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Foreword

CLIMATECHANGEISONEOFTHEDEFININGISSUESOFOURTIME.Itisnowmore
certainthanever,basedonmanylinesofevidence,thathumansarechanging
Earth’sclimate.Theatmosphereandoceanshavewarmed,whichhasbeen
accompaniedbysealevelrise,astrongdeclineinArcticseaice,andotherclimate-
relatedchanges.Theimpactsofclimatechangeonpeopleandnatureare
increasinglyapparent.Unprecedentedflooding,heatwaves,andwildfireshavecost
billionsindamages.Habitatsareundergoingrapidshiftsinresponsetochanging
temperaturesandprecipitationpatterns.

TheRoyalSocietyandtheUSNationalAcademyofSciences,withtheirsimilar
missionstopromotetheuseofsciencetobenefitsocietyandtoinform critical
policydebates,producedtheoriginalClimateChange:EvidenceandCausesin2014.
ItwaswrittenandreviewedbyaUK-USteam ofleadingclimatescientists.Thisnew
edition,preparedbythesameauthorteam,hasbeenupdatedwiththemostrecent
climatedataandscientificanalyses,allofwhichreinforceourunderstandingof
human-causedclimatechange.

Theevidenceisclear.However,duetothenatureofscience,noteverydetailisever
totallysettledorcertain.Norhaseverypertinentquestionyetbeenanswered.
Scientificevidencecontinuestobegatheredaroundtheworld.Somethingshave
becomeclearerandnewinsightshaveemerged.Forexample,theperiodofslower
warmingduringthe2000sandearly2010shasendedwithadramaticjumpto
warmertemperaturesbetween2014and2015.Antarcticseaiceextent,whichhad
beenincreasing,begantodeclinein2014,reachingarecordlowin2017thathas
persisted.Theseandotherrecentobservationshavebeenwovenintothe
discussionsofthequestionsaddressedinthisbooklet.

Callsforactionaregettinglouder.The2020GlobalRisksPerceptionSurveyfrom
theWorldEconomicForum rankedclimatechangeandrelatedenvironmentalissues
asthetopfiveglobalriskslikelytooccurwithinthenexttenyears.Yet,the
internationalcommunitystillhasfartogoinshowingincreasedambitionon
mitigation,adaptation,andotherwaystotackleclimatechange.

Scientificinformationisavitalcomponentforsocietytomakeinformeddecisions
abouthowtoreducethemagnitudeofclimatechangeandhowtoadapttoits
impacts.Thisbookletservesasakeyreferencedocumentfordecisionmakers,
policymakers,educators,andothersseekingauthoritativeanswersaboutthe



currentstateofclimate-changescience.

Wearegratefulthatsixyearsago,undertheleadershipofDr.RalphJ.Cicerone,
formerPresidentoftheNationalAcademyofSciences,andSirPaulNurse,former
PresidentoftheRoyalSociety,thesetwoorganizationspartneredtoproduceahigh-
leveloverviewofclimatechangescience.AscurrentPresidentsofthese
organizations,wearepleasedtoofferanupdatetothiskeyreference,supportedby
thegenerosityoftheCiceroneFamily.

MarciaMcNutt VenkiRamakrishnan
President,NatinalAcademyofsciences President,RoyalSociety

ForFurtherReading

Formoredetaileddiscussionofthetopicsaddressedinthisdocument(including
referencestotheunderlyingoriginalresearch),see:

■IntergovernmentalPanelonClimateChange(IPCC),2019:SpecialReportonthe
OceanandCryosphereinaChangingClimate[https://www.ipcc.ch/srocc]

■NationalAcademiesofSciences,Engineering,andMedicine(NASEM),2019:
NegativeEmissionsTechnologiesandReliableSequestration:AResearchAgenda
[https://www.nap.edu/catalog/25259]

■RoyalSociety,2018:Greenhousegasremoval
[https://raeng.org.uk/greenhousegasremoval]
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[https://nca2018.globalchange.gov]

■IPCC,2018:GlobalWarmingof1.5°C[https://www.ipcc.ch/sr15]
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[https://www.nap.edu/catalog/12782]Muchoftheoriginaldataunderlyingthe



scientificfindingsdiscussedhereareavailableat:

■https://data.ucar.edu/

■https://climatedataguide.ucar.edu

■https://iridl.ldeo.columbia.edu

■https://ess-dive.lbl.gov/
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■https://www.esrl.noaa.gov/gmd/ccgg/trends/

■http://scrippsco2.ucsd.edu
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THENATIONALACADEMYOFSCIENCE(NAS)wasestablishedtoadvisetheUnited
StatesonscientificandtechnicalissueswhenPresidentLincolnsigneda
Congressionalcharterin1863.TheNationalResearchCouncil,theoperatingarm of
theNationalAcademyofSciencesandtheNationalAcademyofEngineering,has
issuednumerousreportsonthecausesofandpotentialresponsestoclimate
change.Climatechangeresourcesfrom theNationalResearchCouncilareavailable
atnationalacademies.org/climate.

THEROYALSOCIETYisaself-governingFellowshipofmanyoftheworld’smost
distinguishedscientists.Itsmembersaredrawnfrom allareasofscience,
engineering,andmedicine.ItisthenationalacademyofscienceintheUK.The
Society’sfundamentalpurpose,reflectedinitsfoundingChartersofthe1660s,isto
recognise,promote,andsupportexcellenceinscience,andtoencouragethe
developmentanduseofscienceforthebenefitofhumanity.Moreinformationon
theSociety’sclimatechangeworkisavailableatroyalsociety.org/policy/climate-
change.
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EVIDENCE&CAUSES2020

SUMMARY

GREENHOUSEGASESsuchascarbondioxide(CO2)absorbheat(infraredradiation)
emittedfrom Earth’ssurface.Increasesintheatmosphericconcentrationsofthese
gasescauseEarthtowarm bytrappingmoreofthisheat.Human
activities—especiallytheburningoffossilfuelssincethestartoftheIndustrial
Revolution—haveincreasedatmosphericCO2concentrationsbymorethan40%,with
overhalftheincreaseoccurringsince1970.Since1900,theglobalaveragesurface
temperaturehasincreasedbyabout1°C(1.8°F).Thishasbeenaccompaniedby
warmingoftheocean,ariseinsealevel,astrongdeclineinArcticseaice,
widespreadincreasesinthefrequencyandintensityofheatwaves,andmanyother
associatedclimateeffects.Muchofthiswarminghasoccurredinthelastfive
decades.Detailedanalyseshaveshownthatthewarmingduringthisperiodismainly
aresultoftheincreasedconcentrationsofCO2andothergreenhousegases.
Continuedemissionsofthesegaseswillcausefurtherclimatechange,including
substantialincreasesinglobalaveragesurfacetemperatureandimportantchanges
inregionalclimate.Themagnitudeandtimingofthesechangeswilldependonmany
factors,andslowdownsandaccelerationsinwarminglastingadecadeormorewill
continuetooccur.However,long-term climatechangeovermanydecadeswill
dependmainlyonthetotalamountofCO2andothergreenhousegasesemittedasa
resultofhumanactivities.

1. ISTHECLIMATEWARMING?

Yes.Earth’saveragesurfaceairtemperaturehasincreasedbyabout1°C(1.8°F)
since1900,withoverhalfoftheincreaseoccurringsincethemid-1970s[Figure1a].
Awiderangeofotherobservations(suchasreducedArcticseaiceextentand
increasedoceanheatcontent)andindicationsfrom thenaturalworld(suchas
polewardshiftsoftemperature-sensitivespeciesoffish,mammals,insects,etc.)
togetherprovideincontrovertibleevidenceofplanetary-scalewarming.

Theclearestevidenceforsurfacewarmingcomesfrom widespreadthermometer
recordsthat,insomeplaces,extendbacktothelate19thcentury.Today,
temperaturesaremonitoredatmanythousandsoflocations,overboththelandand
oceansurface.Indirectestimatesoftemperaturechangefrom suchsourcesastree
ringsandicecoreshelptoplacerecenttemperaturechangesinthecontextofthe
past.IntermsoftheaveragesurfacetemperatureofEarth,theseindirectestimates



showthat1989to2019wasverylikelythewarmest30-yearperiodinmorethan800
years;themostrecentdecade,2010-2019,isthewarmestdecadeinthe
instrumentalrecordsofar(since1850).

Awiderangeofotherobservationsprovidesamorecomprehensivepictureof
warmingthroughouttheclimatesystem.Forexample,theloweratmosphereandthe
upperlayersoftheoceanhavealsowarmed,snowandicecoveraredecreasingin
theNorthernHemisphere,theGreenlandicesheetisshrinking,andsealevelisrising
[Figure1b].Thesemeasurementsaremadewithavarietyofland-,ocean-,andspace
-basedmonitoringsystems,whichgivesaddedconfidenceintherealityofglobal-
scalewarmingofEarth’sclimate.

2.Howdoscientistsknowthatrecentclimatechangeislargelycausedbyhuman
activities?

Scientistsknowthatrecentclimatechangeislargelycausedbyhumanactivities
from anunderstandingofbasicphysics,comparingobservationswithmodels,and
fingerprintingthedetailedpatternsofclimatechangecausedbydifferenthumanand
naturalinfluences.

