for neighbouring Arctic regiarfor

example NEU, EEU and Northern Asia, mean anptetipitation has ineased since the early 20th century
(seeSectionsAtlas.8andAtlas.5.9. Estimated trends for precipitation and snowfallcian are mixed for

Arctic, with increases and decreases for different regions and s€¥guns et al., 2016)However, annual
precipitation trends derived from different reanalyses do not agree, differ in sign and have low significance
(Lindsayet al., 2014; Boisvert et al., 2018)irect precipitation measurements are difficult and include
uncertainties (among others measuringdroprecipitation), therefore precipitation estimates in the Arctic

rely on climate models and reanalyses.

An awerage of five reanalyses for 20@D10 suggests around 40% of Arctic Ocpegcipitation falls as

snow, though there is large uncertainty iis gstimatgBoisvert et al., 2018)Rainfall frequencys

estimate to haveincreased over the Arctic by 25.4% over 20002016(Boisvert et al., 2018)ith more
frequentrainfall events reported for NEU and ARO (SvalbgiMaturilli et al., 2015; AMAP, 2019)and

winter rain totals and frequency have incredse8valbard since 2000 Gu pi k as z a(medum al . , 2
confidence Rainfree wintershave rarely occurred since 19@&:eters et al., 2019)

Observational records (1966 to 2010) for the RAR region show changirpitatean characteristicéYe et
Do Not Cite, Quote or Distribute Atlas-110 Total pagesi96



O©CoO~NOOITA,WDNPE

Final Governmenbistribution Atlas IPCC AR6 WGI

al., 2016) with higher precipitation intensity but lower frequency and little change in annual precipitation
total. Precipitation intensitys reportedo haveincreased in all seasons, strongest in winter and spring,
wealest in summer, and at a rate of abdlB% per degree Celsius of air temperature increase.

Atlas.11.2.3Assessment of model performance

Evaluating simulatecetmperature and precipitation is problematic in the Arctic due to sparse weather station
observations. The ¢k of reliable observed precipitation datasets for the Arctic thus makey itinlikelyto
be able to evaluate objectively the skill of modelssfaroduce precipitation patter(itakhsha et al., 2018)

The CMIP5 models reproduce the observed Arctic warming over the past d€tiylgk et al., 2016; Hao

et al.,2018; Huang et al., 2019nediumconfidencg The simulated mean Arctic warming for 192014

averaged over 40 CMIP5 models is 2.7°C compared to the observed values of 2.2°C (NASA GISS data
smoothed using a 120n radius) or 1.7°C (using a 2%Mn smooting radius)Chylek et al., 2016)

However, there are large interodel differences in the simulated warming which ranges from 1.2°C to

5.0°C. Although the CMIP5 odels reproduce the spatially aaged observed warming over the pastdb0

100 years, the pattern is different from that of observations and rearXigset al, 2016; Franzke et al.,

2017; Hao et al., 2018¥onal mean temperature treridgthe CMIP5 models overestimate the warming in

the cold season over high latitudes in the northern hemisfXieret al., 2016)Overall, the amplified

Arctic warming in the ecent decades is overestimatedIP5 modelgHuang et al., 2019Possible

reasons are metled sea surface temperature bsand an overestimated temperature response to the Arctic
seaice decline. Furthermore, some models, which have a warm or weak bias in their Arctic temperature
simulations, closely relate the Arctic warming to changekériargescale atmospheric ciration. In other

models, which show large cold biases, the albedo feedback effect plays a more important role for the
temperature trend magnitude. This implies that the dominant simulated Arctic warming mechanism and trend
may be dependent on the bias @& thodel mean sta{€ranzke et al., 2017Compared to CMIP5 models,

Davy and Outteri2020)found lower biasese h  CMI P6 mode |l s 0 -ice extent &and wlomea t i o n
with improved extents linked to a better seasonal cycle in the Barents Sea.

