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ADbstract The recent htergovemm entalPanelon Cln ate Change epott,abng w ith num emusstudiesshce,
hassuggested thatthe apparentgbbalw arm hg hbtusresuts fiom som e com bihation ofnatumlvarebiliy and
changes to extemal orchgs.Heren the extemal forcings forgreenhouse gases GHGs), bng-tved trace gases,
volant and toposphert aeos0k, and sobr tad Bnce have been rephoed 1 the Now egin Earth System
M odelushg recent obseratibnalestn ates.The potentialin pactofthese atematie orcihgs, and by restual
the htemally genemted varbbilty, 5 exam hied thmough two 30-m em berensem bles covering the perod 1980
to 2012 .The Reference ensem bk uses the Coupkd M odelhteroom parison Profctphase 5 hisorial orcings
extended w ih the Representative Concentration Pathw ay 8 5 RCP8 5) scenarb,w hik the Sensiiviy ensem bl
uses the atemative forrhgs.Overthe hbtusperbd de ned hereh as1998-2012,allofthe forcihgs show
som e change betw een the Sensitiviy and Reference experin ents and have a com bied net forchg change of
003Wm 2.TheGHG frchg 80012W m 2 hipherh the Senstiviy Hrengs. The alemative sobr breng
differs fiom the Reference orcngby 008W m 2, the sam e as the alemative vokant forehg thatwasbased
on the htestestin ates fiom NASA Goddard hstiute orSpace StudEs.Anthopogentt aesrosolem ksbons
wer rephoed ushg the EU-EclpseV4a data setand produce am ean forchg change of011W m 2 overthe
perbd .Part1 detaiks the creation ofthe tw o 30-m em berensem blsand theirchamacterzaton forparem etersof
partcubrrekvance o the exphnatbn ofthe hatus.A detaied hvestation ofthe tw o resulthg ensem bles
gbbalsurface tem pemture behaviorisgien i Part 2,abng w ih com parions to obserwationaldata sets.

1. htroduction

The gbbalm ean surface tem permture has hcreased m ore sbw k7 over the past 15 years than over the st
50 years. The ttend has falken fiom 011 Kdecade 1 over 1951-2012 to 004 Kdecade ' over 1998-2012
Fhto et al, 2013], athough updates to obserwatibnal estin ates shce Cowtan and W ay, 2014 ;Karlet al,
2015] change these num bers som ew hat for som e obsewatibnal estin ates. Even so, 1 allcunent obsera-
tbnaldata sets, the perbd 1998-2012 exhbis a sbwermte ofgbbalm ean surface tem perature wam hg
than the preceding 15 years.W hik thisapparentpause orhistus i the gbbalw am g Spresentih them ean
gbbalannualsurface tem perature ttrends, thasbeen shown to have both a seasonaland a geographialdis-
trbutbn, w 1th the ligest decrrase 1 trends found overthe conthents of the Northem Hem iphere during
the w nter Cohen etal,2012].The gbbalwam hg hitus has drawn great attention, hh partbecause thas
notbeen reproduced by the vastm apriy ofgbbalclin ate m odelmins upon which fiuture clin ate projc-
tns are based Fyfe et al, 2013]. The fth assesam ent port ARS) of the htergovemm ental Panel on
Cln ate Change (PCC) stated thatthe hiatus is kely due t a com biaton of ntemalvarabilyy 11 the clin ate
system and a reduced trend 11 the extemalforcings fn edim con dence and expert jidgm ent).W hike these

ndigs have been m ostly con m ed by recent smudes kg . Hubberand Knutt, 2014 ;Kosaka and X¥&,2013;
Meehletal,2014;Schm Htetal, 2014 ;M awtzke and Forger, 2015], there now existnum erus hypotheses n
the Iremtur rgardng the different factors contrbuting t© the gbbalwam g hatus. E is In portant t©
stzess that severalm odel mins by several different, hdependent m odels capture not just the hitus but
potentially I porant aspects of ntemal varBbily such as Paci ¢ Ocean heat content Meehletal, 2014]
orEIN flo-Southem O scilbtion ENSO) Ribey etal,2014] whith m ay be in portant.

One of the prvailihg hypotheses regardhg htemal varbbilty 1 the clin ate system was put fow ard by
Kosaka and X& R013].They perfomm ed coupld m odelexperin ents hh which they prescrbed the sea surface
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tem perature SST) 11 the Eastem Paci ¢ fiom historicalanom aties.The resutshighlghted the ok ofPaci ¢
varability and ENSO ,such asthe stong EIN fio event i 1998 and the IaN fia-lke decadalocoolng, i expin-
g m uch ofthe coolng that & the cause ofthe hatus.O therw orkshave buiton the ndigsofKosaka and
Xe p013] by exam g the clin ate m odek based on theirrepresentation of ENSO Ribey etal, 2014], by
exam g changes 1 the w hhds that drive the coolng for Paci ¢ varebilty Engbnd et al, 2014], and by
adjuisting winds 11 a gbbalclin ate m odel GCM ) to rproduce the coolng effect W atanabe et al, 2014].
One caveat to the ndihgsofKosaka and X P013] i that therm odelproduced strong w amm hg overthe
w htertin e 1 Eurash i contradicton to the sttong cooling that has been observed [Cohen et al, 2012]
and that ¥ a part of the hatus.

The observed Eurasin w hitertin e cooling hasbeen Inked to the reduction ofsea e 1 the Eurasin sectorof
the Arctic, which causes stong bealw am g and the fom ation ofa them albw .This results 1 a decrease
ofthem eril bnaltem perature grad Entbetw een the Arcticand m dhtihidesand aw eakenig ofthe w esterly

ow thattransportsheatand m oisture fiom the Athntic to the conthhent Putten and Esau,2012] .Atthe sam e
tin e, the Bige-scake ow ¥ changed, faciliating the ttansporation ofcold airfiom the Sberen Arctic down
to the m dhtdes of Eurash [Petoukhov and Sem enov, 2010;M oretal, 2014]. E rem ans unckarto what
extent this Eurasin coolng i a predicablk secondary resgponse to anthropogenic forcng or i atrbutabke
to naturalvarebilty . Nori tobvibuswhethersuch coolhg woull conthue hto the future undertransient
clin ate change.

W hike htemalvarbbilty i lkely partally responsble ordetem g the gbbalwam g hitus, the other
potentialpart of the explnation les h changes to the extemal oreigs, hclidihg greenhouse gases GHG
— Ihcliding ozone-depkting substances), vokani and anthmpogenic aerosols, sobr forcing, ozone, and
the effect of sttatospheric water vapor. The hclisbn of these forrings nto the gbbal clin ate m odeks
(CM s) has, for the past 20 years, been coordhated though the Coupld M odel hitercom parison Projfct
CM P), the fth phase ofwhih,CM P5,has form ed the basis of the m odelmns assessed w thin IPCC ARS.
T CM P5, the observed forcings are appled only untilthe end of the historicalexperin ents perbd 11 2005.
Beyond this, the orchgs are based on the Representative Concentration Pathway RKRCP) scenarbs.
Furthem ore,due to m odelmn tin esand dehbys 1 assin ibtihg the htestobservatins, the few yearsinm e-
datel preceding 2005 m ay also have questionabk forcings.Hence, the CM P5 m odelmmsonly nclide accu-
mte orohg estin ates forthe =t 5 to 7years of the hbtus perbd, de ned here as 1998-2012.Num emus
nhd¥dualstudies have nhvestgated how a sbwdown i gbbalwam hg could be the resul of changes to
a shgk set of orrnngs, eg., non-CO, GHGs Hansen et al, 2000], ozone-depkting substances Eszada
etal,2013],vokanit Rikyetal,2014;Sobmon etal,2011;Santeretal,2014],and anthopogeni aerosols
Neelyetal,2013].

At kast two preceding studis have considered the sensiiviy to forcihg m isspeci caton 1 clin ate m odel
sin ultbns speci cally Bchm dtetal, 2014 ;Santeretal,2014].Santeretal R014] show ed thatbetterspeci-

catbn ofvokani emptbnsproduced a 15% decrease i the differencesbetw een observatibnsand sim ub-
tbnsofsurface tem perature .W hat m fsihg to date san aggregated appmach 1 which the in pactofm ost
Ifnotallofthe hd¥viualextemalforchgsare hclided sin ulaneously 11 fully coupled mins.An nhvestgaton
wasm ade 11 thisven by utilizihg approxin atbonsofhow the forchgshave changed, ie ., Inearnterpokbtons
orGHGs and ozone-depkting substances, estin ated aerosol in pacts, estin ates of vokani aerosolks, etc,,
and adjusting the CM PP5 ensem bk w ih a conecton based on a sin pE in pulke/fesponse m odel Bchm dt
etal, 2014].

Aspartofan assesan entofhow changes n extemalforchgshave contrbuted to the observed w am ng
hiatus, this study detadls the underlying experin entaldesign,and the atemative forcihgsused to drive
the Now egin Earth System M odel NorESM ) to bring them i lne w ith i each case one realization of
recent obsewations. These orcings are then used to drive two 30-m em ber ensem bles— a Reference
ensem bk usihg CM P5-prescrbed forcihgs and a Sensitivity ensem bl ushg the alemative forcings
discussed here. Section 2 outlines the bmwad experin ental despn and is underlying mtinalk.
Section 3 descrbes the altemative forcigs and com pares them to the orghal forcingsused . Section 4
descrbes the NorESM m odeland how the two 30-m em berensem bleswere created . Section 5 outlhes
som e princpal characteristics and salient features of the ensem bles. Section 6 provides a discussion of
caveats,and sectn 7 sum m arizesw ih a hand-off to the second paper.The accom panyig Part 2 paper
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[[home etal, 2015] then com pares the resulting ensem blkes to the avaibblk observatbnalestin ates of
surface tem peratures.