Sincethemid-1800s,scientistshaveknownthatCO2isoneofthemaingreenhouse
gasesofimportancetoEarth’senergybalance.DirectmeasurementsofCO2inthe
atmosphereandinairtrappediniceshowthatatmosphericCO2increasedbymore
than40%from 1800to2019.Measurementsofdifferentformsofcarbon(isotopes,
seeQuestion3)revealthatthisincreaseisduetohumanactivities.Other
greenhousegases(notablymethaneandnitrousoxide)arealsoincreasingasa
consequenceofhumanactivities.Theobservedglobalsurfacetemperaturerise
since1900isconsistentwithdetailedcalculationsoftheimpactsoftheobserved
increaseinatmosphericgreenhousegases(andotherhuman-inducedchanges)on
Earth’senergybalance.

Differentinfluencesonclimatehavedifferentsignaturesinclimaterecords.These
uniquefingerprintsareeasiertoseebyprobingbeyondasinglenumber(suchasthe
averagetemperatureofEarth’ssurface),andbylookinginsteadatthegeographical
andseasonalpatternsofclimatechange.Theobservedpatternsofsurfacewarming,
temperaturechangesthroughtheatmosphere,increasesinoceanheatcontent,
increasesinatmosphericmoisture,sealevelrise,andincreasedmeltingoflandand
seaicealsomatchthepatternsscientistsexpecttoseeduetohumanactivities(see
Question5).

Theexpectedchangesinclimatearebasedonourunderstandingofhow
greenhousegasestrapheat.Boththisfundamentalunderstandingofthephysicsof
greenhousegasesandpattern-basedfingerprintstudiesshowthatnaturalcauses
aloneareinadequatetoexplaintherecentobservedchangesinclimate.Natural
causesincludevariationsintheSun’soutputandinEarth’sorbitaroundtheSun,
volcaniceruptions,andinternalfluctuationsintheclimatesystem (suchasElNiño
andLaNiña).Calculationsusingclimatemodels(seeinfobox,p.20)havebeenused
tosimulatewhatwouldhavehappenedtoglobaltemperaturesifonlynaturalfactors
wereinfluencingtheclimatesystem.Thesesimulationsyieldlittlesurfacewarming,
orevenaslightcooling,overthe20thcenturyandintothe21st.Onlywhenmodels



includehumaninfluencesonthecompositionoftheatmospherearetheresulting
temperaturechangesconsistentwithobservedchanges.

3.CO2isalreadyintheatmospherenaturally,sowhyareemissionsfrom human
activitysignificant?

Humanactivitieshavesignificantlydisturbedthenaturalcarboncyclebyextracting
longburiedfossilfuelsandburningthem forenergy,thusreleasingCO2tothe
atmosphere.Innature,CO2isexchangedcontinuallybetweentheatmosphere,
plants,andanimalsthroughphotosynthesis,respiration,anddecomposition,and
betweentheatmosphereandoceanthroughgasexchange.Averysmallamountof
CO2(roughly1%oftheemissionratefrom fossilfuelcombustion)isalsoemittedin
volcaniceruptions.Thisisbalancedbyanequivalentamountthatisremovedby
chemicalweatheringofrocks.

TheCO2levelin2019wasmorethan40%higherthanitwasinthe19thcentury.
MostofthisCO2increasehastakenplacesince1970,aboutthetimewhenglobal
energyconsumptionaccelerated.Measureddecreasesinthefractionofotherforms
ofcarbon(theisotopes14Cand13C)andasmalldecreaseinatmosphericoxygen
concentration(observationsofwhichhavebeenavailablesince1990)showthatthe
riseinCO2islargelyfrom combustionoffossilfuels(whichhavelow13Cfractions
andno14C).Deforestationandotherlandusechangeshavealsoreleasedcarbon
from thebiosphere(livingworld)whereitnormallyresidesfordecadestocenturies.
TheadditionalCO2from fossilfuelburninganddeforestationhasdisturbedthe
balanceofthecarboncycle,becausethenaturalprocessesthatcouldrestorethe
balancearetooslowcomparedtotheratesatwhichhumanactivitiesareadding
CO2totheatmosphere.Asaresult,asubstantialfractionoftheCO2emittedfrom
humanactivitiesaccumulatesintheatmosphere,wheresomeofitwillremainnot
justfordecadesorcenturies,butforthousandsofyears.ComparisonwiththeCO2
levelsmeasuredinairextractedfrom icecoresindicatesthatthecurrent
concentrationsaresubstantiallyhigherthantheyhavebeeninatleast800,000years
(seeQuestion6).

4.WhatrolehastheSunplayedinclimatechangeinrecentdecades?

TheSunprovidestheprimarysourceofenergydrivingEarth’sclimatesystem,butits
variationshaveplayedverylittleroleintheclimatechangesobservedinrecent
decades.Directsatellitemeasurementssincethelate1970sshownonetincreasein
theSun’soutput,whileatthesametimeglobalsurfacetemperatureshaveincreased
[Figure2].

Forperiodsbeforetheonsetofsatellitemeasurements,knowledgeaboutsolar
changesislesscertainbecausethechangesareinferredfrom indirectsources—
includingthenumberofsunspotsandtheabundanceofcertainforms(isotopes)of
carbonorberyllium atoms,whoseproductionratesinEarth’satmosphereare
influencedbyvariationsintheSun.Thereisevidencethatthe11-yearsolarcycle,
duringwhichtheSun’senergyoutputvariesbyroughly0.1%,caninfluenceozone
concentrations,temperatures,andwindsinthestratosphere(thelayerinthe



atmosphereabovethetroposphere,typicallyfrom 12to50km aboveearth’ssurface,
dependingonlatitudeandseason).Thesestratosphericchangesmayhaveasmall
effectonsurfaceclimateoverthe11-yearcycle.However,theavailableevidence
doesnotindicatepronouncedlong-term changesintheSun’soutputoverthepast
century,duringwhichtimehumaninducedincreasesinCO2concentrationshave
beenthedominantinfluenceonthelong-term globalsurfacetemperatureincrease.
Furtherevidencethatcurrentwarmingisnotaresultofsolarchangescanbefound
inthetemperaturetrendsatdifferentaltitudesintheatmosphere(seeQuestion5).

5.Whatdochangesintheverticalstructureofatmospherictemperature—from the
surfaceuptothestratosphere—tellusaboutthecausesofrecentclimatechange?

Theobservedwarmingintheloweratmosphereandcoolingintheupperatmosphere
provideuswithkeyinsightsintotheunderlyingcausesofclimatechangeandreveal
thatnaturalfactorsalonecannotexplaintheobservedchanges.Intheearly1960s,
resultsfrom mathematical/physicalmodelsoftheclimatesystem firstshowedthat
human-inducedincreasesinCO2wouldbeexpectedtoleadtogradualwarmingof
theloweratmosphere(thetroposphere)andcoolingofhigherlevelsofthe
atmosphere(thestratosphere).Incontrast,increasesintheSun’soutputwould
warm boththetroposphereandthefullverticalextentofthestratosphere.Atthat
time,therewasinsufficientobservationaldatatotestthisprediction,but
temperaturemeasurementsfrom weatherballoonsandsatelliteshavesince
confirmedtheseearlyforecasts.Itisnowknownthattheobservedpatternof
troposphericwarmingandstratosphericcoolingoverthepast40yearsisbroadly
consistentwithcomputermodelsimulationsthatincludeincreasesinCO2and
decreasesinstratosphericozone,eachcausedbyhumanactivities.Theobserved
patternisnotconsistentwithpurelynaturalchangesintheSun’senergyoutput,
volcanicactivity,ornaturalclimatevariationssuchasElNiñoandLaNiña.

Despitethisagreementbetweentheglobal-scalepatternsofmodelledandobserved
atmospherictemperaturechange,therearestillsomedifferences.Themost
noticeabledifferencesareinthetropics,wheremodelscurrentlyshowmore
warminginthetropospherethanhasbeenobserved,andintheArctic,wherethe
observedwarmingofthetroposphereisgreaterthaninmostmodels.

6.Climateisalwayschanging.Whyisclimatechangeofconcernnow?

Allmajorclimatechanges,includingnaturalones,aredisruptive.Pastclimate
changesledtoextinctionofmanyspecies,populationmigrations,andpronounced
changesinthelandsurfaceandoceancirculation.Thespeedofthecurrentclimate
changeisfasterthanmostofthepastevents,makingitmoredifficultforhuman
societiesandthenaturalworldtoadapt.

Thelargestglobal-scaleclimatevariationsinEarth’srecentgeologicalpastarethe
iceagecycles(seeinfobox,p.B4),whicharecoldglacialperiodsfollowedbyshorter
warm periods[Figure3].Thelastfewofthesenaturalcycleshaverecurredroughly
every100,000years.TheyaremainlypacedbyslowchangesinEarth’sorbit,which
alterthewaytheSun’senergyisdistributedwithlatitudeandbyseasononEarth.



Theseorbitalchangesareverysmalloverthelastseveralhundredyears,andalone
arenotsufficienttocausetheobservedmagnitudeofchangeintemperaturesince
theIndustrialRevolution,nortoactonthewholeEarth.Onice-agetimescales,these
gradualorbitalvariationshaveledtochangesintheextentoficesheetsandinthe
abundanceofCO2andothergreenhousegases,whichinturnhaveamplifiedthe
initialtemperaturechange.

Recentestimatesoftheincreaseinglobalaveragetemperaturesincetheendofthe
lasticeageare4to5°C(7to9°F).Thatchangeoccurredoveraperiodofabout
7,000years,starting18,000yearsago.CO2hasrisenmorethan40%injustthepast
200years,muchofthissincethe1970s,contributingtohumanalterationofthe
planet’senergybudgetthathassofarwarmedEarthbyabout1°C(1.8°F).Iftherise
inCO2continuesunchecked,warmingofthesamemagnitudeastheincreaseoutof
theiceagecanbeexpectedbytheendofthiscenturyorsoonafter.Thisspeedof
warmingismorethantentimesthatattheendofaniceage,thefastestknown
naturalsustainedchangeonaglobalscale.

