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15 Abstract.‌‌We‌‌examine‌‌the‌‌impacts‌‌of‌‌increased‌‌resolution‌‌on‌‌four‌‌long-standing‌‌biases‌‌using‌‌five‌‌different‌‌climate‌‌models‌‌                                 

developed‌ ‌within‌ ‌the‌ ‌PRIMAVERA‌ ‌project.‌ ‌Atmospheric‌ ‌resolution‌ ‌is‌ ‌increased‌ ‌from‌ ‌~100–200‌ ‌km‌ ‌to‌ ‌~25–50‌‌km,‌‌and‌‌                               

ocean‌ ‌resolution‌ ‌is‌ ‌increased‌ ‌from‌ ‌~1°‌ ‌(i.e.,‌ ‌eddy-parametrized)‌ ‌to‌ ‌~0.25°‌ ‌(i.e.,‌ ‌eddy-present).‌ ‌For‌ ‌one‌ ‌model,‌ ‌ocean‌‌                               

resolution‌ ‌is‌ ‌also‌ ‌increased‌ ‌to‌ ‌1/12°‌ ‌(i.e.,‌ ‌eddy-rich).‌ ‌Fully-coupled‌ ‌general‌‌circulation‌‌models‌‌and‌‌their‌‌atmosphere-only‌‌                             

versions‌ ‌are‌ ‌compared‌ ‌with‌ ‌observations‌ ‌and‌ ‌reanalysis‌ ‌of‌ ‌near-surface‌ ‌temperature,‌‌precipitation,‌‌cloud‌‌cover,‌‌net‌‌cloud‌‌                             

20 radiative‌ ‌effect,‌ ‌and‌ ‌zonal‌‌wind‌‌over‌‌the‌‌period‌‌1980–2014.‌‌Both‌‌the‌‌ensemble‌‌mean‌‌and‌‌individual‌‌models‌‌are‌‌analyzed.‌‌                                   

Increased‌‌resolution‌‌especially‌‌in‌‌the‌‌atmosphere‌‌helps‌‌reduce‌‌the‌‌surface‌‌warm‌‌bias‌‌over‌‌the‌‌tropical‌‌upwelling‌‌regions‌‌in‌‌                                   

the‌ ‌coupled‌ ‌models,‌ ‌with‌ ‌further‌ ‌improvements‌ ‌in‌ ‌the‌ ‌cloud‌ ‌cover‌ ‌and‌ ‌precipitation‌ ‌biases‌ ‌particularly‌ ‌over‌ ‌the‌ ‌tropical‌‌                                 

South‌‌Atlantic.‌‌Related‌‌to‌‌this‌‌and‌‌to‌‌the‌‌improvement‌‌in‌‌the‌‌precipitation‌‌distribution‌‌over‌‌the‌‌western‌‌tropical‌‌Pacific,‌‌the‌‌                                     

double‌ ‌Intertropical‌‌Convergence‌‌Zone‌‌bias‌‌also‌‌weakens‌‌with‌‌resolution.‌‌Overall,‌‌increased‌‌ocean‌‌resolution‌‌from‌‌~1°‌‌to‌‌                               

25 ~0.25°‌‌offers‌‌limited‌‌improvements‌‌or‌‌even‌‌bias‌‌degradation‌‌in‌‌some‌‌models,‌‌although‌‌an‌‌eddy-rich‌‌ocean‌‌resolution‌‌seems‌‌                                 

beneficial‌‌for‌‌reducing‌‌the‌‌biases‌‌in‌‌North‌‌Atlantic‌‌temperatures‌‌and‌‌Gulf‌‌Stream‌‌path.‌‌Despite‌‌the‌‌improvements,‌‌however,‌‌                                 

large‌‌biases‌‌in‌‌precipitation‌‌and‌‌cloud‌‌cover‌‌persist‌‌over‌‌the‌‌whole‌‌tropics‌‌as‌‌well‌‌as‌‌in‌‌the‌‌upper-troposphere‌‌zonal‌‌winds‌‌at‌‌                                         

mid-latitudes‌‌in‌‌coupled‌‌and‌‌atmosphere-only‌‌models‌‌at‌‌higher‌‌resolutions.‌‌The‌‌Southern‌‌Ocean‌‌warm‌‌bias‌‌also‌‌worsens‌‌or‌‌                                 

persists‌ ‌in‌ ‌some‌ ‌coupled‌ ‌models.‌ ‌And‌ ‌a‌ ‌new‌ ‌warm‌ ‌bias‌ ‌emerges‌ ‌in‌ ‌the‌ ‌Labrador‌ ‌Sea‌ ‌in‌ ‌all‌ ‌the‌ ‌high-resolution‌‌coupled‌‌                                       

30 models.‌ ‌The‌ ‌analysis‌ ‌of‌ ‌the‌ ‌PRIMAVERA‌ ‌models‌ ‌therefore‌ ‌suggests‌ ‌that,‌ ‌to‌ ‌reduce‌ ‌biases,‌ ‌i)‌ ‌increased‌ ‌atmosphere‌‌                               

resolution‌‌up‌‌to‌‌~25–50‌‌km‌‌alone‌‌might‌‌not‌‌be‌‌sufficient‌‌and‌‌ii)‌‌an‌‌eddy-rich‌‌ocean‌‌resolution‌‌might‌‌be‌‌needed.‌‌The‌‌study‌‌                                         

thus‌‌adds‌‌to‌‌evidence‌‌that‌‌further‌‌improved‌‌model‌‌physics‌‌and‌‌tuning‌‌might‌‌be‌‌necessary‌‌in‌‌addition‌‌to‌‌increased‌‌resolution‌‌                                     

to‌ ‌mitigate‌ ‌biases.‌ ‌ 
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1‌ ‌Introduction‌ ‌ 

35 Climate‌‌models‌‌have‌‌biases‌‌with‌‌respect‌‌to‌‌observations,‌‌some‌‌of‌‌which‌‌have‌‌persisted‌‌over‌‌model‌‌generations‌‌with‌‌little‌‌or‌‌                                     

no‌‌improvement‌‌(e.g.,‌‌Wang‌‌et‌‌al.,‌‌2014;‌‌Tian‌‌et‌‌al.,‌‌2020).‌‌These‌‌biases‌‌can‌‌undermine‌‌the‌‌credibility‌‌of‌‌climate‌‌models,‌‌                                       

contributing‌‌to‌‌the‌‌uncertainties‌‌in‌‌regional‌‌climate‌‌projections‌‌(Boberg‌‌and‌‌Christensen,‌‌2012;‌‌Maraun,‌‌2016)‌‌and‌‌limiting‌‌                               

their‌ ‌skill‌ ‌in‌ ‌predicting‌ ‌the‌ ‌climate‌ ‌of‌ ‌coming‌ ‌seasons‌ ‌and‌ ‌decades‌ ‌(e.g.,‌ ‌Meehl‌ ‌et‌ ‌al.,‌ ‌2014;‌ ‌Exarchou‌ ‌et‌ ‌al.,‌ ‌2021).‌‌                                       

Assessing‌ ‌and‌ ‌reducing‌ ‌common‌ ‌model‌ ‌biases‌ ‌are‌ ‌therefore‌ ‌key‌ ‌topics‌ ‌for‌ ‌the‌ ‌climate‌ ‌community‌ ‌to‌ ‌address.‌ 

40 Increased‌‌model‌‌resolution‌‌is‌‌frequently‌‌seen‌‌as‌‌a‌‌way‌‌to‌‌improve‌‌model‌‌realism‌‌and‌‌hence‌‌reduce‌‌climate‌‌biases.‌‌Most‌‌of‌‌                                       

the‌‌global‌‌climate‌‌models‌‌participating‌‌in‌‌the‌‌CMIP‌‌activities‌‌have‌‌a‌‌nominal‌‌resolution‌‌of‌‌about‌‌150‌‌km‌‌in‌‌the‌‌atmosphere‌‌                                       

and‌‌1°‌‌in‌‌the‌‌ocean‌‌(e.g.,‌‌IPCC,‌‌2013),‌‌which‌‌ensures‌‌a‌‌reasonable‌‌trade-off‌‌between‌‌computing-time‌‌and‌‌model‌‌complexity.‌‌                                   

Higher‌‌resolution‌‌models‌‌have‌‌shown‌‌important‌‌improvements‌‌in‌‌simulating‌‌the‌‌Gulf‌‌Stream‌‌position‌‌(e.g.,‌‌Kirtman‌‌et‌‌al.,‌‌                                 

2012;‌‌Moreno-Chamarro‌‌et‌‌al.,‌‌2021),‌‌the‌‌intertropical‌‌convergence‌‌zone‌‌(ITCZ;‌‌e.g.,‌‌Doi‌‌et‌‌al.,‌‌2012;‌‌Tian‌‌et‌‌al.,‌‌2020),‌‌and‌‌                                       

45 the‌‌storm‌‌tracks‌‌(e.g.,‌‌Hodges‌‌et‌‌al.,‌‌2011),‌‌just‌‌to‌‌mention‌‌a‌‌few‌‌examples.‌‌The‌‌benefit‌‌of‌‌higher‌‌resolution‌‌modelling‌‌has‌‌                                         

extensively‌ ‌been‌ ‌reviewed‌ ‌in‌ ‌Haarsma‌ ‌et‌ ‌al.‌ ‌(2016),‌ ‌Hewitt‌ ‌et‌ ‌al.‌ ‌(2017),‌ ‌or‌ ‌Roberts‌ ‌M.J.‌ ‌et‌ ‌al.‌ ‌(2018).‌‌ ‌  

On‌ ‌this‌ ‌basis,‌ ‌the‌ ‌Horizon2020‌ ‌‌PRIMAVERA‌ ‌project‌ ‌was‌ ‌conceived‌ ‌to‌ ‌“develop‌ ‌a‌ ‌new‌ ‌generation‌ ‌of‌ ‌advanced‌ ‌and‌‌                                 

well-evaluated‌ ‌high-resolution‌ ‌global‌ ‌climate‌ ‌models,‌ ‌capable‌ ‌of‌ ‌simulating‌ ‌and‌ ‌predicting‌ ‌regional‌ ‌climate‌ ‌with‌‌                         

unprecedented‌ ‌fidelity,‌ ‌for‌ ‌the‌ ‌benefit‌ ‌of‌ ‌governments,‌ ‌business‌ ‌and‌ ‌society‌ ‌in‌ ‌general”.‌ ‌Such‌ ‌new‌ ‌models‌ ‌have‌ ‌shown‌‌                                 

50 improvements‌‌in‌‌the‌‌representation‌‌of‌‌various‌‌aspects‌‌of‌‌weather‌‌and‌‌climate‌‌variability,‌‌including‌‌blocking‌‌frequency‌‌over‌‌                               

the‌‌Pacific‌‌and‌‌Atlantic‌‌(Schiemann‌‌et‌‌al.,‌‌2020),‌‌the‌‌distribution‌‌of‌‌precipitation‌‌over‌‌Europe‌‌(Demory‌‌et‌‌al.,‌‌2020),‌‌tropical‌‌                                     

cyclones‌ ‌(Roberts‌ ‌M.J.‌ ‌et‌ ‌al.,‌ ‌2020a;‌ ‌Vidale‌ ‌et‌ ‌al.,‌ ‌2021;‌ ‌Zhang‌ ‌et‌ ‌al.,‌ ‌2021),‌ ‌air–sea‌ ‌interactions‌ ‌over‌ ‌the‌ ‌Gulf‌ ‌Stream‌‌                                       

(Bellucci‌‌et‌‌al.,‌‌2021),‌‌and‌‌Atlantic‌‌ocean‌‌heat‌‌transports‌‌(Roberts‌‌M.J.‌‌et‌‌al.,‌‌2020b).‌‌In‌‌this‌‌study,‌‌we‌‌provide‌‌a‌‌systematic‌‌                                         

assessment‌ ‌of‌ ‌the‌ ‌impact‌ ‌of‌‌ocean‌‌and‌‌atmospheric‌‌resolution‌‌on‌‌mean‌‌climate‌‌(Section‌‌3),‌‌with‌‌a‌‌particular‌‌focus‌‌on‌‌the‌‌                                       

55 following‌‌long-standing‌‌biases:‌‌(i)‌‌the‌‌warm‌‌bias‌‌in‌‌the‌‌eastern‌‌tropical‌‌oceans,‌‌(ii)‌‌the‌‌double‌‌ITCZ,‌‌(iii)‌‌the‌‌warm‌‌Southern‌‌                                       

Ocean‌‌(SO),‌‌and‌‌(iv)‌‌the‌‌cold‌‌North‌‌Atlantic‌‌(Sections‌‌4‌‌and‌‌5).‌‌A‌‌brief‌‌introduction‌‌to‌‌each‌‌bias‌‌is‌‌provided‌‌below‌‌in‌‌the‌‌                                             

Introduction.‌ ‌The‌ ‌models,‌ ‌experimental‌ ‌design,‌ ‌and‌ ‌observational‌ ‌data‌ ‌sets‌ ‌are‌ ‌described‌ ‌in‌ ‌Section‌ ‌2,‌ ‌while‌ ‌the‌ ‌main‌‌                                 

conclusions‌ ‌and‌ ‌the‌ ‌discussion‌ ‌of‌ ‌the‌ ‌results‌ ‌are‌ ‌in‌ ‌Section‌ ‌6.‌ ‌ 

1.1‌ ‌Biases‌ ‌in‌ ‌the‌ ‌tropics‌ ‌ 

60 1.1.1‌ ‌Upwelling‌ ‌regions‌ ‌ 

The‌‌first‌‌long-standing‌‌bias‌‌examined‌‌is‌‌the‌‌warm‌‌bias‌‌in‌‌the‌‌eastern‌‌tropical‌‌oceans,‌‌which‌‌affects‌‌many‌‌state-of-the-art‌‌and‌‌                                     

previous-generation‌ ‌climate‌ ‌models‌ ‌(Li‌ ‌and‌ ‌Xie,‌‌2012;‌‌Xu‌‌et‌‌al.,‌‌2014a;‌‌Richter,‌‌2015;‌‌Richter‌‌and‌‌Tokinaga,‌‌2020).‌‌The‌‌                                   

eastern‌ ‌tropical‌ ‌oceans‌ ‌are‌ ‌characterized‌ ‌by‌ ‌intense‌ ‌coastal‌ ‌upwelling‌ ‌driven‌ ‌by‌ ‌the‌ ‌trade‌ ‌winds,‌ ‌which‌ ‌bring‌ ‌cold,‌‌                                 

nutrient-rich‌‌waters‌‌from‌‌the‌‌deep‌‌ocean‌‌to‌‌the‌‌surface‌‌and‌‌transport‌‌them‌‌several‌‌thousand‌‌kilometers‌‌offshore.‌‌Cold‌‌surface‌‌                                   

65 waters‌ ‌contrast‌ ‌with‌ ‌warmer‌ ‌atmospheric‌ ‌temperature‌ ‌aloft,‌‌which‌‌generates‌‌stable‌‌atmospheric‌‌conditions‌‌that‌‌favors‌‌the‌‌                             
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formation‌‌of‌‌large‌‌shallow‌‌stratocumulus‌‌decks.‌‌These‌‌reflect‌‌a‌‌large‌‌fraction‌‌of‌‌the‌‌solar‌‌radiation‌‌and‌‌thereby‌‌help‌‌sustain‌‌                                     

the‌‌cold‌‌ocean‌‌surface‌‌below.‌‌This‌‌system‌‌is‌‌misrepresented‌‌in‌‌many‌‌climate‌‌models,‌‌which‌‌fail‌‌to‌‌reproduce‌‌the‌‌cold‌‌tongue‌‌                                       

of‌‌surface‌‌waters‌‌and‌‌hence‌‌exhibit‌‌a‌‌warm‌‌bias‌‌extending‌‌offshore‌‌(see,‌‌for‌‌example,‌‌bottom‌‌left‌‌panel‌‌in‌‌Fig.‌‌1b).‌‌This‌‌bias‌‌                                           

has‌‌long‌‌been‌‌related‌‌to‌‌the‌‌underestimation‌‌of‌‌the‌‌cloud‌‌cover,‌‌which‌‌leads‌‌to‌‌warming‌‌due‌‌to‌‌excessive‌‌shortwave‌‌radiation‌‌                                       

70 reaching‌‌the‌‌surface‌‌(e.g.,‌‌Richer,‌‌2015).‌‌In‌‌turn,‌‌the‌‌warm‌‌bias‌‌weakens‌‌the‌‌lower‌‌tropospheric‌‌stability‌‌and‌‌thus‌‌hinders‌‌the‌‌                                       

formation‌ ‌of‌ ‌the‌ ‌stratocomulus‌‌deck,‌‌which‌‌contributes‌‌to‌‌sustaining‌‌the‌‌surface‌‌warm‌‌bias.‌‌Other‌‌mechanisms‌‌have‌‌been‌‌                                 

proposed‌ ‌to‌ ‌explain‌ ‌this‌ ‌bias,‌ ‌including‌ ‌too‌ ‌weak‌ ‌alongshore‌ ‌winds‌ ‌weakening‌ ‌the‌ ‌coastal‌ ‌upwelling,‌ ‌too‌‌weak‌‌offshore‌‌                                 

transport‌‌by‌‌ocean‌‌mesoscale‌‌eddies,‌‌and‌‌the‌‌misrepresentation‌‌of‌‌the‌‌sharp‌‌vertical‌‌temperature‌‌gradient‌‌in‌‌the‌‌upper‌‌ocean.‌‌                                   

All‌ ‌these‌ ‌mechanisms‌ ‌have‌ ‌been‌ ‌reviewed‌ ‌in‌ ‌detail‌ ‌by‌ ‌Richer‌ ‌(2015).‌ ‌ 

75 Increased‌‌horizontal‌‌(typically‌‌beyond‌‌~25–50‌‌km)‌‌and‌‌vertical‌‌resolution‌‌in‌‌the‌‌atmosphere‌‌can‌‌reduce‌‌the‌‌warm‌‌bias‌‌due‌‌                                   

to‌‌improved‌‌representation‌‌of‌‌coast-parallel‌‌winds‌‌and‌‌better-resolved‌‌orography,‌‌especially‌‌along‌‌the‌‌coast‌‌of‌‌west‌‌Africa‌‌                               

(Gent‌‌et‌‌al.,‌‌2010;‌‌Milinski‌‌et‌‌al.,‌‌2016;‌‌Harlaß‌‌et‌‌al.,‌‌2018).‌‌A‌‌mesoscale-resolving‌‌oceanic‌‌resolution‌‌can‌‌also‌‌mitigate‌‌the‌‌                                       

warm‌‌bias‌‌by‌‌improving‌‌the‌‌representation‌‌of‌‌the‌‌complex‌‌coastal‌‌current‌‌system,‌‌as‌‌well‌‌as‌‌the‌‌mesoscale‌‌eddy‌‌contribution‌‌                                     

to‌‌the‌‌upper-ocean‌‌heat‌‌budget‌‌and‌‌offshore‌‌transport‌‌from‌‌the‌‌upwelling‌‌regions‌‌in‌‌the‌‌Atlantic‌‌(Seo‌‌et‌‌al.,‌‌2006;‌‌Xu‌‌et‌‌al.,‌‌                                           