2 .Experin entalDesign

Asoutlned 1 section 1, there existm uliok published hypotheses forthe underying causes of the rcent
warm g hiatus that hvolve forcigs and /orvarability . The m ostam enabk took to nivestgate these Esues
furtherare clin ate m odels,w hich can be min w ih differentextemalforchgsand be used t© expbre possbe
htemalchn ate system varBbilty as i i dignosed by the m odel But clin ate m odelk are com putatonally
expensive to mn,m eanihg that carefil orethought 11 experin entaldesin snecessary and there are hevi-
tabk trade-offs required . Sexton etal R003] discussed this foratm ogphere only mins, but to ourknow kdge
no sin fbranalysishasbeen applied to such an estin ation approach i Earth System M odel ESM s) such as
No1ESM . Furthem o, & snotckarhow experin entaldesign considemations depend upon the spatotem -
porlscak ofthe question behg assessed .Certanly, bokihg atdecadalversusm ulidecadalorgbbalversus
rgbnalm ay requir very distihict m odelng stategies. For the hitus, our nterest 5 11 a ehtively short
perbd and understandihg the regbnalspnatures.

Ouroverridig concem w as to attem ptas com prehensivel aspossb ke to test the varbus existing hypoth-
eses.There sno sihgk rghtway to do this,especilly given nie avaibblk com puterresources.The conun-
dmum wasto nd abakbnee betw een expbring forchg uncertanty effectsand htemalvarsbily effects h an
ESM w ih no obvibus a proribasis upon which to decide, i an hifom ed m anner,how to weghtthese two
agpects.W e know the m odeltreats the prescrbed orehgsasentiely determ nstic.G ven the notionalcom -
putatbnalresource avaibbk oré60 mns,we could have mn 60 mns each w ih som ew hat differing forchgs,
tw o setsof30 minsw ith sokl tw o different forcing scenaros, oranything betw een . The onyway h which to
expbre orohg uncertanty sto mn them odelm ultpk tin esw th dsthct orehg ancilares.On the p sde,
ckanly assessing the ok of varbbilty abne requires consileration of a series of mns w ih the sam e pre-
scrbed oreihgs, ie ., an ensem ble.

Runnig 60 disthctly oroed mins would m ake a ckan disthction betw een htemal varbbilty and forced
esponse inpossblk, whie mnnihg two 30-m em ber ensem bles yilds onl 2 degrees of firedom 11 the
foroed regponse din ensbn.Gien @) readily apparent decadal tin e scake htraensem b spread 1 gbbal
m ean surface tem peratures h those CM P5 subm ksbons thatunderookm ultipk ensem blsand @) precursor
analsesofeg . Hawkihnsand Sutton R009] show g the lkely dom hantmwok of ntemalvaribilty h decadal
predictabilty ee Thome etal, 2015, Fgure 1],we conscbusly chose to undertake tw o ensem blsofequal
size .W e rrasoned that tm ay requie a far brgernum berofmins to elicdate varability on hatus tin e scakes
than the effects of any distincton h forcngs.

T summ ary, the use oftw o 30-m em berensem blesw as felat the outset of the profct to be preferabke 1
elicidating the potentalmwEesofforcig and htemalvarbbilty ckanly.Caveatsand lin imtionsassocited
w ih this choie, m any of which naturally only becam e apparent at projct com pkton, are retumed to
T sectbn 6.

3.Clin ate Forcings

This section descrbes which forchgs were constlered 1 creating a new set of ancilaries whith takes
advantage of the htest @t tin e of propct hcepton 1 early 2014) avaibbk observatinal estin ates of
changes though at kast 2012.Herh, the tem forchg efers to ‘extemal forcihg” as de ned 1 the PPCC
Assesam entReport 5 gbssary Phnton,2013], thus,

Extemal forchg wfers to a forchg agent outside the clin ate system caushg a change 11 the clin ate
system . Volanic ewptions, sobr varbtbns and anthmopogeni changes 1 the com posion of the
atm osphere and bnd use change are extemal orcings. O tbial orehg Balko an extemal forchng as the
heohtbn changesw ih obialpamm eters eccentricity, tr and precession of the equiiox.

T each case, the revised forcihgs are com pared to those used 1 our30-m em berReference ensem bk,
which were denticalto the forcingsused 1 the version ofNorESM extended historicalmuns subm ited
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to the CM PP5 archive. For NorESM , the extended historical mins used RCP8 5 forcings post2005 and
the sam e choie i made I the Reference ensemblk. The changes to the forchgs nclide new
m easurem ents taken sice 2005, as wellas m odi cations m ade to the forcings prior to 2005. These
m odi catbnsm ay com e from hclisbn ofnew data ordue to changes In the hterpretation of preexist-
g m easurem ents.

Asoutlned 1 sectbn 2, the rochgs are reated entirly determ nistically w thi the m odel Therefore, by
de niton, there i absolitely no uncertanty h the appled forohgs.Rather, the uncertainty ariees hh which
of the (form any forchg factors) severml possbe oroing realratins to sekct and present to the m odel
Uncerahty h the selecton of orchg histores t use and potential in plicatons forthe analysis 11 Part 2
¥ retumed to 1 depth 11 section 6.Forthe r=m ahderof this section, w e concentrate upon descrbihg the
applied Sensiiviy forcihgs, discussing where we sourced them t© provile fulldata provenance, jisdfying
where forcihgs were not changed betw een the two ensem bkes, and, nally, characterzihg the differences
11 applied RadBtive Forchg RF) betw een the ensem blks.

3 1.Greenhouse Gases

The prin ary greenhouse gas GHG) concentrationsused 1 NorESM consitofcatbon doxide €O ,),m ethane
CH,), nirous oxide N,0), CFC-11 clidig addibnal CFCs and hydmochbmo uomwcatbons HCFCs) via
nudging),and CFC-12.Forthe historicalmuins 1 the CM P5 axchive, observations of prin ary GHG s are used
where avaibbk forthe peribd of 1850 t 2005, although such ocbservations only began during the st six
decadesand Prsevemlofthese gases, rlabk obserwatbns onl sarted m uch m ore recently. The concen-
trations used 1 the Reference mins of this study w ere an average of the annualsurface gbbalm ean m ok
fractibns held by the NatibnalO ceanic and Atm ospheric Adm histation NOAA) and the Advanced Gbbal
Atm osphertc Gases Experin ent AGAGE) [Prin et al, 2000]. h the CM P5 arxchive, the concentrations
the earlier part of the hitorical mins com e fiom reconstmictions based on air ttapped 1 pokhr e cores
Mvyhre etal, 2013].ForCO,, forexam pk, obserations at M auna Loa, Haw aii, and at the South Pok start
In the Bte 1950s, w ith earlervalies based on afrextracted fiom e coresand m.From 2005 until2012,
the concentrations n the Reference ensem bk are taken fiom the Representative Concentiation Pathw ays
85 scenarb RCP85).This i the sam e choie as 1 the subm ited NorESM historical extended mins i the
CM P5 axchive. For the Sensiiviy mns, obsewations are used where avaibbk fiom 1980 unti 2012 as
detaied bebw .
311.Carbon Doxide
The atemative catbon dbxtde concentratonsw ere obtaned from the NOAA data set NOAA .2014  http /Avww .
esrfincaagov/Aam d /oagg/aends/gbbalhtm 1) and covered the peribd of1980 t© 2012 .Fgure 1 show sthe absolute
concentratons ofCO , and resulantclin ate orehg rhtive to prehdustihlorehg asused i the Reference
and Sensiiviy ensem bEs.Them an feature ofthe CO , concentrations a steady hicrease betw een 1980 and
2012 thattoak approxin ately 16% com pared to the 1980 kveloran hcrease 1 Hrehg of081W m 2 The
concentrations are aln ost Hdentical betw een the Reference and Sensitviy ensem bkes, wih only a small
difference seen after2005.The brgestdifference i seen 1 2012 and equatesto adecreaseof 002W m 2,
312.Methane
The m ethane concentratons forthe atemative orehgswere fiom the W ord M eteorobgical O iganzation
WMO) data set [fsutum ietal, 2009]. Thi onl covered the perbd of 1984 until2012, so concentrations
betw een 1980 and 1983 werrm ahtahed atthexrCM P5 valies Fgure 1).There sam arked system aticbis
betw een the CM P5 concentratibonsused 1 the Reference mnsand the alemative concentiationsused 11 the
Sensitiiy mns.This resuls h an hcrease ofaround 2 5% 1 the orchg whtive to prehdustialcaused by
m ethane oramund 001W m .The offtet & ehtiely nvarkntw ih tin e afferthe nidalchock 1 1983/1984.
Thi i1 the sphup perbd orthe ensem bles Eecton 4) and predatesthe hatus,whith the focusofthe present
studes, by approxin ately 15 years.
313.NimusOxie
Fornimous oxile, the alemative concentratonsw ere also obtained fiom the WM O data set [[sutum ietal,
2009].Sihce N,0 hasbeen system aticall observed shce the hte 1970s, these cover the fullperbd of the
ensem b mns fiom 1980 until2012.The atemative forcihgs show am ean difference overthe hatusperiod

of 00003W m 2 fiom the orginalconcentratins used i CM P5 Fgure 1).Nixous oxide concentatons
2

have ncreased steadily overthis perbd resuling h an hcorease 1 orehg of 007W m
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Fiure 1. top kft) Concentratonsofcartbon dixile, top rght)m ethane, fn ddk Eft) nirousoxtde, n dde rght) CFC-11
adjisted,and bottom rght) CFC-12 1 NorESM forthe Reference blie) and Sensiiviy fed) ensem bles.The separation of
bottom Eft) CFC-11 adjusted hito is com ponents of CFC-11 black sold) and ttace gases blck dashed) isako given.The
concentrations of the trace gases have been converted to CFC-11 equivaknt concentiations ushg the rhtive rad ative
ef cencesofthe ndwviualtrace gases.The rghtaxis 1 each pbtshow sthe forehg rehtive to preidustral Bvels.Degpie
appearances of Ineariy oversuch a asn allrange, the rght axes forCO ,,CH,,and N,O are nonlnear.