Rapid temperature changesich as the pronounced increas2°C yf! during 20082012 over the Kara

and Barents Seas in March is well captured in Arctic CORDEX simulgimisemann et al., 2017)he

models show adequate skill in capturing feneral teerature patterndoenigk et al., 2015; Matthes et

al., 2015; Hamman et al., 2016; Cassano et al., 2017; Brunke et al., 2018; Diaconescu et al., 2018; Takhsha
et al., 2018)but tend to show a cold temperature bias which is largest in wintelepetds 0 the referece

dataset. Cassano et @017)showed a large sensitivity of the simulated surface climate to changes in
atmospheric model physics. In particular, large changes in radiative flux biases, grolambes in

simulated clouds, lead to large differences in temperature and precipitation biases.

The CMIP5 models perform well in simulating 2@tlntury snowfall for the northern hemisphere, although
there is a positive bias in the muitiodel ensembleelative to he observed data in many regigisasting

et al., 2013h)Lack of sufficient spatial resolution in the modeldgpaphy has aerious impact on the
simulation of snowfall. The patterns of relative maxima and minima of snowfall, however, are captured
reasonably well by the models.

Arctic CORDEX RCMs reproduce the dominant features of regional precipitation patterestremes
(e.g., Glisan and Gatvski, 2014; Haman et al., 2016 Due to their higher spatial resolution, RCMs
simulates larger amounts of orographic precipitation compared to reanalyses. Overall, the simulated
precipitation is within the reanalysis and global model ensemble spreddelArcticriver basin
precipitation is closer to observatiofigrunke et al., 2018However, Takhsha et d2018)show that the
RCMs precipitation bias highly depends on the observational reference dataset used.

The annual mean precipitation patterrensemble global atmospheric simulations with a high horizontal
resolution agrees well with the observations, with precipitation maxima over the Greenland and Norwegian
SeagKusunoki et al., 2015However, the simulated Arctic average annual precipitation shows a positive
bias with excessive precipitation over Alaska and the western Akatttsov et al., 2017)
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Regarding the Greenland Ice Sheet (region GIC), modelled surface mass balance (SMB) has decreased since
the end of the 199(§&ettweis et al., 2020A multi-model intercomparison studgFettweis et al., 2020)
emphasized simulated positive mean annual SMB of 338 + 68 Gbgtween 1980 and 2012, with a
decreasing average rate of 7.3 + 2.0 Gt ymainly diven by an increase in meltwater rund¥fouginot et

al. (2019)stated tht SMB played a strong role in the ideest mass loss, where SMB dominated in the last
two decades. Mottram et §2019)foundthat SMB processes dominate the ice sheet mass budget over most
of the interior, highlighting that the ice shéet contribtor to global mean sea level rise between 1991 and
2015.More specifically, SMB models have improvdéFettweis et al., 2020¢anna et al., 202-ue to

increased availability and quality of remotely sen@éaknig et al., 208; Overly et al., 2016and insitu
observationgMachguth et al., 2016; Fausto et al., 2018; Vandecrux et al., 2019, Fe2jeis et al(2020)
showed that the model s6 ensembl e -dagSMBrefativote i des t h
observéions. This is the case for the patterns in all seven re¢ieg®onal division after Mouginot et al.,
2019)apart from the SE accumulation zone where large discrepancrexieiled snowfall accumulation
occurred where the spread can reach 2 m water equivalent per year. Montgoméap20atonfirmed this
highlighting that RCMs (MAR and RACMO) are underestimating accutionlén southeast Greenland and

that models migpresent spatial heterogeneity due to an orographically forced bias in snowfall near the
coast. Further, fonortheast Greenland, Karlsson e(2020)found RCMs underestimate snow

accumuléon rates by up to 35%. The regional time esgghow that SMB has been gradually decreasing in

all seven regions (1972017), although the trend is less strong in cemaatern and southeast regions. In

the southwest, northeast and northwest, SMB tnegstive or close to zero after 2000 and resnabove

zero in other regiong={gure Atlas.3) (medium confidenge

Atlas.11.2.4Assessment and synthesis of projections

Mean temperature in the Arctic is projected to continue to rise through the 21st sagifigantly higher

than the global averagigureAtlas.29and Interactive Atlgs For the regions NWN and NEN, sBection