80 2014b;‌ ‌Small‌ ‌et‌ ‌al.,‌ ‌2015).‌ ‌However,‌ ‌the‌ ‌bias‌ ‌persists‌ ‌in‌ ‌some‌ ‌models‌ ‌and‌ ‌ocean‌ ‌basins‌ ‌such‌ ‌as‌ ‌the‌ ‌Pacific‌ ‌even‌ ‌after‌‌                                         

increasing‌‌their‌‌resolution‌‌(Jochum‌‌et‌‌al.,‌‌2005;‌‌Doi‌‌et‌‌al.,‌‌2012;‌‌Delworth‌‌et‌‌al.,‌‌2012;‌‌Milinski‌‌et‌‌al.,‌‌2016),‌‌which‌‌suggests‌‌                                         

that‌ ‌a‌ ‌refinement‌ ‌of‌ ‌model‌ ‌physics‌ ‌might‌ ‌still‌ ‌be‌ ‌necessary‌ ‌to‌ ‌remove‌ ‌it‌ ‌(Patricola‌ ‌et‌ ‌al.,‌‌2012;‌‌Harlaß‌‌et‌‌al.,‌‌2018).‌‌An‌‌                                           

improvement‌ ‌in‌ ‌the‌ ‌temperature‌ ‌and‌ ‌cloud‌ ‌biases‌‌in‌‌the‌‌eastern‌‌tropical‌‌oceans‌‌can‌‌help‌‌reduce‌‌current‌‌uncertainty‌‌about‌‌                                   

climate‌ ‌sensitivity‌ ‌(Andrews‌ ‌et‌ ‌al.,‌ ‌2019)‌ ‌and‌ ‌further‌ ‌enhance‌ ‌models’‌ ‌predictive‌ ‌skill‌ ‌over‌ ‌the‌ ‌tropics‌ ‌(Exarchou‌‌et‌‌al.,‌‌                                   

85 2021).‌ ‌ 

1.1.2‌ ‌The‌ ‌double‌ ‌ITCZ‌ ‌ 

Another‌‌long-standing‌‌bias‌‌of‌‌the‌‌tropical‌‌climate‌‌in‌‌GCMs‌‌affects‌‌the‌‌representation‌‌of‌‌the‌‌ITCZ,‌‌referred‌‌to‌‌as‌‌the‌‌double‌‌                                       

ITCZ.‌‌This‌‌bias‌‌takes‌‌the‌‌form‌‌of‌‌a‌‌tropical‌‌precipitation‌‌distribution‌‌with‌‌two‌‌distinct‌‌maxima,‌‌to‌‌the‌‌north‌‌and‌‌south‌‌of‌‌the‌‌                                           

equator,‌ ‌instead‌ ‌of‌‌a‌‌single‌‌one‌‌north‌‌of‌‌the‌‌equator,‌‌as‌‌in‌‌observations‌‌(Fig.‌‌2a,‌‌and‌‌black‌‌line‌‌in‌‌Fig.‌‌3;‌‌Schneider‌‌et‌‌al.,‌‌                                               

90 2014).‌‌The‌‌double‌‌ITCZ‌‌problem‌‌has‌‌persisted‌‌over‌‌climate‌‌model‌‌generations‌‌(e.g.,‌‌Lin,‌‌2007;‌‌Li‌‌and‌‌Xie,‌‌2014;‌‌Oueslati‌‌                                     

and‌‌Bellon,‌‌2015;‌‌Zhang‌‌et‌‌al.,‌‌2015;‌‌Samanta‌‌et‌‌al.,‌‌2019;‌‌Tian‌‌and‌‌Dong,‌‌2020);‌‌it‌‌has‌‌been‌‌related‌‌to‌‌deficiencies‌‌in‌‌the‌‌                                             

tropical‌‌or‌‌global‌‌energy‌‌budget‌‌(Hwang‌‌and‌‌Frierson,‌‌2013;‌‌Bischoff‌‌and‌‌Schneider,‌‌2016;‌‌Adam‌‌et‌‌al.,‌‌2016‌‌&‌‌2018),‌‌in‌‌                                       

atmospheric‌ ‌deep‌ ‌convection‌ ‌(Zhang‌ ‌and‌ ‌Wang,‌ ‌2006;‌ ‌Oueslati‌ ‌and‌ ‌Bellon,‌ ‌2015;‌ ‌Song‌ ‌and‌ ‌Zhang,‌ ‌2019),‌ ‌in‌ ‌land‌‌                                 

temperature‌ ‌(Zhou‌ ‌and‌ ‌Xie,‌ ‌2017),‌ ‌and‌ ‌in‌ ‌the‌ ‌atmosphere–ocean‌ ‌coupling‌ ‌due‌ ‌to‌ ‌sea-surface‌ ‌temperature‌ ‌(SST)‌ ‌biases‌‌                               

95 amplified‌‌by‌‌the‌‌wind-evaporation-surface‌‌temperature‌‌and‌‌the‌‌Bjerkness‌‌feedbacks‌‌(Lin,‌‌2007;‌‌Li‌‌and‌‌Xie,‌‌2014;‌‌Qin‌‌and‌‌                                 

Lin,‌ ‌2018;‌ ‌Samanta‌ ‌et‌ ‌al.,‌ ‌2019).‌ ‌The‌ ‌double‌ ‌ITCZ‌ ‌commonly‌ ‌develops‌ ‌together‌ ‌with‌ ‌a‌ ‌cold‌ ‌surface‌ ‌bias‌‌and‌‌too‌‌weak‌‌                                       

easterlies‌ ‌over‌ ‌the‌ ‌equatorial‌‌western‌‌Pacific,‌‌which‌‌lead‌‌to‌‌reduced‌‌convective‌‌precipitation‌‌aloft‌‌(Lin,‌‌2007;‌‌Li‌‌and‌‌Xie,‌‌                                   

2014;‌ ‌Oueslati‌ ‌and‌ ‌Bellon,‌ ‌2015;‌ ‌Zhang‌ ‌et‌ ‌al.,‌ ‌2015;‌ ‌Samanta‌ ‌et‌ ‌al.,‌ ‌2019).‌ ‌The‌ ‌double‌ ‌ITCZ‌ ‌bias‌ ‌can‌ ‌present‌ ‌distinct‌‌                                       
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seasonal‌ ‌characteristics‌ ‌(Lin,‌ ‌2007;‌ ‌Li‌ ‌and‌ ‌Xie,‌ ‌2014;‌ ‌Oueslati‌ ‌and‌ ‌Bellon,‌ ‌2015;‌ ‌Adam‌ ‌et‌ ‌al.,‌‌2018)—although‌‌we‌‌will‌‌                                   

100 focus‌ ‌on‌ ‌the‌ ‌annual‌ ‌mean‌ ‌in‌ ‌our‌ ‌analysis‌ ‌for‌ ‌the‌ ‌sake‌ ‌of‌ ‌simplicity.‌ ‌ 

Increased‌‌model‌‌resolution‌‌can‌‌alleviate‌‌the‌‌double‌‌ITCZ‌‌bias,‌‌especially‌‌over‌‌the‌‌Atlantic‌‌when‌‌the‌‌eastern‌‌tropical‌‌warm‌‌                                   

bias‌ ‌is‌ ‌reduced‌ ‌(Seo‌ ‌et‌ ‌al.,‌ ‌2006;‌‌Delworth‌‌et‌‌al.,‌‌2012;‌‌Doi‌‌et‌‌al.,‌‌2012;‌‌Harlaß‌‌et‌‌al.,‌‌2018;‌‌Song‌‌and‌‌Zhang,‌‌2020)‌‌and‌‌                                               

when‌‌orography‌‌or‌‌mesoscale‌‌systems‌‌are‌‌better‌‌resolved‌‌in‌‌models‌‌(de‌‌Souza‌‌Custodio‌‌et‌‌al.,‌‌2017;‌‌Vannière‌‌et‌‌al.,‌‌2019;‌‌                                       

Monerie‌‌et‌‌al.,‌‌2020).‌‌Strong‌‌biases‌‌in‌‌the‌‌ITCZ‌‌however‌‌still‌‌develop‌‌in‌‌high-resolution‌‌models‌‌(Gent‌‌et‌‌al.,‌‌2010;‌‌McClean‌‌                                       

105 et‌‌al.,‌‌2011;‌‌Raj‌‌et‌‌al.,‌‌2019),‌‌which‌‌might‌‌further‌‌be‌‌reduced‌‌through‌‌improved‌‌convective‌‌parametrizations‌‌(Zhang‌‌et‌‌al.,‌‌                                     

2019)‌ ‌or‌ ‌the‌ ‌use‌ ‌of‌ ‌atmospheric‌ ‌convection-permitting‌ ‌(i.e.,‌ ‌storm-resolving)‌ ‌climate‌ ‌models‌ ‌(Klocke‌ ‌et‌ ‌al.,‌ ‌2017]).‌ ‌ 

1.2‌ ‌Biases‌ ‌in‌ ‌middle‌ ‌and‌ ‌high‌ ‌latitudes‌ ‌ 

In‌ ‌addition‌ ‌to‌ ‌biases‌ ‌in‌ ‌the‌ ‌tropics,‌ ‌climate‌ ‌models‌ ‌also‌ ‌present‌ ‌substantial‌ ‌biases‌ ‌at‌ ‌higher‌ ‌latitudes,‌ ‌which‌ ‌have‌ ‌also‌‌                                     

persisted‌ ‌across‌ ‌model‌ ‌generations.‌ ‌Here,‌ ‌we‌‌will‌‌discuss‌‌two‌‌of‌‌the‌‌best-known:‌‌the‌‌SO‌‌surface‌‌warm‌‌bias,‌‌and‌‌the‌‌cold‌‌                                       

110 bias‌ ‌in‌ ‌the‌ ‌subpolar‌ ‌North‌ ‌Atlantic.‌ ‌ 

1.2.1‌ ‌Southern‌ ‌Ocean‌ ‌ 

Both‌‌past‌‌and‌‌state-of-the-art‌‌climate‌‌models‌‌show‌‌a‌‌surface‌‌warm‌‌bias‌‌over‌‌large‌‌areas‌‌at‌‌mid-‌‌and‌‌higher-latitudes‌‌of‌‌the‌‌                                       

SO‌‌(see‌‌for‌‌example‌‌the‌‌bottom‌‌left‌‌panel‌‌in‌‌Fig.‌‌1b;‌‌Schneider‌‌and‌‌Reusch,‌‌2016;‌‌Beadling‌‌et‌‌al.,‌‌2020).‌‌This‌‌bias‌‌has‌‌been‌‌                                             

attributed‌‌to‌‌an‌‌excessive‌‌shortwave‌‌radiation‌‌reaching‌‌and‌‌warming‌‌the‌‌surface‌‌ocean‌‌as‌‌a‌‌result‌‌of‌‌an‌‌underestimated‌‌cloud‌‌                                     

115 cover‌ ‌(especially‌ ‌mixed-phase‌ ‌clouds)‌ ‌and‌ ‌errors‌ ‌in‌ ‌the‌ ‌cloud‌ ‌forcing‌ ‌(Hwang‌ ‌and‌ ‌Frierson,‌ ‌2013;‌‌Bodas-Salcedo‌‌et‌‌al.,‌‌                                 

2012‌‌&‌‌2014;‌‌Kay‌‌et‌‌al.,‌‌2016;‌‌Schneider‌‌and‌‌Reusch,‌‌2016;‌‌Hyder‌‌et‌‌al.,‌‌2018).‌‌The‌‌extent‌‌and‌‌magnitude‌‌of‌‌these‌‌biases‌‌                                           

affects‌‌important‌‌aspects‌‌of‌‌the‌‌climate,‌‌not‌‌only‌‌over‌‌the‌‌SO‌‌but‌‌globally.‌‌Thus,‌‌for‌‌example,‌‌too‌‌warm‌‌surface‌‌temperatures‌‌                                       

result‌ ‌in‌ ‌a‌ ‌gross‌ ‌underestimation‌ ‌of‌ ‌the‌ ‌Antarctic‌ ‌sea‌ ‌ice‌ ‌by‌ ‌models‌ ‌(Beadling‌ ‌et‌ ‌al.,‌ ‌2020).‌ ‌Similarly,‌ ‌the‌ ‌associated‌‌                                     

misrepresentation‌ ‌of‌ ‌the‌ ‌low-level‌ ‌temperature‌ ‌gradient‌ ‌has‌ ‌been‌ ‌linked‌ ‌to‌ ‌an‌ ‌equatorward‌ ‌shift‌ ‌bias‌ ‌in‌ ‌the‌ ‌southern‌‌                                 

120 hemisphere‌‌(SH)‌‌upper-troposphere‌‌jet‌‌(Ceppi‌‌et‌‌al.,‌‌2012).‌‌Biases‌‌in‌‌clouds‌‌over‌‌the‌‌SO‌‌are‌‌an‌‌important‌‌uncertainty‌‌source‌‌                                     

for‌‌climate‌‌sensitivity‌‌(McCoy‌‌et‌‌al.,‌‌2015;‌‌Tan‌‌et‌‌al.,‌‌2016).‌‌The‌‌biggest‌‌improvements‌‌in‌‌the‌‌SO‌‌warm‌‌bias‌‌have‌‌recently‌‌                                         

been‌‌achieved‌‌through‌‌a‌‌more‌‌realistic‌‌representation‌‌of‌‌cloud‌‌properties‌‌over‌‌the‌‌region‌‌(Bodas-Salcedo‌‌et‌‌al.,‌‌2014;‌‌Seiki‌‌                                   

and‌ ‌Roh,‌ ‌2020;‌ ‌Varma‌ ‌et‌ ‌al.,‌ ‌2020),‌ ‌which‌ ‌might‌ ‌be‌ ‌better‌‌characterized‌‌in‌‌higher‌‌resolution‌‌models‌‌(Furtado‌‌and‌‌Field,‌‌                                     

2017).‌ ‌ 

125 1.2.2‌ ‌The‌ ‌North‌ ‌Atlantic‌ ‌ 

The‌‌bias‌‌in‌‌the‌‌North‌‌Atlantic‌‌surface‌‌temperature‌‌is‌‌frequently‌‌reported‌‌in‌‌coupled‌‌as‌‌well‌‌as‌‌ocean-only‌‌climate‌‌models,‌‌                                     

associated‌‌with‌‌a‌‌misrepresentation‌‌of‌‌the‌‌northward‌‌turn‌‌of‌‌the‌‌Gulf‌‌Stream‌‌(Bryan‌‌et‌‌al.,‌‌2007;‌‌IPCC,‌‌2013;‌‌Wang‌‌et‌‌al.,‌‌                                         

2014;‌‌Marzocchi‌‌et‌‌al.,‌‌2015).‌‌The‌‌bias‌‌is‌‌characterized‌‌by‌‌a‌‌warm‌‌anomaly‌‌off‌‌the‌‌eastern‌‌North‌‌American‌‌coast,‌‌due‌‌to‌‌a‌‌                                           

Gulf‌‌Stream‌‌separation‌‌that‌‌is‌‌too‌‌far‌‌north,‌‌and‌‌a‌‌cold‌‌anomaly‌‌to‌‌the‌‌east‌‌in‌‌the‌‌central‌‌subpolar‌‌region,‌‌due‌‌to‌‌a‌‌too‌‌zonal‌‌                                                 
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130 North‌‌Atlantic‌‌Current‌‌(see,‌‌for‌‌example,‌‌the‌‌bottom‌‌left‌‌panel‌‌in‌‌Fig.‌‌1b).‌‌Improving‌‌the‌‌representation‌‌of‌‌the‌‌Gulf‌‌Stream‌‌                                       

and‌‌North‌‌Atlantic‌‌paths,‌‌as‌‌found‌‌in‌‌studies‌‌using‌‌ocean‌‌models‌‌at‌‌eddy-rich‌‌resolutions‌‌(~0.1°–0.05°;‌‌Smith‌‌et‌‌al.,‌‌2000;‌‌                                     

Bryan‌‌et‌‌al.,‌‌2007;‌‌Mertens‌‌et‌‌al.,‌‌2014),‌‌may‌‌therefore‌‌reduce‌‌the‌‌bias‌‌in‌‌North‌‌Atlantic‌‌temperatures‌‌(Roberts‌‌M.J.‌‌et‌‌al.,‌‌                                         

2019).‌‌However,‌‌ocean‌‌models‌‌at‌‌relatively‌‌high‌‌(~0.25°–0.1°)‌‌resolutions‌‌can‌‌still‌‌have‌‌substantial‌‌biases‌‌in‌‌subpolar‌‌North‌‌                                 

Atlantic‌ ‌temperature‌ ‌and‌ ‌salinity‌ ‌compared‌‌to‌‌1°‌‌or‌‌lower‌‌resolution‌‌models‌‌(Delworth‌‌et‌‌al.,‌‌2012;‌‌Menary‌‌et‌‌al.,‌‌2015).‌‌                                     

135 Instead‌‌of‌‌increased‌‌resolution,‌‌ad-hoc‌‌corrections‌‌to‌‌the‌‌North‌‌Atlantic‌‌circulation‌‌and‌‌surface‌‌fluxes‌‌can‌‌also‌‌help‌‌alleviate‌‌                                   

the‌‌North‌‌Atlantic‌‌bias‌‌(Drews‌‌et‌‌al.,‌‌2015).‌‌The‌‌North‌‌Atlantic‌‌bias‌‌can‌‌lead‌‌to‌‌further‌‌biases‌‌in‌‌the‌‌atmospheric‌‌circulation‌‌                                         

over‌ ‌the‌ ‌entire‌ ‌North‌ ‌Atlantic‌ ‌and‌ ‌Europe‌ ‌(Scaife‌ ‌et‌ ‌al.,‌ ‌2011;‌ ‌Keeley‌ ‌et‌ ‌al.,‌ ‌2012;‌ ‌Lee‌ ‌et‌ ‌al.,‌ ‌2018)‌ ‌and‌ ‌influence‌ ‌the‌‌                                           

characteristics‌ ‌of‌ ‌the‌ ‌North‌ ‌Atlantic‌ ‌decadal‌ ‌variability‌ ‌(Menary‌ ‌et‌ ‌al.,‌ ‌2015);‌ ‌an‌ ‌unrealistic‌ ‌Gulf‌ ‌Stream‌ ‌separation‌ ‌can‌‌                                 

similarly‌ ‌impact‌ ‌its‌ ‌response‌ ‌to‌ ‌future‌ ‌increases‌ ‌in‌ ‌greenhouse‌ ‌gases‌ ‌(Moreno-Chamarro‌ ‌et‌ ‌al.,‌ ‌2021).‌ ‌ 

140 2‌ ‌Experimental‌ ‌setup‌ 

2.1‌ ‌Models‌ ‌and‌ ‌simulations‌ ‌ 

We‌ ‌compare‌ ‌simulations‌ ‌generated‌ ‌with‌ ‌5‌ ‌different‌ ‌climate‌ ‌models‌ ‌participating‌ ‌in‌ ‌the‌ ‌PRIMAVERA‌ ‌project‌ ‌(Table‌ ‌1):‌‌                               