314.CFC11

The m ost com pkte rooxd of CFC-11 concentration was found i the AGAGE data set NASA-AGAGE, 2014,
htip y//agage easgatech edu/Matahtm ), and thi was used to wephce the concentratons of CFC-11 or the
Sengitiviy mins. Eshoud be noted that hn NorESM ,the CFC-11 el sadjisted to hooporte the effectoftrace
gases hclidihg bng-tved GHGs and ozone-depkting substences. Fgure 1 com pares the adjisted CFC-11
oncentratibnsand resultantclin ate Orohg h the Reference and Sensitivity forcihgs.The bigestchangesooccur
fiom 2009 onw ard and resuk  an hcease 1 Prehg rhtive o prehdusogblofapproxin ately 0004 W m 2,

To hoopomrte the rmdative effect of the trace gases, they are converted t© an equivakent concentration of
CFC-11 and added to that eld,gihg rie to the adjusted CFC-11.Thi isdone usig the folbw g equatin,
whih utlzes the atb of radBtive ef ciencis of the trace gases com pared to thatof CFC-11.
rdiative efficiency ofX
rdiate effciency of CFC-11

CFC-1 equivaknt of X &pthY X Joptb

NorESM hcldes forchgs fiom num erus ttaces gases 1 thisway, as shown h Tabk 1.Fgure 1 chow sthe
adjuisted CFC-11 abng w ih the tie m easure ofCFC-11 and the equivakntooncentraton ofallofthe rem an-
g contrbutory trace gases com bied . Untl the hte 1980s, the com bied contrbutin of the ttace gases
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Table 1. Long-Lived Trace Gases and Ozone-Depktig Substances hclided I NorESM as Part of the Adjusted
CFC-11 Concentration

M ean Concentiation Betw een Equivakent Concentration

Trace Gas Radiative Ef cincy 1980 and 2012 fppt) ofCFC-11 fopt) M odi ed From
CFC-11 025 239 239 1980
CFy 01 712 285 2004
CoFg 026 26 24 2004
CeF1a 049 002 003 =
HFC-23 019 126 96 =
HFC-32 011 13 06 =
HFC+43-10 04 01 02 -
HFC-125 023 20 18 =
HFC-134a 016 172 110 1994
HFC-143a 013 33 17 =
HFC-227ea 026 03 04 =
HFC-245fa 028 20 23 =
SFg 052 38 80 1995
CFC-113 03 667 800 1985
CFC-114 031 153 189 2006
CFC-115 018 64 46 2006
Carb-Tet 013 975 507 =
MCF 006 732 176 =
HCFC-22 02 1249 999 1991
HCFC-141 014 89 50 1992
HCFC-142 02 87 70 1992
Habn 1211 03 30 36 1992
Habn 1301 032 20 26 2004
Habn 2402 033 03 04 =
CH;Br 001 87 03 1993
CH5C1 001 5206 208 1999

was com parabk to that of CFC-11 ;how ever, the success of the M ontreal protocol UNEP O zone Secretariat,
1987] and is subsequentam endm entshasm eantthat CFC-11 concentratbnshave been steadily decreasing
sihce around 1990, w hik the ttace gases have steadily hcreased . The neteffect & that siace 2008, the com -
bied oreihg of the ttace gases sm ore than doubk that of CFC-11 abne.

Siice the ttace gases are genemlly notasw ellm oniored asGHGs, twasnotpossbk to nd alemative con-
centrations form any ofthem ,espechlly extending as farback as 1980 .Theirconcentratbns w ere therefore
e=phoed usig w hateverobservations could be found .CF, and C,Fs w ere both rephoed f©r2004 until2012
fiom the AGAGE data sst NASA-AGAGE, 2014, htip //agage easgatech edu/datahtm ). CFC-113 was alko
taken fiom the AGAGE data set NASA-AGAGE, 2014, http y//agage easgatech edu/data htm ) forthe perbd
of 1985 until 2012. NOAA's Habcatbons and other Atm ospheric Trace Specks Group HATS) provided
the alemative concentrations of HFC-134a,HCFC-141, CH3By, CH5Cl, SF6,HCFC22,HCFC-142,Habn-1211,
and Habn-1301 fiom 1994,1992,1993,1999,1995,1991,1992,1992,and 2004 mspectively NOAA HATS,
2014, http YAy ww esrflnoaa gov/gm d hats/datahtm 1). Fhall, CFC-114 and CFC-115 wer taken fiom the
AGAGEdata set NASA-AGAGE, 2014, http y//agage easgatech edu/data htm ), startng fiom 2006 .Thism eans
that27% ofthe annualconcentratibnsofthe ttace gasesw ere rephced during the perbd 0f1980 until2012.
This hcreasesto aound 40% forthe perbd 0£1990 until2012 and t around 70% ©r2000 until2012 .The net
change 1 foroihg by these trace gases overthe hatusperbd 50003 W m 2.

315.CFC-12

The AGAGE data set provied the alemative CFC-12 concentratons NASA-AGAGE, 2014, http //egage eas.
gatech edu/datahtm ).These coverthe ullperbd 0£1980 until2012 and are shown h Fgue 1 abng w ih the
CFC-12 concentratons fiom the Reference ensem bk. The alemative orohgs rhtive t prehdustal Evel
are conssently hherthan those found 11 CM P5 mins,w th am ean difference ofaround 12 pptor0 004 W m 2,
316.Summary ofGHGs

M ostofthe GHGsshow litk change fiom the CM P5 concentratbnsused i the Reference mins,w th the brgest
change arisng fiom the alemative m ethane concentratbns.The com bied effectofallofthe GHGs sgien
Fgure 2.The average difference betw een these forcings 1 the two ensem bles rehtie t prehdustial kvels
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Fiure 2.Com bined orchgs ehtie to prehdustialEevels orCO,,CH, ,N,0 ,CFC-12,and the adjisted CFC-11, hclidihg
trace gases forthe (eft) Reference ensem bl blie) and the Sensitiviy ensem bk ed). ight) The difference of Sensitiviy
m husReference 1 orengs alko shown.

overthe perbd 0£1980 to 2012 80014 W m 2;app:;oxi:n aely001W m 2 ofwhich com esfiom the altemative
m ethane, whik amund 0004W m 2 ofwhith comes fiom the alemative CFC-12.How ever, the com bihed
effect of the altemative greenhouse gas forchgs, hclidihg the bng-lived GHGs and ozone-depkting sub-
sances, I an haease ofonly aound 06% of RIGHG orchg whtve to prehdustraland conesponds to
a rhtive enorofamund 1 2% on the change of forcihgsbetw een 1980 and 2012 .The m ean netchange i for-
chg fiom GHGs hclidhg bng-lived trace gases and ozone-depktihg subsances for the hitus perbd &
0012Wm °.

3 2.Anthmpogenic Aerosols

NorESM iclides three types ofaermsolk otherthan vokani:bhck catbon BC), sulfuirdixide 60,),and pr-
m ary olganicm atter POM ) Kikevag etal,2013; Fersen etal,2013].These are read hito the m odelasem &-
sbns kgm *s ') fiom both ossil fileland bibm ass bumig sources. Bhck catbon i ako ead i based on
em ksbnsfiom afrtraf c.These arede ned atevery bcaton and on every Evelasm onthl averages;how ever,
they are onl read 1 fora shgk annualcyck once perdecade .Forexam pk, i the historcalmns ih CM P5,12
m onthly averagesw ere read 1 f©r1850,1860,etc.until1990 and 2000,w th a nalannualcyck hclided for
2005, the end of the sin ubhton.However, 1 the Reference mins discussed 1 this work, the 2005 pont &
Pnored and hitepohtbn sperform ed betw een the 2000 historicalem Bsbnsand the 2010 RCP8 5 em issons.
NorESM perfom sa Inearw eghting to detem e aerosolem ksions forthe yearsbetw een the hputdecades.

Altemative aerosolem ksbns were obtahed fiom the Now egin M etecrobgial hsthute and wer taken
fiom the EU-Eclpse V4a data set Klin ontetal, 2013a,2013b].These hclided new annualcycks foreach
decade betw een 1970 and 2000,and foreach yearbetw een 2005 and 2010.They alo hhclided a nalannual
cyck estin ated f©r2020 t ensure thatNorESM could hiterpobte em ksbns or2011 and 2012.The altema-
tire em Esbnsdo not nclide new values forbhck catbon em ited by artraf casthsdamwere unavaibbke.

The orghalReference and new Sensiiviy em ksbnsare shown h Fgure 3.1 orderto ascertah the radative
in pact of the perturbations to the aerosols em fssbns, w e perform ed a set of auxilayy sin ulbtions.Because
the ain I t estin ate the effect mhtive to Preindustral PI) atm ospheric burdens, three sets of mins are
requird.These mins are underaken utilzihg, respectively, the folbw g :Prendustial fn anhl natuml) em is-
sbnsw ih no tin e varation beyond a seasonalcyck P, tin evaryiig CM P5 em ssbnsasused h Reference
Ref), and tin evaryig Eclpse V4a em Esbns as used 1 Sensitviy Sens).h allcases, the mdaton diect)
and cbud nuckaton ( wtihdiecteffect) in pactsare com puted h “onlhe”m ode ushg the prescrbed aero-
solooncentration pathw aysprovided by NatonalCenterforAtm ogpheric Research aspartofthe Com m uniy
Atm ospher M odel Therafter, they are recom puted 1 “of he”m ode usihg the aerosolooncentrations and
aemsolcbud-adiaton cakuhtons that resul fiom the distict em Esbn scenarbs i PJ, Ref, and Sens.
Kikevag etal,2013].The nalaemsolclin ate orchg was estin ated as the difference betw een RefPIand
SensPIi the calubted of he top ofatm ogpherr [OA)netadiaton.