7.IsthecurrentlevelofatmosphericCO2concentrationunprecedentedinEarth’s
history?

ThepresentlevelofatmosphericCO2concentrationisalmostcertainly
unprecedentedinthepastmillionyears,duringwhichtimemodernhumansevolved
andsocietiesdeveloped.TheatmosphericCO2concentrationwashoweverhigherin
Earth’smoredistantpast(manymillionsofyearsago),atwhichtimepalaeoclimatic
andgeologicaldataindicatethattemperaturesandsealevelswerealsohigherthan
theyaretoday.

Measurementsofairinicecoresshowthatforthepast800,000yearsupuntilthe
20thcentury,theatmosphericCO2concentrationstayedwithintherange170to300
partspermillion(ppm),makingtherecentrapidrisetomorethan400ppm over200
yearsparticularlyremarkable[figure3].Duringtheglacialcyclesofthepast800,000
yearsbothCO2andmethanehaveactedasimportantamplifiersoftheclimate
changestriggeredbyvariationsinEarth’sorbitaroundtheSun.AsEarthwarmed
from thelasticeage,temperature7continued10ClimateChangenQ&AIstherea
pointatwhichaddingmoreCO2willnotcausefurtherwarming?No.Addingmore
CO2totheatmospherewillcausesurfacetemperaturestocontinuetoincrease.As
theatmosphericconcentrationsofCO2increase,theadditionofextraCO2becomes
progressivelylesseffectiveattrappingEarth’senergy,butsurfacetemperaturewill
stillrise.OurunderstandingofthephysicsbywhichCO2affectsEarth’senergy
balanceisconfirmedbylaboratorymeasurements,aswellasbydetailedsatellite
andsurfaceobservationsoftheemissionandabsorptionofinfraredenergybythe
atmosphere.GreenhousegasesabsorbsomeoftheinfraredenergythatEarthemits
inso-calledbandsofstrongerabsorptionthatoccuratcertainwavelengths.Different
gasesabsorbenergyatdifferentwavelengths.CO2hasitsstrongestheat-trapping
bandcentredatawavelengthof15micrometres(millionthsofametre),with
absorptionthatspreadsoutafewmicrometresoneitherside.Therearealsomany
weakerabsorptionbands.AsCO2concentrationsincrease,theabsorptionatthe
centreofthestrongbandisalreadysointensethatitplayslittleroleincausing
additionalwarming.However,moreenergyisabsorbedintheweakerbandsand



awayfrom thecentreofthestrongband,causingthesurfaceandloweratmosphere
towarm further.andCO2startedtoriseatapproximatelythesametimeand
continuedtoriseintandem from about18,000to11,000yearsago.Changesin
oceantemperature,circulation,chemistry,andbiologycausedCO2tobereleasedto
theatmosphere,whichcombinedwithotherfeedbackstopushEarthintoaneven
warmerstate.

Forearliergeologicaltimes,CO2concentrationsandtemperatureshavebeen
inferredfrom lessdirectmethods.ThosesuggestthattheconcentrationofCO2last
approached400ppm about3to5millionyearsago,aperiodwhenglobalaverage
surfacetemperatureisestimatedtohavebeenabout2to3.5°Chigherthaninthe
pre-industrialperiod.At50millionyearsago,CO2mayhavereached1000ppm,and
globalaveragetemperaturewasprobablyabout10°Cwarmerthantoday.Under
thoseconditions,Earthhadlittleice,andsealevelwasatleast60metreshigherthan
currentlevels.

8.IsthereapointatwhichaddingmoreCO2willnotcausefurtherwarming?

No.AddingmoreCO2totheatmospherewillcausesurfacetemperaturesto
continuetoincrease.AstheatmosphericconcentrationsofCO2increase,the
additionofextraCO2becomesprogressivelylesseffectiveattrappingEarth’s
energy,butsurfacetemperaturewillstillrise.

OurunderstandingofthephysicsbywhichCO2affectsEarth’senergybalanceis
confirmedbylaboratorymeasurements,aswellasbydetailedsatelliteandsurface
observationsoftheemissionandabsorptionofinfraredenergybytheatmosphere.
GreenhousegasesabsorbsomeoftheinfraredenergythatEarthemitsinso-called
bandsofstrongerabsorptionthatoccuratcertainwavelengths.Differentgases
absorbenergyatdifferentwavelengths.CO2hasitsstrongestheat-trappingband
centredatawavelengthof15micrometres(millionthsofametre),withabsorption
thatspreadsoutafewmicrometresoneitherside.Therearealsomanyweaker
absorptionbands.AsCO2concentrationsincrease,theabsorptionatthecentreof
thestrongbandisalreadysointensethatitplayslittleroleincausingadditional
warming.However,moreenergyisabsorbedintheweakerbandsandawayfrom the
centreofthestrongband,causingthesurfaceandloweratmospheretowarm
further.

9.Doestherateofwarmingvaryfrom onedecadetoanother?

Yes.Theobservedwarmingratehasvariedfrom yeartoyear,decadetodecade,and
placetoplace,asisexpectedfrom ourunderstandingoftheclimatesystem.These
shorterterm variationsaremostlyduetonaturalcauses,anddonotcontradictour
fundamentalunderstandingthatthelong-term warmingtrendisprimarilydueto
human-inducedchangesintheatmosphericlevelsofCO2andothergreenhouse
gases.

EvenasCO2isrisingsteadilyintheatmosphere,leadingtogradualwarmingof
Earth’ssurface,manynaturalfactorsaremodulatingthislong-term warming.Large
volcaniceruptionsincreasethenumberofsmallparticlesinthestratosphere.These
particlesreflectsunlight,leadingtoshort-term surfacecoolinglastingtypicallytwo



tothreeyears,followedbyaslowrecovery.Oceancirculationandmixingvary
naturallyonmanytimescales,causingvariationsinseasurfacetemperaturesas
wellaschangesintherateatwhichheatistransportedtogreaterdepths.For
example,thetropicalPacificswingsbetweenwarm ElNiñoandcoolerLaNiña
eventsontimescalesoftwotosevenyears.Scientistsstudymanydifferenttypesof
climatevariations,suchasthoseondecadalandmulti-decadaltimescalesinthe
PacificandNorthAtlanticOceans.Eachtypeofvariationhasitsownunique
characteristics.Theseoceanicvariationsareassociatedwithsignificantregional
andglobalshiftsintemperatureandrainfallpatternsthatareevidentinthe
observations.

Warmingfrom decadetodecadecanalsobeaffectedbyhumanfactorssuchas
variationsinemissionsofgreenhousegasesandaerosols(airborneparticlesthat
canhavebothwarmingandcoolingeffects)from coal-firedpowerplantsandother
pollutionsources.

Thesevariationsinthetemperaturetrendareclearlyevidentintheobserved
temperaturerecord[Figure4].Short-term naturalclimatevariationscouldalsoaffect
thelong-term human-inducedclimatechangesignalandvice-versa,becauseclimate
variationsondifferentspaceandtimescalescaninteractwithoneanother.Itis
partlyforthisreasonthatclimatechangeprojectionsaremadeusingclimatemodels
(seeinfobox,p.20)thatcanaccountformanydifferenttypesofclimatevariations
andtheirinteractions.Reliableinferencesabouthuman-inducedclimatechange
mustbemadewithalongerviewusingrecordsthatcovermanydecades.

10.Didtheslowdownofwarmingduringthe2000stoearly2010smeanthatclimate
changeisnolongerhappening?

No.Aftertheverywarm year1998thatfollowedthestrong1997-98ElNiño,the
increaseinaveragesurfacetemperatureslowedrelativetothepreviousdecadeof
rapidtemperatureincreases.Despitetheslowerrateofwarming,the2000swere
warmerthanthe1990s.Thelimitedperiodofslowerwarmingendedwithadramatic
jumptowarmertemperaturesbetween2014and2015,withalltheyearsfrom 2015-
2019warmerthananyprecedingyearintheinstrumentalrecord.Ashort-term
slowdowninthewarmingofEarth’ssurfacedoesnotinvalidateourunderstandingof
long-term changesinglobaltemperaturearisingfrom human-inducedchangesin
greenhousegases.

Decadesofslowwarmingaswellasdecadesofacceleratedwarmingoccur
naturallyintheclimatesystem.Decadesthatarecoldorwarm comparedtothelong
-term trendareseenintheobservationsofthepast150yearsandarealsocaptured
byclimatemodels.Becausetheatmospherestoresverylittleheat,surface
temperaturescanberapidlyaffectedbyheatuptakeelsewhereintheclimatesystem
andbychangesinexternalinfluencesonclimate(suchasparticlesformedfrom
materialloftedhighintotheatmospherefrom volcaniceruptions).

Morethan90%oftheheataddedtotheEarthsystem inrecentdecadeshasbeen
absorbedbytheoceansandpenetratesonlyslowlyintodeepwater.Afasterrateof
heatpenetrationintothedeeperoceanwillslowthewarmingseenatthesurfaceand
intheatmosphere,butbyitselfitwillnotchangethelong-term warmingthatwill
occurfrom agivenamountofCO2.Forexample,recentstudiesshowthatsome
heatcomesoutoftheoceanintotheatmosphereduringwarm ElNiñoevents,and



moreheatpenetratestooceandepthsincoldLaNiñas.Suchchangesoccur
repeatedlyovertimescalesofdecadesandlonger.AnexampleisthemajorElNiño
eventin1997–98whenthegloballyaveragedairtemperaturesoaredtothehighest
levelinthe20thcenturyastheoceanlostheattotheatmosphere,mainlyby
evaporation.