CNRM-CM6-1‌ ‌(Voldoire‌ ‌et‌ ‌al.,‌ ‌2019),‌ ‌EC-Earth3P‌ ‌(Haarsma‌ ‌et‌ ‌al.,‌ ‌2020),‌ ‌ECMWF-IFS‌ ‌(Roberts‌ ‌C.D.‌ ‌et‌ ‌al.,‌ ‌2018),‌‌                               

HadGEM3‐GC31‌ ‌(Roberts‌‌M.J.‌‌et‌‌al.,‌‌2019),‌‌and‌‌MPI‐ESM1‐2‌‌(Gutjahr‌‌et‌‌al.,‌‌2019).‌‌Two‌‌resolutions‌‌for‌‌each‌‌model‌‌are‌‌                                   

145 compared‌‌(details‌‌provided‌‌in‌‌Table‌‌1):‌‌a‌‌lower‌‌one,‌‌which‌‌in‌‌most‌‌cases‌‌features‌‌a‌‌standard‌‌~100–200-km‌‌atmosphere‌‌and‌‌                                     

an‌ ‌eddy-none,‌‌1°‌‌ocean;‌‌and‌‌a‌‌higher‌‌resolution‌‌version‌‌with‌‌a‌‌~50-km‌‌atmosphere‌‌and‌‌an‌‌eddy-present,‌‌0.25°‌‌ocean.‌‌For‌‌                                     

simplicity,‌ ‌the‌ ‌lower‌ ‌and‌ ‌higher‌ ‌resolution‌ ‌versions‌ ‌of‌ ‌each‌ ‌model‌ ‌are‌ ‌referred‌ ‌to‌ ‌as‌ ‌LR‌ ‌and‌ ‌HR‌ ‌respectively.‌‌In‌‌all‌‌the‌‌                                         

models‌‌except‌‌for‌‌the‌‌MPI-ESM1-2‌‌resolution‌‌increases‌‌in‌‌both‌‌the‌‌ocean‌‌and‌‌atmosphere‌‌from‌‌LR‌‌to‌‌HR‌‌(Table‌‌1).‌‌For‌‌the‌‌                                         

MPI-ESM1-2‌ ‌only‌ ‌the‌ ‌atmosphere‌‌resolution‌‌increases,‌‌from‌‌a‌‌nominal‌‌resolution‌‌of‌‌134‌‌km‌‌to‌‌67‌‌km,‌‌both‌‌coupled‌‌to‌‌a‌‌                                       

150 0.4°‌ ‌ocean.‌ ‌To‌ ‌extend‌ ‌the‌ ‌analysis‌ ‌and‌‌explore‌‌the‌‌benefit‌‌of‌‌an‌‌eddy-rich‌‌ocean‌‌model,‌‌we‌‌also‌‌analyze‌‌the‌‌HH‌‌coupled‌‌                                         

version‌‌of‌‌the‌‌HadGEM3-GC31‌‌(Roberts‌‌M.J.‌‌et‌‌al.,‌‌2019),‌‌which‌‌has‌‌the‌‌same‌‌atmospheric‌‌resolution‌‌as‌‌its‌‌here-referred‌‌                                   

HR‌‌version‌‌(41‌‌km)‌‌but‌‌coupled‌‌to‌‌an‌‌eddy-rich,‌‌1/12°‌‌ocean‌‌(Table‌‌1).‌‌However,‌‌the‌‌results‌‌of‌‌the‌‌HadGEM3-GC31-HH‌‌                                     

model‌ ‌are‌ ‌simply‌ ‌discussed‌ ‌whenever‌ ‌they‌ ‌are‌ ‌relevant‌ ‌and‌ ‌are‌ ‌not‌ ‌included‌ ‌to‌ ‌compute‌ ‌the‌‌ensemble‌‌means,‌‌since‌‌this‌‌                                     

model‌ ‌has‌ ‌a‌ ‌different‌ ‌eddy‌ ‌regime‌ ‌compared‌ ‌to‌ ‌the‌ ‌other‌ ‌HR‌ ‌models.‌ ‌ 

155 Following‌‌the‌‌CMIP6‌‌HighResMIP‌‌protocol,‌‌no‌‌additional‌‌tuning‌‌was‌‌applied‌‌to‌‌the‌‌HR‌‌model‌‌versions,‌‌except‌‌for‌‌a‌‌short‌‌                                     

list‌ ‌of‌ ‌parameters‌ ‌that‌ ‌explicitly‌ ‌change‌ ‌with‌ ‌resolution‌ ‌(especially‌ ‌for‌ ‌oceanic‌ ‌diffusion‌ ‌and‌‌viscosity;‌‌see,‌‌for‌‌example,‌‌                                 

Table‌‌1‌‌in‌‌Roberts‌‌M.J.‌‌et‌‌al.,‌‌2020b).‌‌Specific‌‌details‌‌for‌‌each‌‌model‌‌can‌‌be‌‌found‌‌in‌‌the‌‌references‌‌in‌‌Table‌‌1.‌‌In‌‌contrast‌‌to‌‌                                                 

the‌ ‌other‌ ‌models,‌‌the‌‌HR‌‌version‌‌of‌‌the‌‌ECMWF-IFS‌‌model‌‌was‌‌based‌‌on‌‌an‌‌existing‌‌configuration‌‌used‌‌operationally‌‌at‌‌                                     

ECMWF‌‌and‌‌then‌‌adapted‌‌to‌‌run‌‌at‌‌a‌‌lower‌‌resolution‌‌(Roberts‌‌C.D.‌‌et‌‌al.,‌‌2018b).‌‌We‌‌note‌‌that‌‌four‌‌of‌‌five‌‌coupled‌‌models‌‌                                             

160 share‌ ‌an‌ ‌ocean‌ ‌component‌ ‌based‌ ‌on‌ ‌NEMO‌ ‌(Nucleus‌ ‌for‌ ‌European‌ ‌Models‌ ‌of‌ ‌the‌ ‌Ocean;‌ ‌Madec‌ ‌et‌ ‌al.,‌ ‌2017):‌‌                                   

CNRM-CM6-1,‌‌EC-Earth3P,‌‌HadGEM3‐GC31‌‌use‌‌all‌‌NEMO‌‌v.3.6,‌‌and‌‌ECMWF-IFS‌‌uses‌‌NEMO‌‌v.3.4,‌‌although‌‌all‌‌differ‌‌                             
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in‌ ‌their‌ ‌atmospheric‌ ‌and‌ ‌sea‌ ‌ice‌ ‌components‌ ‌and‌ ‌ocean‌ ‌tuning‌ ‌parameters‌ ‌(more‌ ‌details‌ ‌in‌ ‌the‌ ‌references‌ ‌in‌ ‌Table‌ ‌1).‌‌                                     

Similarly,‌‌two‌‌of‌‌five‌‌models‌‌share‌‌an‌‌atmosphere‌‌component‌‌derived‌‌from‌‌the‌‌IFS‌‌(Integrated‌‌Forecasting‌‌System)‌‌of‌‌the‌‌                                   

European‌ ‌Centre‌ ‌for‌ ‌Medium-Range‌ ‌Weather‌ ‌Forecasts‌ ‌(ECMWF).‌ ‌Specifically,‌ ‌EC-Earth3P‌ ‌uses‌ ‌IFS‌ ‌cycle‌ ‌36r4‌ ‌and‌‌                           

165 ECMWF-IFS‌‌uses‌‌IFS‌‌cycle‌‌43r1.‌‌This‌‌similarity‌‌in‌‌the‌‌heritage‌‌of‌‌model‌‌configurations‌‌might‌‌lead‌‌to‌‌similar‌‌biases‌‌across‌‌                                     

the‌ ‌ensemble‌ ‌and‌ ‌thus‌ ‌our‌ ‌results‌ ‌on‌ ‌the‌ ‌impact‌ ‌of‌ ‌resolution‌ ‌may‌ ‌not‌ ‌generalize‌ ‌to‌ ‌all‌ ‌coupled‌ ‌modelling‌ ‌systems.‌ ‌ 

All‌ ‌simulations‌ ‌follow‌ ‌the‌ ‌HighResMIP‌ ‌experimental‌ ‌design‌ ‌(Haarsma‌ ‌et‌ ‌al.,‌ ‌2016).‌ ‌The‌ ‌experiments‌ ‌consist‌ ‌of‌ ‌i)‌‌                               

atmosphere-only‌‌simulations‌‌(highresSST-present),‌‌which‌‌are‌‌forced‌‌by‌‌daily,‌‌0.25°‌‌SST‌‌and‌‌sea‌‌ice‌‌concentration‌‌from‌‌the‌‌                               

Hadley‌ ‌Center‌ ‌Global‌ ‌Ice‌ ‌and‌ ‌Sea‌ ‌Surface‌ ‌Temperature‌ ‌(HadISST.2.2.0;‌‌Kennedy‌‌et‌‌al.,‌‌2017),‌‌and‌‌ii)‌‌coupled‌‌historical‌‌                                 

170 runs‌ ‌(hist-1950),‌ ‌which‌‌are‌‌forced‌‌by‌‌time-varying‌‌external‌‌forcing‌‌starting‌‌from‌‌a‌‌50-year‌‌control‌‌spin-up‌‌that‌‌uses‌‌fixed‌‌                                   

1950s‌ ‌forcing.‌ ‌Both‌ ‌the‌ ‌atmosphere-only‌ ‌and‌ ‌coupled‌ ‌experiments‌ ‌cover‌ ‌the‌‌period‌‌1950–2014—although‌‌here‌‌we‌‌focus‌‌                             

mainly‌ ‌on‌ ‌the‌ ‌1980–2014‌ ‌period‌ ‌(see‌ ‌below).‌ ‌Comparing‌ ‌atmosphere-only‌ ‌and‌ ‌fully‌ ‌coupled‌ ‌climate‌ ‌models‌‌might‌‌help‌‌                               

isolate‌ ‌the‌ ‌biases‌ ‌arising‌ ‌from‌ ‌atmosphere–ocean‌ ‌interactions.‌‌ ‌  

Model‌‌simulation‌‌output‌‌is‌‌obtained‌‌from‌‌the‌‌Earth‌‌System‌‌Grid‌‌Federation‌‌(ESGF)‌‌nodes:‌‌CNRM‐CM6‐1‌‌(Voldoire,‌‌2019a‌‌                               

175 &‌ ‌2019b),‌ ‌EC‐Earth3P‌ ‌(EC‐Earth,‌ ‌2018‌ ‌&‌ ‌2019),‌ ‌ECMWF‐IFS‌ ‌(Roberts‌ ‌C.D.‌ ‌et‌ ‌al.,‌ ‌2017‌ ‌&‌ ‌2018a),‌ ‌HadGEM3‐GC31‌‌                               

(Roberts‌ ‌M.J.,‌ ‌2017;‌ ‌Coward‌ ‌and‌ ‌Roberts,‌ ‌2018;‌ ‌Schiemann‌ ‌et‌ ‌al.,‌ ‌2019),‌‌and‌‌MPI‐ESM1‐2‌‌(von‌‌Storch‌‌et‌‌al.,‌‌2018a‌‌&‌‌                                     

2018b).‌ ‌ 

2.2‌ ‌Observations‌ ‌and‌ ‌reanalysis‌ ‌ 

The‌ ‌climate‌ ‌models‌ ‌are‌ ‌compared‌ ‌against‌ ‌a‌ ‌suite‌ ‌of‌ ‌observational‌ ‌and‌ ‌reanalysis‌ ‌products.‌ ‌These‌ ‌include‌ ‌tropospheric‌‌                               

180 temperature‌‌and‌‌zonal‌‌winds‌‌from‌‌the‌‌ERA-Interim‌‌reanalysis‌‌(Dee‌‌et‌‌al.,‌‌2011),‌‌precipitation‌‌rate‌‌from‌‌the‌‌version-2‌‌GPCP‌‌                                   

dataset‌‌(Adler‌‌et‌‌al.,‌‌2003),‌‌cloud‌‌cover‌‌from‌‌the‌‌version-3‌‌ESA‌‌Cloud_cci‌‌dataset‌‌(ESA‌‌CCI-CLOUD;‌‌Stengel‌‌et‌‌al.,‌‌2020],‌‌                                     

and‌‌net‌‌cloud‌‌radiative‌‌effect‌‌computed‌‌from‌‌the‌‌CERES-EBAF‌‌dataset‌‌(Loeb‌‌et‌‌al.,‌‌2018;‌‌Kato‌‌et‌‌al.,‌‌2018).‌‌The‌‌net‌‌cloud‌‌                                         

radiative‌ ‌effect‌ ‌is‌ ‌computed‌ ‌as‌ ‌the‌ ‌difference‌ ‌between‌ ‌the‌ ‌top-of-the-atmosphere‌ ‌upward‌ ‌net‌ ‌flux‌ ‌and‌ ‌the‌ ‌clear‌ ‌sky‌‌                                 

component;‌ ‌it‌ ‌represents‌ ‌the‌‌net‌‌effect‌‌of‌‌clouds‌‌on‌‌the‌‌radiation‌‌budget‌‌at‌‌the‌‌top‌‌of‌‌the‌‌atmosphere,‌‌with‌‌negative‌‌mean‌‌                                         

185 values‌‌for‌‌cloud-induced‌‌cooling,‌‌and‌‌vice‌‌versa‌‌(Fig.‌‌5a).‌‌The‌‌periods‌‌of‌‌comparison‌‌between‌‌model‌‌and‌‌observations‌‌are‌‌                                   

adapted‌ ‌to‌ ‌maximize‌ ‌observations’‌ ‌availability‌ ‌until‌ ‌the‌ ‌last‌ ‌simulated‌‌year‌‌(i.e.,‌‌2014).‌‌These‌‌periods‌‌are‌‌1980–2014‌‌for‌‌                                 

ERA-Interim‌ ‌and‌ ‌GPCP,‌ ‌1982–2014‌ ‌for‌ ‌ESA‌ ‌CCI-CLOUD,‌ ‌and‌ ‌2001–2014‌ ‌for‌ ‌CERES-EBAF.‌ ‌Biases‌ ‌are‌ ‌computed‌‌by‌‌                             

adapting‌‌the‌‌ESMValTool‌‌(Eyring‌‌et‌‌al.,‌‌2020)‌‌recipe‌‌"‌recipe_perfmetrics_CMIP5.yml‌"‌‌(Gleckler‌‌et‌‌al.,‌‌2008)‌‌to‌‌analyse‌‌the‌‌                               

PRIMAVERA‌‌models.‌‌The‌‌statistical‌‌significance‌‌of‌‌the‌‌anomalies‌‌between‌‌models‌‌and‌‌observations‌‌is‌‌calculated‌‌based‌‌on‌‌                               

190 a‌ ‌two-tailed‌ ‌Student’s‌ ‌t-test‌ ‌at‌ ‌the‌ ‌5‌ ‌%‌ ‌level.‌ ‌ 
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‌ 

‌ 
Table‌ ‌1.‌ ‌‌Model‌ ‌names,‌ ‌horizontal‌ ‌resolution‌ ‌and‌ ‌vertical‌ ‌levels‌ ‌in‌ ‌the‌ ‌atmosphere‌ ‌and‌ ‌ocean,‌ ‌and‌ ‌reference‌ ‌papers.‌ ‌ 

3‌ ‌Global‌ ‌biases‌ ‌ 

Table‌ ‌2‌ ‌summarizes‌ ‌the‌ ‌values‌ ‌of‌ ‌the‌ ‌global‌ ‌root-mean‌ ‌squared‌ ‌deviation‌ ‌(RMSD)‌ ‌and‌ ‌bias‌ ‌of‌ ‌four‌ ‌key‌ ‌variables:‌‌                                   

near-surface‌‌air‌‌temperature‌‌(SAT),‌‌precipitation,‌‌cloud‌‌cover,‌‌and‌‌net‌‌cloud‌‌radiative‌‌effect.‌‌These‌‌variables‌‌are‌‌chosen‌‌to‌‌                                 

195 help‌‌assess‌‌the‌‌different‌‌regional‌‌biases‌‌discussed‌‌in‌‌Sections‌‌4‌‌and‌‌5.‌‌On‌‌average,‌‌the‌‌ensemble‌‌presents‌‌a‌‌too‌‌cold,‌‌wet,‌‌and‌‌                                           

slightly‌ ‌cloudy‌ ‌climate,‌ ‌with‌ ‌excessive‌ ‌radiative‌ ‌cooling‌ ‌from‌ ‌clouds‌ ‌compared‌ ‌to‌ ‌observations.‌ ‌The‌ ‌coupled‌ ‌and‌‌                             

atmosphere-only‌‌model‌‌versions‌‌tend‌‌to‌‌present‌‌similar‌‌global‌‌biases‌‌at‌‌both‌‌resolutions‌‌for‌‌all‌‌variables‌‌except‌‌for‌‌SAT,‌‌for‌‌                                     

which‌ ‌biases‌ ‌are‌ ‌smaller‌ ‌in‌ ‌the‌ ‌atmosphere-only‌ ‌runs—consistent‌ ‌with‌ ‌these‌ ‌being‌‌forced‌‌by‌‌observed‌‌SSTs.‌‌In‌‌terms‌‌of‌‌                                   

RMSD,‌ ‌the‌ ‌ensemble‌ ‌mean‌ ‌presents‌ ‌some‌ ‌of‌ ‌the‌ ‌smallest‌ ‌values,‌ ‌likely‌ ‌as‌ ‌a‌ ‌result‌ ‌of‌ ‌error‌ ‌compensation‌ ‌among‌ ‌members.‌ ‌ 

200 In‌ ‌contrast‌ ‌to‌ ‌the‌ ‌ensemble‌ ‌mean,‌ ‌the‌ ‌MPI-ESM1-2‌ ‌models‌ ‌are‌ ‌globally‌ ‌warmer‌ ‌and‌ ‌insufficiently‌ ‌cloudy‌ ‌compared‌ ‌to‌‌                                 

observations,‌‌connected‌‌with‌‌strong‌‌biases‌‌over‌‌the‌‌tropics‌‌and‌‌subtropics‌‌(Figs.‌‌S1,S2,S5,S6).‌‌The‌‌EC-Earth‌‌models‌‌are‌‌the‌‌                                 

only‌‌ones‌‌that‌‌consistently‌‌show‌‌a‌‌positive‌‌radiative‌‌forcing‌‌bias‌‌due‌‌to‌‌clouds,‌‌related‌‌to‌‌a‌‌widespread‌‌cloud‌‌overestimation‌‌                                     

7‌ ‌ 
‌ 

‌  CNRM-CM6-1‌ ‌  EC-Earth3P‌ ‌  ECMWF-IFS‌ ‌  HadGEM3-GC31‌ ‌  MPI-ESM-2‌ ‌ 

Resolution‌‌ 
names‌ ‌  LR‌ ‌  HR‌ ‌  LR‌ ‌  HR‌ ‌  LR‌ ‌  HR‌ ‌  LL‌2‌ ‌  HM‌2‌ ‌  HH‌2‌ ‌  HR‌ ‌  XR‌ ‌ 

