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Abstract. Differences between A.5K and a 2.K warmer climate thai850 preindustrialconditions are
investigated using a suite of uncoupled (AMIRjly coupled,and slaboceanexperimentgperformed with
NorESMZ1-Happi, a upgraded version of NorESM{. The data from theAMIP-type runs with prescribed
seasurface temperatureS$T9 and sedce were provided to amodel intercomparisoproject (HAPPI,

http://www.happimip.orgd/ This papecomparsthe AMIPresultsto thosefrom thefully coupledversionand

theslabocean version of the model (NorESMtappiSO)in whichSST and seme are allowed taespondo

thewarming, focusing oi\rctic amplification of the global change signal

Thefully coupled and thelabocearrunsgenerallyshowstronger responséhan the AMIPrunsin the warmer
worlds The Arctic polar amplification factor is strongar the fully coupled andslaboceanruns than in the
AMIP runs, bothin the 1.5K warmingrun and with the additional 0.& warming.The lowlevel equatoito-
pole temperature gradient consistently weakens imet@een the preseday and the 1.K warmer climate
in the experimerst with an active ocean componentThe magnitude of thepperlevel equatofto-pole
temperature gradieimicreassin a warmer climate, bus not systematically larger in the experiments veith
active ocean componenmplications for storntracks and blocking are investigatatle find considerable
reductions in the Arctic seae cover in theslaboceanmodelruns while icefree summers are rare under
1.5K warming, they occur 1% of the timein the 2.0K warmingsimulation The fully coupled model does

not however reach ieiee conditions as is too cold and has too much ice in the presky climate.

Differences between the experiments wittive ocearand sedce modek and those with prescribed SSTs
and sea icean ben partdue to ocean and s@&® feedbackshat are neglected in thatter case but can also

in part be due tdifferences irtheexperimental setip.
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1 Introduction

In The Paris Agreementhe parties to the United Nations Framework Convention on Climate Change
(UNFCCC) established aloniger m t emper at ure goal for climate pr
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global average temperatur@ well below 2°C above prendustrial levels andyrsuing efforts to limithe
temperature increase to 2 above prendustriallevels, recognising that thisonld significantly reduce the

ri sks and i mpacts of c |Thishadtriggeredtanmsidesable attanthdi f@@ imate2 0 1

modeling groups and researchers al{keg. Hulme, 2016; Peter2)16; Rogelj and Knutti, 2016; Mitchell et
al., 2016;Anderson and Nevins, 2016; Boucher et al., 2016; Schleussakr 2016and thespecial issue of

the electronic journdtarth System Dynaeg https://www.eartksystdynam.net/special_issue909.hnihe

Special Reportrom the Intergovernmental Panel on Climate Change (IR@Gpublishedin October2018
(http://www.ipcc.ch/report/sr1k/

In addressing differencesthe climatampacts of the 1.KX and 2K global warmingarges (we use the word
itarget so, al t h o udgobmor@ aoprecptheredrectworbdsi weakmessektiod available
climate projectiongrom the Coupled Model Intercomparison Proje€MIP) as reported in the assessment
reports from thdntergovernmental Panel on Climate CharftfgCCO). There is a smallbody of research
assessing impactf 1.5K warning compared tahat forhigher emissiorscenaris (Jamest al., 2017)The
CMIP simulationsare moreovergenerally designed on the basisdefvelopment scenaridkat give rise to
certain top-of-themodetatmosphere (TOAYadiative forcing, rather than selected temperature targets.
Becausdlifferent modelssimulatedifferent responseof global, neaisurface temperatur® a givenTOA
radiative forcing new types of modedimulationsare necessary to praléa scientificallybased evaluation of

climate statistics for specific temperature targets.