Atlas.9 The Arctic isprojected to reach a 2°C annual mean warming above thé 2Q0@3 baseline about 25

to 50 years before the globe as a whole under RCP8.5 and REPdt®t al., 2019)he Arctic warming

may be as much as 4°C in the annual mean and 7°C in late autumn under 2°C global warming, regardless of
which scenad is considere@Post et al., 2019high confidencke

Projections from 40 CMIP5 models of the 202400 Arctic annual warming under RCP4.5 vary from 0.9°C

to 6.7°C, with a multmodel mean of 3.7°QChylek et al., 2016)All models agree on a projected Arctic
amplification (of at least 1.5 times), but they disagree on the magnitude and spatial patterns. Arctic warming
trendsprpect ed by models that include a fulodd direct a
interactiveo6) are significantly higher than those
(Chylek et al., 2016)

Projected Arctic warming exbits a very pronounced seasonal cycle, with exceptionally strong warming in
the winter. In projections from 30 CMIP5 models, winter warming over ARO varies edigidrom 3°C to

5°C by midcentury and 5°C to 9°C by latentury under RCP4&MAP, 2017)(high confidence

Averaged over the Arcticna based on 36 CMIP5 models, winter warming is 5.8 + 1.5°C bycemtury

and 7.1 £ 2.3°C by 2100 under RCP@Xxverland et al., 2019and an exceptionally strong warming of up to
14.1 +£ 2.9°C is projected in December en®RCP8.5Bintanja and Krikken, 2016Bintanja and Van Der
Linden(2013)estimated the Arctic winter warming over the 21st century to exceed the summer warming by
at least a factor of four, irrespective of the magnitofdkle climate forcing.

Oveland et al(2014)highlighted the difference betweenthereae r m 0 adaptdt iaon - &t hme $
term o6 mint itgante s c al @nlyinthe Iatterth&lf @f th& ceatdiry do the projections under

RCP4.5 and RCP8.5 noticeably separate -&rtthe-century warming is approximately twice as large under
RCP8.5 demonstrating the i of the lower emissions der RCP4.§AMAP, 2017)(high confidence

More specifically under the strong forcing scenario, annual mean surface air temperatufgdtiche

projected to increase by 8.5 + 2.1°C over the course of the 21st c@intgnja and Andry, 20173and

emerges as a 6new Arcticé cli mat e -20thdemugy(Landrygm i f i c a
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and Holland, 2020)The endof-the-century warming (2082099 relative to 1981999, RCP8.5) can

exceed 15°C in autumn and winter over the Arctic O¢Baenigk et al., 2015)Projections averaged over

the four bestperforming CMIP5 models show an Arctic annual warming of 4.1°C (RCP2.6), 5.7°C
(RCP4.5)and 10.6°C (RCP8.5) by 2100 compared to 19980(Hao et al., 2018)Also, for neighbouring

Arctic regions, for example NEU, WSB and ESB, temperature is projected to increase towards the end of the
century under both RCP4.5 and RCP8.5 GedtionsAtlas.8andAtlas.5.9.

The ensemble of CMIPghowslikely greater warming compared to CMIFEdure Atlas.29. There is weak
agreement among the models in projected temperature change over the Arctic North Atlantic under SSPs
until the midcentury, but a robust warming signataily emerges even tieeby 210(QInteractive Atla.