Evenduringtheslowdownintheriseofaveragesurfacetemperature,alonger-term
warmingtrendwasstillevident(seeFigure4).Overthatperiod,forexample,record
heatwavesweredocumentedinEurope(summer2003),inRussia(summer2010),in
theUSA(July2012),andinAustralia(January2013).Eachofthelastfourdecades
waswarmerthananypreviousdecadesincewidespreadthermometer
measurementswereintroducedinthe1850s.Thecontinuingeffectsofthewarming
climateareseenintheincreasingtrendsinoceanheatcontentandsealevel,aswell
asinthecontinuedmeltingofArcticseaice,glaciersandtheGreenlandicesheet.

THEBASICSOFCLIMATECHANGE

GreenhousegasesaffectEarth’senergybalanceandclimate.

TheSunservesastheprimaryenergysourceforEarth’sclimate.Someofthe
incomingsunlightisreflecteddirectlybackintospace,especiallybybrightsurfaces
suchasiceandclouds,andtherestisabsorbedbythesurfaceandtheatmosphere.
Muchofthisabsorbedsolarenergyisre-emittedasheat(longwaveorinfrared
radiation).Theatmosphereinturnabsorbsandre-radiatesheat,someofwhich
escapestospace.Anydisturbancetothisbalanceofincomingandoutgoingenergy
willaffecttheclimate.Forexample,smallchangesintheoutputofenergyfrom the
Sunwillaffectthisbalancedirectly.

Ifallheatenergyemittedfrom thesurfacepassedthroughtheatmospheredirectly
intospace,Earth’saveragesurfacetemperaturewouldbetensofdegreescolder
thantoday.Greenhousegasesintheatmosphere,includingwatervapour,carbon
dioxide,methane,andnitrousoxide,acttomakethesurfacemuchwarmerthanthis
becausetheyabsorbandemitheatenergyinalldirections(includingdownwards),
keepingEarth’ssurfaceandloweratmospherewarm [FigureB1].Withoutthis
greenhouseeffect,lifeasweknowitcouldnothaveevolvedonourplanet.Adding
moregreenhousegasestotheatmospheremakesitevenmoreeffectiveat
preventingheatfrom escapingintospace.Whentheenergyleavingislessthanthe
energyentering,Earthwarmsuntilanewbalanceisestablished.

GreenhousegasesemittedbyhumanactivitiesalterEarth’senergybalanceandthus
itsclimate.Humansalsoaffectclimatebychangingthenatureofthelandsurfaces
(forexamplebyclearingforestsforfarming)andthroughtheemissionofpollutants
thataffecttheamountandtypeofparticlesintheatmosphere.

Scientistshavedeterminedthat,whenallhumanandnaturalfactorsareconsidered,
Earth’sclimatebalancehasbeenalteredtowardswarming,withthebiggest
contributorbeingincreasesinCO2.

Humanactivitieshaveaddedgreenhousegasestotheatmosphere.

Theatmosphericconcentrationsofcarbondioxide,methane,andnitrousoxidehave



increasedsignificantlysincetheIndustrialRevolutionbegan.Inthecaseofcarbon
dioxide,theaverageconcentrationmeasuredattheMaunaLoaObservatoryin
Hawaiihasrisenfrom 316partspermillion(ppm)1in1959(thefirstfullyearofdata
available)tomorethan411ppm in2019[FigureB2].Thesameratesofincrease
havesincebeenrecordedatnumerousotherstationsworldwide.Sincepreindustrial
times,theatmosphericconcentrationofCO2hasincreasedbyover40%,methane
hasincreasedbymorethan150%,andnitrousoxidehasincreasedbyroughly20%.
MorethanhalfoftheincreaseinCO2hasoccurredsince1970.Increasesinallthree
gasescontributetowarmingofEarth,withtheincreaseinCO2playingthelargest
role.SeepageB3tolearnaboutthesourcesofhumanemittedgreenhousegases.

Scientistshaveexaminedgreenhousegasesinthecontextofthepast.Analysisof
airtrappedinsideicethathasbeenaccumulatingovertimeinAntarcticashowsthat
theCOconcentrationbegantoincreasesignificantlyinthe19thcentury,after
stayingintherangeof260to280ppm fortheprevious10,000years.Icecore
recordsextendingback800,000yearsshowthatduringthattime,CO2
concentrationsremainedwithintherangeof170to300ppm throughoutmany“ice
age”cycles—seeinfobox,pg.B4tolearnabouttheiceages—andnoconcentration
above300ppm isseeninicecorerecordsuntilthepast200years.

Measurementsoftheforms(isotopes)ofcarboninthemodernatmosphereshowa
clearfingerprintoftheadditionof“old”carbon(depletedinnaturalradioactive14C)
comingfrom thecombustionoffossilfuels(asopposedto“newer”carboncoming
from livingsystems).Inaddition,itisknownthathumanactivities(excludingland
usechanges)currentlyemitanestimated10billiontonnesofcarboneachyear,
mostlybyburningfossilfuels,whichismorethanenoughtoexplaintheobserved
increaseinconcentration.

Theseandotherlinesofevidencepointconclusivelytothefactthattheelevated
CO2concentrationinouratmosphereistheresultofhumanactivities.

Climaterecordsshowawarmingtrend.

Estimatingglobalaveragesurfaceairtemperatureincreaserequirescarefulanalysis
ofmillionsofmeasurementsfrom aroundtheworld,includingfrom landstations,
ships,andsatellites.Despitethemanycomplicationsofsynthesisingsuchdata,
multipleindependentteamshaveconcludedseparatelyandunanimouslythatglobal
averagesurfaceairtemperaturehasrisenbyabout1°C(1.8°F)since1900[Figure
B4].Althoughtherecordshowsseveralpausesandaccelerationsintheincreasing
trend,eachofthelastfourdecadeshasbeenwarmerthananyotherdecadeinthe
instrumentalrecordsince1850.

Goingfurtherbackintimebeforeaccuratethermometerswerewidelyavailable,
temperaturescanbereconstructedusingclimate-sensitiveindicators“proxies”
inmaterialssuchastreerings,icecores,andmarinesediments.Comparisonsofthe
thermometerrecordwiththeseproxymeasurementssuggestthatthetimesincethe
early1980shasbeenthewarmest40-yearperiodinatleasteightcenturies,andthat
globaltemperatureisrisingtowardspeaktemperatureslastseen5,000to10,000
yearsagointhewarmestpartofourcurrentinterglacialperiod.

Manyotherimpactsassociatedwiththewarmingtrendhavebecomeevidentin
recentyears.Arcticsummerseaicecoverhasshrunkdramatically.Theheatcontent



oftheoceanhasincreased.Globalaveragesealevelhasrisenbyapproximately16
cm (6inches)since1901,duebothtotheexpansionofwarmeroceanwaterandto
theadditionofmeltwatersfrom glaciersandicesheetsonland.Warmingand
precipitationchangesarealteringthegeographicalrangesofmanyplantandanimal
speciesandthetimingoftheirlifecycles.Inadditiontotheeffectsonclimate,some
oftheexcessCO2intheatmosphereisbeingtakenupbytheocean,changingits
chemicalcomposition(causingoceanacidification).

Learnabouttheiceages:

Detailedanalysesofoceansediments,icecores,andotherdatashowthatforat
leastthelast2.6millionyears,Earthhasgonethroughextendedperiodswhen
temperaturesweremuchlowerthantodayandthickblanketsoficecoveredlarge
areasoftheNorthernHemisphere.Theselongcoldspells,lastinginthemostrecent
cyclesforaround100,000years,wereinterruptedbyshorterwarm ‘interglacial’
periods,includingthepast10,000years.

Throughacombinationoftheory,observations,andmodelling,scientistshave
deducedthattheiceages*aretriggeredbyrecurringvariationsinEarth’sorbitthat
primarilyaltertheregionalandseasonaldistributionofsolarenergyreachingEarth.
Theserelativelysmallchangesinsolarenergyarereinforcedoverthousandsof
yearsbygradualchangesinEarth’sicecover(thecryosphere),especiallyoverthe
NorthernHemisphere,andinatmosphericcomposition,eventuallyleadingtolarge
changesinglobaltemperature.Theaverageglobaltemperaturechangeduringanice
-agecycleisestimatedas5°C±1°C(9°F±2°F).

*NotethatingeologicaltermsEarthhasbeeninaniceageeversincetheAntarctic
IceSheetlastformedabout36millionyearsago.However,inthisdocumentwehave
usedtheterm initsmorecolloquialusageindicatingtheregularoccurrenceof
extensiveicesheetsoverNorthAmericaandnorthernEurasia.

Manycomplexprocessesshapeourclimate.

BasedjustonthephysicsoftheamountofenergythatCO2absorbsandemits,a
doublingofatmosphericCO2concentrationfrom pre-industriallevels(uptoabout
560ppm)wouldbyitselfcauseaglobalaveragetemperatureincreaseofabout1°C
(1.8°F).Intheoverallclimatesystem,however,thingsaremorecomplex;warming
leadstofurthereffects(feedbacks)thateitheramplifyordiminishtheinitialwarming.