The alematize em issbns show hiher kvels of bhck catbon after 2000, which provile positdive clin ate
foreng by decreasing the abedo and albw g the atm osphere t absotb m ore heat.They ako show hiher
EvekofSO,,whith sere to stongly coolthe atm ogphere .Fially, Prin ary O iganic M atter POM ) em Isons
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Figure 3.Tomlaerosolem issbns for top kft) black catbon, top rght) prin ary organi m atter, and bottom kft) sulfur
dbxide fiom bbm assbumig and fossil fuek orthe Reference blie) and Sensiiviy fed) em Esbnsused n thiswork.
The em Esbns forthe Reference min are prescrbed ateach decade fiom 1970 until2020 ;w hile the RCP scenarbs iclude a
valie at 2005 . I the Sensiiviy mns, the em sbns are prescrbed at each decade fiom 1970 to 2000 and at each year
fiom 2005 o 2010,w ith a nalvalie prescribed at2020. bottom right) The nettop ofatm ogphere oreihg assochted w ih
the change 1 allaerosok sako shown.

are bwerw ih am arked rhtive m hiinum i 2009.POM em issbns are ‘brown” and so have both posidive
and negative diect effects. How ever, their hdiect effects are undoubtedl a negative RF Myhwe et al,
2013, Tabk 84]. By despn, the Sensitviy aersol em ssbns exhbit subsantively greater nterannual
varability than those used i Reference overthe hitus. The differencesbetw een the aerosolancilbries are
substantialover this perbd . Allof the aer=o0k undoubtedly contrbute to the difference i RF 1h Fgure 3
bottom rght). How ever, Fgure 3 suggests that the changes h POM are dom hant as the peak 11 2009
conciesw ih a ehtive m iin um i BC and the soongm ninum 11 POM .M axin um rehtive changes fiote
that Fgure 3 yaxisangesdo notsmrt fiom zew) are greaterih POM  (25% ) than 11 SO, ~5% ) orBC 10% ).
ERC w ere the dom hant factor, the peak i the difference betw een Reference and Sensitiviy RFw ould occur
11 2010.Furtheranalysis beyond the cunent study w ould be needed to dagnose the in pacts of the ndvi-
dualaerosok 1 the m odel

RegardEess, the m ean netdifference 1 rmdative forchg betw een the Reference and the Sensitiviy aerosols
overthe hiatusperbd 5011W m  2,w th the ligestdifierence occurring 1 2009 and reaching 028W m 2.
Changes 11 allthree setsofem Esbnsare Hkely to be in portant, butthe change 1 POM em &sbnsdom hates
the change 1 overaIIRF betw een the Reference and the Sensitviy forchgs.

33.Sokr

Sobrforrihng s hclided n NoESM asan annualm ean valie of tomlsobrinadiance,w ih diimaland seaso-
nalcycks i sobrorcing appled through the m odelcode.The valiesused 1 the NorESM CM P5 sin ubtons
were based on Iean R000].These w ere adjusted by a factorof 0 9965 based on the w otk ofW ang etal R005]
to bring them 11 Ine w ih obserwations fiom the Total lradince M onior M ), a space-based nistum ent
bunched 1 2003 as part of NASA's Earth Observig System SO br Radition and Clin ate Experin ent
GORCE).From 2009 onw axd, the sobr forcihg 1 CM P5 w as a repeat of the st ourcycks of the historical
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. L. 2 ) sohbr forcings fiom the Physkalisch-
Figure 4.Sokr forchg n W m of the Reference forcing fiom NorESM ; .
blie) and the Sensitvity forcings fiom Physkalisch M eteorobgisches M eteoobgirhes Obsewvatorim Davos
Obserwatorum Davos ted). PM OD) that are based on a com bna-

ton of data fiom severml hstum ents:

Active Caviy Radbm eter radBnce M ontorI ACRM -1), ACRM -I, ACRM -III, Varsbilty of solr Rradance and

Graviy O scilbtbons VRGO ), Total rad Bnce M onior M ), and Earth Radatbn Budget Experin ent ERBE).The

PMOD data are genemlly considered the m ost accurate set of sobr forchgs, given how it was constucted
Frdhlth and Iean, 1998 ;Frdhlich, 2006]. Uncertahty h sobrorhngs sdiscussed furtherh secton 611.

E shoul be noted thatw hik the difference betw een the PM OD sobrforcihg used h Sensitiviy and thatof
the orighalNorESM CM P minsused I Reference raches 05W m 2 11 2009, thi & the oalobr inadi
ance.The Earth receives this radBton effectively asa tw o-din ensbnaldik mtherthan a three-din ensbnal
sohere,and hence w ih a quarterofthe surface area that tttuly has. Therfore, the effective forcihg isshown
on the kft axis h Fgure 4, and thi & one quarter of the actualTOA forchg. The difference betw een the
PM OD Prehgsand the NorESM orghalbrong Stherebrup wammund  0125W m 2,although thisvares
w ih tin e, w ih the m ean overthe hatusperbd benig 008W m 2.This & an oxderofm agniude geater
than the change 1 GHGsasdicussed 1 secton 31 Foure 2) and potentially com parabk, but of opposie
sgn, o the hghl uncertah effect of aerosolchanges eection 3 2).

34.Volanic

The forcihg effect of volanit aerosolk 8 clided i NorESM thmough a zonalm assm xing matb speci ed for
each Btide and on each vertcal Evel T practice, the m odeluses the zonalm ean colim n m assofaersols
ditrbuted overthe vertical Evelks by a sin pk shape fnction.The colim n m assofvokani aerosokused
NorESM wasbased on the work of Sato etal [1993].The kst vokani emipton hiciided 1 thisdata set
Phatubo 11 1991.Traces of thi emiption exist until 2001, afterwhich, there 3 no vokani acmosol forchng
11 NorESM .Sihce Phatubo, there have been a series of an allemiptions each addihg am allquantites ofaero-
okt the atm osphere Banteretal,2014;Rdkyetal,2014].

Alemative volani aerosolooncentratibnsw ere obtaihed fiom the NASA Goddard hstite ofSpace Scence
NASA G BS,2014, hiip y/datagisnasagov/in odelfore /srataer/) and are based on the update of the tabubtion
ofsmatosphert aerosoloptivalthtknessgien h Sato etal 1993].Fgure 5 com paresthe colim nm assofvolant
aek Or the orghalNorESM concentiations and the alemative concentiations, abng w th the assochted
btiudhally htegrated orchgs. The orehgs were cakubted ushg the sam e form uk aswasused fh PCC AR5
TabEe 89M 9), where RF= 25 *Atm osphert Optial Depth h W m ? Hanemn et al, 2005]. The weaker
vokanoes are ckarly m B&shg fiom the Reference concentratons. Furthem o, the aerook fiom the Phatubo
emption have decreased 1 peak m agniude i the atemative concentrations but have a greaterpresence at
m fdd¥e and hgh btiudes. Assum g the presence of a bng+tem fn uliddecadal) sponse to epodic hige
volanoes [Gregory,2010],such am Especi cation m ay have in plications form odelbehavbrw thi the hitus
period even though thi emption occurned prorto this. Speci cally, m odelsin ubtions ushg the Reference
orehgsm ay show bwer hiblocean heat content OHC) valies than sin ibrm odelsin ubtons ushg the
alemative forchgs as a resukofthe soongersgpeci ed vokani aerosok h the Reference oreing vokanic
seres 1 the early 1990s.This com plicates a ckan com parion ofthe lkely effect of the forcing differences.
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The m ean change 1 forcihg ©r1980
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0 _i_ |_| | 3 5. ForcingsNotAlered
£ j} N7 . W . . { 351. Stratospheric W aterVapor
1980 1285 1290 1295 2000 2005 2010 Between 2000 and 2005, the stato-

heric water vapor shows a sh
Figure 5.Colum n m ass of vokani aerosols h kgm 2 by Btude w ih the & amp

m eridnally htegrated orehgsundemeath, orthe (p) Reference orehgs declne; how ever, the concentations
fiom the NorESM CM P5 mnsand the bottom ) Senstivty rehgs.Theseare  have shoe rien steadily untd 2012
both based on the work of Sato etal. Dessker et al, 2013]. A recent sudy

by Utban etal R014] has shown that
another sharp dmop 1 statospheric water vapor concentzatons has occuned over the st 18m onths.
Decreases h statogphert w ater vapor are expected to wam the statogphere but cool the troposphere
Bobm on etal,2010].Athough this Hea wasdiputed by Kaufm ann etal P011],who found no statistcally
sgni cantehtonshp betw een changig statospheric w atervaporand surface tem peratures, Desskeretal
R013] quanti ed the feedback of stratospheric w atervaporto be approxin ately 03W m 2K .

Unfortunately, the statospheric w atervaporconcentiatins are not read hito NorESM and cannot therefore
be changed diectly. This, to som e extent, 1 ects the wealty that statospheric w atervaporalthough de -
niel mdatvely in portant is strictly speakng am echanim of ntemalfeedback Ararabilty ratherthan w hat
m ay chssicall be considered asa forcihg which an extemaldriverto the system .h an attem pt to fhclide
the effectofchangig statospheric w atervapor, the effectofm oisture on varbus kevelkw asadjusted i the
bngw ave and shortw ave com ponents of the code.Thiswoul have the effect of changig the w atervapor
on those kvek for mdative purposes. How ever, the rsuling tem pemture regponse to thi change was
contrary to existing theory and lremture on this subfct and no explnation could be detem ned orthi.
Sihce w e cunentl have no otherm ethod foradjisting the stratospheric w atervapori the NorESM m odel,
and the onky m ethod we do have pro-
duces resuls that arr hoonsistent
w th the curent literature, soatosphertc
water vapor was not alerd in the

05 | Senstiviy mns 1 this study.
352.0zone
NorESM mclides ozone concentma-
9+ , tbns as a forchg ancilbry eld.