Atmosphere‌‌ 
nominal‌‌ 
resolution‌‌ 
(km)‌1‌ ‌ 

207‌ ‌  75‌ ‌  107‌ ‌  54‌ ‌  80‌ ‌  40‌ ‌  217‌ ‌  41‌ ‌  41‌ ‌  134‌ ‌  67‌ ‌ 

Vertical‌ ‌levels‌‌ 
(top‌ ‌level)‌ ‌ 

91‌ ‌ 
(0.01‌‌ 
hPa)‌ ‌ 

91‌ ‌ 
(0.01‌‌ 
hPa)‌ ‌ 

91‌ ‌ 
(0.01‌‌ 
hPa)‌ ‌ 

91‌ ‌ 
(0.01‌‌ 
hPa)‌ ‌ 

91‌ ‌ 
(0.01‌‌ 
hPa)‌ ‌ 

91‌ ‌ 
(0.01‌‌ 
hPa)‌ ‌ 

85‌ ‌ 
(85‌ ‌km)‌ 

‌ 

85‌ ‌ 
(85‌ ‌km)‌ 

‌ 

85‌ ‌ 
(85‌ ‌km)‌ 

‌ 

95‌ ‌ 
(0.01‌‌ 
hPa)‌ ‌ 

95‌ ‌ 
(0.01‌‌ 
hPa)‌ ‌ 

Ocean‌‌ 
resolution‌‌ 
(degrees;‌ ‌km)‌ 

1°‌ ‌ 
 ‌(100)‌ ‌ 

0.25°‌‌ 
(25)‌ ‌ 

1°‌‌ ‌  
(100)‌ ‌ 

0.25°‌‌ 
(25)‌ ‌ 

1°‌ ‌ 
 ‌(100)‌ ‌ 

0.25°‌‌ 
(25)‌ ‌ 

1°‌ ‌ 
 ‌(100)‌ ‌ 

0.25°‌‌ 
(25)‌ ‌ 

0.08°‌‌ ‌  
(8)‌ ‌ 

0.4°‌ ‌ 
 ‌(50)‌ ‌ 

0.4°‌ ‌ 
 ‌(50)‌ ‌ 

Vertical‌ ‌levels‌  75‌ ‌  75‌ ‌  75‌ ‌  75‌ ‌  75‌ ‌  75‌ ‌  75‌ ‌  75‌ ‌  75‌ ‌  40‌ ‌  40‌ ‌ 

References‌ ‌  Voldoire‌ ‌et‌ ‌al.‌‌ 
(2019)‌ ‌ 

Haarsma‌ ‌et‌ ‌al.‌‌ 
(2020)‌ ‌ 

Roberts‌ ‌C.D.‌ ‌et‌ ‌al.‌‌ 
(2018b)‌ ‌ 

Roberts‌ ‌M.J.‌ ‌et‌ ‌al.‌ ‌(2019)‌ ‌  Gutjahr‌ ‌et‌ ‌al.‌‌ 
(2019)‌ ‌ 

1‌‌ ‌Calculated‌ ‌as‌ ‌the‌ ‌area‌ ‌weighted‌ ‌mead‌ ‌grid‌ ‌box‌ ‌diagonal‌ ‌in‌ ‌Klaver‌ ‌et‌ ‌al.‌ ‌(2020).‌ ‌ 

2‌‌ ‌The‌ ‌LL‌ ‌and‌ ‌HH‌ ‌configurations‌ ‌refer‌ ‌to‌ ‌the‌ ‌coupled‌ ‌model‌ ‌versions.‌ ‌The‌ ‌equivalent‌ ‌AMIP‌ ‌resolutions‌ ‌are‌ ‌the‌ ‌LM‌ ‌and‌ ‌HM‌ ‌respectively,‌‌ 
with‌ ‌the‌ ‌same‌ ‌low-‌ ‌(L)‌ ‌or‌ ‌high-resolution‌ ‌(H)‌ ‌atmosphere‌ ‌forced‌ ‌by‌ ‌a‌ ‌medium-resolution‌ ‌(M)‌ ‌SST‌ ‌field‌ ‌(Roberts‌ ‌M.J.‌ ‌et‌ ‌al.,‌ ‌2019).‌ ‌ 
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over‌‌the‌‌SO‌‌(Figs.‌‌S7,S8).‌‌Across‌‌the‌‌ensemble,‌‌the‌‌atmosphere-only‌‌and‌‌coupled‌‌CNRM-CM6-1‌‌models‌‌show‌‌the‌‌largest‌‌                                 

RMSD‌‌values‌‌particularly‌‌in‌‌cloud‌‌cover‌‌and‌‌net‌‌cloud‌‌radiative‌‌effect‌‌(Table‌‌2),‌‌dominated‌‌by‌‌biases‌‌over‌‌the‌‌tropics‌‌and‌‌                                       

205 high‌ ‌latitudes‌ ‌(Figs.‌ ‌S5–S8).‌ ‌This‌ ‌contrasts‌ ‌with‌ ‌their‌ ‌relatively‌ ‌low‌ ‌global‌ ‌mean‌ ‌biases,‌‌a‌‌clear‌‌indication‌‌of‌‌large‌‌error‌‌                                     

compensation‌ ‌between‌ ‌regions.‌ ‌The‌ ‌HadGEM3-GC31‌ ‌and‌ ‌MPI-ESM1-2‌ ‌models‌ ‌both‌ ‌have‌ ‌large‌ ‌global‌ ‌mean‌ ‌biases‌ ‌in‌‌                             

precipitation‌‌(excessively‌‌wet)‌‌and‌‌in‌‌cloud‌‌cover‌‌(respectively,‌‌excessively‌‌cloudy‌‌especially‌‌in‌‌the‌‌tropics,‌‌and‌‌deficiently‌‌                               

cloudy‌‌especially‌‌in‌‌the‌‌subtropics‌‌and‌‌mid-latitudes;‌‌Fig.‌‌S6);‌‌however,‌‌these‌‌models‌‌have‌‌the‌‌smallest‌‌biases‌‌in‌‌net‌‌cloud‌‌                                     

radiative‌ ‌effect.‌ ‌These‌ ‌results‌ ‌highlight‌ ‌the‌ ‌large‌ ‌differences‌ ‌across‌ ‌models‌ ‌within‌ ‌the‌ ‌ensemble.‌ ‌Compared‌ ‌to‌ ‌previous‌‌                               

210 generation‌ ‌CMIP5‌‌models,‌‌the‌‌global‌‌bias‌‌in‌‌net‌‌cloud‌‌radiative‌‌effect‌‌is‌‌generally‌‌lower‌‌in‌‌all‌‌the‌‌PRIMAVERA‌‌coupled‌‌                                     

models‌ ‌(Table‌ ‌2;‌ ‌c.f.‌ ‌Table‌ ‌1‌ ‌in‌ ‌Calisto‌ ‌et‌ ‌al.,‌ ‌2014].‌ ‌ 

The‌‌increase‌‌in‌‌resolution‌‌from‌‌LR‌‌to‌‌HR‌‌has‌‌on‌‌average‌‌a‌‌mixed‌‌effect‌‌on‌‌the‌‌global‌‌biases‌‌(Table‌‌2).‌‌The‌‌temperature‌‌and‌‌                                             

net‌ ‌cloud‌ ‌radiative‌ ‌effect‌‌biases‌‌are‌‌reduced,‌‌related‌‌to‌‌improvements‌‌in‌‌the‌‌eastern‌‌tropical‌‌oceans‌‌(Section‌‌4)‌‌and‌‌North‌‌                                     

Atlantic‌‌(Section‌‌5)‌‌particularly‌‌in‌‌the‌‌coupled‌‌versions‌‌of‌‌the‌‌HadGEM3-GC31‌‌and‌‌ECMWF-IFS‌‌models.‌‌By‌‌contrast,‌‌the‌‌                                 

215 precipitation‌‌and‌‌cloud‌‌cover‌‌biases‌‌worsen‌‌with‌‌increased‌‌resolution,‌‌especially‌‌the‌‌cloud‌‌excess‌‌in‌‌the‌‌CNRM-CM6-1‌‌and‌‌                                 

HadGEM3-GC31‌‌models.‌‌In‌‌most‌‌cases,‌‌nonetheless,‌‌increased‌‌resolution‌‌has‌‌a‌‌small‌‌impact‌‌on‌‌the‌‌global‌‌biases.‌‌Since‌‌the‌‌                                   

study‌ ‌of‌ ‌global‌ ‌biases‌ ‌hides‌ ‌large‌ ‌regional‌ ‌differences,‌ ‌we‌ ‌discuss‌ ‌these‌ ‌in‌ ‌the‌ ‌following‌ ‌sections.‌ ‌ 

4‌ ‌Biases‌ ‌in‌ ‌the‌ ‌tropics‌ ‌ 

4.1‌ ‌Upwelling‌ ‌regions‌ ‌ 

220 In‌‌the‌‌PRIMAVERA‌‌models,‌‌only‌‌the‌‌coupled‌‌configurations‌‌show‌‌a‌‌distinct‌‌warm‌‌bias‌‌in‌‌the‌‌eastern‌‌tropical‌‌oceans‌‌of‌‌a‌‌                                       

magnitude‌‌of‌‌about‌‌2–3‌‌°C‌‌(Fig.‌‌1).‌‌This‌‌bias‌‌is‌‌absent‌‌in‌‌the‌‌atmosphere-only‌‌models,‌‌as‌‌these‌‌are‌‌forced‌‌by‌‌observed‌‌SSTs.‌‌                                           

At‌‌LR,‌‌the‌‌bias‌‌is‌‌especially‌‌persistent‌‌over‌‌the‌‌eastern‌‌tropical‌‌South‌‌Atlantic‌‌and‌‌South‌‌Pacific‌‌and‌‌extends‌‌from‌‌the‌‌coast‌‌                                         

equatorward.‌‌In‌‌the‌‌Northern‌‌Hemisphere‌‌(NH)‌‌the‌‌warm‌‌bias‌‌is‌‌less‌‌robust‌‌across‌‌models:‌‌off‌‌the‌‌Californian‌‌coast,‌‌only‌‌                                     

the‌ ‌CNRM-CM6-1,‌ ‌EC‐Earth3P,‌ ‌and‌ ‌MPI-ESM1-2‌ ‌models‌ ‌show‌ ‌a‌ ‌distinct‌ ‌warm‌ ‌bias‌ ‌(Fig.‌ ‌S2),‌ ‌whereas‌ ‌off‌ ‌northwest‌‌                               

225 Africa,‌‌most‌‌models‌‌present‌‌a‌‌cold‌‌bias‌‌instead—likely‌‌the‌‌result‌‌of‌‌the‌‌strong‌‌cold‌‌bias‌‌in‌‌the‌‌subpolar‌‌region‌‌(discussed‌‌in‌‌                                         

Section‌ ‌5.2).‌‌ ‌  

Increased‌‌resolution‌‌leads‌‌to‌‌a‌‌~1‌‌°C‌‌reduction‌‌in‌‌the‌‌bias‌‌in‌‌SH‌‌ocean‌‌basins‌‌in‌‌the‌‌ensemble‌‌mean‌‌(Fig.‌‌1),‌‌which‌‌might‌‌be‌‌                                               

related‌‌to‌‌improved‌‌coastal‌‌wind‌‌systems‌‌(Small‌‌et‌‌al.,‌‌2015;‌‌Milinski‌‌et‌‌al.,‌‌2016).‌‌The‌‌warm‌‌bias‌‌is‌‌largely‌‌reduced‌‌in‌‌both‌‌                                           

HadGEM3-GC31‌ ‌HR‌ ‌models,‌‌although‌‌using‌‌an‌‌eddy-rich‌‌ocean‌‌model‌‌(HH)‌‌offers‌‌no‌‌further‌‌improvement‌‌compared‌‌to‌‌                               

230 the‌ ‌eddy-present‌ ‌ocean‌ ‌(HM)‌ ‌for‌ ‌the‌ ‌same‌‌~50-km‌‌atmosphere‌‌resolution‌‌(Fig.‌‌S2).‌‌Therefore,‌‌for‌‌this‌‌model‌‌and‌‌bias‌‌in‌‌                                     

particular,‌ ‌the‌‌increase‌‌in‌‌atmosphere‌‌resolution‌‌from‌‌a‌‌~200‌‌km‌‌to‌‌a‌‌~50‌‌km‌‌model‌‌seems‌‌to‌‌be‌‌more‌‌beneficial‌‌than‌‌the‌‌                                           

increase‌ ‌in‌ ‌the‌ ‌ocean‌ ‌from‌ ‌~100‌ ‌km‌ ‌to‌ ‌~8‌ ‌km‌ ‌(Roberts‌ ‌M.J.‌ ‌et‌ ‌al.,‌ ‌2019).‌ ‌ 
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‌ 
‌ 

‌ 

‌ 
‌ 

Table‌ ‌2.‌ ‌For‌ ‌the‌ ‌variables‌ ‌shown‌ ‌in‌ ‌Figures‌ ‌1–5,‌ ‌root-mean-square‌ ‌deviation‌ ‌(RMSD)‌ ‌and‌ ‌mean‌ ‌bias‌ ‌(Bias)‌ ‌in‌ ‌the‌‌                                   

atmosphere-only‌‌(Atm.)‌‌and‌‌coupled‌‌(Coup.)‌‌models‌‌at‌‌LR‌‌and‌‌HR,‌‌including‌‌the‌‌HadGEM3-GC31-HH‌‌coupled‌‌model.‌‌For‌‌                               

235 each‌‌variable,‌‌the‌‌white-to-yellow‌‌shading‌‌reflects‌‌the‌‌RMSD‌‌gradient‌‌between‌‌its‌‌minimum‌‌(white)‌‌and‌‌maximum‌‌(yellow)‌‌                               

values;‌ ‌the‌ ‌red-to-blue‌‌shading,‌‌which‌‌is‌‌centered‌‌around‌‌the‌‌zero‌‌value,‌‌represents‌‌the‌‌bias‌‌values‌‌for‌‌each‌‌variable,‌‌blue‌‌                                     

meaning‌‌an‌‌excessively‌‌cold‌‌and‌‌wet‌‌model‌‌with‌‌negative‌‌biases‌‌in‌‌the‌‌cloud‌‌cover‌‌and‌‌net‌‌cloud‌‌radiative‌‌effect‌‌compared‌‌                                       

to‌ ‌observations‌ ‌(and‌ ‌vice‌ ‌versa).‌ ‌ 
‌ 
‌ 

As‌‌in‌‌many‌‌previous-generation‌‌GCMs,‌‌the‌‌surface‌‌warm‌‌bias‌‌is‌‌associated‌‌with‌‌an‌‌underestimation‌‌of‌‌the‌‌cloud‌‌cover‌‌by‌‌                                     

240 10–20‌‌%‌‌over‌‌the‌‌eastern‌‌subtropical‌‌ocean‌‌in‌‌the‌‌LR‌‌ensemble‌‌(Fig.‌‌4).‌‌The‌‌shape‌‌and‌‌magnitude‌‌of‌‌the‌‌cloud‌‌cover‌‌bias‌‌                                           

are‌ ‌similar‌ ‌in‌ ‌the‌ ‌atmosphere-only‌ ‌and‌ ‌coupled‌ ‌models,‌ ‌which‌ ‌points‌ ‌to‌ ‌deficiencies‌ ‌in‌‌the‌‌atmosphere‌‌model‌‌as‌‌its‌‌root‌                                     

cause.‌‌The‌‌ensemble‌‌mean‌‌is‌‌largely‌‌dominated‌‌by‌‌the‌‌bias‌‌in‌‌the‌‌CNRM-CM6-1‌‌model‌‌(of‌‌about‌‌20–30‌‌%;‌‌Figs.‌‌S5,S6);‌‌                                       

9‌ ‌ 
‌ 

‌  ‌  SAT‌ ‌(°C)‌ ‌  Precipitation‌ ‌(mm d‌−1‌)‌ ‌  Cloud‌ ‌Cover‌ ‌(%)‌ ‌ 
Net‌ ‌cloud‌ ‌radiative‌ ‌effect‌‌ 

(Wm‌−2‌)‌ ‌ 

‌  ‌  RMSD‌ ‌  Bias‌ ‌  RMSD‌ ‌  Bias‌ ‌  RMSD‌ ‌  Bias‌ ‌  RMSD‌ ‌  Bias‌ ‌ 

‌  ‌  Atm.‌  Coup.‌  Atm.‌  Coup.‌  Atm.‌  Coup.‌  Atm.‌  Coup.‌  Atm.‌  Coup.‌  Atm.‌  Coup.‌  Atm.‌  Coup.‌  Atm.‌  Coup.‌ 

Ensemble‌‌ 
Mean‌ ‌ 

LR‌ ‌  0.74‌ ‌  1.14‌ ‌  -0.30‌ ‌  -0.66‌ ‌  0.85‌ ‌  0.97‌ ‌  0.25‌ ‌  0.21‌ ‌  9.42‌ ‌  9.57‌ ‌  0.18‌ ‌  0.46‌ ‌  7.03‌ ‌  7.54‌ ‌  -1.52‌ ‌  -1.68‌ ‌ 

HR‌ ‌  0.76‌ ‌  1.13‌ ‌  -0.25‌ ‌  -0.51‌ ‌  0.87‌ ‌  0.93‌ ‌  0.30‌ ‌  0.25‌ ‌  9.02‌ ‌  9.31‌ ‌  0.59‌ ‌  0.86‌ ‌  6.64‌ ‌  6.98‌ ‌  -1.27‌ ‌  -1.27‌ ‌ 

CNRM-CM6‌ ‌ 
1.30‌ ‌  1.86‌ ‌  -0.60‌ ‌  -1.11‌ ‌  1.19‌ ‌  1.19‌ ‌  0.27‌ ‌  0.21‌ ‌  13.47‌  13.53‌  0.20‌ ‌  -0.44‌ ‌  12.33‌  12.45‌  -5.45‌ ‌  -5.09‌ ‌ 

1.12‌ ‌  2.08‌ ‌  -0.42‌ ‌  -1.38‌ ‌  1.24‌ ‌  1.20‌ ‌  0.33‌ ‌  0.21‌ ‌  13.74‌  13.64‌  3.14‌ ‌  2.71‌ ‌  11.27‌  11.73‌  -4.43‌ ‌  -3.95‌ ‌ 

EC-Earth3P‌ ‌ 
0.87‌ ‌  1.16‌ ‌  -0.45‌ ‌  0.24‌ ‌  0.76‌ ‌  1.00‌ ‌  0.14‌ ‌  0.17‌ ‌  8.61‌ ‌  9.13‌ ‌  0.55‌ ‌  0.02‌ ‌  8.88‌ ‌  9.48‌ ‌  1.76‌ ‌  2.65‌ ‌ 

0.99‌ ‌  1.31‌ ‌  -0.51‌ ‌  -0.15‌ ‌  0.87‌ ‌  0.93‌ ‌  0.21‌ ‌  0.22‌ ‌  7.89‌ ‌  8.34‌ ‌  -0.55‌ ‌  -0.74‌ ‌  8.99‌ ‌  9.35‌ ‌  0.27‌ ‌  1.11‌ ‌ 

ECMWF-IFS‌ ‌ 
0.90‌ ‌  2.29‌ ‌  -0.58‌ ‌  -1.39‌ ‌  0.74‌ ‌  1.05‌ ‌  0.19‌ ‌  0.13‌ ‌  7.99‌ ‌  8.96‌ ‌  0.45‌ ‌  1.23‌ ‌  9.34‌ ‌  10.51‌  -2.85‌ ‌  -3.18‌ ‌ 