Themostimportantfeedbacksinvolvevariousformsofwater.Awarmer
atmospheregenerallycontainsmorewatervapour.Watervapourisapotent
greenhousegas,thuscausingmorewarming;itsshortlifetimeintheatmosphere
keepsitsincreaselargelyinstepwithwarming.Thus,watervapouristreatedasan
amplifier,andnotadriver,ofclimatechange.Highertemperaturesinthepolar
regionsmeltseaiceandreduceseasonalsnowcover,exposingadarkeroceanand
landsurfacethatcanabsorbmoreheat,causingfurtherwarming.Anotherimportant
butuncertainfeedbackconcernschangesinclouds.Warmingandincreasesinwater
vapourtogethermaycausecloudcovertoincreaseordecreasewhichcaneither
amplifyordampentemperaturechangedependingonthechangesinthehorizontal
extent,altitude,andpropertiesofclouds.Thelatestassessmentofthescience
indicatesthattheoverallnetglobaleffectofcloudchangesislikelytobetoamplify
warming.



Theoceanmoderatesclimatechange.Theoceanisahugeheatreservoir,butitis
difficulttoheatitsfulldepthbecausewarm watertendstostaynearthesurface.
Therateatwhichheatistransferredtothedeepoceanisthereforeslow;itvaries
from yeartoyearandfrom decadetodecade,andithelpstodeterminethepaceof
warmingatthesurface.Observationsofthesub-surfaceoceanarelimitedpriorto
about1970,butsincethen,warmingoftheupper700m (2,300feet)isreadily
apparent,anddeeperwarmingisalsoclearlyobservedsinceabout1990.

Surfacetemperaturesandrainfallinmostregionsvarygreatlyfrom theglobal
averagebecauseofgeographicallocation,inparticularlatitudeandcontinental
position.Boththeaveragevaluesoftemperature,rainfall,andtheirextremes(which
generallyhavethelargestimpactsonnaturalsystemsandhumaninfrastructure),are
alsostronglyaffectedbylocalpatternsofwinds.

Estimatingtheeffectsoffeedbackprocesses,thepaceofthewarming,andregional
climatechangerequirestheuseofmathematicalmodelsoftheatmosphere,ocean,
land,andice(thecryosphere)builtuponestablishedlawsofphysicsandthelatest
understandingofthephysical,chemicalandbiologicalprocessesaffectingclimate,
andrunonpowerfulcomputers.Modelsvaryintheirprojectionsofhowmuch
additionalwarmingtoexpect(dependingonthetypeofmodelandonassumptions
usedinsimulatingcertainclimateprocesses,particularlycloudformationandocean
mixing),butallsuchmodelsagreethattheoverallneteffectoffeedbacksisto
amplifywarming.

Humanactivitiesarechangingtheclimate.

Rigorousanalysisofalldataandlinesofevidenceshowsthatmostoftheobserved
globalwarmingoverthepast50yearsorsocannotbeexplainedbynaturalcauses
andinsteadrequiresasignificantrolefortheinfluenceofhumanactivities.

Inordertodiscernthehumaninfluenceonclimate,scientistsmustconsidermany
naturalvariationsthataffecttemperature,precipitation,andotheraspectsofclimate
from localtoglobalscale,ontimescalesfrom daystodecadesandlonger.One
naturalvariationistheElNiñoSouthernOscillation(ENSO),anirregularalternation
betweenwarmingandcooling(lastingabouttwotosevenyears)intheequatorial
PacificOceanthatcausessignificantyear-to-yearregionalandglobalshiftsin
temperatureandrainfallpatterns.Volcaniceruptionsalsoalterclimate,inpart
increasingtheamountofsmall(aerosol)particlesinthestratospherethatreflector
absorbsunlight,leadingtoashort-term surfacecoolinglastingtypicallyabouttwoto
threeyears.Overhundredsofthousandsofyears,slow,recurringvariationsin
Earth’sorbitaroundtheSun,whichalterthedistributionofsolarenergyreceivedby
Earth,havebeenenoughtotriggertheiceagecyclesofthepast800,000years.

Fingerprintingisapowerfulwayofstudyingthecausesofclimatechange.Different
influencesonclimateleadtodifferentpatternsseeninclimaterecords.This
becomesobviouswhenscientistsprobebeyondchangesintheaveragetemperature
oftheplanetandlookmorecloselyatgeographicalandtemporalpatternsofclimate
change.Forexample,anincreaseintheSun’senergyoutputwillleadtoavery
differentpatternoftemperaturechange(acrossEarth’ssurfaceandverticallyinthe
atmosphere)comparedtothatinducedbyanincreaseinCO2concentration.
Observedatmospherictemperaturechangesshowafingerprintmuch.



closertothatofalong-term CO2increasethantothatofafluctuatingSunalone.
ScientistsroutinelytestwhetherpurelynaturalchangesintheSun,volcanicactivity,
orinternalclimatevariabilitycouldplausiblyexplainthepatternsofchangetheyhave
observedinmanydifferentaspectsoftheclimatesystem.Theseanalyseshave
shownthattheobservedclimatechangesofthepastseveraldecadescannotbe
explainedjustbynaturalfactors.

Learnmoreaboutotherhumancausesofclimatechange:

Inadditiontoemittinggreenhousegases,humanactivitieshavealsoalteredEarth’s
energybalancethrough,forexample:

■Changesinlanduse.Changesinthewaypeopleuseland—forexample,for
forests,farms,orcities—canleadtobothwarmingandcoolingeffectslocallyby
changingthereflectivityofEarth’ssurfaces(affectinghowmuchsunlightissent
backintospace)andbychanginghowwetaregionis.

■Emissionsofpollutants(otherthangreenhousegases).Someindustrialand
agriculturalprocessesemitpollutantsthatproduceaerosols(smalldropletsor
particlessuspendedintheatmosphere).MostaerosolscoolEarthbyreflecting
sunlightbacktospace.Someaerosolsalsoaffecttheformationofclouds,which
canhaveawarmingorcoolingeffectdependingontheirtypeandlocation.Black
carbonparticles(or“soot”)producedwhenfossilfuelsorvegetationareburned
generallyhaveawarmingeffectbecausetheyabsorbincomingsolarradiation.

Howwillclimatechangeinthefuture?

Scientistshavemademajoradvancesintheobservations,theory,andmodellingof
Earth’sclimatesystem,andtheseadvanceshaveenabledthem toprojectfuture
climatechangewithincreasingconfidence.Nevertheless,severalmajorissuesmake
itimpossibletogivepreciseestimatesofhowglobalorregionaltemperaturetrends
willevolvedecadebydecadeintothefuture.Firstly,wecannotpredicthowmuch
CO2humanactivitieswillemit,asthisdependsonfactorssuchashowtheglobal
economydevelopsandhowsociety’sproductionandconsumptionofenergy
changesinthecomingdecades.Secondly,withcurrentunderstandingofthe
complexitiesofhowclimatefeedbacksoperate,thereisarangeofpossible
outcomes,evenforaparticularscenarioofCO2emissions.Finally,overtimescales
ofadecadeorso,naturalvariabilitycanmodulatetheeffectsofanunderlyingtrend
intemperature.Takentogether,allmodelprojectionsindicatethatEarthwillcontinue
towarm considerablymoreoverthenextfewdecadestocenturies.Iftherewereno
technologicalorpolicychangestoreduceemissiontrendsfrom theircurrent
trajectory,thenfurthergloballyaveragedwarmingof2.6to4.8°C(4.7to8.6°F)in
additiontothatwhichhasalreadyoccurredwouldbeexpectedduringthe21st
century[FigureB5].Projectingwhatthoserangeswillmeanfortheclimate
experiencedatanyparticularlocationisachallengingscientificproblem,but
estimatesarecontinuingtoimproveasregionalandlocal-scalemodelsadvance.

11.Iftheworldiswarming,whyaresomewintersandsummersstillverycold?

Globalwarmingisalong-term trend,butthatdoesnotmeanthateveryyearwillbe
warmerthanthepreviousone.Day-to-dayandyear-to-yearchangesinweather



patternswillcontinuetoproducesomeunusuallycolddaysandnightsandwinters
andsummers,evenastheclimatewarms.Climatechangemeansnotonlychanges
ingloballyaveragedsurfacetemperature,butalsochangesinatmospheric
circulation,inthesizeandpatternsofnaturalclimatevariations,andinlocalweather.
LaNiñaeventsshiftweatherpatternssothatsomeregionsaremadewetter,and
wetsummersaregenerallycooler.Strongerwindsfrom polarregionscancontribute
toanoccasionalcolderwinter.Inasimilarway,thepersistenceofonephaseofan
atmosphericcirculationpatternknownastheNorthAtlanticOscillationhas
contributedtoseveralrecentcoldwintersinEurope,easternNorthAmerica,and
northernAsia.AtmosphericandoceancirculationpatternswillevolveasEarth
warmsandwillinfluencestorm tracksandmanyotheraspectsoftheweather.
Globalwarmingtiltstheoddsinfavourofmorewarm daysandseasonsandfewer
colddaysandseasons.Forexample,acrossthecontinentalUnitedStatesinthe
1960sthereweremoredailyrecordlowtemperaturesthanrecordhighs,butinthe
2000sthereweremorethantwiceasmanyrecordhighsasrecordlows.Another
importantexampleoftiltingtheoddsisthatoverrecentdecadesheatwaveshave
increasedinfrequencyinlargepartsofEurope,Asia,SouthAmerica,andAustralia.
Marineheatwavesarealsoincreasing.

12.WhyisArcticseaicedecreasingwhileAntarcticseaicehaschangedlittle?

Seaiceextentisaffectedbywindsandoceancurrentsaswellastemperature.Sea
iceinthepartly-enclosedArcticOceanseemstoberespondingdirectlytowarming,
whilechangesinwindsandintheoceanseem tobedominatingthepatternsof
climateandseaicechangeintheoceanaroundAntarctica.