Generally, the largest annual warming is simulated over the Arctic Ocean, particularly over the Barents and
Kara Seas. Future warming in CORDEX RCMs and the CMIP5 models are ¢Bmiaoni et al., 2020)

The RCM warming over the AO is smaller, while the warming over land is larger in winter and spring but
smaller in summer, compared with CMIB&oenigk et al., 2015)

Mean precipitation in ARO, @ and RAR is projectetb rise in a warming climatd-{gure Atlas.29, with
different rates for the different seasons and scenarios. For NWN and NEbécteamAtlas.9 The CMIP5
multi-model mean projected precipitation increase in the Arctikeédy of the order of 50% under RCP8.5

by the end of 21st century, which is among the highest glofiillyanja and Selten, 2014pver 70°N

90°N, the precipitation increaselilsely 62 £ 20% and 56 + 13% for RCP4.5 and REEespectively. For

ARO (Svalbard), the increase in annual precipitation by 2100 is estimated to be about 45% for RCP4.5 and
65% for RCP8.5 (CMIP5 ensemble mediévian der Bilt et al., 2019However, importantly the simulated
Arctic precipitation increase varies by a factor of three to four betwedelg{Bintanja and Séén, 214)

The projected increase is strongest in late autumn and Wfitena et al., 2016)The interannual

variability of Arctic precipitation will likely increase markedly (up to 40% over the 21st century), especially
in summet(Bintanja et al., 20200mediumconfidencg

The CMIP6 projections confirm precipitation wlikely increase almost everywhere in the Arctied the
Interactive Atla}. The largest increase is simulated overBhaeents and Kara Seas and East Siberian Sea
regions, and over northeast Greenland. A pronounced uncertainty in the projection exists over the Arctic
North Atlantic and south Greenland. There, the precipitation signal is not significant even by thehend of t
21stcentury and under highmission scenarios (RCP8.5, SS5). Consistent with the generally higher
warming in CMIP6, compared to CMIP5, the projected precipitation increase is also Figjuee (Atlas.2)
(high confidencg

The Arctic mean annuakecipitation sensitivity has been estimated at 4.5% increase per degree Celsius of
temperature rise, compared to a global average b1 B% per degree Celsius of temperature (Betanja

and Selten2014)based on a seff 37 CMIP5 GCMsKoenigk et al(2015)stress the different precipitation
sensitivity in winter (0.8 mm per month per degree Celsius of temperature rise) and summer (2 mm per
month per degree Celsius of temperature rise). Dobler @0dl6)support the high precipitation sensitivity

for the projected temperature changes. The pattern and amplitude of precipitation changes agree in
CORDEX simulations with their driving CMIP5 modélsoenigk et al., 20155pinoni et al., 2020high
confidencg However, more sma#icale variations over land and coastlines and significantly larger
precipitation changes in summer are obvious in the downscaling.

Rain is projected to become the dominant form of precipitatidhe Arctic region by the end of the 21st
century(Bintanja, 2018) TheCMIP5 models show a decrease in annual Arctievéalbunder both RCP4.5
and RCP8.%Krasting et al., 2013b; Bintanja and Andry, 20{hih confidencg In the central Arctic, the
snowfall fraction barely remains larger than 50%, with only Greenlandhatilhg snowfall fractions larger
than 80%Bintanja and Andry, 2017)The most dramatic reductions in snolvfiaaction are projected to
occur over the North Atlantic and especially the Barents Sea.

With ongoing warming and polar amplification in the Arctic, the Greenland Ice Sheet SMB will inevitably
continue to chang@.enaerts et al., 2019high confidene). For the ice sheet, despite large differences
between model scenarios, future projections and regions agree that increasing temperatures will increase

Do Not Cite, Quote or Distribute Atlas-113 Total pagesi96



O©CoO~NOOITA,WDNPE

Final Governmenbistribution Atlas IPCC AR6 WGI

runoff which will in turn dominate theufure decrease of SMfRae et al 2012; van Angelen et al., 2014;
Mottram et al., 2017; Hofer et al., 2020pnfirming the high sensitivity of the SMB to atmospheric
warming. Changes in SMB will continue to dominate futmaess loss from the ice sheet, and likely even
more when maringerminating glaciers retreat onto land, and solid ice discharge is retizedino, 2014,
Lenaerts et al., 2®).