0.98‌ ‌  1.57‌ ‌  -0.58‌ ‌  -0.28‌ ‌  0.79‌ ‌  0.98‌ ‌  0.26‌ ‌  0.26‌ ‌  7.70‌ ‌  8.55‌ ‌  -1.02‌ ‌  -0.83‌ ‌  8.87‌ ‌  9.33‌ ‌  -2.42‌ ‌  -2.36‌ ‌ 

HadGEM3‌
-GC31‌ ‌ 

LR‌ ‌  1.15‌ ‌  1.90‌ ‌  -0.16‌ ‌  -1.22‌ ‌  1.27‌ ‌  1.15‌ ‌  0.41‌ ‌  0.34‌ ‌  12.49‌  12.50‌  4.33‌ ‌  5.84‌ ‌  7.66‌ ‌  7.87‌ ‌  -0.97‌ ‌  -1.67‌ ‌ 

HR‌‌ 
(HM)‌ 

0.90‌ ‌ 
1.33‌ ‌ 

-0.06‌ ‌ 
-0.66‌ ‌ 

1.20‌ ‌ 
1.19‌ ‌ 

0.46‌ ‌ 
0.38‌ ‌ 

13.18‌ 
13.73‌ 

7.53‌ ‌ 
8.57‌ ‌ 

6.83‌ ‌ 
6.97‌ ‌ 

-0.21‌ ‌ 
-0.44‌ ‌ 

HR‌‌ 
(HH)‌ 

1.23‌ ‌  -0.64‌ ‌  1.19‌ ‌  0.38‌ ‌  13.69‌  8.57‌ ‌  6.96‌ ‌  -0.38‌ ‌ 

MPI-ESM1-2‌ ‌ 
1.15‌ ‌  1.33‌ ‌  0.29‌ ‌  0.17‌ ‌  1.08‌ ‌  1.28‌ ‌  0.23‌ ‌  0.21‌ ‌  11.15‌  11.26‌  -4.65‌ ‌  -4.36‌ ‌  8.36‌ ‌  8.51‌ ‌  -0.10‌ ‌  -1.08‌ ‌ 

1.27‌ ‌  1.40‌ ‌  0.35‌ ‌  -0.07‌ ‌  1.10‌ ‌  1.26‌ ‌  0.24‌ ‌  0.20‌ ‌  11.93‌  11.64‌  -6.17‌ ‌  -5.51‌ ‌  8.02‌ ‌  7.80‌ ‌  0.42‌ ‌  -0.71‌ ‌ 
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biases‌ ‌over‌ ‌the‌ ‌upwelling‌ ‌region‌ ‌are,‌ ‌by‌ ‌contrast,‌ ‌nearly‌ ‌half‌‌the‌‌size‌‌in‌‌the‌‌other‌‌models.‌‌Although‌‌the‌‌cloud‌‌cover‌‌bias‌‌                                         

persists‌ ‌into‌ ‌HR‌‌models‌‌in‌‌both‌‌the‌‌atmosphere-only‌‌and‌‌coupled‌‌configurations,‌‌it‌‌shows‌‌an‌‌improvement‌‌of‌‌about‌‌10‌‌%‌‌                                     

245 right‌ ‌along‌ ‌the‌ ‌South‌ ‌American‌ ‌western‌ ‌coast.‌ ‌Additionally,‌ ‌increased‌ ‌resolution‌ ‌reduces‌ ‌the‌ ‌cloud‌ ‌cover‌ ‌bias‌ ‌over‌ ‌the‌‌                                 

eastern‌ ‌South‌ ‌Pacific‌‌and‌‌Atlantic‌‌in‌‌the‌‌coupled‌‌versions‌‌of‌‌the‌‌MPI-ESM1-2‌‌and‌‌HadGEM3-GC31‌‌models‌‌compared‌‌to‌‌                                 

the‌ ‌improvement‌ ‌in‌ ‌their‌ ‌atmosphere-only‌ ‌versions,‌ ‌which‌ ‌highlight‌ ‌the‌ ‌importance‌ ‌of‌ ‌reducing‌ ‌the‌ ‌surface‌ ‌warm‌ ‌bias‌‌                               

underneath‌ ‌and‌ ‌an‌ ‌improved‌ ‌atmosphere–ocean‌ ‌coupling.‌ ‌ 

The‌ ‌temperature‌ ‌and‌ ‌cloud‌ ‌biases‌ ‌can‌ ‌be‌ ‌connected‌ ‌through‌ ‌the‌ ‌bias‌ ‌in‌ ‌the‌ ‌net‌ ‌cloud‌ ‌radiative‌ ‌effect‌ ‌(Fig.‌ ‌5),‌ ‌which‌ ‌is‌‌                                         

250 positive‌ ‌(10–20‌ ‌Wm‌–2‌)‌ ‌along‌ ‌the‌ ‌western‌ ‌coasts‌ ‌of‌ ‌the‌ ‌subtropical‌ ‌South‌ ‌Atlantic‌ ‌and‌ ‌North‌ ‌and‌ ‌South‌ ‌Pacific‌ ‌in‌ ‌the‌‌                                     

ensemble‌ ‌mean.‌ ‌The‌ ‌bias,‌ ‌which‌ ‌is‌ ‌dominated‌ ‌by‌ ‌the‌‌shortwave‌‌component‌‌(not‌‌shown),‌‌points‌‌to‌‌an‌‌excessive‌‌radiative‌‌                                   

surface‌‌warming‌‌linked‌‌to‌‌cloud‌‌cover‌‌deficit‌‌(Fig.‌‌4).‌‌Increased‌‌resolution‌‌helps‌‌reduce‌‌the‌‌bias‌‌in‌‌the‌‌net‌‌cloud‌‌radiative‌‌                                       

effect‌‌by‌‌10–15‌‌Wm‌–2‌ ‌in‌‌the‌‌ensemble‌‌mean‌‌(Fig.‌‌5).‌‌This‌‌is‌‌largely‌‌thanks‌‌to‌‌the‌‌contributions‌‌of‌‌the‌‌HadGEM3-GC31‌‌and‌‌                                         

MPI-ESM1-2‌‌models,‌‌especially‌‌in‌‌their‌‌coupled‌‌configuration,‌‌and‌‌by‌‌about‌‌5‌‌Wm‌–2‌ ‌in‌‌the‌‌EC-Earth3P‌‌and‌‌ECMWF-IFS‌‌                                 

255 models,‌‌as‌‌a‌‌result‌‌of‌‌their‌‌improvements‌‌in‌‌the‌‌surface‌‌warm‌‌and‌‌cloud‌‌cover‌‌biases‌‌discussed‌‌above.‌‌Contrasting‌‌with‌‌the‌‌                                       

other‌‌ensemble‌‌member,‌‌both‌‌the‌‌atmosphere-only‌‌versions‌‌and‌‌the‌‌HR‌‌coupled‌‌version‌‌of‌‌the‌‌MPI-ESM1-2‌‌model‌‌show‌‌a‌‌                                   

negative‌‌bias‌‌in‌‌the‌‌net‌‌cloud‌‌radiative‌‌effect‌‌over‌‌the‌‌upwelling‌‌region‌‌(Figs.‌‌S7,‌‌S8)‌‌linked‌‌to‌‌a‌‌slight‌‌cloud‌‌overestimation‌‌                                         

(Figs.‌ ‌S5,‌ ‌S7).‌ ‌ 

4.2‌ ‌The‌ ‌double‌ ‌ITCZ‌ ‌ 

260 The‌ ‌PRIMAVERA‌ ‌LR‌ ‌models‌‌suffer‌‌from‌‌large‌‌biases‌‌in‌‌tropical‌‌precipitation‌‌(Fig.‌‌2).‌‌These‌‌biases‌‌are‌‌similar‌‌in‌‌extent‌‌                                     

and‌ ‌magnitude‌ ‌compared‌ ‌to‌ ‌previous‌ ‌and‌ ‌contemporary‌ ‌models‌ ‌(CMIP3/5/6;‌ ‌c.f.‌ ‌Fig.‌ ‌2‌ ‌in‌ ‌Tian‌ ‌and‌ ‌Dong,‌ ‌2020).‌ ‌On‌‌                                   

average,‌‌the‌‌double‌‌ITCZ‌‌is‌‌particularly‌‌clear‌‌over‌‌the‌‌Pacific‌‌basin‌‌in‌‌the‌‌PRIMAVERA‌‌coupled‌‌models‌‌(Fig.‌‌2),‌‌where‌‌the‌                                       

bias‌ ‌presents‌ ‌the‌ ‌characteristic‌ ‌pattern‌ ‌with‌ ‌precipitation‌‌deficit‌‌over‌‌the‌‌equator‌‌and‌‌excess‌‌on‌‌the‌‌northern‌‌and‌‌southern‌‌                                   

flanks‌‌by‌‌about‌‌∓2‌‌mm d‌−1‌ ‌on‌‌average‌‌respectively.‌‌This‌‌pattern‌‌can‌‌be‌‌identified‌‌in‌‌all‌‌the‌‌LR‌‌coupled‌‌models,‌‌except‌‌for‌‌                                         

265 CNRM-CM6-1,‌‌in‌‌which‌‌the‌‌precipitation‌‌excess‌‌is‌‌predominantly‌‌on‌‌the‌‌southern‌‌flank.‌‌Associated‌‌with‌‌the‌‌equatorial‌‌dry‌‌                                 

bias,‌ ‌a‌ ‌cold‌ ‌bias‌ ‌of‌ ‌1–2‌ ‌°C‌ ‌also‌ ‌affects‌ ‌the‌ ‌LR‌ ‌coupled‌ ‌models‌ ‌in‌ ‌the‌ ‌western‌ ‌and‌ ‌central‌‌equatorial‌‌Pacific‌‌(Fig.‌‌1).‌‌In‌‌                                             

contrast‌‌to‌‌the‌‌Pacific,‌‌the‌‌precipitation‌‌bias‌‌over‌‌the‌‌tropical‌‌Atlantic‌‌points‌‌to‌‌a‌‌southward‌‌shifted‌‌ITCZ,‌‌with‌‌dry‌‌and‌‌wet‌‌                                         

biases‌ ‌to‌ ‌the‌ ‌north‌‌and‌‌south‌‌of‌‌the‌‌equator‌‌respectively,‌‌while‌‌over‌‌the‌‌Indian‌‌Ocean‌‌a‌‌too‌‌wet‌‌precipitation‌‌bias‌‌extends‌‌                                         

over‌‌the‌‌western‌‌part‌‌of‌‌the‌‌basin‌‌and‌‌a‌‌dry‌‌one‌‌over‌‌the‌‌Indian‌‌subcontinent‌‌(Fig.‌‌2).‌‌Such‌‌differences‌‌between‌‌ocean‌‌basins‌‌                                           

270 suggest‌ ‌that‌ ‌either‌ ‌different‌ ‌mechanisms‌ ‌are‌ ‌responsible‌ ‌for‌ ‌their‌ ‌biases‌ ‌or‌ ‌each‌ ‌basin‌ ‌responds‌ ‌differently‌ ‌to‌ ‌the‌ ‌same‌‌                                   

large-scale/global‌‌bias.‌‌Together,‌‌these‌‌biases‌‌lead‌‌to‌‌a‌‌precipitation‌‌excess‌‌mainly‌‌over‌‌the‌‌SH‌‌tropics‌‌in‌‌the‌‌zonal‌‌mean‌‌in‌‌                                       

the‌‌LR‌‌coupled‌‌models‌‌(Fig.‌‌3).‌‌All‌‌the‌‌areas‌‌with‌‌precipitation‌‌excess‌‌tend‌‌to‌‌show‌‌positive‌‌bias‌‌in‌‌cloud‌‌cover‌‌up‌‌to‌‌about‌‌                                             

10–20‌ ‌%‌ ‌(Fig.‌ ‌4).‌ ‌ 

In‌‌contrast‌‌to‌‌the‌‌coupled‌‌LR‌‌models,‌‌their‌‌atmosphere-only‌‌configurations‌‌show‌‌no‌‌clear‌‌double‌‌ITCZ‌‌pattern‌‌(Figs.‌‌2‌‌and‌‌                                     

275 3).‌‌In‌‌the‌‌zonal‌‌mean,‌‌in‌‌fact,‌‌the‌‌excess‌‌in‌‌precipitation‌‌is‌‌relatively‌‌constant‌‌across‌‌all‌‌the‌‌tropics‌‌in‌‌the‌‌atmosphere-only‌‌                                         
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models‌‌(Fig.‌‌3).‌‌This‌‌result‌‌suggests‌‌that‌‌the‌‌double‌‌ITCZ‌‌arises‌‌from‌‌misrepresented‌‌atmosphere–ocean‌‌coupling,‌‌consistent‌‌                               

with‌‌previous‌‌literature‌‌pointing‌‌to‌‌simulated‌‌air–sea‌‌interactions‌‌and‌‌SST‌‌as‌‌key‌‌players‌‌in‌‌its‌‌development‌‌(Lin‌‌2007;‌‌Li‌‌                                     

and‌ ‌Xie,‌ ‌2014;‌ ‌Oueslati‌ ‌and‌ ‌Bellon‌ ‌2015).‌ ‌The‌ ‌LR‌ ‌atmosphere-only‌ ‌models,‌ ‌instead,‌ ‌present‌ ‌excessively‌ ‌wet‌ ‌(~1.5–3‌‌                               

mm d‌−1‌;‌ ‌Fig.‌ ‌2)‌ ‌and‌ ‌cloudy‌ ‌tropics‌ ‌(~10–20‌ ‌%;‌ ‌Fig.‌ ‌3),‌ ‌particularly‌ ‌over‌‌the‌‌western‌‌parts‌‌of‌‌all‌‌the‌‌ocean‌‌basins.‌‌These‌‌                                         

280 regions‌‌are‌‌where‌‌the‌‌ocean‌‌surface‌‌temperature‌‌tends‌‌to‌‌be‌‌the‌‌warmest,‌‌pointing‌‌to‌‌a‌‌too‌‌strong‌‌precipitation‌‌response‌‌to‌‌                                       

the‌ ‌imposed‌ ‌SST‌ ‌field.‌ ‌It‌ ‌is‌ ‌interesting‌ ‌to‌ ‌note‌ ‌that‌ ‌despite‌ ‌the‌ ‌different‌ ‌pattern‌ ‌in‌ ‌precipitation‌ ‌biases‌ ‌over‌ ‌the‌ ‌tropics‌‌                                       

between‌‌the‌‌atmosphere-only‌‌and‌‌the‌‌coupled‌‌models,‌‌their‌‌cloud‌‌biases‌‌are‌‌very‌‌similar‌‌(compare‌‌top‌‌and‌‌bottom‌‌panels‌‌in‌‌                                     

Fig.‌ ‌4b,‌ ‌and‌ ‌between‌ ‌Figs.‌‌S5‌‌and‌‌S6).‌‌Areas‌‌with‌‌precipitation‌‌excess‌‌do‌‌not‌‌systematically‌‌present‌‌positive‌‌cloud‌‌cover‌‌                                     

biases,‌ ‌and‌ ‌vice‌ ‌versa.‌ ‌This‌ ‌suggests‌ ‌that,‌ ‌first,‌ ‌errors‌ ‌compensate‌ ‌across‌ ‌cloud‌‌levels‌‌or‌‌types—convective‌‌cloud‌‌excess‌‌                                 

285 might‌ ‌result,‌ ‌for‌ ‌example,‌ ‌in‌ ‌a‌ ‌deficit‌ ‌in‌‌low-level,‌‌stratiform‌‌clouds—and,‌‌second,‌‌the‌‌atmosphere–ocean‌‌coupling‌‌has‌‌a‌‌                                 

subsidiary‌ ‌impact‌ ‌on‌ ‌the‌ ‌cloud‌ ‌bias,‌ ‌which‌ ‌most‌ ‌likely‌ ‌arise‌ ‌from‌ ‌deficiencies‌ ‌in‌ ‌the‌ ‌atmosphere‌ ‌model.‌ ‌ 

Increased‌ ‌model‌ ‌resolution‌ ‌improves‌ ‌the‌ ‌tropical‌ ‌precipitation‌ ‌biases‌ ‌in‌ ‌the‌‌coupled‌‌models‌‌(Figs.‌‌2‌‌and‌‌3),‌‌reducing‌‌the‌‌                                   

double‌‌ITCZ‌‌over‌‌the‌‌western‌‌Pacific‌‌(especially‌‌in‌‌the‌‌ECMWF-IFS,‌‌MPI-ESM1-2,‌‌and‌‌HadGEM3-GC31‌‌models;‌‌Fig.‌‌S4)‌‌                               

and‌‌the‌‌southward‌‌shifted‌‌ITCZ‌‌over‌‌the‌‌Atlantic‌‌(especially‌‌in‌‌the‌‌HadGEM3-GC31‌‌model)‌‌by‌‌about‌‌2–3‌‌mm d‌−1‌.‌‌In‌‌both‌‌                                     

290 cases,‌‌these‌‌improvement‌‌develop‌‌together‌‌with‌‌a‌‌reduction‌‌in‌‌the‌‌Pacific‌‌cold‌‌bias‌‌(of‌‌about‌‌1‌‌°C)‌‌and‌‌in‌‌the‌‌eastern‌‌tropical‌‌                                           

south‌ ‌Atlantic‌ ‌warm‌ ‌bias,‌ ‌in‌ ‌agreement‌ ‌with‌ ‌previous‌ ‌literature‌ ‌(Xu‌‌et‌‌al.,‌‌2014a;‌‌Siongco‌‌et‌‌al.,‌‌2015;‌‌Song‌‌and‌‌Zhang,‌‌                                       

2019).‌ ‌By‌ ‌contrast,‌ ‌cloud‌ ‌biases‌ ‌over‌ ‌these‌ ‌regions‌ ‌worsens‌ ‌by‌ ‌about‌ ‌5–10‌ ‌%‌ ‌with‌ ‌increased‌ ‌resolution‌ ‌in‌ ‌the‌ ‌coupled‌‌                                     

models‌‌(Fig.‌‌4).‌‌Yet‌‌increased‌‌resolution‌‌leads‌‌to‌‌modest‌‌improvements‌‌in‌‌most‌‌of‌‌the‌‌coupled‌‌models‌‌(overall‌‌smaller‌‌than‌‌                                     

the‌‌magnitude‌‌of‌‌the‌‌bias‌‌itself),‌‌which‌‌still‌‌exhibit‌‌important‌‌biases‌‌in‌‌precipitation‌‌and‌‌cloud‌‌cover‌‌over‌‌the‌‌tropical‌‌Pacific‌‌                                       

295 and‌ ‌Indian‌ ‌oceans‌ ‌(Figs.‌ ‌2,‌ ‌and‌ ‌4)‌ ‌and‌ ‌a‌ ‌clear‌ ‌precipitation‌ ‌excess‌ ‌over‌ ‌the‌ ‌SH‌ ‌tropics‌ ‌(Fig.‌ ‌3).‌ ‌ 