SomedifferencesinseasonalseaiceextentbetweentheArcticandAntarcticare
duetobasicgeographyanditsinfluenceonatmosphericandoceaniccirculation.
TheArcticisanoceanbasinsurroundedlargelybymountainouscontinentalland
masses,andAntarcticaisacontinentsurroundedbyocean.IntheArctic,seaice
extentislimitedbythesurroundinglandmasses.IntheSouthernOceanwinter,sea
icecanexpandfreelyintothesurroundingocean,withitssouthernboundarysetby
thecoastlineofAntarctica.BecauseAntarcticseaiceformsatlatitudesfurtherfrom
theSouthPole(andclosertotheequator),lessicesurvivesthesummer.Seaice
extentinbothpoleschangesseasonally;however,longer-term variabilityinsummer
andwintericeextentisdifferentineachhemisphere,dueinparttothesebasic
geographicaldifferences.

SeaiceintheArctichasdecreaseddramaticallysincethelate1970s,particularlyin
summerandautumn.Sincethesatelliterecordbeganin1978,theyearlyminimum
Arcticseaiceextent(whichoccursinSeptember)hasdecreasedbyabout40%
[Figure5].IcecoverexpandsagaineachArcticwinter,buttheiceisthinnerthanit
usedtobe.Estimatesofpastseaiceextentsuggestthatthisdeclinemaybe
unprecedentedinatleastthepast1,450years.Becauseseaiceishighlyreflective,
warmingisamplifiedastheicedecreasesandmoresunshineisabsorbedbythe
darkerunderlyingoceansurface.

SeaiceintheAntarcticshowedaslightincreaseinoverallextentfrom 1979to2014,
althoughsomeareas,suchasthattothewestoftheAntarcticPeninsula
experiencedadecrease.Short-term trendsintheSouthernOcean,suchasthose



observed,canreadilyoccurfrom naturalvariabilityoftheatmosphere,oceanandsea
icesystem.Changesinsurfacewindpatternsaroundthecontinentcontributedto
theAntarcticpatternofseaicechange;oceanfactorssuchastheadditionofcool
freshwaterfrom meltingiceshelvesmayalsohaveplayedarole.However,after
2014,Antarcticiceextentbegantodecline,reachingarecordlow(withinthe40
yearsofsatellitedata)in2017,andremaininglowinthefollowingtwoyears.

13.Howdoesclimatechangeaffectthestrengthandfrequencyoffloods,droughts,
hurricanes,andtornadoes?

Earth’sloweratmosphereisbecomingwarmerandmoisterasaresultofhuman-
causedgreenhousegasemissions.Thisgivesthepotentialformoreenergyfor
stormsandcertainextremeweatherevents.Consistentwiththeoretical
expectations,thetypesofeventsmostcloselyrelatedtotemperature,suchas
heatwavesandextremelyhotdays,arebecomingmorelikely.Heavyrainfalland
snowfallevents(whichincreasetheriskofflooding)arealsogenerallybecoming
morefrequent.

AsEarth’sclimatehaswarmed,morefrequentandmoreintenseweatherevents
havebothbeenobservedaroundtheworld.Scientiststypicallyidentifythese
weathereventsas“extreme”iftheyareunlike90%or95%ofsimilarweatherevents
thathappenedbeforeinthesameregion.Manyfactorscontributetoanyindividual
extremeweatherevent—includingpatternsofnaturalclimatevariability,suchasEl
NiñoandLaNiña—makingitchallengingtoattributeanyparticularextremeeventto
human-causedclimatechange.However,studiescanshowwhetherthewarming
climatemadeaneventmoresevereormorelikelytohappen.

Awarmingclimatecancontributetotheintensityofheatwavesbyincreasingthe
chancesofveryhotdaysandnights.Climatewarmingalsoincreasesevaporationon
land,whichcanworsendroughtandcreateconditionsmorepronetowildfireanda
longerwildfireseason.Awarmingatmosphereisalsoassociatedwithheavier
precipitationevents(rainandsnowstorms)throughincreasesintheair’scapacityto
holdmoisture.ElNiñoeventsfavourdroughtinmanytropicalandsubtropicalland
areas,whileLaNiñaeventspromotewetterconditionsinmanyplaces.Theseshort-
term andregionalvariationsareexpectedtobecomemoreextremeinawarming
climate.

Earth’swarmerandmoisteratmosphereandwarmeroceansmakeitlikelythatthe
strongesthurricaneswillbemoreintense,producemorerainfall,affectnewareas,
andpossiblybelargerandlonger-lived.Thisissupportedbyavailableobservational
evidenceintheNorthAtlantic.Inaddition,sealevelrise(seeQuestion14)increases
theamountofseawaterthatispushedontoshoreduringcoastalstorms,which,
alongwithmorerainfallproducedbythestorms,canresultinmoredestructive
storm surgesandflooding.Whileglobalwarmingislikelymakinghurricanesmore
intense,thechangeinthenumberofhurricaneseachyearisquiteuncertain.This
remainsasubjectofongoingresearch.

Someconditionsfavourableforstrongthunderstormsthatspawntornadoesare
expectedtoincreasewithwarming,butuncertaintyexistsinotherfactorsthataffect
tornadoformation,suchaschangesintheverticalandhorizontalvariationsofwinds.

14.Howfastissealevelrising?



Long-term measurementsoftidegaugesandrecentsatellitedatashowthatglobal
sealevelisrising,withthebestestimateoftherateofglobal-averageriseoverthe
lastdecadebeing3.6mm peryear(0.14inchesperyear).Therateofsealevelrise
hasincreasedsincemeasurementsusingaltimetryfrom spacewerestartedin1992;
thedominantfactoringlobal-averagesealevelrisesince1970ishuman-caused
warming.Theoverallobservedrisesince1902isabout16cm (6inches)].

Thissealevelrisehasbeendrivenbyexpansionofwatervolumeastheocean
warms,meltingofmountainglaciersinallregionsoftheworld,andmasslosses
from theGreenlandandAntarcticicesheets.Alloftheseresultfrom awarming
climate.Fluctuationsinsealevelalsooccurduetochangesintheamountsofwater
storedonland.Theamountofsealevelchangeexperiencedatanygivenlocation
alsodependsonavarietyofotherfactors,includingwhetherregionalgeological
processesandreboundofthelandweighteddownbypreviousicesheetsare
causingthelanditselftoriseorsink,andwhetherchangesinwindsandcurrentsare
pilingoceanwateragainstsomecoastsormovingwateraway.

Theeffectsofrisingsealevelarefeltmostacutelyintheincreasedfrequencyand
intensityofoccasionalstorm surges.IfCO2andothergreenhousegasescontinueto
increaseontheircurrenttrajectories,itisprojectedthatsealevelmayrise,at
minimum,byafurther0.4to0.8m (1.3to2.6feet)by2100,althoughfutureice
sheetmeltcouldmakethesevaluesconsiderablyhigher.Moreover,risingsealevels
willnotstopin2100;sealevelswillbemuchhigherinthefollowingcenturiesasthe
seacontinuestotakeupheatandglacierscontinuetoretreat.Itremainsdifficultto
predictthedetailsofhowtheGreenlandandAntarcticIceSheetswillrespondto
continuedwarming,butitisthoughtthatGreenlandandperhapsWestAntarcticawill
continuetolosemass,whereasthecolderpartsofAntarcticacouldgainmassas
theyreceivemoresnowfallfrom warmerairthatcontainsmoremoisture.Sealevelin
thelastinterglacial(warm)periodaround125,000yearsagopeakedatprobably5to
10m abovethepresentlevel.Duringthisperiod,thepolarregionswerewarmerthan
theyaretoday.Thissuggeststhat,overmillennia,longperiodsofincreasedwarmth
willleadtoverysignificantlossofpartsoftheGreenlandandAntarcticIceSheets
andtoconsequentsealevelrise.

15.Whatisoceanacidificationandwhydoesitmatter?

Directobservationsofoceanchemistryhaveshownthatthechemicalbalanceof
seawaterhasshiftedtoamoreacidicstate(lowerpH)[Figure7].Somemarine
organisms(suchascoralsandsomeshellfish)haveshellscomposedofcalcium
carbonate,whichdissolvesmorereadilyinacid.Astheacidityofseawater
increases,itbecomesmoredifficultfortheseorganismstoform ormaintaintheir
shells.

CO2dissolvesinwatertoform aweakacid,andtheoceanshaveabsorbedabouta
thirdoftheCO2resultingfrom humanactivities,leadingtoasteadydecreasein
oceanpHlevels.WithincreasingatmosphericCO2,thischemicalbalancewill
changeevenmoreduringthenextcentury.Laboratoryandotherexperimentsshow
thatunderhighCO2andinmoreacidicwaters,somemarinespecieshave
misshapenshellsandlowergrowthrates,althoughtheeffectvariesamongspecies.
Acidificationalsoaltersthecyclingofnutrientsandmanyotherelementsand
compoundsintheocean,anditislikelytoshiftthecompetitiveadvantageamong



species,withas-yet-to-be-determinedimpactsonmarineecosystemsandthefood
web.

16.HowconfidentarescientiststhatEarthwillwarm furtheroverthecomingcentury?

Veryconfident.Ifemissionscontinueontheirpresenttrajectory,withouteither
technologicalorregulatoryabatement,thenwarmingof2.6to4.8°C(4.7to8.6°F)in
additiontothatwhichhasalreadyoccurredwouldbeexpectedduringthe21st
century.