Under the acronymHAPPI (Half a degreeAdditional warming, Prognosis andProjected Impacts
http://www.happimip.org/ Mitchell et al. (2017providedan experimentairameworkfor model simulations

of the presentlay (PD) climate and climates that are K5and 2.0K warmer than the primdustrial. The
experimentsare similar to those under tigmospheric Modelntercomparison ProjeqtAMIP) protocol
employing active atmosphere and land components fromdadt#te-art coupledarth System Model€EM9
and pescribed seaurfacetemperature¢SST)and sea iceA multi-model ensemble with several hundred
membersvas produced, enabilg robuststatisticsfor flow changesand rareevents(e.g.Baker et al., 2018;
Barcikowska et al., 2018&; et al., 2018Liu et al., 2018 Senerivatne et al., 2018/ehner et al., 2018).

Warming of1.5K and 2.0 Khas also been investigated in futtpupled models. Sanderson et al. (2017)
developed and applied an emulator to arrive at forcing scerhabgould producglobal warming ofL.5K
and 2K above prandustrial levels ithe Community Brth SystemModelversion 1 (CESM; Hurrell et al.,
2013) Sigmond et al. (2018) created scenarios by first runningepeesentative concentration pathway

scenario corresponding to an increased radiative forcing a¥8r& by the end of the Zicentury(RCP8.5;

2
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van Vwren et al., 2011) anthen branching ofthe 1.5K and 2.0K warming experiment when the near
surface temperature warming was K.and 2.0K relative to preindustrial conditions, setting thremissions
of anthropogenic C@and aerosalto zeroin the Camadian Earth System Model version 2 (CanESMB)th
Sanderson et al. and Sigmond etcakried out centurgcale ensemble simulatiar@ne striking result from
these studesis the strong increase ihe probability of having an icdree Arctic Ocean ithe summer with
the additional 0.KK warming (the differenceetweerthe 1.5K and 2K warmingscenarios) This aspect of
the response tthe 1.5K and 2.0K warmingis not evidentn the HAPPI experimentdecause theea ice is
prescribedbut will be futheraddressed in the present paper.

We use variougsonfigurations ofhe Norwegian Earth System MogdRlorESM1Happi, which is an upgraded
version of theNorESM1-M used in CMIPSBentsen et al., 2013; Iversen et al., 2Ki8kevag et al., 2013)
The upgrades includelouble horizontal resolution and improved treatment of sea ice. The model was
previously run in AMIP mode(NorESMXHappiAMIP) to contribute a large ensemble of simulations to
HAPPI.In order to study the role tdieocean and sdae, we here provide fully coupled simulations targeting
guasisustainedglobal warminglevels of 1.5 K and 2K above pre-industrial levels The forcings are
constructed on the basistbbse fromthe RCPs corresponding to an increased radiative forcing o2 162
and 4.5W m2 by the end of the Zicentury (RCP2.6 and RCP4,%ut with important changee the time
evolution of the C@concentrationsWe alsouse a configuration where the full ocean model is replaced by
thermodynamic slabcean (SO) modeNorESMXHappiSQ. This configurationis an intermediat®ption
between the fully coupled and the AMIP configuratioagpliedin order to partly correct for temperature
biases irthefully coupledsimulations but still allowing for SST and se&e feedbacks

The roleof Arctic amplification for specificwarminglevels (Arrhenius, 1896Manabe and Stouffer, 1980
Holland and Bitz, 2003FddI et al., 201Y is relevantfor the consequences of tHearis greementThis is
primarily due tothe associatedh-situ changein the seaice andsnowcover, but also due tohe potential
triggeling of irreversible feedbacks Other important feedbacks includdanges inmid-latitude weather
patternsand variability(Francis and Vavrus, 2012; Scresamd Simmonds, 2013; Cohen et al., 208dreen,

2014 Barnes and Polvani, 20;1Screen and Francis, 2016; Screen, 2017a,b; Vihma, 2017; Screen et al., 2018;
Cournou et al., 2018