Atlas.11.2.55ummary

It is very likelythat the Arctic has warndeat more than twice the global rate over the past 50 yealikalyd

that annual precipitation has increased with the highest increases during the cold season. This is based on
various Arcticamplification processes, in particular combination of seemalbackrelated processes such

as sedce and snowover albedo, poleward energy transports, and waieourcloudradiation feedbacks.

The frequency of rainfall increased over the Arcticbg to 5.4% over the 2002016 period with more

frequent rainflh events being reported for northern Europe and Svalpaedium confidenge

The CMIP5 models reproduce the observed Arctic warming over the past dauitomerestimatéhe

amplified Arcic warming in the recent decadgsediumconfidenc® Arctic CORDEX simulationsshow
adequate skill in capturinggionaltemperature@ndprecipitation patterns amtecipitationextremeghigh
confidencg SMB models have improvetle to increased availability and quality of remotely seasedn
situ observationand anensemble meaof SMB model simulationprovides the best estimate of the present
day SMB(mediumconfidencg.

It is verylikely that the Arctic annual mean temperature and precipitation will continue to increase, reaching
aroundl11.5 + 3.4°C and49+ 19 over the 208012100 period (with respect to a 192014 baseline) under

the SSP8.5 scenario or 4.0 25°C and 1A 11% under he SSP22.6 scenario. These CMIP6 results show
likely higher Arctic annual mean temperatures compared to CliR5giventime-period and emissions
scenarigthoughthe projections are consistent for global warming levels

Atlas.12 Final remarks

Developing from the WGI AR5 Atlas AnngiPCC, 2013a)the Atlas is ainnovation in the WGI

contribution to the ARG, providing a regiday-region assessamt of new knowledge on changes in mean
climate and an online interactive tool, the Interactive Attademonstrateshediversty in theclimate
changesacross these regigria the evidence base for generating information on what changes have already
occurred and why, and what further changes each region is likely to face in the future based on different
emission scenars. Finally, theinteractive Atlas allows for further exploration of the data underpinning
assessment material generated by many afttier chapters.

The foundation of the regional information generated by the Atlas chapter is an assessment dfichatsign
body of new literature on regional climate change though noting substantial heterogeneity in both its
availability and the invalement of regional expertise. In many regions this allows for-geth

assessment though in some the range of infiioméhat can be provided and/or the level of confidence in
the information is limited. There is similar heterogeneity in the avaiigloifiobservations to assess recent
trends and evaluate model performance, with a lack of curated regional datas&ts iegions, northern
South America and Africa.

Internal variability is a large contributor to the climate uncertainty at regiornlasséecent work has

combined outputs of Single Model Initiabnditions Large Ensembles (SMILES) with CMIP5 and CMIP6 t
partition and gain insights on the modelled range and uncertainty arising from internal variability and from
model response uncertarfor a given emission scenalibeser et al., 2020; Lehner ¢t, 2020; Maher et

al., 2021) The work highlights the notable role for internal variability at regional scales, particularly for
precipitation in regions with weaker forced response, where internal variability can remain larger than model
uncertainty olscenario uncertainty throughate whole century. The Atlas (similar to the other regional
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chapters) uses a single realization per model (CMIP6 models provide multiple realizations, but it is not the
case for CORDEX and less forCMIP5) which allows fothe comparison of the differelimes of evidence
but at the expense of internal variability having a larger influence on the ability to detect or quantify changes.

The assessment produced in the Atlas is based on the individual results from the difkserf global and

regional evidence and the consistency amongst them, as there is a lack of literature on methodologies that
combine multiple lines of evidence dstil regional climate change information.
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