Warmingduetotheadditionoflargeamountsofgreenhousegasestothe
atmospherecanbeunderstoodintermsofverybasicpropertiesofgreenhouse
gases.Itwillinturnleadtomanychangesinnaturalclimateprocesses,withanet
effectofamplifyingthewarming.Thesizeofthewarmingthatwillbeexperienced
dependslargelyontheamountofgreenhousegasesaccumulatinginthe
atmosphereandhenceonthetrajectoryofemissions.Ifthetotalcumulative
emissionssince1875arekeptbelowabout900gigatonnes(900billiontonnes)of
carbon,thenthereisatwo-thirdschanceofkeepingtheriseinglobalaverage
temperaturesincethepre-industrialperiodbelow2°C(3.6°F).However,two-thirds
ofthisamounthasalreadybeenemitted.Atargetofkeepingglobalaverage
temperaturerisebelow1.5°C(2.7°F)wouldallowforevenlesstotalcumulative
emissionssince1875.

BasedjustontheestablishedphysicsoftheamountofheatCO2absorbsandemits,
adoublingofatmosphericCO2concentrationfrom preindustriallevels(uptoabout
560ppm)wouldbyitself,withoutamplificationbyanyothereffects,causeaglobal
averagetemperatureincreaseofabout1°C(1.8°F).However,thetotalamountof
warmingfrom agivenamountofemissionsdependsonchainsofeffects
(feedbacks)thatcanindividuallyeitheramplifyordiminishtheinitialwarming.

Themostimportantamplifyingfeedbackiscausedbywatervapour,whichisa
potentgreenhousegas.AsCO2increasesandwarmstheatmosphere,thewarmer
aircanholdmoremoistureandtrapmoreheatintheloweratmosphere.Also,as
Arcticseaiceandglaciersmelt,moresunlightisabsorbedintothedarkerunderlying
landandoceansurfaces,causingfurtherwarmingandfurthermeltingoficeand
snow.Thebiggestuncertaintyinourunderstandingoffeedbacksrelatestoclouds
(whichcanhavebothpositiveandnegativefeedbacks),andhowthepropertiesof
cloudswillchangeinresponsetoclimatechange.

Otherimportantfeedbacksinvolvethecarboncycle.Currentlythelandandoceans
togetherabsorbabouthalfoftheCO2emittedfrom humanactivities,butthe
capacitiesoflandandoceantostoreadditionalcarbonareexpectedtodecrease
withadditionalwarming,leadingtofasterincreasesinatmosphericCO2andfaster
warming.Modelsvaryintheirprojectionsofhowmuchadditionalwarmingtoexpect,
butallsuchmodelsagreethattheoverallneteffectoffeedbacksistoamplifythe
warming.

17.Areclimatechangesofafewdegreesacauseforconcern?

Yes.Eventhoughanincreaseofafewdegreesinglobalaveragetemperaturedoes
notsoundlikemuch,globalaveragetemperatureduringthelasticeagewasonly
about4to5°C(7to9°F)colderthannow.Globalwarmingofjustafewdegreeswill



beassociatedwithwidespreadchangesinregionalandlocaltemperatureand
precipitationaswellaswithincreasesinsometypesofextremeweatherevents.
Theseandotherchanges(suchassealevelriseandstorm surge)willhaveserious
impactsonhumansocietiesandthenaturalworld.

Boththeoryanddirectobservationshaveconfirmedthatglobalwarmingis
associatedwithgreaterwarmingoverlandthanoceans,moisteningofthe
atmosphere,shiftsinregionalprecipitationpatterns,increasesinextremeweather
events,oceanacidification,meltingglaciers,andrisingsealevels(whichincreases
theriskofcoastalinundationandstorm surge).Already,recordhightemperatures
areonaveragesignificantlyoutpacingrecordlowtemperatures,wetareasare
becomingwetterasdryareasarebecomingdrier,heavyrainstormshavebecome
heavier,andsnowpacks(animportantsourceoffreshwaterformanyregions)are
decreasing.

Theseimpactsareexpectedtoincreasewithgreaterwarmingandwillthreatenfood
production,freshwatersupplies,coastalinfrastructure,andespeciallythewelfareof
thehugepopulationcurrentlylivinginlow-lyingareas.Eventhoughcertainregions
mayrealisesomelocalbenefitfrom thewarming,thelong-term consequences
overallwillbedisruptive.

Itisnotonlyanincreaseofafewdegreesinglobalaveragetemperaturethatis
causeforconcern—thepaceatwhichthiswarmingoccursisalsoimportant(see
Question6).Rapidhuman-causedclimatechangesmeanthatlesstimeisavailable
toallowforadaptationmeasurestobeputinplaceorforecosystemstoadapt,
posinggreaterrisksinareasvulnerabletomoreintenseextremeweathereventsand
risingsealevels.

18.Whatarescientistsdoingtoaddresskeyuncertaintiesinourunderstandingof
theclimatesystem?

Scienceisacontinualprocessofobservation,understanding,modelling,testing,and
prediction.Thepredictionofalong-term trendinglobalwarmingfrom increasing
greenhousegasesisrobustandhasbeenconfirmedbyagrowingbodyofevidence.
Nevertheless,understandingofcertainaspectsofclimatechangeremains
incomplete.Examplesincludenaturalclimatevariationsondecadal-to-centennial
timescalesandregional-to-localspatialscalesandcloudresponsestoclimate
change,whichareallareasofactiveresearch.

Comparisonsofmodelpredictionswithobservationsidentifywhatiswell-
understoodand,atthesametime,revealuncertaintiesorgapsinourunderstanding.
Thishelpstosetprioritiesfornewresearch.Vigilantmonitoringoftheentireclimate
system—theatmosphere,oceans,land,andice—isthereforecritical,astheclimate
system maybefullofsurprises.Together,fieldandlaboratorydataandtheoretical
understandingareusedtoadvancemodelsofEarth’sclimatesystem andtoimprove
representationofkeyprocessesinthem,especiallythoseassociatedwithclouds,
aerosols,andtransportofheatintotheoceans.Thisiscriticalforaccurately
simulatingclimatechangeandassociatedchangesinsevereweather,especiallyat
theregionalandlocalscalesimportantforpolicydecisions.

Simulatinghowcloudswillchangewithwarmingandinturnmayaffectwarming
remainsoneofthemajorchallengesforglobalclimatemodels,inpartbecause



differentcloudtypeshavedifferentimpactsonclimate,andthemanycloud
processesoccuronscalessmallerthanmostcurrentmodelscanresolve.Greater
computerpowerisalreadyallowingforsomeoftheseprocessestoberesolvedin
thenewgenerationofmodels.

Dozensofgroupsandresearchinstitutionsworkonclimatemodels,andscientists
arenowabletoanalyseresultsfrom essentiallyalloftheworld’smajorEarth-System
Modelsandcomparethem witheachotherandwithobservations.Such
opportunitiesareoftremendousbenefitinbringingoutthestrengthsand
weaknessesofvariousmodelsanddiagnosingthecausesofdifferencesamong
models,sothatresearchcanfocusontherelevantprocesses.Differencesamong
modelsallowestimatestobemadeoftheuncertaintiesinprojectionsoffuture
climatechange.Additionally,largearchivesofresultsfrom manydifferentmodels
helpscientiststoidentifyaspectsofclimatechangeprojectionsthatarerobustand
thatcanbeinterpretedintermsofknownphysicalmechanisms.

Studyinghowclimaterespondedtomajorchangesinthepastisanotherwayof
checkingthatweunderstandhowdifferentprocessesworkandthatmodelsare
capableofperformingreliablyunderawiderangeofconditions.

Whyarecomputermodelsusedtostudyclimatechange?

ThefutureevolutionofEarth’sclimateasitrespondstothepresentrapidrateof
increasingatmosphericCO2hasnopreciseanaloguesinthepast,norcanitbe
properlyunderstoodthroughlaboratoryexperiments.Aswearealsounabletocarry
outdeliberatecontrolledexperimentsonEarthitself,computermodelsareamong
themostimportanttoolsusedtostudyEarth’sclimatesystem.

Climatemodelsarebasedonmathematicalequationsthatrepresentthebest
understandingofthebasiclawsofphysics,chemistry,andbiologythatgovernthe
behaviouroftheatmosphere,ocean,landsurface,ice,andotherpartsoftheclimate
system,aswellastheinteractionsamongthem.Themostcomprehensiveclimate
models,Earth-System Models,aredesignedtosimulateEarth’sclimatesystem with
asmuchdetailasispermittedbyourunderstandingandbyavailable
supercomputers.

Thecapabilityofclimatemodelshasimprovedsteadilysincethe1960s.Using
physics-basedequations,themodelscanbetestedandaresuccessfulinsimulating
abroadrangeofweatherandclimatevariations,forexamplefrom individualstorms,
jetstream meanders,ElNiñoevents,andtheclimateofthelastcentury.Their
projectionsofthemostprominentfeaturesofthelong-term human-inducedclimate
changesignalhaveremainedrobust,asgenerationsofincreasinglycomplexmodels
yieldricherdetailsofthechange.Theyarealsousedtoperform experimentsto
isolatespecificcausesofclimatechangeandtoexploretheconsequencesof
differentscenariosoffuturegreenhousegasemissionsandotherinfluenceson
climate.

19.Aredisasterscenariosabouttippingpointslike“turningofftheGulfStream”and
releaseofmethanefrom theArcticacauseforconcern?