In‌ ‌the‌ ‌atmosphere-only‌ ‌models,‌ ‌improvements‌ ‌due‌ ‌to‌ ‌resolution‌ ‌in‌ ‌precipitation‌ ‌and‌ ‌clouds‌ ‌in‌ ‌the‌ ‌tropics‌ ‌are‌ ‌mostly‌‌                                 

negligible‌‌in‌‌the‌‌ensemble‌‌mean,‌‌and‌‌only‌‌the‌‌HadGEM3-GC31‌‌model‌‌shows‌‌a‌‌slight‌‌improvement‌‌over‌‌the‌‌western‌‌tropical‌‌                                   

North‌ ‌Pacific‌ ‌(Figs.‌ ‌2‌ ‌and‌ ‌S3).‌ ‌This‌ ‌points‌ ‌to‌ ‌issues‌ ‌with‌ ‌the‌ ‌atmospheric‌ ‌model‌ ‌physics,‌ ‌which‌ ‌remained‌ ‌unchanged‌‌                                   

between‌ ‌LR‌ ‌and‌ ‌HR‌ ‌(Section‌ ‌2).‌ ‌Improvements‌ ‌seen‌ ‌in‌ ‌the‌ ‌HR‌ ‌coupled‌ ‌models‌ ‌therefore‌ ‌arise‌ ‌from‌ ‌increased‌‌                                 

300 resolution/improvements‌ ‌in‌ ‌the‌ ‌ocean,‌ ‌better‌ ‌represented‌ ‌coupling,‌ ‌or‌ ‌both.‌ ‌ 

5‌ ‌Biases‌ ‌in‌ ‌middle‌ ‌and‌ ‌high‌ ‌latitudes‌ ‌ 

5.1‌ ‌Southern‌ ‌Ocean‌ ‌ 

The‌‌SO‌‌warm‌‌bias‌‌does‌‌not‌‌appear‌‌in‌‌all‌‌the‌‌PRIMAVERA‌‌LR‌‌coupled‌‌models‌‌(Fig.‌‌1).‌‌Excessively‌‌warm‌‌SATs‌‌by‌‌about‌‌                                         

1–2‌‌°C‌‌are‌‌especially‌‌persistent‌‌throughout‌‌the‌‌entire‌‌SO‌‌in‌‌the‌‌EC-Earth3P‌‌and‌‌ECMWF-IFS‌‌models‌‌(Fig.‌‌S2),‌‌which‌‌both‌‌                                     

305 use‌ ‌a‌ ‌combination‌ ‌of‌ ‌an‌ ‌IFS‌ ‌model‌ ‌and‌ ‌a‌ ‌NEMO‌ ‌model—albeit‌ ‌in‌‌different‌‌versions‌‌(Section‌‌2).‌‌In‌‌the‌‌CNRM-CM6-1,‌‌                                     

MPI-ESM1-2,‌ ‌and‌ ‌HadGEM3-GC31‌ ‌models,‌‌by‌‌contrast,‌‌biases‌‌over‌‌the‌‌SO‌‌show‌‌a‌‌more‌‌mixed‌‌pattern,‌‌with‌‌successive‌‌                                 

regional‌‌warm‌‌and‌‌cold‌‌biases‌‌that‌‌might‌‌result‌‌from‌‌a‌‌different‌‌spatial‌‌distribution‌‌in‌‌sea‌‌ice.‌‌Together‌‌with‌‌the‌‌SO‌‌warm‌‌                                         
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bias,‌‌the‌‌LR‌‌coupled‌‌ensemble‌‌(and‌‌especially‌‌the‌‌CNRM-CM6-1,‌‌EC‐Earth3P,‌‌and‌‌ECMWF-IFS‌‌models;‌‌Fig.‌‌S8)‌‌shows‌‌an‌‌                                 

underestimation‌‌of‌‌the‌‌mid-latitude‌‌cloud‌‌cover‌‌by‌‌about‌‌5–10‌‌%‌‌(Fig.‌‌4)‌‌and‌‌a‌‌positive‌‌bias‌‌in‌‌the‌‌net‌‌cloud‌‌radiative‌‌effect‌‌                                           

310 of‌‌about‌‌10–20‌‌Wm‌–2‌ ‌(Fig.‌‌5),‌‌which‌‌is‌‌dominated‌‌by‌‌the‌‌shortwave‌‌component‌‌(not‌‌shown).‌‌By‌‌contrast,‌‌the‌‌MPI-ESM1-2‌‌                                     

model‌‌shows‌‌a‌‌comparably‌‌smaller‌‌(~5‌‌Wm‌–2‌)‌‌and‌‌less‌‌widespread‌‌bias‌‌in‌‌net‌‌cloud‌‌radiative‌‌effect‌‌over‌‌the‌‌SO‌‌(Fig.‌‌S8),‌‌                                         

which‌‌might‌‌explain‌‌its‌‌smaller‌‌surface‌‌temperature‌‌biases‌‌(Fig.‌‌S2).‌‌The‌‌HadGEM3-GC31‌‌model‌‌shows‌‌instead‌‌a‌‌positive‌‌                                 

bias‌‌in‌‌cloud‌‌cover‌‌over‌‌the‌‌SO‌‌(Fig.‌‌S6;‌‌related‌‌to‌‌a‌‌recently‌‌introduced‌‌mixed-phase‌‌cloud‌‌parametrization;‌‌Bodas-Salcedo‌                                   

et‌‌al.,‌‌2019)‌‌and‌‌an‌‌overly‌‌strong‌‌net‌‌cloud‌‌radiative‌‌effect‌‌(Fig.‌‌S8);‌‌these‌‌biases‌‌contrast‌‌with‌‌its‌‌weak‌‌SO‌‌warm‌‌bias‌‌(Fig.‌‌                                             

315 S2)‌‌and‌‌point‌‌to‌‌some‌‌form‌‌of‌‌compensating‌‌errors‌‌(potentially‌‌due‌‌to‌‌the‌‌air–sea‌‌heat‌‌fluxes;‌‌Hayder‌‌et‌‌al.,‌‌2018;‌‌Williams‌‌                                         

et‌‌al.,‌‌2017)‌‌leading‌‌to‌‌reasonable‌‌surface‌‌temperatures.‌‌These‌‌results‌‌agree‌‌with‌‌previous‌‌studies‌‌relating‌‌the‌‌SO‌‌warm‌‌bias‌‌                                     

to‌‌the‌‌underestimation‌‌of‌‌the‌‌albedo‌‌of‌‌clouds‌‌(Bodas-Salcedo‌‌et‌‌al.,‌‌2012‌‌&‌‌2014).‌‌Associated‌‌with‌‌the‌‌SO‌‌warm‌‌bias,‌‌the‌‌                                         

LR‌ ‌coupled‌ ‌models‌ ‌also‌ ‌present‌ ‌a‌ ‌dry‌ ‌bias‌ ‌at‌ ‌mid-latitudes‌ ‌(Fig.‌ ‌2).‌ ‌Similarly,‌ ‌they‌ ‌exhibit‌ ‌an‌ ‌equatorward‌ ‌shift‌ ‌in‌ ‌the‌‌                                       

upper-level‌‌jet,‌‌even‌‌in‌‌models‌‌with‌‌a‌‌relatively‌‌small‌‌SO‌‌warm‌‌bias,‌‌with‌‌too‌‌weak‌‌zonal‌‌wind‌‌between‌‌the‌‌surface‌‌and‌‌the‌‌                                           

320 tropopause‌‌at‌‌around‌‌60°‌‌S‌‌and‌‌too‌‌strong‌‌zonal‌‌wind‌‌at‌‌upper-levels‌‌(~200–300‌‌hPa)‌‌to‌‌the‌‌equator‌‌(Fig.‌‌6),‌‌in‌‌agreement‌‌                                         

with‌ ‌previous‌ ‌studies‌ ‌(Ceppi‌ ‌et‌ ‌al.,‌ ‌2012).‌ ‌ 

Increased‌‌resolution‌‌has‌‌a‌‌mixed‌‌effect‌‌on‌‌the‌‌SO‌‌warm‌‌bias‌‌and,‌‌although‌‌it‌‌seems‌‌to‌‌worsen‌‌in‌‌the‌‌ensemble‌‌mean‌‌(Fig.‌‌1),‌‌                                             

this‌‌varies‌‌substantially‌‌across‌‌models‌‌(Fig.‌‌S2):‌‌the‌‌CNRM-CM6-1‌‌model‌‌experiences‌‌an‌‌improvement‌‌of‌‌a‌‌cold‌‌bias‌‌in‌‌the‌‌                                     

Weddell‌ ‌Sea,‌ ‌which‌ ‌turns‌ ‌slightly‌‌warm‌‌biased‌‌by‌‌about‌‌1–2‌‌°C;‌‌the‌‌EC-Earth3P‌‌warms‌‌along‌‌the‌‌Antarctic‌‌coast‌‌and‌‌its‌‌                                       

325 widespread‌‌SO‌‌warm‌‌bias‌‌persists‌‌at‌‌HR;‌‌the‌‌ECMWF-IFS‌‌model‌‌shows‌‌a‌‌worsening‌‌of‌‌its‌‌temperature‌‌bias‌‌by‌‌about‌‌1–2‌‌                                       

°C‌‌on‌‌average‌‌and‌‌very‌‌strongly‌‌in‌‌the‌‌Weddell‌‌Sea‌‌by‌‌more‌‌than‌‌5‌‌°C;‌‌the‌‌MPI-ESM1-2‌‌shows‌‌a‌‌1–2‌‌°C‌‌cooling‌‌of‌‌its‌‌SO,‌‌                                                 

which‌‌becomes‌‌cold‌‌biased,‌‌especially‌‌around‌‌the‌‌Antarctic‌‌Peninsula;‌‌and‌‌the‌‌HadGEM3-GC31‌‌model‌‌shows‌‌a‌‌reduction‌‌of‌‌                                 

its‌‌coastal‌‌cold‌‌bias,‌‌developing‌‌instead‌‌a‌‌more‌‌widespread‌‌1–2‌‌°C‌‌warm‌‌bias—although‌‌the‌‌cold‌‌bias‌‌over‌‌the‌‌Weddell‌‌Sea‌‌                                       

persists‌ ‌in‌‌the‌‌HadGEM3-GC31‌‌eddy-rich‌‌model.‌‌In‌‌contrast‌‌to‌‌temperature,‌‌biases‌‌in‌‌cloud‌‌cover‌‌and‌‌net‌‌cloud‌‌radiative‌‌                                   

330 effect‌‌remain‌‌relatively‌‌unchanged‌‌between‌‌LR‌‌and‌‌HR‌‌(Figs.‌‌4‌‌and‌‌5).‌‌Both‌‌the‌‌CNRM-CM6-1‌‌and‌‌MPI-ESM1-2‌‌models‌                                   

show‌‌a‌‌slight‌‌widespread‌‌reduction‌‌and‌‌increase‌‌of‌‌about‌‌5‌‌%‌‌in‌‌their‌‌cloud‌‌cover‌‌underestimation‌‌over‌‌the‌‌SO‌‌respectively,‌‌                                       

while‌ ‌the‌ ‌ECMWF-IFS‌ ‌and‌ ‌MPI-ESM1-2‌ ‌models‌ ‌present‌ ‌a‌ ‌small‌ ‌weakening‌‌and‌‌strengthening‌‌of‌‌about‌‌5‌‌Wm‌–2‌ ‌of‌‌their‌‌                                   

positive‌‌bias‌‌in‌‌net‌‌cloud‌‌radiative‌‌effect‌‌respectively‌‌(Figs.‌‌S5–S8).‌‌Given‌‌the‌‌small‌‌improvements‌‌in‌‌the‌‌biases‌‌in‌‌the‌‌cloud‌‌                                       

cover‌ ‌and‌ ‌net‌ ‌cloud‌ ‌radiative‌ ‌effect‌ ‌with‌ ‌resolution,‌‌the‌‌change‌‌in‌‌the‌‌temperature‌‌bias‌‌over‌‌the‌‌SO‌‌might‌‌be‌‌related‌‌to‌‌a‌‌                                           

335 change‌ ‌in‌ ‌the‌ ‌sensitivity‌‌of‌‌the‌‌HR‌‌coupled‌‌models‌‌to‌‌the‌‌similar‌‌cloud‌‌and‌‌radiation‌‌biases,‌‌or‌‌to‌‌development‌‌of‌‌further‌‌                                         

biases,‌ ‌for‌ ‌example,‌ ‌in‌ ‌the‌ ‌sea‌ ‌ice,‌ ‌mixed‌ ‌layer‌ ‌depth,‌ ‌air–sea‌ ‌heat‌ ‌fluxes,‌ ‌or‌ ‌the‌ ‌strength‌ ‌of‌ ‌the‌ ‌Antarctic‌ ‌Circumpolar‌‌                                       

Current‌‌(e.g.,‌‌Roberts‌‌C.D.‌‌et‌‌al.,‌‌2018b).‌‌The‌‌dry‌‌bias‌‌over‌‌the‌‌SO‌‌remains‌‌unchanged‌‌with‌‌increased‌‌resolution‌‌(Fig.‌‌2).‌‌In‌‌                                         

agreement‌‌with‌‌previous‌‌studies,‌‌there‌‌is‌‌no‌‌obvious‌‌linkage‌‌between‌‌the‌‌magnitude‌‌of‌‌the‌‌SO‌‌bias‌‌and‌‌the‌‌double‌‌ITCZ‌‌bias‌‌                                         

in‌‌the‌‌coupled‌‌LR‌‌and‌‌HR‌‌models‌‌(Hawcroft‌‌et‌‌al.,‌‌2017).‌‌Increased‌‌resolution‌‌deepens‌‌the‌‌magnitude‌‌of‌‌the‌‌zonal‌‌wind‌‌bias‌‌                                         

340 over‌ ‌the‌ ‌SH‌ ‌in‌ ‌all‌ ‌the‌ ‌models,‌ ‌although‌ ‌it‌ ‌has‌ ‌little‌ ‌impact‌ ‌on‌ ‌the‌ ‌overall‌ ‌pattern‌ ‌(Fig.‌ ‌6).‌ 
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As‌ ‌for‌ ‌the‌ ‌atmosphere-only‌ ‌models,‌ ‌temperature‌ ‌biases‌ ‌over‌ ‌most‌ ‌of‌ ‌the‌ ‌SO‌ ‌are‌ ‌negligible‌ ‌both‌ ‌at‌ ‌LR‌‌and‌‌HR‌‌(Fig.‌‌1).‌‌                                         

Nonetheless,‌‌the‌‌LR‌‌versions‌‌of‌‌the‌‌CNRM-CM6-1,‌‌EC-Earth3P,‌‌ECMWF-IFS,‌‌and‌‌MPI-ESM1-2‌‌models‌‌show‌‌a‌‌cold‌‌bias‌‌                               

of‌‌about‌‌2–4‌‌°C‌‌off‌‌the‌‌Antarctic‌‌coast‌‌that‌‌only‌‌in‌‌the‌‌CNRM-CM6-1‌‌is‌‌reduced‌‌by‌‌about‌‌1–2‌‌°C‌‌is‌‌reduced‌‌at‌‌HR‌‌(Fig.‌‌                                               

S1);‌‌this‌‌coastal‌‌cold‌‌bias‌‌might‌‌reflect‌‌an‌‌issue‌‌in‌‌the‌‌response‌‌of‌‌the‌‌lower‌‌atmosphere‌‌to‌‌the‌‌imposed‌‌sea‌‌ice‌‌field,‌‌perhaps‌‌                                             

345 related‌ ‌to‌ ‌assumed‌ ‌ice/snow‌ ‌thickness‌ ‌used‌ ‌in‌ ‌the‌ ‌land-surface‌ ‌scheme‌ ‌to‌ ‌calculate‌ ‌skin‌ ‌temperature‌ ‌over‌ ‌ice.‌ ‌Biases‌ ‌in‌‌                                   

precipitation,‌ ‌cloud‌ ‌cover,‌ ‌and‌ ‌cloud‌ ‌radiative‌ ‌effect‌ ‌are‌ ‌comparatively‌ ‌similar‌ ‌to‌ ‌those‌ ‌in‌ ‌the‌ ‌coupled‌‌models‌‌and‌‌show‌‌                                   

negligible‌‌improvements‌‌with‌‌resolution‌‌as‌‌well‌‌(Fig.‌‌2–5).‌‌Biases‌‌in‌‌the‌‌SH‌‌jet‌‌in‌‌atmosphere-only‌‌models‌‌are‌‌similar‌‌but‌‌of‌‌                                       

small‌ ‌amplitude‌ ‌to‌ ‌those‌ ‌in‌ ‌the‌ ‌coupled‌ ‌models‌ ‌(Fig.‌ ‌6).‌ ‌ 

5.2‌ ‌The‌ ‌North‌ ‌Atlantic‌ ‌ 

350 All‌ ‌the‌ ‌PRIMAVERA‌ ‌LR‌ ‌coupled‌ ‌models‌ ‌show‌ ‌a‌ ‌cold‌‌bias‌‌of‌‌about‌‌3–4‌‌°C‌‌in‌‌the‌‌central‌‌subpolar‌‌North‌‌Atlantic‌‌and‌‌a‌‌                                           

warm‌ ‌one‌ ‌of‌ ‌about‌ ‌1–2‌ ‌°C‌ ‌off‌ ‌the‌ ‌North‌ ‌American‌ ‌east‌ ‌coast‌ ‌(Figs.‌ ‌1,‌ ‌S2).‌ ‌These‌ ‌temperature‌ ‌biases‌ ‌are‌ ‌absent‌ ‌in‌ ‌the‌‌                                           

atmosphere-only‌ ‌models,‌ ‌which‌ ‌supports‌ ‌the‌ ‌notion‌ ‌that‌ ‌these‌ ‌are‌ ‌the‌ ‌result‌ ‌of‌ ‌the‌ ‌misrepresentation‌ ‌of‌‌the‌‌Gulf‌‌Stream‌‌                                   

separation‌ ‌and‌ ‌path‌ ‌by‌ ‌the‌ ‌ocean‌ ‌model.‌ ‌The‌ ‌cold‌ ‌bias‌ ‌is‌ ‌especially‌ ‌strong‌ ‌in‌‌the‌‌ECMWF-IFS‌‌model,‌‌where‌‌anomalies‌‌                                     

colder‌‌than‌‌−5‌‌°C‌‌cover‌‌the‌‌large‌‌areas‌‌of‌‌the‌‌subpolar‌‌North‌‌Atlantic‌‌and‌‌Nordic‌‌Seas‌‌(Fig.‌‌S2);‌‌this‌‌strong‌‌cold‌‌bias‌‌results‌‌                                             