These oconcentmatons are spatally
com pkte,behg rad 1 orevery grid
8.51 1 point and on every model kvel
How ever, the ozone concentatibns
are nclided i the modelon a tem -
porlly htem itent basis. For exam -
pk, 1 the historicalm odel mins, the
m onthl ozone concentratons for a
shgk year are read nto the m odel
every 10years fiom 1850 unti 1990,
Figure 6.Monthl ozone concentmtbns hput to NowESM once every and every Syears fiom 1995 untl
10 yearsuntil1990 and every 5 years until2005. 2005 Fgure 6).
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Figure 7.Net difference of Sensidiy m nus Reference h mdbtive rchg accurate ozone eHs nto NorESM .
bhdk).Thi com bies the differences 1 forchgs PrGHGsand LIGHGs green), This woul not onl albw for the
anthiopogent aeok ted), volanoces blie), and sobrinadince fnagenta).  nvestation of the i pact of chan-
gig ozone concentraton on decadal
tin e scalesbutw ould alko hel quantify the in portance ofm ore tem porally com pEte ozone rEpresentation
I future mns.
3 5 3.Land Surface Changes
NorESM nclidesthe Com m uniyIand Surface M odelversion 4 as is bnd surface com ponent.The nd use data
w ere unchanged betw een the Reference and Senstiviy ninsand & the sam e as the lnd use data speci ed for
CM P5 sin ubtions. These consist of Bnd use estin ates fiom the HBtory Database of the Gbbal Envionm ent
am oothed t com bie seam ksslyw ih the future pred ttonsunderthe RCP8 5 scenard . The Bnd use dataw ere
notm odi ed 1 ths sudy prin arily because at the tin e of the proRcts executon, bnd use changes had not
been posited asam apriacorin caushg orexphinihg the gbbalw am hg hiatus.Furtthem or,wedd not nd
an obsewatbnaldata setof bnd use thatw as spni cantly different fiom the stendard hput ofNorESM .

3 6.Summ ary of Com bined Radiative Effects of Changed Forcings

1 this sectbn, we have docum ented changes to a num ber of forcing ancilbres re ectihg the observatonal
undersanding at tin e ofproject hoeptbn i early 2014 .Changesw ere m ade t GHGs and bng-tved green-
house gases (IGHGS) (eectbn 3 1), anthopogent aemwsok (ecton 32), sobr mditn (ecton 3 3), and
vokanit aesok Eecton 3 4).A num berofaddibnalforringsw ere notalered ecton 3 5).Allofthe forchgs
thatw ere reviied w ere alered w ih som e becom g m ore posiive/Essnegative (IGHGsand anthopogentc
aer=ok) and others kssposiive/m ore negative ohrand vokanoes).On average, the Sensitvity TOA orohg
¥ slghtl kssposidve overthe perbd ofthe hiatus.How ever,; changes to allfourforchgs are tin e varentsuch
that the totaldifference 1 net forchg betw een the two ensem bls vares consderabl overtin e Fgure 7).
Durhg the end ofthe twentieth century, the orchg differences are stongly dom hated by volant aerosok,
w 1h the E1Chith®n emption 1h 1982 and M ount Phatubo 1 1992 ;how ever, shoud be noted that the aler-
native forchgs hclide nonew anthmwpogent acosoldata durhg thiperod .0 verthe hatusperod 0£1998 to
2012, the difference 1 sobr foreihg becom es apparent and of com pamb e m agniude t the vokant forchng.
The com bied effectofthe vokani and sobrorcihg sneverthekssm ore than com pensated forby the sharp
riee 1 anthopogeni aeosolorhg, whih esuls 1 a netposidve difference h orrhgsbetween 2008 and
2010.Them ean net forcihg difference betw een the Reference and Sensitiviy ensem blsoverthe hatusperod
B 003Wm 2, although tvaresbetween 010Wm Zand 007W m °.The Meartend n forhg Smor
positive forSensitvity than i & forReference overthe hatusby 008W m *dec *.

4 .M odelConfiguration and Ensem ble Creation
4 1.ModelSystem

This study uses the medim rmsoliton con gumtibn of the Now egin Earth System M odel versbn 1
NorESM 1M ) whith has provided output to the fth Coupkd M odel htercom parison Progct CM P5)
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[faybretal, 2012].The m odel ¥k based on the Com m uniy Clin ate System M odelversbn 4 (CCSM 4) Gent

etal,2011]w ih in portantchangesbeig the rephcem entofthe z Evelocean com ponentw ith an sopyanic
coordhate ocean m odel, in proving the representation ofw aterm asses, and the em pbym ent of advanced
chem Bty-aemsolcbud-adatbn hteractbn schem es, enabling the model to acoount for the hdiect
aemsol feedback. The sea e and lnd com ponents— the Los Alm os Sea Te M odeland the Com m uniy
Land M ode}l- have been adopted fiom CCSM 4 w thout changes. The atm osphertc and lnd com ponents
are con gured on a regubrhorzontalgrid w th a 1 9°x 2 5°resolition . the vertical, the atm ospheric com -
ponentoom prises 26 hybrd sgm a-pressure Evelsextending up to 3 hPa.The ocean and sea ice com ponents
are con gured on a curvilnearhorzontalgrd w ih 1°resolition abng the equatorand the northem grd sin-
guhbrity shifted overGreennd . h the vertical, the ocean com ponentcom prisesa tw o-bByerbukm ixed-byer
wepresentaton wih 51 iopycnic hyers beneath. A detaied descrption of the m odel and evaliation of
standard sin ultbns are given i Bentsen etal P013] and ¥ersen etal P013].

4 2. Experin entalSetup

W e have perfom ed tw o setsof sin ubtions, one Reference ensem bk w hich uses the defau CM P5 forcngs,
and one Sensiiiy ensem bk which uses the altemative forcihgs outlhed i sectin 3. The sin ulbtbns
covered the perbd 0£1980 until2012.Thi period w as chosen forthree reasons.

1. Eichides the perbd of nterest for studyihg the observed hiatus ofgbbalwam hg.

2. Shce the hatus started 11 the 1990s, this choice alow s the m odelovera decade 1 oxderto adjustto the
m odi ed forengs, thus avoiddhg sharp changes h the orohgs durng the perbd of hterest.

3. Starthg overa decade prorto the perbd of nterest albw s the hdvidual mins to sph-up and diverge
such that they exhbi a brad ange ofbasic smtes of the m odelkd Earth system  (nclidig cryosphers
and ocean) consistentw ih the m odelphysics by the smart of the perbd of study.The end date s driven
by the avaibbilty of som e of the Sensitviy min-based forchgsbeing sokl through 2012.

To albw fora wbust detecton of any differences h foroed regponse and an elicdation of the effects of
m odel ntemal varability on decadal tin e scakes, each ensem b com prises of a total of 30 sin ubtons.
The ihidal condions are genemated fiom the three m em bers of NorESM ‘s CM P5 historical experin ent
Bentsen etal,2013] as ©lbw s:Both setsare split nto three subsets 0£10 sin ubtns each .The sin ubtons
ofeach subset are all hitalized w ih the 1980-01-01 state of the sam e CM PS5 NorESM historical sin ulton,
ie . the sin ubtbnsofsubsetl are hialized w 1h the smate ofthe rstCM P5 historicalrealzaton, the sim ula-
tonsofsubset2 are hitalized w ih the state ofthe second CM P5 historicalrealization ,and the sin ubtbnsof
subset 3 are hiklized w ih the sate of the thid CM P5 historical rralzation . The three historicalmins that
w ere them selves spun off the m odelcontrolmn sepamated by severaldecades and by 1980 have each been
mnnig Hri130years.W thi each subset, the hithl spread i genemted by addig m toscopi 0 (L °K))
noke t the ocean m xed-byer tem peratures. The htemal spread then grow s w ih tin e and @t kast or
the atm ospher) rraches saturation aftera decade or=o, ie ., before ourperod of prin ary hterest.

5.Characterization of the M odel

Asdicussed prevbusl, varbus alemative hypotheses other than forcihgs hvoling ntemalvarability or
feedbacks wihih the system have been proposed to exphi the observed hbtus  gbbal wam hg.
Before detaiked analysis ofthe tw o ensem bls can be undertaken, i i in portant to plhce NorESM 11 context
ofthe w dermnge ofCM 5 m odek and to establich whetherornot the htroduction of the altemative for-
chgs has in pacted these alemative m echanim s In the m odel Fgure 8 show s the Equilbriim Clin ate
Sensitiiy ECS)againstthe TransientClin ate Response (ICR) fora range ofCM P5m odek Thisisam odi ed
versbn of Fgure 942 fiom Chapter9 of PCC ARS) Fhto etal,2013].NoESM hasan ECS of approxin ately
2 8 and a TCR ofapproxin ately 1 4<C and thus leswellw thi the spread of CM P5 m odek.W hik itdoes
Ie further from the CM PS5 ensem b m ean than the CCSM 4 m odelused i the work of Santeretal R014],
No1ESM i apparently notunusualam ong the CM P5 m odelk oris esponse to changes 11 clin ate forchgs.
The pow er spectum densiy of gbbalm ean tem perature varance n the historical sin ubtions of CM P5
m odek Bgiven h Fgur 9 Thissam odi ed versbn of Fgure 9 33 fiom Chapter9 of PCC AR5) Fhto etal,
2013].NoESM & genemlly consistent w th obsewatins and show s reasonabk pow er at hibtus-lke tin e
scales that is 1 bmoad w ith both otherm odels and the obserations.

OUTTEN ET AL.