Resultsfrom thebestavailableclimatemodelsdonotpredictanabruptchangein
(orcollapseof)theAtlanticMeridionalOverturningCirculation,whichincludesthe



GulfStream,inthenearfuture.However,thisandotherpotentialhigh-riskabrupt
changes,likethereleaseofmethaneandcarbondioxidefrom thawingpermafrost,
remainactiveareasofscientificresearch.Someabruptchangesarealready
underway,suchasthedecreaseinArcticseaiceextent(seeQuestion12),andas
warmingincreases,thepossibilityofothermajorabruptchangescannotberuledout.

Thecompositionoftheatmosphereischangingtowardsconditionsthathavenot
beenexperiencedformillionsofyears,soweareheadedforunknownterritory,and
uncertaintyislarge.Theclimatesystem involvesmanycompetingprocessesthat
couldswitchtheclimateintoadifferentstateonceathresholdhasbeenexceeded.

Awell-knownexampleisthesouth-northoceanoverturningcirculation,whichis
maintainedbycoldsaltywatersinkingintheNorthAtlanticandinvolvesthe
transportofextraheattotheNorthAtlanticviatheGulfStream.Duringthelastice
age,pulsesoffreshwaterfrom themeltingicesheetoverNorthAmericaledto
slowingdownofthisoverturningcirculation.Thisinturncausedwidespread
changesinclimatearoundtheNorthernHemisphere.FresheningoftheNorth
Atlanticfrom themeltingoftheGreenlandicesheetisgradual,however,andhence
isnotexpectedtocauseabruptchanges.

AnotherconcernrelatestotheArctic,wheresubstantialwarmingcoulddestabilise
methane(agreenhousegas)trappedinoceansedimentsandpermafrost,potentially
leadingtoarapidreleaseofalargeamountofmethane.Ifsucharapidrelease
occurred,thenmajor,fastclimatechangeswouldensue.Suchhigh-riskchangesare
consideredunlikelyinthiscentury,butarebydefinitionhardtopredict.Scientistsare
thereforecontinuingtostudythepossibilityofexceedingsuchtippingpoints,beyond
whichwerisklargeandabruptchanges.

Inadditiontoabruptchangesintheclimatesystem itself,steadyclimatechange
cancrossthresholdsthattriggerabruptchangesinothersystems.Inhuman
systems,forexample,infrastructurehastypicallybeenbuilttoaccommodatethe
climatevariabilityatthetimeofconstruction.Gradualclimatechangescancause
abruptchangesintheutilityoftheinfrastructure—suchaswhenrisingsealevels
suddenlysurpassseawalls,orwhenthawingpermafrostcausesthesudden
collapseofpipelines,buildings,orroads.Innaturalsystems,asairandwater
temperaturesrise,somespecies—suchasthemountainpikaandmanyocean
corals—willnolongerbeabletosurviveintheircurrenthabitatsandwillbeforcedto
relocate(ifpossible)orrapidlyadapt.Otherspeciesmayfarebetterinthenew
conditions,causingabruptshiftsinthebalanceofecosystems;forexample,warmer
temperatureshaveallowedmorebarkbeetlestosurviveoverwinterinsomeregions,
wherebeetleoutbreakshavedestroyedforests.

20.Ifemissionsofgreenhousegaseswerestopped,wouldtheclimatereturntothe
conditionsof200yearsago?

No.Evenifemissionsofgreenhousegasesweretosuddenlystop,Earth’ssurface
temperaturewouldrequirethousandsofyearstocoolandreturntothelevelinthe
pre-industrialera.

IfemissionsofCO2stoppedaltogether,itwouldtakemanythousandsofyearsfor
atmosphericCO2toreturnto“pre-industrial”levelsduetoitsveryslowtransferto
thedeepoceanandultimateburialinoceansediments.Surfacetemperatureswould



stayelevatedforatleastathousandyears,implyingalong-term commitmenttoa
warmerplanetduetopastandcurrentemissions.Sealevelwouldlikelycontinueto
riseformanycenturiesevenaftertemperaturestoppedincreasing.Significant
coolingwouldberequiredtoreversemeltingofglaciersandtheGreenlandicesheet,
whichformedduringpastcoldclimates.ThecurrentCO2-inducedwarmingofEarth
isthereforeessentiallyirreversibleonhumantimescales.Theamountandrateof
furtherwarmingwilldependalmostentirelyonhowmuchmoreCO2humankind
emits.

Scenariosoffutureclimatechangeincreasinglyassumetheuseoftechnologies
thatcanremovegreenhousegasesfrom theatmosphere.Insuch“negative
emissions”scenarios,itassumedthatatsomepointinthefuture,widespreadeffort
willbeundertakenthatutilisessuchtechnologiestoremoveCO2from the
atmosphereandloweritsatmosphericconcentration,therebystartingtoreverse
CO2-drivenwarmingonlongertimescales.Deploymentofsuchtechnologiesatscale
wouldrequirelargedecreasesintheircosts.Evenifsuchtechnologicalfixeswere
practical,substantialreductionsinCO2emissionswouldstillbeessential.

Conclusion:

Thisdocumentexplainsthattherearewell-understoodphysicalmechanismsby
whichchangesintheamountsofgreenhousegasescauseclimatechanges.It
discussestheevidencethattheconcentrationsofthesegasesintheatmosphere
haveincreasedandarestillincreasingrapidly,thatclimatechangeisoccurring,and
thatmostoftherecentchangeisalmostcertainlyduetoemissionsofgreenhouse
gasescausedbyhumanactivities.Furtherclimatechangeisinevitable;ifemissions
ofgreenhousegasescontinueunabated,futurechangeswillsubstantiallyexceed
thosethathaveoccurredsofar.Thereremainsarangeofestimatesofthe
magnitudeandregionalexpressionoffuturechange,butincreasesintheextremes
ofclimatethatcanadverselyaffectnaturalecosystemsandhumanactivitiesand
infrastructureareexpected.

Citizensandgovernmentscanchooseamongseveraloptions(oramixtureofthose
options)inresponsetothisinformation:theycanchangetheirpatternofenergy
productionandusageinordertolimitemissionsofgreenhousegasesandhencethe
magnitudeofclimatechanges;theycanwaitforchangestooccurandacceptthe
losses,damage,andsufferingthatarise;theycanadapttoactualandexpected
changesasmuchaspossible;ortheycanseekasyetunproven“geoengineering”
solutionstocounteractsomeoftheclimatechangesthatwouldotherwiseoccur.
Eachoftheseoptionshasrisks,attractionsandcosts,andwhatisactuallydonemay
beamixtureofthesedifferentoptions.Differentnationsandcommunitieswillvary
intheirvulnerabilityandtheircapacitytoadapt.Thereisanimportantdebatetobe
hadaboutchoicesamongtheseoptions,todecidewhatisbestforeachgroupor
nation,andmostimportantlyfortheglobalpopulationasawhole.Theoptionshave
tobediscussedataglobalscalebecauseinmanycasesthosecommunitiesthatare
mostvulnerablecontrolfewoftheemissions,eitherpastorfuture.Ourdescription
ofthescienceofclimatechange,withbothitsfactsanditsuncertainties,isoffered
asabasistoinform thatpolicydebate.

Authors:

Thefollowingindividualsservedastheprimarywritingteam forthe2014and2020



editionsofthisdocument:

■EricWolffFRS,(UKlead),UniversityofCambridge
■InezFung(NAS,USlead),UniversityofCalifornia,Berkeley
■BrianHoskinsFRS,Grantham InstituteforClimateChange
■JohnF.B.MitchellFRS,UKMetOffice
■Tim PalmerFRS,UniversityofOxford
■BenjaminSanter(NAS),LawrenceLivermoreNationalLaboratory
■JohnShepherdFRS,UniversityofSouthampton
■KeithShineFRS,UniversityofReading.
■SusanSolomon(NAS),MassachusettsInstituteofTechnology
■KevinTrenberth,NationalCenterforAtmosphericResearch
■JohnWalsh,UniversityofAlaska,Fairbanks
■DonWuebbles,UniversityofIllinois

Staffsupportforthe2020revisionwasprovidedbyRichardWalker,AmandaPurcell,
NancyHuddleston,andMichaelHudson.WeofferspecialthankstoRebeccaLindsey
andNOAAClimate.govforprovidingdataandfigureupdates.

Reviewers:

Thefollowingindividualsservedasreviewersofthe2014documentinaccordance
withproceduresapprovedbytheRoyalSocietyandtheNationalAcademyof
Sciences:

■RichardAlley(NAS),DepartmentofGeosciences,PennsylvaniaStateUniversity
■AlecBroersFRS,FormerPresidentoftheRoyalAcademyofEngineering
■HarryElderfieldFRS,DepartmentofEarthSciences,UniversityofCambridge
■JoannaHaighFRS,ProfessorofAtmosphericPhysics,ImperialCollegeLondon
■IsaacHeld(NAS),NOAAGeophysicalFluidDynamicsLaboratory
■JohnKutzbach(NAS),CenterforClimaticResearch,UniversityofWisconsin
■JerryMeehl,SeniorScientist,NationalCenterforAtmosphericResearch
■JohnPendryFRS,ImperialCollegeLondon
■JohnPyleFRS,DepartmentofChemistry,UniversityofCambridge
■GavinSchmidt,NASAGoddardSpaceFlightCenter
■EmilyShuckburgh,BritishAntarcticSurvey
■GabrielleWalker,Journalist
■AndrewWatsonFRS,UniversityofEastAnglia

Support:

TheSupportforthe2014EditionwasprovidedbyNASEndowmentFunds.Weoffer
sincerethankstotheRalphJ.andCarolM.CiceroneEndowmentforNASMissions
forsupportingtheproductionofthis2020Edition.