355 from‌ ‌an‌ ‌unrealistically‌ ‌weak‌ ‌Atlantic‌ ‌meridional‌ ‌overturning‌ ‌circulation‌ ‌(AMOC)‌ ‌and‌ ‌related‌ ‌heat‌ ‌transport,‌ ‌potentially‌‌                           

related‌‌to‌‌the‌‌lack‌‌of‌‌re-tuning‌‌compared‌‌to‌‌its‌‌HR‌‌version‌‌(see‌‌Section‌‌2‌‌and‌‌Roberts‌‌C.D.‌‌et‌‌al.,‌‌2018b).‌‌The‌‌cold‌‌bias‌‌also‌‌                                               

extends‌ ‌northward‌ ‌into‌ ‌Arctic‌ ‌latitudes‌ ‌in‌ ‌the‌ ‌CNRM-CM6-1‌ ‌and‌ ‌HadGEM3-GC31‌ ‌models,‌ ‌which‌ ‌points‌ ‌to‌ ‌a‌‌                             

misrepresentation‌‌of‌‌the‌‌Arctic‌‌sea‌‌ice‌‌in‌‌addition‌‌to‌‌the‌‌Gulf‌‌Stream‌‌path.‌‌The‌‌cold‌‌bias‌‌over‌‌the‌‌subpolar‌‌North‌‌Atlantic‌‌is‌‌                                           

accompanied‌ ‌by‌ ‌a‌‌dry‌‌bias‌‌of‌‌about‌‌0.5–1‌‌mm d‌−1‌ ‌(Fig.‌‌2)‌‌and,‌‌in‌‌most‌‌cases,‌‌by‌‌a‌‌reduced‌‌cloud‌‌cover‌‌by‌‌about‌‌5–10‌‌%‌‌                                               

360 (Fig.‌ ‌4).‌ ‌The‌ ‌cold‌ ‌bias‌ ‌might‌ ‌also‌ ‌be‌ ‌related‌ ‌to‌ ‌the‌ ‌southward‌ ‌shifted‌ ‌jet‌ ‌in‌ ‌the‌ ‌NH‌ ‌in‌ ‌some‌ ‌models‌ ‌(Fig.‌ ‌6)‌ ‌due‌ ‌to‌ ‌a‌‌                                                 

southward‌‌shift‌‌in‌‌the‌‌maximum‌‌of‌‌the‌‌horizontal‌‌temperature‌‌gradient‌‌(not‌‌shown);‌‌however,‌‌the‌‌bias‌‌in‌‌the‌‌NH‌‌jet‌‌might‌‌                                       

also‌ ‌be‌ ‌related‌ ‌to‌ ‌a‌ ‌southward‌ ‌shift‌ ‌in‌ ‌the‌ ‌ITCZ/Hadley‌ ‌Circulation‌ ‌(especially‌ ‌in‌ ‌the‌ ‌Atlantic‌ ‌basin;‌ ‌Fig.‌ ‌2)‌ ‌and‌ ‌the‌‌                                       

associated‌ ‌intensification‌ ‌of‌ ‌the‌ ‌subtropical‌ ‌jet.‌ ‌ 

Increased‌‌model‌‌resolution‌‌reduces‌‌the‌‌magnitude‌‌of‌‌the‌‌cold‌‌bias‌‌by‌‌about‌‌2–3‌‌°C‌‌in‌‌the‌‌ensemble‌‌mean‌‌(Fig.‌‌1)‌‌and‌‌in‌‌all‌‌                                             

365 models‌ ‌but‌ ‌the‌ ‌MPI-ESM1-2‌ ‌model‌ ‌(Fig.‌ ‌S2).‌ ‌Both‌ ‌the‌ ‌MPI-ESM1-2‌ ‌LR‌‌and‌‌HR‌‌models‌‌use‌‌the‌‌same‌‌ocean‌‌resolution‌‌                                     

(0.4°;‌ ‌Table‌ ‌2)‌ ‌and‌ ‌present‌ ‌too‌ ‌zonal‌ ‌North‌ ‌Atlantic‌ ‌Current‌ ‌(Müller‌ ‌et‌ ‌al.,‌ ‌2018).‌ ‌Especially‌ ‌remarkable‌ ‌are‌ ‌the‌‌                                   

ECMWF-IFS‌‌and‌‌HadGEM3-GC31‌‌models,‌‌where‌‌the‌‌cold‌‌bias‌‌is‌‌strongly‌‌reduced‌‌(Fig.‌‌S2).‌‌In‌‌the‌‌ECMWF-IFS‌‌model,‌‌                                 

this‌ ‌results‌ ‌from‌‌a‌‌much‌‌more‌‌realistic‌‌AMOC‌‌heat‌‌transport‌‌and‌‌sea‌‌ice‌‌extent‌‌in‌‌the‌‌North‌‌Atlantic‌‌compared‌‌to‌‌the‌‌LR‌‌                                           

version‌ ‌(Roberts‌ ‌C.D.‌ ‌et‌ ‌al.,‌ ‌2018b).‌ ‌In‌ ‌the‌ ‌HadGEM3-GC31,‌ ‌on‌ ‌the‌ ‌other‌ ‌hand,‌ ‌the‌ ‌bias‌ ‌is‌ ‌reduced‌ ‌thanks‌ ‌to‌ ‌the‌‌                                       

370 improvement‌ ‌in‌ ‌the‌‌Gulf‌‌Stream/North‌‌Atlantic‌‌path‌‌with‌‌increased‌‌resolution‌‌(Roberts‌‌M.J.‌‌et‌‌al.,‌‌2019).‌‌The‌‌increase‌‌in‌‌                                   

ocean‌ ‌resolution‌ ‌from‌ ‌an‌ ‌eddy-present‌ ‌to‌ ‌an‌ ‌eddy-rich‌‌model‌‌leads‌‌to‌‌further‌‌improvement‌‌in‌‌the‌‌Gulf‌‌Stream‌‌separation‌‌                                   

(Moreno-Chamarro‌ ‌et‌ ‌al.,‌ ‌2021)‌ ‌and‌ ‌a‌ ‌reduced‌ ‌warm‌ ‌bias‌ ‌near‌ ‌the‌ ‌coast‌ ‌(Fig.‌ ‌S2;‌ ‌Roberts‌ ‌M.J.‌ ‌et‌ ‌al.,‌ ‌2019).‌ ‌ 
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In‌ ‌all‌ ‌the‌ ‌HR‌ ‌models,‌ ‌the‌ ‌cold‌ ‌bias‌ ‌over‌ ‌the‌ ‌subpolar‌ ‌North‌ ‌Atlantic‌ ‌is‌ ‌replaced‌ ‌by‌ ‌a‌‌warm‌‌bias‌‌of‌‌about‌‌2–3‌‌°C‌‌in‌‌the‌‌                                                 

Labrador‌‌Sea‌‌(Fig.‌‌1);‌‌this‌‌bias‌‌is‌‌likely‌‌related‌‌to‌‌a‌‌too‌‌strong‌‌heat‌‌transport‌‌by‌‌the‌‌North‌‌Atlantic‌‌circulation‌‌and‌‌a‌‌too‌‌low‌‌                                               

375 sea‌‌ice‌‌concentration‌‌(Roberts‌‌M.J.‌‌et‌‌al.,‌‌2020b),‌‌which‌‌in‌‌the‌‌NEMO‌‌models‌‌has‌‌been‌‌linked‌‌to‌‌a‌‌too‌‌strong‌‌ocean‌‌deep‌‌                                           

mixing‌‌in‌‌the‌‌Labrador‌‌Sea‌‌at‌‌the‌‌°0.25‌‌resolution‌‌(Koenigk‌‌et‌‌al.,‌‌2021).‌‌The‌‌warming‌‌of‌‌the‌‌entire‌‌subpolar‌‌North‌‌Atlantic‌‌                                         

is‌ ‌in‌ ‌fact‌ ‌one‌ ‌of‌ ‌the‌ ‌most‌ ‌remarkable‌ ‌differences‌ ‌due‌ ‌to‌ ‌increased‌ ‌resolution‌ ‌between‌ ‌LR‌ ‌and‌ ‌HR‌ ‌coupled‌ ‌models.‌ ‌ 

Other‌‌biases‌‌over‌‌the‌‌region‌‌also‌‌change‌‌with‌‌increased‌‌resolution:‌‌the‌‌dry‌‌bias‌‌over‌‌the‌‌subpolar‌‌North‌‌Atlantic‌‌is‌‌reduced‌‌                                       

(Fig.‌‌2),‌‌likely‌‌because‌‌of‌‌the‌‌surface‌‌warming;‌‌the‌‌cloud‌‌cover‌‌bias‌‌remains‌‌relatively‌‌unchanged‌‌(Fig.‌‌4);‌‌and‌‌the‌‌bias‌‌in‌‌                                         

380 the‌ ‌NH‌ ‌upper-troposphere‌ ‌jet‌ ‌deepens‌ ‌in‌ ‌most‌ ‌models‌ ‌(Fig.‌ ‌6),‌ ‌which‌ ‌might‌ ‌be‌ ‌related‌ ‌to‌ ‌an‌ ‌intensification‌ ‌in‌ ‌eddy‌‌                                     

momentum‌ ‌transfer‌ ‌to‌‌the‌‌jet‌‌due‌‌to‌‌resolution‌‌(Willison‌‌et‌‌al.,‌‌2013)‌‌and/or‌‌to‌‌the‌‌changes‌‌in‌‌the‌‌vertical‌‌structure‌‌of‌‌the‌‌                                           

temperature‌ ‌bias‌ ‌across‌ ‌models.‌ ‌ 

6‌ ‌Discussion‌ ‌and‌ ‌Conclusions‌ ‌ 

This‌ ‌paper‌ ‌examines‌ ‌whether‌ ‌increased‌ ‌horizontal‌ ‌resolution‌ ‌in‌ ‌five‌ ‌PRIMAVERA‌ ‌models‌ ‌improves‌ ‌four‌ ‌well-known,‌‌                           

385 long-standing‌‌climate‌‌biases.‌‌These‌‌biases‌‌are‌‌the‌‌warm‌‌eastern‌‌tropical‌‌regions,‌‌the‌‌double‌‌ITCZ,‌‌the‌‌warm‌‌Southern‌‌Ocean‌‌                                   

(SO),‌‌and‌‌the‌‌cold‌‌North‌‌Atlantic.‌‌The‌‌analysis‌‌also‌‌considers‌‌improvements‌‌in‌‌global‌‌biases.‌‌We‌‌compare‌‌atmosphere-only‌‌                                 

and‌ ‌fully‌ ‌coupled‌ ‌models‌ ‌to‌ ‌separate‌ ‌biases‌ ‌arising‌ ‌from‌ ‌poorly‌‌resolved‌‌atmosphere‌‌and‌‌ocean‌‌processes‌‌alone,‌‌or‌‌from‌‌                                   

atmosphere–ocean‌‌coupling.‌‌In‌‌most‌‌of‌‌the‌‌models,‌‌the‌‌increase‌‌in‌‌resolution‌‌in‌‌both‌‌the‌‌atmosphere‌‌and‌‌ocean‌‌goes‌‌from‌‌                                     

the‌‌traditional‌‌grid‌‌of‌‌~100‌‌km‌‌to‌‌one‌‌of‌‌25–50‌‌km.‌‌The‌‌analysis‌‌is‌‌expanded‌‌by‌‌including‌‌an‌‌eddy-rich‌‌global‌‌model‌‌at‌‌an‌‌                                             

390 1/12°‌ ‌ocean‌ ‌resolution.‌ ‌Models‌ ‌are‌ ‌compared‌ ‌to‌ ‌observations‌ ‌and‌ ‌a‌ ‌reanalysis‌ ‌for‌ ‌the‌ ‌period‌ ‌1980–2014.‌ ‌All‌ ‌the‌‌                                 

PRIMAVERA‌ ‌LR‌ ‌coupled‌ ‌models‌ ‌suffer‌ ‌from‌ ‌the‌ ‌above-mentioned‌ ‌biases,‌ ‌as‌ ‌in‌ ‌previous‌ ‌generation‌ ‌and‌ ‌contemporary‌‌                             

models‌ ‌(CMIP3/5/6;‌ ‌IPCC,‌ ‌2013;‌ ‌Wang‌ ‌et‌ ‌al.,‌ ‌2014;‌ ‌Tian‌ ‌and‌‌Dong,‌‌2020).‌‌Increased‌‌resolution‌‌alleviates‌‌some‌‌of‌‌their‌‌                                   

biases,‌‌both‌‌globally‌‌and‌‌regionally,‌‌yet‌‌only‌‌in‌‌a‌‌few‌‌models‌‌and‌‌not‌‌consistently.‌‌On‌‌average‌‌(i.e.,‌‌in‌‌the‌‌ensemble‌‌mean),‌‌                                         

the‌‌warm‌‌eastern‌‌tropical‌‌ocean,‌‌the‌‌double‌‌ITCZ,‌‌and‌‌the‌‌cold‌‌North‌‌Atlantic‌‌improve‌‌at‌‌higher‌‌resolutions,‌‌while‌‌the‌‌SO‌‌                                       

395 warm‌ ‌bias‌ ‌worsens‌ ‌or‌ ‌persists‌ ‌in‌ ‌some‌ ‌models,‌ ‌and‌‌a‌‌new‌‌warm‌‌bias‌‌emerges‌‌in‌‌the‌‌Labrador‌‌Sea‌‌in‌‌all‌‌the‌‌models‌‌as‌‌a‌‌                                               

result‌ ‌of‌ ‌excessive‌ ‌Atlantic‌ ‌ocean‌ ‌heat‌ ‌transport‌ ‌(Roberts‌ ‌M.J.‌ ‌et‌ ‌al.,‌ ‌2020b)‌ ‌and‌ ‌excessive‌ ‌ocean‌ ‌deep‌ ‌mixing‌ ‌in‌ ‌the‌‌                                     

Labrador‌‌Sea‌‌in‌‌NEMO‌‌models‌‌at‌‌a‌‌0.25°‌‌resolution‌‌(Koenigk‌‌et‌‌al.,‌‌2021).‌‌Despite‌‌some‌‌improvements,‌‌large‌‌biases‌‌remain‌‌                                     

at‌ ‌higher‌ ‌resolutions,‌ ‌especially‌ ‌in‌ ‌precipitation‌ ‌and‌ ‌cloud‌ ‌cover‌ ‌over‌ ‌the‌ ‌tropis‌‌and‌‌the‌‌upper-troposphere‌‌zonal‌‌wind‌‌at‌‌                                   

mid-latitudes,‌‌for‌‌which‌‌the‌‌benefit‌‌from‌‌resolution‌‌is‌‌rather‌‌modest.‌‌Our‌‌results‌‌are‌‌generally‌‌in‌‌line‌‌with‌‌previous‌‌modeling‌‌                                     

400 work‌‌suggesting‌‌improvements‌‌in‌‌biases‌‌due‌‌to‌‌increased‌‌resolution‌‌(e.g.,‌‌Mertens‌‌et‌‌al.,‌‌2014;‌‌Harlaß‌‌et‌‌al.,‌‌2018;‌‌Monerie‌‌                                     

et‌ ‌al.,‌ ‌2020)‌ ‌or‌ ‌not‌ ‌at‌ ‌all‌ ‌depending‌ ‌on‌ ‌the‌‌model‌‌and‌‌region‌‌(e.g.,‌‌Delworth‌‌et‌‌al.,‌‌2012;‌‌Menary‌‌et‌‌al.,‌‌2015;‌‌Raj‌‌et‌‌al.,‌‌                                                 

2019;‌ ‌Bador‌ ‌et‌ ‌al.,‌ ‌2020).‌ ‌The‌ ‌emergence‌ ‌of‌ ‌a‌ ‌consistent‌ ‌warm‌ ‌bias‌ ‌in‌ ‌the‌ ‌Labrador‌ ‌Sea‌ ‌at‌ ‌a‌ ‌high‌ ‌resolution‌ ‌poses‌ ‌the‌‌                                           

question‌‌of‌‌what‌‌new‌‌other‌‌biases‌‌might‌‌appear‌‌as‌‌resolution‌‌increases‌‌and‌‌highlights‌‌the‌‌difficult‌‌task‌‌of‌‌removing‌‌all‌‌biases‌‌                                       

in‌ ‌models.‌ ‌ 
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405 Yet‌‌the‌‌ensemble‌‌mean‌‌hides‌‌some‌‌important‌‌differences‌‌across‌‌the‌‌PRIMAVERA‌‌ensemble.‌‌Compared‌‌to‌‌the‌‌LR‌‌versions,‌‌                                 

the‌‌CNRM-CM6-1‌‌HR‌‌model‌‌shows‌‌modest‌‌improvements‌‌in‌‌most‌‌of‌‌its‌‌biases,‌‌although‌‌it‌‌still‌‌exhibits‌‌some‌‌of‌‌the‌‌largest‌‌                                       

biases‌‌in‌‌precipitation,‌‌cloud‌‌cover,‌‌net‌‌cloud‌‌radiative‌‌effect‌‌over‌‌the‌‌tropics,‌‌and‌‌zonal‌‌wind‌‌at‌‌SH‌‌mid-latitudes‌‌among‌‌the‌‌                                       

ensemble.‌‌The‌‌EC-Earth3P‌‌HR‌‌model‌‌improves‌‌slightly‌‌in‌‌the‌‌upwelling‌‌and‌‌subpolar‌‌North‌‌Atlantic‌‌regions‌‌but‌‌still‌‌shows‌‌                                   

large‌‌biases‌‌in‌‌tropical‌‌precipitation‌‌and‌‌a‌‌widespread‌‌SO‌‌warm‌‌bias.‌‌The‌‌ECMWF-IFS‌‌HR‌‌model,‌‌the‌‌one‌‌with‌‌the‌‌finest‌‌                                       

410 atmospheric‌ ‌nominal‌ ‌resolution‌ ‌(~40‌‌km;‌‌Table‌‌1),‌‌shows‌‌a‌‌big‌‌improvement‌‌in‌‌the‌‌North‌‌Atlantic‌‌cold‌‌bias‌‌because‌‌of‌‌a‌‌                                       

much‌‌more‌‌realistic‌‌Atlantic‌‌ocean‌‌heat‌‌transport‌‌compared‌‌to‌‌LR,‌‌and‌‌a‌‌modest‌‌improvement‌‌in‌‌the‌‌tropical‌‌precipitation‌‌                                   

and‌‌the‌‌eastern‌‌tropics;‌‌however,‌‌it‌‌also‌‌shows‌‌a‌‌worsening‌‌of‌‌the‌‌SO‌‌warm‌‌bias‌‌and‌‌no‌‌major‌‌changes‌‌in‌‌its‌‌global‌‌cloud‌‌                                             

cover‌‌biases.‌‌The‌‌HadGEM3-GC31‌‌model‌‌improves‌‌the‌‌most‌‌because‌‌all‌‌its‌‌biases‌‌except‌‌for‌‌the‌‌warm‌‌SO‌‌are‌‌reduced‌‌with‌‌                                       

increased‌ ‌resolution.‌ ‌This‌ ‌includes‌ ‌notable‌ ‌gains‌ ‌in‌ ‌the‌ ‌tropical‌ ‌south‌ ‌Atlantic‌ ‌upwelling‌ ‌region,‌ ‌with‌ ‌improved‌ ‌surface‌‌                               

415 temperature,‌‌cloud‌‌cover,‌‌and‌‌precipitation‌‌over‌‌the‌‌upwelling‌‌region,‌‌and‌‌in‌‌the‌‌North‌‌Atlantic,‌‌with‌‌a‌‌more‌‌realistic‌‌Gulf‌‌                                     