NVESTGATNG RECENTHRTUS, 1 8586



@AG U JoumalofGeophysicalResearch :Atm ospheres 101002/2015 023859

3.0 T T T T T T

51.Changes i Ocean Heat Content

Varbus studies have discussed the possi-
bilty of hcreased heat sequestration ito
@ CMIP5 mean the world oceans kg.Mechletal, 2011,
O NorESMI-M 5013, 2014; Chen and Tung, 2014;
® CCsm4 Albn et al, 2014; Engbnd et al, 2014].
<+ Other Models . .
Fgure 10 show s the anom alies of gbbal
OHC forthe tw o ensem bles 1n the shalbw
ocean and the deep ocean, de ned as
the suface to 325m and bebw 325m,
esgpectively. Both ensembls show a
0.5 1 L 1 1 L 1 sin ibr hcrease occurring betw een 1980
15 20 25 30 35 40 45 50 and 2012 of appoxin ately 100 27 11 the
ECS (C) shalbw ocean and 200 ZJ occurring i
the deeperocean .The totalOHC hcrease

TCR (°C)

Figure 8.Com parion of the Equilbriim Clin ate Sensitiviy ECS) and ; ) T
Tnsknt Clin ate Regponse (ICR) ofNOESM to otherCM PS5 modek.  Of approxm ately 300ZJ i sinibr to
Thissam odi ed versbn of Fgure 942 fiom Chapter9 ofthe PCCARS the observatbnal estim ate reported i

Fhto etal,2013]. the PCC mport Rheh et al, 2013].

Both ensembls show wih a sinibar
m agninde bcalm in a around 1992 resulting fiom the Phatubo emption thatare greatest n the upper-
most325m .

T the shalbw ocean , the Sensitiviy ensem bl show s hcreased varebilty overthe hatusperbd ,especially after
2006 when the RCP8 5 forchgs were rphoed w ih obserwatonalestin ates. The Sensitviy ensem bk 11 the
deep ocean has approxin ately the sam e varbbilty as the Reference ensem bk butw ih a slghtly decreased
m ean.Thi kto be expected shee the totalocean heat content shouHd be very sin ibrto the toalEarth system
heat contentw hich & contiolked by the forcihgs.Shce 1 the net the Sensitiviy forcings show a decrease, we
woull expect the totalOHC anom aly to ako decrease som ew hat. Fgure 10 suggests that the ttends 11 OHC
durhg the hiatusperibd 0£1998 t 2012 are slghtl hheri the Sensitviy ensem bk than i the Reference
ensem bk forboth the shalbw and deep oceans.Fgure 10 further suggests that there isgreaterheat content
Tcrease h the deep ocean and Essheatcontent hcrease 1 the shalbw ocean durhg the hatusperod than 1
the wam g perbd ofthe early 1990s.To eluctate thi,a com parison ofthe ttends 11 OHC fordeep and shal-
bw oceansoverthe hatusperbd kgien forall30 m em bersofboth the Reference and Sensitiviy ensem bles
Foure 11).The ttendsw ere calubted fiom the gbbally averaged OHC annualseresby oxdhary kastsquares
OLS) rgressbn over the perbd 1998-2012. As expected Meehlet al, 2013], there & an antionehtbn
w hereby w hen nearaurface uptake & rhtively 1apil, deep ocean uptake s rhtiel sbw and vie versa.

The ttends ofthe toalOHC w ere exam hed forthe htusperbd and found t© be 13 4 ZJyr tand 139 ZJyr :
forthe Reference and Sensiivity ensem bls, resgpectivel . A student’s ttestw asapplied to show thatthe trends
11 OHCbetw een the tw o ensem blsw ere differentatthe 5% sgni cance kvelOver], the hclison ofthe aler-
native forchgsappears to have had m hiin alin pacton the behavbrofthe m odeled OHC 1 the shalbw ocean.

I the deep ocean, the alema-

- Power spectra 01’1 901-2010 surface temperalL‘lre tve forcngs reduce the m ean
”3 HadCRUT4 OHC 1 the Sensiviyensm bk
< ——— GISTEMP compared t© the Reference
g ------ MLOST ensem bk, but hcereased tends
g ——una over the hst 15years act t
g SN decrease ths difference by
%‘: Other models the end of the mn © 2012.A
o recent paper by Mon et al

Period (Years) suggested the need fora high

) bbal clin bty =d b densty num ber of ensem ble m em bers
Fyure 9.G ate varkb as represen Yy power spectal densiy for .
1901-2010 gbbalm ean surface tem pemture Hrboth hioricalCM P5 sin ubtons and et'bajSt 80) 1n oxder to detect
the cbsewvatibns. The grey shadhg providesthe 5t 95% mnge ofthe sin ubtons.This & Soni cantesponse n surface
amodi ed versbn of Fgure 933b fiom Chapter9 ofthe PCC AR% Fhto etal,2013]. al tem pemture to changes h
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Figure 10.Anom ales ofgbbalm ean ocean heat content forthe Reference ensem bk plie) and the Sensiiviy ensem bk
(ed) 11 Zeta (1021) Jouks for (eft) shalow and (ght) deep oceans.Shalbw and deep oceans are de ned as fiom the
surface to 325m and bebw 325m regpectively.

boundary condibns.Asw illbe dicussed i Part2,m ore mins i the Senstivity ensem bk began the hatusper-
bd w th aIaN iia stuation and end w ih an EIN fio stuation than i the Reference ensem bk . Thscoull fn part
exphn the difference 1 OHC observed here.

52.ENSO Variabilitty and Trends

The ocean tem peratures ofthe Eastem Paci chave been ofparticulbrinterestdue to theirrok h driving the
EIN fio-Southem O scilbtion ENSO ).Com parig the tem perature anom alesoverthe ENSO 3 4 regbn show s
that the firequency, m agniude, and seasonaliy of the varations are allcom parabk to those 1 the observa-
tns forboth the Reference and Sensitivity ensem bls Fgure 12).The perbdogram highlghts thata broad
peak 1 varbbilty occurs betw een 2 and 7 years, 1 agreem ent w th the observed varibilty of ENSO . The
Thtooductbn ofthe Sensitiviy orehgsappears to have had no sni cantin pacton ENSO as tisreproduced
by NorESM ,based on a student’s t test of the pow erspectzum .

53.TOA Radiation

The net in balnce ofradBton atthe top ofatm osphere proviles hsght into both the changes 1 radative
foreing and the changes 1 clin ate response. Thi net in balnce has been shown to capture htermnnual
varbbilty 11 the clin ate system fiom both volanoes and ENSO RIbn et al, 2014] and has been shown
to change 1 mEsponse t© bwer

R?=0.26 frequency unforced modes such as
105 - ° R — 0.4 the hterdecadal Paci c Oscilation
o Brown etal, 2014].Fgure 13 cshows

° this net in balnce of TOA mdaton
.l L o fiom the Reference and Sensitiviy
ensem bes,com pared t the observa-

) tbns fiom the Cbudsand the Earth's
o 5 o Raditbn Energy System  CERES) and
the Earth Raditbn Budget Satellie

o o ERBS) as prpared by Albn et al

© © P014]. The obserwations only begin

° o © 111985 at the start of the ERBS data.
The volani emptions of E1Chihdn

7020 2‘5 3‘0 3‘5 4‘0 4‘5 56 5‘5 6‘0 6‘5 7‘0 aIld P:'natubo ae Cbaw V:Sbb Il
shallow OHC trend [ZJ decade™] the 1980s and 1990s, mspectively,

although the obsewatons do not

Figure 11.Cross dependency of OHC changes between shalbw and deep cover the perod of the E1 Chihén
oceans poundary de ned at325m ) over1998-2012 i the Reference

blie) and Sensiiviy Red)ensem bks,w ih each pontdescrbig the valies
fora shgk-ensem bl m em ber.Trends 1 OHC have been cakubted fiom the
gbbally averaged OHC annualseres by OLS regression over the perbd
1998-2012.The num bers 1 the upperrght comerdenote R? values. overthe perbd that they overp .

10

100 -

90 o o

deep OHC trend [ZJ decade™]
(e}
(e}
e
(e}
e
000 O

75

empton.There & reasonabk concur-
rence between the obserwational
rcord and the model ensem bles
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Figure 12 . Tem pemture anom ales i the top) ENSO 3 4 r=gin fiom HadCRUT4 blck) Morie etal,2012], the Reference
ensem bk pblie),and Sensitiviy ensem bk ed),w ih the accom panyig bottom ) perbdogram .The sold vertical Ineson
the perbdogram ndiate perbds of2 yearsand 7 years.

5 4. Arctic Sea Ire Extent

Fhally, the Arctic sea e extent, prevbusl lnked to coolng over m dhtiude Eumsk Petoukhov and
Sem enov, 2010; Outten and Esau, 2012;Honda et al, 2009], & shown n Fgur 14 forthe two ensem bles
and com pared to obserwatinal estin ates fiom the Natbnal Snow and e Data Centre [Fetierer et al,
2002].The NorESM m odelhasckarde cEncisi isseasonalcyck ofArctic regbn sea e, having a seasonal
cyck that & too an all, even though the m ean extent over the cakndaryearm ay be bmwadl conect. The
w htertin e m axin um Istoo sm all,and the summ extin e m fnin um too brge.Thism Igpeci cation m ay Iin i
the valie ofNorESM forconsiderng at kast som e aspects of sea Ie-atm ogphere feedbacks.

D ffferences 1 the trends and varibilty of sea e extentbetw een the two ensem bls are not sgni cantat
the 5% kvelaccording to a student’s ttest;hence, the htroduction ofthe Sensiiviy forchgshasnotsgni -
cantly atered thispotentialsource ofclin ate feedback. h both ensem bls, the m odelshow sa slightly sbwer
decrease 1 the w ntertin e sea e extent than I seen 1 obsewations,and tfaisto reproduce the steep dwop
1 summ ertin e sea e observed overthe past 10-15 years.

X

annual mean net radiation [Wm'z]

1
1980 1985 1390 1995 2000 2005 2010
year

Fgure 13 .Net in babnce 1 rmdBton at the top of the atm osphere fiom the Reference ensem bk blie) and Sensiwviy
ensem bk (ed), com pared to obsewations fiom CERES and ERBS RAIbn etal,2014].Pbted ar the 95% bootstap
con dence bounds Ehading), togetherw ih ensem b m eans ©1d Ine).
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Figure 14 . Arcti sea e extent forw hitertin e Decem berdnuary-Febmazry, top blck ttace and cobrtaces) and sum m ertin e
(une-du¥y-August, bw erbhck trace and cobrtraces) fiom the Reference ensem b blie) and Sensidviy ensem bk (ed),
com pared to the ocbservatbnalestin ates fiom the NatbnalSnow and Te Data Centre bhck).Pbtted are the 95% bootstzap
con dence bounds Ehadig), togetherw th ensem bl m eans I Ine).

6 .D iscussion

The recent PCC report Fhto etal,2013] proposed thatthe reduced ttrend 1 the extemalforcings, higelyasa
resutofsobrand volant factorsw ith a poorly quantd ed contrbution from anthrpogenic aerosoks,wasa
factormwughly equali in portto hitemalvargbility h explbining the cunently observed w amm g hitus.To
hvestate the ok of orrigs, the oreings 1 the Nomw egin Earth System M odeldue to prin ary green-
house gases, sobrinadBnce, vokan i aerosols, anthropogenic and biom assbumig aerosolk, and a num ber
of bng-lived GHG s and ozone-depktihg substances have been m odi ed based upon m ultpk sate-ofthe-
art obserwatbnalsources.These m odi catbnsnotonly nclided new values forthe perbbd 0£2006 to 2012,
ie ., beyond the CM P5 historicalmn,butalo m odi cations forthe perbd prorto 2006 based on in proved
understanding and assochted data set inovations and updates.To assess the possbk 10k of htemalvara-
bilty, each setofforchgswasmn 30 tin es starting fiom dsthcthimlocondifonsw ith 18 yearsofspih-up
ensure divergence. There are a num ber of caveats requied 1 both the forcihgs and ensem bl creation
choieswhih m ay in pact the subsequent analysis and thatw e outlhe i thi secton.

6 1. Forcings

The alemative forchgs discussed h secton 3 show differences between the Reference and Sensiiviy
forengs;how ever, the new forcihgs show only a sm allchange (ehtive to the com m on spnalof ncreasing
net forchg) fiom those appled n the Reference mins, whith were the CM P5 forcihgs extended w ih
RCP8 5 .Forthe hatus perbd 0£1998-2012, the Sensitiviy forcihgs show ed differences fiom the Reference
forengs of approxin ately 002W m 2 due to the GHGs and bng-lived trace gases, 008W m 2 due t
decreased sokbr forcng, 011W m 2 due anthropogenic aersol changes, and 008W m 2 due
hcreased vokani actviy. Thus, the hrgest differences were found i the sobr imadsnce, vokani, and
topospheric aerosoks.

There an in plctassum pton thatthe data setsused to crrate the Sensitviy orohgs h thisw ok w ere not
them selvesm odi ed orextended unlkss the producerofthatdata setbelieved twasan in provem entto do
20 .W hik thi s sefevident ordata sets thathave sokl been extended w ith new obserwations thatdid not
prevbusly exist, a question could be raied about the in provem entobtainied by m odifyhg preexistng data
eg., vokani aerosok fiom Phatubo). For thi rwason, the authors m ake no chin 1 this work that the
Sensitiy forchgs are betterthan those i the Reference mins, only that they have been m odi ed to bring
them i Inew ih cunentunderstandig and are different fiom those i the Reference mins.Further, it shoud
be noted that the blck cartbon em &sbns fiom afrtaf ¢, smatogpheric w ater vapor, Bnd use abedo, and
ozone concentratbns were notm odi ed due to ethera bck of suiabk obsewatbnaldata ora bck ofa
suiabk m ethod form odifying the forchg i NorESM . The in plications of these om isbns by de nion
=m ah unknow n .How ever, based upon M yhre etal R013],the orcihg effects ofozone orbhck cartbon fiom
arrtaf care expected to be sn alloom pared w ih the iIn pact fiom otheraersolsand the sobrforchng.

Asdetaikd 11 secton 2, ther was an heviabk ttade-off hh the experin entaldesn wherby we alowed
okl 2 degrees of fieedom 1 the forrhgs. Yet T & beyond dipute that there i unceraihty h m any of
the appled forcngs.Those orehgswhich changed m ost substantively betw een Reference and Sensitivity,
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sobr, vokani, and anthmwpogenic
aerok are exactly those forwhich
13615 there & greatest uncerainty Myhre
_ g etal,2013].Hence, fwe had chosen
O‘IE g different realizations of these forcihgs
% 1361 {aw02s £  © apply,then the esulihg RF woull
g “?, have differed. Here we lin i further
5 £  specic dicussbn to Esues amund
3 1360.5 % each of these three forcings and how
they were appled.
611.Sokr
1390070 To75 1980 1985 1980 1995 2000 2005 2010 2015 Whie modifyng the sokr forng,
year severalpossbk alemative estin ates

. o 5 ) of the obserwed evolitbn werm
Figure 15.Sokr orchg 1 W m of the Reference forcing fiom NorESM

ble), the hsthut Pere Sin on Lapkce blhdk), the SO larRadition and ) . .
Clin ate Experin ent green),and the Senstivity forcihgs fiom Physkalisch and different aborthm s. Fgure 15
M eteombgisches Obserwatorim Davos fed). chows the three manh alematives

compared to the orghnal orcngs
used 11 NoESM for CM P5 inclidihg the nal choie outlhed i section 3. The hstut PEne Sinon
Laphce sobrorcihg is denticalto thatofNorESM until2009,w hen the previbus cyckesbegi to be repeated
11 NorESM .The sobrforcihg fiom SORCE sfiom the TM Instrum ent for2003 onw axd .Priorto this, the SORCE
foreings are based on prevbus reconstmictons Krvova et al, 2010] but hiclide a am all offeet based
on the ™ Im easurem ents for the perbd fiom 2003 onward. The sobr forchgs fiom the Physkalisch-
M eteorobgiches Observatoriim Davos PM OD) are based on a com bihaton of data fiom several nstu-
m ents:ACRM -LACRM -ILACRM -, VRGO ,TM ,and ERBE.The PM OD data are genemally considered them ost
accutate setof sobr forcings,given how twasconstucted Frohlich and Lean, 1998 ;Frohlich,2006]. Forthis
reason, and h orerto stetch our Sensiiviy tests siice PM OD has the hrgest difference fiom the orghal
NorESM mns, this estin ate of sobrforchg wasused .How ever,driving ks forNomESM were created forall
three ofthe sobr forcings shown i Fgure 15, and future w ork could expbre such sensiiviy .
61 2.Volanic Forcing
Recentwork by Ridky etal R014] that postdates the production ofthe ensem blsand nifalsubm fson of
this papersuggests that the vokani forcihgs fiom Sato etalused h the Reference forchgs and Sensitiviy
forengs are biased bw .This isbased upon a com parison t otherdata setsbased upon observations fiom
several dars and other iistum ents. Speci cally, an assum pton regarding the bwem ost Evel 1 which
satospheric vokani aerosolk can reside kads to an underestin ate of the statospheric burden h m ddEe
to hih htiudes, particulbrly h w hter. Thisrequiesa reassesan entofhow to apply this orchg so the stato-
sohert aerosolbading base pressure kvelvares seasonally and htiudhall . This snot the case h etherof
the cunentancilbries i NorESM ,and forthatm atterm ost othercontem porary GCM sand ESM s,w hith bad
above a xed pressure kvelw ih no gbbalor seasonalredistrbution 11 the verticalextent overw hich the
aemsolbadihg sbehg spread.

found, based on different sources

Forthe am allvokanoes shice 2000, obserwatons suggest that the effects of thisunderestin ation m ay be as
greatas halfofthe forcihg in plied by estin ates such as Sato etal at som e htiudes. The realm agniude of
post2000 vokanit effects i rported by Ridky etal to be ofthe oxder 019+ 009W m  2.Therbrme, the

Sensitiviy mmsm ay be high biased ehtive to walty by the orderof01W m 2.Asdicussed h sectbn 3,
the Reference mins have effectively no bading thmughout the htusperbd and are therefore hgh biased

throughout to an even greaterdegree, hckig even an epiodic hpctbn ckarl present h either Sato or
Ridkyetal seres.A subsequent study focusing fiirtheron vokani oreings I cunently beihg underaken .

613.Aerosols

Fist, the estin ate of foreihg due to the applied anthmopogenic aerosols h secton 3 i hcom pkte as tdoes
not acoount forthe diect effect of aerosols on bngw ave radiation, which isassum ed t© be an all Further,
whike tacoounts forchanges i the cbud Iquid w aterpath,  doesnot account oretherchanges h cbud

fraction orthe ndiecteffectofacosols i cold orm xed-phase cbuds the btterhaving a bw kvelofunder-
standig) Eg. see Kikevag etal,2013].
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The aesol Faues as they pertah t© the present analysis w ere hghlghted 11 m any areas of the recent Fifth
Assesan ent Report w ih, 1 particulr, a whok chapter concemed w ih aerosol and cbuds Boucheret al,
2013].The aditive effects ofaerosok 1@m ah an arra ofactive research ashghlghted by ecenthgh po k
w ork on the Fsue by, forexam pk, Shihdel P014] and Stevens P015].Rekvantprincpalaspects to the present
study are as olow s.Hartm ann etal P013] conclided thatwhike regbnal changes w ere apparent h regibns
w th suf cEnti siu records, these are grossly hoom plkete and thatcon dence 1 sateThe-based aerosoloptical
depth recods i bw .Myhe etal P013] hghlghted hige uncertainty h historical aerosol forcihgs and their
rdatve effects, and that these contiued to be the predom hant source ofuncertainty nh hsorcal oreings.
Kmm an et al R013, secton 1136 1] cautbned that the aermsol em issbn-RCP scenarbs 1 the short tem
m ay not be rwalistic, rm oving the aermsolburden o quikly. They furthernote that when and where the
aerosok are em ited m ay be in portant, so a consideraton of the effect of aeo=0k should not necessarily be
constlered 1 tem ssokl ofthe gbbalm ean RF .Posdating the report,Shindel P014] suggeststhatthe ef cacy
ofaermwslorehgs Bunlkely to be nivarant h space and tin e.Collnsetal R013]1hghlghta wughl equalsplic
betw een m odek thatprescrbe aerosolburdensd iectly orcakubte them nhteractively based upon prescrbed
em ksbns e therTabk 2 1).The NoESM m odeloonsiered hern uses prescrbed em Esons.