Stream‌ ‌path.‌ ‌The‌ ‌North‌ ‌Atlantic‌ ‌bias‌ ‌and‌ ‌the‌ ‌Gulf‌‌Stream‌‌separation‌‌improve‌‌even‌‌further‌‌in‌‌the‌‌HadGEM3-GC31‌‌at‌‌an‌‌                                     

eddy-rich‌ ‌ocean‌ ‌resolution‌ ‌(1/12°).‌ ‌Finally,‌ ‌the‌ ‌MPI-ESM1-2‌ ‌HR‌ ‌model‌ ‌improves‌ ‌in‌‌all‌‌the‌‌regions‌‌except‌‌for‌‌the‌‌North‌                                   

Atlantic,‌‌where‌‌the‌‌LR‌‌and‌‌HR,‌‌both‌‌with‌‌the‌‌same‌‌ocean‌‌resolution,‌‌suffer‌‌from‌‌a‌‌similar‌‌bias‌‌in‌‌the‌‌Gulf‌‌Stream.‌‌Its‌‌bias,‌‌                                             

however,‌ ‌also‌ ‌improves‌ ‌at‌ ‌an‌ ‌eddy-rich‌ ‌ocean‌ ‌resolution‌ ‌(Gutjahr‌ ‌et‌ ‌al.,‌ ‌2019).‌ ‌Overall,‌ ‌our‌ ‌analysis‌ ‌thus‌ ‌finds‌ ‌modest‌‌                                   

420 improvements‌‌or‌‌even‌‌bias‌‌degradation‌‌when‌‌the‌‌ocean‌‌resolution‌‌increases‌‌from‌‌1°‌‌to‌‌0.25°.‌‌Reaching‌‌an‌‌eddy-rich‌‌ocean‌‌                                   

resolution‌‌might‌‌therefore‌‌be‌‌necessary‌‌to‌‌improve‌‌some‌‌of‌‌the‌‌biases,‌‌for‌‌example,‌‌over‌‌the‌‌eastern‌‌tropical‌‌oceans‌‌and‌‌the‌‌                                       

North‌ ‌Atlantic,‌ ‌in‌ ‌agreement‌ ‌with‌ ‌previous‌ ‌studies‌ ‌(e.g.,‌ ‌Mertens‌ ‌et‌ ‌al.,‌ ‌2014;‌ ‌Xu‌ ‌et‌ ‌al.,‌ ‌2014b).‌ ‌ 

An‌ ‌increase‌ ‌in‌ ‌atmosphere‌ ‌resolution‌ ‌contributes‌ ‌to‌ ‌reducing‌ ‌the‌ ‌warm‌ ‌bias‌ ‌over‌ ‌the‌ ‌eastern‌ ‌tropical‌ ‌oceans‌ ‌in‌ ‌the‌‌                                   

HadGEM3-GC31‌ ‌and‌ ‌MPI-ESM1-2‌‌coupled‌‌models,‌‌potentially‌‌related‌‌to‌‌a‌‌more‌‌realistics‌‌coastal‌‌wind‌‌system‌‌(Small‌‌et‌‌                               

425 al.,‌ ‌2015;‌ ‌Milinski‌ ‌et‌ ‌al.,‌ ‌2016).‌ ‌The‌ ‌reduction‌‌in‌‌the‌‌surface‌‌warm‌‌bias,‌‌in‌‌turn,‌‌helps‌‌reduce‌‌the‌‌precipitation‌‌and‌‌cloud‌‌                                         

cover‌‌biases‌‌over‌‌the‌‌region.‌‌However,‌‌the‌‌increase‌‌in‌‌atmosphere‌‌resolution‌‌alone‌‌does‌‌not‌‌lead‌‌to‌‌improvements‌‌over‌‌most‌‌                                     

regions‌‌in‌‌the‌‌atmosphere-only‌‌models,‌‌which‌‌still‌‌show‌‌strong‌‌biases‌‌in‌‌tropical‌‌precipitation‌‌over‌‌the‌‌western‌‌ocean‌‌basins‌‌                                   

at‌‌HR.‌‌The‌‌atmosphere-only‌‌models‌‌also‌‌show‌‌biases‌‌in‌‌cloud‌‌cover‌‌and‌‌net‌‌cloud‌‌radiative‌‌effect‌‌over‌‌the‌‌whole‌‌tropics‌‌and‌‌                                         

in‌ ‌the‌ ‌zonal‌ ‌winds‌ ‌at‌ ‌mid-latitudes‌ ‌very‌ ‌similar‌ ‌to‌ ‌those‌ ‌in‌ ‌the‌ ‌coupled‌ ‌models‌ ‌both‌ ‌at‌ ‌LR‌ ‌and‌ ‌HR.‌ ‌Even‌ ‌though‌ ‌we‌‌                                           

430 acknowledge‌ ‌that‌ ‌our‌‌conclusions‌‌might‌‌be‌‌both‌‌model‌‌and‌‌region‌‌dependent,‌‌our‌‌analysis‌‌suggests‌‌that‌‌to‌‌remove‌‌model‌‌                                   

biases‌ ‌i)‌ ‌a‌ ‌refinement‌ ‌of‌ ‌the‌‌atmosphere‌‌resolution‌‌alone‌‌might‌‌not‌‌always‌‌be‌‌sufficient,‌‌and‌‌ii)‌‌reaching‌‌eddy-rich‌‌ocean‌‌                                     

resolutions‌ ‌might‌‌be‌‌needed.‌‌The‌‌increase‌‌in‌‌ocean‌‌resolution‌‌from‌‌eddy-parametrized‌‌(~100‌‌km)‌‌to‌‌eddy-permitting‌‌(~10‌‌                               

km)‌ ‌allows‌ ‌models‌ ‌to‌ ‌represent‌ ‌the‌ ‌first‌ ‌baroclinic‌ ‌Rossby‌ ‌radius‌‌and‌‌might‌‌therefore‌‌help‌‌improve‌‌the‌‌representation‌‌of‌‌                                   

small-scale‌ ‌dynamical‌ ‌processes‌ ‌and‌ ‌then‌ ‌biases.‌ ‌In‌ ‌contrast,‌ ‌equivalent‌ ‌phenomenta‌ ‌in‌ ‌the‌ ‌atmosphere‌ ‌are‌ ‌already‌ ‌well‌‌                               

435 resolved‌‌(the‌‌first‌‌Rossby‌‌radius‌‌at‌‌mid-latitude‌‌is‌‌about‌‌1000‌‌km,‌‌which‌‌corresponds‌‌with‌‌the‌‌synoptic‌‌scale).‌‌Many‌‌of‌‌the‌‌                                       

challenges‌‌of‌‌reducing‌‌atmospheric‌‌model‌‌biases‌‌are‌‌related‌‌to‌‌interactions‌‌between‌‌dynamics,‌‌radiation,‌‌and‌‌parameterized‌‌                             

(moist)‌‌physics‌‌(clouds,‌‌convection,‌‌radiation).‌‌These‌‌errors‌‌are‌‌much‌‌more‌‌difficult‌‌to‌‌address‌‌with‌‌increasing‌‌resolution‌‌as‌‌                                 

they‌‌are‌‌not‌‌obviously‌‌related‌‌to‌‌errors‌‌in‌‌grid-scale‌‌dynamics‌‌but‌‌in‌‌model‌‌physics‌‌(Kay‌‌et‌‌al.,‌‌2016;‌‌Varma‌‌et‌‌al.,‌‌2020).‌‌                                           
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Increased‌ ‌atmospheric‌ ‌resolution,‌ ‌nonetheless,‌ ‌does‌ ‌improve‌ ‌the‌ ‌representation‌ ‌of‌ ‌weather‌ ‌or‌ ‌extremes,‌ ‌as‌ ‌found,‌ ‌for‌‌                             

440 example,‌ ‌for‌ ‌tropical‌‌cyclones‌‌(Roberts‌‌M.J.‌‌et‌‌al.,‌‌2020a;‌‌Vidale‌‌et‌‌al.,‌‌2021;‌‌Zhang‌‌et‌‌al.,‌‌2021)‌‌and‌‌blocking‌‌frequency‌‌                                       

(Schiemann‌ ‌et‌ ‌al.,‌ ‌2020)‌ ‌in‌ ‌PRIMAVERA‌ ‌models‌ ‌as‌ ‌well‌ ‌as‌ ‌in‌ ‌numerical‌ ‌weather‌ ‌prediction‌ ‌systems‌ ‌(e.g.,‌ ‌Lean‌ ‌et‌‌al.,‌‌                                     

2008).‌‌ ‌  

In‌‌addition‌‌to‌‌increased‌‌resolution,‌‌improvements‌‌in‌‌model‌‌parametrizations‌‌and‌‌process‌‌representations,‌‌specific‌‌corrections‌‌                           

applied‌ ‌to‌ ‌models,‌ ‌additional‌ ‌tuning,‌ ‌and‌ ‌longer‌ ‌spin-ups‌ ‌might‌ ‌all‌‌be‌‌essential‌‌to‌‌help‌‌attenuate‌‌model‌‌biases.‌‌Improved‌‌                                   

445 cloud‌‌physics‌‌based‌‌on‌‌observational‌‌constraints,‌‌for‌‌example,‌‌can‌‌reduce‌‌the‌‌SO‌‌biases‌‌in‌‌the‌‌net‌‌cloud‌‌radiative‌‌effect‌‌by‌‌                                       

about‌‌4‌‌Wm‌–2‌ ‌and‌‌in‌‌the‌‌surface‌‌temperature‌‌by‌‌about‌‌1‌‌°C‌‌(Kay‌‌et‌‌al.,‌‌2016;‌‌Varma‌‌et‌‌al.,‌‌2020).‌‌Corrections‌‌to‌‌the‌‌North‌‌                                               

Atlantic‌‌Current‌‌flow‌‌and‌‌North‌‌Atlantic‌‌surface‌‌freshwater‌‌budget,‌‌on‌‌the‌‌other‌‌hand,‌‌can‌‌eliminate‌‌the‌‌cold‌‌North‌‌Atlantic‌‌                                     

bias‌ ‌entirely‌ ‌(Drews‌ ‌et‌ ‌al.,‌ ‌2015).‌‌Further‌‌model‌‌tuning‌‌and‌‌longer‌‌spin-ups‌‌are‌‌still‌‌to‌‌explore.‌‌No‌‌additional‌‌tuning‌‌was‌‌                                       

performed‌‌in‌‌the‌‌PRIMAVERA‌‌models‌‌with‌‌the‌‌change‌‌in‌‌resolution,‌‌in‌‌agreement‌‌with‌‌the‌‌HighResMIP‌‌protocol‌‌(Haarsma‌‌                                 

450 et‌‌al.,‌‌2016).‌‌The‌‌lack‌‌of‌‌re-tuning‌‌seems‌‌to‌‌have‌‌been‌‌critical‌‌for‌‌the‌‌ECMWF-IFS‌‌model‌‌especially,‌‌whose‌‌HR‌‌version‌‌was‌‌                                         

first‌ ‌developed‌ ‌and‌‌tuned‌‌and‌‌later‌‌reduced‌‌in‌‌resolution‌‌but‌‌not‌‌re-tuned‌‌(Section‌‌2‌‌and‌‌Roberts‌‌C.D.‌‌et‌‌al.,‌‌2018b).‌‌This‌‌                                         

process‌ ‌resulted‌ ‌in‌ ‌a‌ ‌large‌ ‌degradation‌ ‌of‌ ‌its‌ ‌AMOC,‌ ‌which‌ ‌is‌ ‌unrealistically‌ ‌weak,‌ ‌and‌ ‌North‌ ‌Atlantic‌‌cold‌‌bias—even‌‌                                   

though‌ ‌the‌ ‌LR‌ ‌version‌ ‌shows‌ ‌a‌ ‌weaker‌ ‌SO‌ ‌warm‌ ‌bias‌ ‌than‌ ‌the‌ ‌HR‌ ‌does‌ ‌(Fig.‌ ‌S2).‌ ‌With‌ ‌respect‌ ‌to‌ ‌longer‌‌spin-ups,‌‌the‌‌                                           

PRIMAVERA‌ ‌models‌ ‌also‌ ‌followed‌ ‌the‌ ‌HighResMIP‌ ‌protocol,‌ ‌which‌ ‌recommended‌ ‌a‌ ‌relatively‌ ‌short‌ ‌50-year‌ ‌spin-up‌‌                           

455 (Haarsma‌ ‌et‌ ‌al.,‌ ‌2016).‌ ‌In‌ ‌the‌ ‌HadGEM3-GC31‌ ‌LR‌ ‌coupled‌ ‌model,‌ ‌such‌‌a‌‌spin-up‌‌was‌‌found‌‌insufficient‌‌to‌‌stabilize‌‌its‌‌                                     

large-scale‌ ‌circulation‌ ‌and‌ ‌could‌‌therefore‌‌have‌‌contributed‌‌to‌‌accentuaning‌‌some‌‌of‌‌its‌‌biases‌‌(Roberts‌‌M.J.‌‌et‌‌al.,‌‌2019).‌‌                                   

Testing‌ ‌the‌ ‌benefit‌ ‌of‌ ‌model‌ ‌re-tuning‌ ‌and‌‌longer‌‌spin-ups‌‌would‌‌however‌‌be‌‌extremely‌‌time‌‌and‌‌resources‌‌consuming‌‌if‌‌                                   

performed‌‌following‌‌traditional‌‌approaches‌‌at‌‌the‌‌highest‌‌resolutions.‌‌Further‌‌bias‌‌reduction‌‌might‌‌be‌‌gained‌‌by‌‌using‌‌new‌‌                                 

convection-permitting‌ ‌climate‌ ‌models,‌ ‌as‌ ‌computing‌ ‌power‌ ‌increases‌ ‌with‌ ‌every‌ ‌new‌ ‌model‌ ‌generation‌ ‌(Klocke‌ ‌et‌ ‌al.,‌ ‌2017).‌ ‌ 

460 To‌‌summarize,‌‌our‌‌study‌‌finds‌‌limited‌‌benefit‌‌from‌‌increased‌‌resolution‌‌between‌‌the‌‌traditional‌‌~100‌‌km‌‌models‌‌and‌‌the‌‌~25‌‌                                     

km‌ ‌ones‌ ‌to‌‌reduce‌‌long-standing‌‌biases,‌‌based‌‌on‌‌an‌‌ensemble‌‌of‌‌high-resolution‌‌models‌‌developed‌‌for‌‌the‌‌PRIMAVERA‌‌                                 

project.‌‌At‌‌this‌‌resolution‌‌range,‌‌increased‌‌resolution‌‌in‌‌both‌‌the‌‌atmosphere‌‌and‌‌ocean‌‌can‌‌to‌‌some‌‌extent‌‌improve‌‌biases‌‌in‌‌                                       

the‌ ‌eastern‌ ‌tropical‌ ‌oceans,‌ ‌ITCZ,‌ ‌and‌ ‌North‌ ‌Atlantic,‌ ‌where‌ ‌further‌ ‌improvements‌ ‌can‌ ‌be‌ ‌gained‌‌by‌‌using‌‌an‌‌eddy-rich‌‌                                   

ocean‌ ‌model.‌ ‌In‌ ‌addition‌ ‌to‌ ‌increased‌ ‌resolution,‌‌we‌‌propose‌‌that‌‌future‌‌efforts‌‌should‌‌also‌‌be‌‌directed‌‌toward‌‌improving‌‌                                   

465 model‌ ‌physics‌ ‌and‌ ‌developing‌ ‌innovative‌ ‌high-resolution‌ ‌model‌ ‌tuning‌ ‌approaches‌ ‌for‌ ‌these‌ ‌resolutions.‌ ‌ 

‌ 

Code‌ ‌and‌ ‌data‌ ‌availability.‌ ‌‌The‌ ‌model‌ ‌data‌ ‌used‌ ‌in‌ ‌this‌ ‌work‌ ‌are‌ ‌available‌ ‌from‌ ‌ESGF‌‌                             

(‌https://esgf-index1.ceda.ac.uk/search/cmip6-ceda/‌)‌ ‌via‌ ‌the‌ ‌references‌ ‌provided‌‌in‌‌Section‌‌2.1.‌‌Freely‌‌available‌‌are‌‌data‌‌of‌‌                         

ERA-Interim‌ ‌at‌ ‌‌https://www.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/era-interim‌,‌ ‌GPCP‌ ‌at‌‌         

https://psl.noaa.gov/data/gridded/data.gpcp.html‌,‌ ‌ESA‌ ‌cloud‌ ‌cover‌ ‌at‌ ‌‌https://climate.esa.int/en/projects/cloud/data/‌,‌ ‌and‌‌             

470 CERES-EBAF‌ ‌at‌ ‌‌https://ceres.larc.nasa.gov/data/‌.‌ ‌Data‌ ‌and‌ ‌scripts‌ ‌to‌ ‌reproduce‌ ‌the‌ ‌figures‌ ‌can‌ ‌be‌ ‌obtained‌ ‌from‌‌                           

https://doi.org/10.5281/zenodo.5006136‌.‌ ‌ 
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Figure 1. (a) ERA-Interim near-surface (2 m) air temperature (SAT; in °C). (b) Left and middle: Multi-model ensemble 

mean bias in near-surface (2 m) air temperature (in °C) in the atmosphere-only (top) and coupled (bottom) simulations at 

low (left) and high (middle) resolutions. Biases are with respect to ERA-Interim (shown in a.). Stippling masks where at 

least four out of the five models agree on the anomaly sign. Right: Difference between the two resolutions. In all panels 

non-significant anomalies at the 5 % level (based on a two-tailed Student’s t test) are masked white. The Equator is a 

dashed line in all the panels.
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Figure 2. (a) GPCP precipitation rate (in mm d−1). (b) Multi-model ensemble mean bias in precipitation rate (in mm d−1) 

with respect to the GPCP precipitation at low and high resolution (left and middle) and differences between the two 

resolutions (right), as in Fig. 1.
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Figure 3. Zonally averaged precipitation rate (in mm d−1) in the tropics for the period 1980–2014 in the atmosphere-only 

(a,b) and coupled (c,d) models at low (a,c) and high (b,d) resolutions. In all the panels, the individual models are the 

colored, thin lines, the ensemble mean is the gray, thick line, and the GPCP dataset is the black, thick line. The 

HadGEM3-GC31-HH (orange line) is shown in d. only.
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Figure 4. (a) ESA CCI-CLOUD cover (in %). (b) Multi-model ensemble mean bias in net cloud cover (in %) with respect 

to ESA CCI-CLOUD at low and high resolution (left and middle) and differences between the two resolutions (right), as 

in Fig. 1.
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Figure 5. (a) CERES-EBAF net cloud radiative effect (in in Wm−2). (b) Multi-model ensemble mean bias in net cloud 

radiative effect (in Wm–2) with respect to CERES-EBAF at low and high resolution (left and middle) and differences 

between the two resolutions (right), as in Fig. 1.
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Figure 6. Multi-model ensemble mean bias in the zonally averaged zonal wind (in ms−1) with respect to ERA-Interim at 

low and high resolution (left and middle) and differences between the two resolutions (right), as in Fig. 1. Contours 

represent the ERA-Interim climatology (every 5 ms−1; negative values, which are for easterlies, are dashed lines, and 

positive values, for westerlies, are solid lines).
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