Gien that NoESM i con gured such as to derive aemsol concentations htemactively fiom em Esbn-based
driver ancilbres, the use of diect obserwatbnaly based aerosol burdens was preclided fiom the outset.
Hioralem fsbn-based scenarbs depend upon the veracty of natbnalem isbns hventores whih cannot
be taken asa gien . partcubr, natonalem ksbns hventores tend to concem hdustralscak poluiton mther
than dom estic source poluitbn .Thim ay Ead to sgni cantundeneporting ofem Esbons h countresw th heavy
dom estc em &sbns such as Chiha and hdia.There rem ahs constiermbk uncerahnty on what the conectem -
sbnsw ere and the lck ofadequate observatbnalcapabilitesofspechted aerosokgbbally com bied w th thelr
short lifetin e preclidesethera top-down ora bottom -up cbsure ofthe budgetas possbk form any IIGHGS.

Durng the experin entalsetup ,an addionalpossblk sestofem sbnsdriversw as considered .How ever, this
yEeled burdens of the spechted actos0lks that were substantially and system atically different to the CM P
mns 1 all cases. Use of such ancilbres, whik they m ay wellbe cbser to the tmth, would have kd t
brge-scak shock tem sbeihg applied t the m odeln tem softhe RF.W e carefiilly consilered the possbke
realiem ofthe aerosoldriversw e used 1 Sensiiviy.Such an assesam ent i Iin ted by the questionabk vera-
city ofthe RCP scenarbs’ shorttem aerosolbehavibr Kitm an etal,2013].Fgure 16 com paresthe Reference
and Sensiiiy burdens to those forall four RCP scenarbs. Under the assum ption that the RCP scenaros
descrbe phusbk decadalscak varation, the applied Sensitwiy forehgsdo notappearto be grossly unrea-
Iistic, athough the POM concentrations are som ew hat outside the RCP bounds.

W e conclide that of the varbus forchgs altered 1 thisw ork, both the em &sbns and the concentrations of
toposphert aero=0lk have the greatest uncertaihties assochted w th them , whith com e fiom both the
uncertantes n obserwatons/em ksbns of aemwsoks and fiom the RCP scenarbs due to unceranties n the
preditbn of fiiture em sbns.One study has shown that hcreased sulfuirem sbns h Ash are In portant
at kast rgbnally, shce the em ited sulfur countemcts the anthmopogenially driven wam g Neely
et al, 2013]; how ever, recent work by Mumphy R013] suggests that the shift of polution fiom Eumpe t
South East Ash hashad itk effect on the ckarsky mdbtive forchg.The uncertanties h acosoksm ay be
com parabk to the com bied effects of changes 11 the sobrand vokani forchgs overmecent years, as seen
1 this study. h the Sensiiviy ensem b, the effects tend to cancelw hith m ay, orm ay not, ' ectthe ral-
word siuatbn.Onlk in proved aerosolem ksbns ancilaries based upon m ore rgomwus understanding of
the historical record could cbse this ksue. One agpect of the aermsol concentratons that i m isshg
from the CM P5 sin ubtons entirly i the hterannualvarbbilty whih can be quie hige and in portant,
gien the subannualrestdence tin e scak ofaerosolk. Thisagpect could be resolved fthe aerosolconcenta-
tns orem isbns w er prescrbed 1 the m odelk foreach year hstead of reach decade. hnovatins h
reanalyses of aerosols under the M onioring Atm ospheric Com positon and Clin ate MACC) profectand is
olbw -onsm ay pem i such in proved ancilares h the future, at ast shce som e pont i the 1980s.

6 2. Ensem ble Experin entalDesign

I thisstudy,w e have created tw o 30-m em berensem bsto hvestgate the in pactofthe Sensiiviy forcihgs
and the ntemalvarbBbilty as dBgnosed by the NorESM m odelW hik this i a brge num berofensem blks
com pared to the num ber of historical mins subm ited to the CM P5 axchive for any shgk m odel, these
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Figure 16 . Com parison of the two applied sets ofaerosolem issbn forcigs to those forthe entire suie 0fRCP scenarbs
though 2020.

ensem bes are sdllnot suf cently hige to sam pk the entire solitbon space of possbke realvations forthis
m odelorto il expbre the effects of in perfect know kdge of the forcigs over the perbd (ecton 61).
Given the chance to epeat the experin ent, there are certan thigs thatwe woull do differently.

Ethe OHC hiklsate 5 in portant oroconectly sam plng the soliton space ofthe ntemalvarbbility Meehl
etal,2014], then sarthg fiom justthree smtesofOHC m ghtnotbe suf centunkssone ofthese satesby
chance w as reasonably proxin alto the 1980s OHC state.Furthem ore, m ay take bngerthan the 18 year
oh-up used her t© attah rrasonabk spread 1 OHC states h the abyssaloceans. Ewoull be preferablk
to start fiom a bmwader range of hikbl OHC states to better assess whether the ocean nidl st B
potentially in portant.

W ih regards to ensem bk despn, when the mins were started, we had not diagnosed the RF of the two
ensem bks.G¥en the hige changes 1 the ancilbres form any of the forcings, twas expected that the RF
woul differ substantially gbbally and cetanly regnally;and hence, tw o disthct pathw ays would suf ce
to answeratkastto rmstomerwhatmok orchg m ay phy.h hihdsight, the resuling gbbalRF i som ew hat
gin fbr ectbn 3 6). Em ay wellbe the case that allof the applied ancilbries i Sensiiviy are reasonably
proxin alto the unknown twth and that the CM P-5 mns though foruious calubtibn of enors got cbse
to this.But twoull be hcredbl nafe to phce any fath h such an hference, given the uncertanties h
m any ofthe forcihgs eection 6 1).Fw e w ere to repeat the analysis,w e w ould mun a som ew hat hrgernum ber
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Figure 17.Annual gbbalm ean surface air tem perature fiom the 30-m ember Reference blie) and Sensiviy ted)
ensem bles.Pbtted are the 95% bootstrap con dence bounds Ehadng), togetherw th ensem b m eans old Ine).

ofensem blsw ih som ew hatsn alerpopukbtions so thatw e coul betterexp bre forcing unceranty effects
such thatwe had three or fourdifferent Sensitiviy ensem bls and hence 4 or5 degrees of fireedom i the
applied Prehgs.Efforts to expbre uncertanties h sobrinadince,address hadequackes h vokani orcngs
thathave only very recently becom e apparent,and m ore fiilly constleraersolem ssbnsunceranty woull
be proriized.

Pethaps,m ost in portantly, the use ofa shgk m odeln this study ensures that the resulsdo notsam pk the
entie param eterspace of realzatonsofthe hatusobtahabk by clin ate m odels, h general underthe mange
of forcihgs we considersd . The Sensitiviy forcihgs used i this projct have been m ade avaibbk thmough
suppEm entary m aterblboth 1 the hterests of tansparency 1 ourw ork and i the hopes that they m ay
be ofuse to otherm odelhg groups hiterested 11 perform g com pawbk studesoftheirown.W e would ako
encoulage groups to iIn prove upon ourexperin entaldesn.

7.Summ ary

Varbus forcings 11 the Now egin Earth System m odelw erem odi ed to bring them i Ine w ith new obser-
vatbnalorem issbn-based estin ates.These w ere applied to a 30-m em berSensitiviy ensem b covering the
perbd 0£1980 until2012.A sin Ibr30-m em berReference ensem bk w as created usig the CM P5 historical
foreings extended w ith RCP8 5. Exp bmatory analysis has revealkd that the hclusion of these altematie for-
chgs dil not greatly alter the ENSO varbbilty or Arct sea e extent between the Reference and
Sensiiy mns.O cean Heat Contentdi show an hcreased positve ttrend 1 response to the Sensiiviy for-
cihgs.ENSO behavbris sin ibrto thatobserved,whik sea e extent show sm arked enors 1 the m ean state
and trends 1 allseasons.

These ensem bles provide a unijue, to ourknow kdge, toolket that enabls an hvestigation of the ehtive
wEsofposied orchgm Isspeci catons (o the extentdescrbed by tw o ofa brmwad range ofpossb k forcing
hitores) and htemalm odelvarabilty m echanim s h expbBhig the hbtus 1 surface tem peratures fora
sihgke clin ate m odelAsan hibl" 1=t bok” at the in pact of these Sensiiy forcings, the annualm ean
gbbaltem pemture forthe two ensem bles sgwven i Fgure 17.The changes to the forcings, hchidihg sobr
and aerosoks, appearto have litle in pacton the gbbalm ean tem perature trends.A thorwugh hvestation
ispresented I Part 2 of this study [Thome etal,2015], where the ensem bles are com pared to varbus
observatibnaldata sets, and both ensem bk m ean behavibrand indwvidualm em bers of the ensem bles
are discussed .
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