Arctic amplification ispredominantly driven by a positive regional lapate feedback (negative at lower
latitudes)in winter, and a positive albedo feedbacksummerWinton, 2006; Pithan and Mauritsen, 2014
While the amplitude and pattewf Arctic amplificationvariesbegween modelsit is nevertheless a robust
responseio global warming Even the remotg localized forcing caused by reduced European sulphate
aerosols since the 198produces maximurwarming in the Arctic (Acosta Navarro et al., 2018hder the
CMIP6 prdocol, a Polar Amplification Model Intercomparison Project (PAMIP) is endorsed (Smith et al.,
2018).
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In this paper, wdocus onthe Northern Hemisphere (NHjlimate responsto global warmingof 1.5K and

2 K abovepreindustriallevelsin the NorESM andon howthe response differs depending on whether the
model is run with fixed SSTs and sea ice (as in HAPPI) or with active ocean aicg seadelsWe study
changes irrctic amplification,Arctic sea ice, meridional temperature contréstslifferentheights, and the
storm tracks. We also consider blocking, althoitghepresentation irathercoarsaesolution climate models
is known to be of mixed quality (Dawson et al .,

Section2 provides an overviewof the NorESM1Happiandits SOversion NorESMAHappiSQ along with a
summary othedifferencedetween NorESMHappi andts predecessddorESM1M. The 1.5 K and 2.0 K
warming scenarios are described in S8cResultsarepresented in Secdi 7. A summary and discussios
givenat theendin Sect.8. A Supplement to the papeontains an extensive validation of NorESMappi in
line with the CMIP5 protocol.

2 The model

In this section, wegjive a brief overview of th&ully coupledNorESMX-Happi, which isan upgraded version
of NorESMIM used for CMIP5A more exhaustiveverviewof the NorESM1M is given in Bentsen et al.
(2013), Iversen et al. (201,3)nd Kirkevag et al. (2013).

NorESMZ1:M is based on the fourth version of the Community Climate System Model (CCSM4) developed in
the Community Earth System Model projecttat US National Center for Atmospheric Research (NCAR) in

collaboration with many partners (Gent et al., 2011).

The atmosphercomponenbf the NorESMIM andNorESM1-Happiist h e @iversidn otheCCS M4 6 s
Community Atmosphere Modekrsion4 (CAM4-Oslo). It is based on the CAMfNeale et al., 2010; Neale
et al, 2014) but is extended with an eline aerosol module for aerosol lifecycle calculations and aerosol

cloudradiation interactios(Kirkevag et al.2013).

The ocean amponenis an elaborated version of the Miami Isopycnic Community Ocean Model (MICOM)
This is an entirely different ocean component than the one used in the CTI&VMICOM version used in
the NorESM1IM and-Happihasbeenadapted for mulicenturysimulations in coupled mode (Assmann et al.,
2010; Ottera et al., 201@)nd includes several exwanscompared tdhe original MICOM(Bentsen et al.
2013)

The land and se&e component anthe couplerare thesame as in thECSM4. The land componeist the
fourth version of the Community Land Model (CLM®leson et al., 201Q;awrence et al., 2011ncluding
the SNow, ICe, and Aerosol Radiative model (SNICAR; Flanner and Zender, Z0@&edace component
is thefourth version othe Los Alamos Sedce Model (CICH; Gent et al., 2011; Holland et al., 201Zhe
coupler is theversion 7 couple¢CPL7. Craig et al., 2012)



10

15

20

25

30

The ocean and séee components dflorESM1-M and NorESM1Happiwere run withthe standard CCSM4
land mask andcean gridthe gx1v6)with 1.12% resolution along the equatandwith the NH grid singularity
located over Greenlan@he atmosphere compone@AM4-Oslo, was run witha horizontal resolution of
0.92 latitude by 1.25longitude(in short: 2 resolution)in NorESMXHappiandthedoubleof themeshwidth
(2° resolution)in NorESMXM. In both versions, CAMOslo has 2eybrid sigmapressure levelin the
verticaland a model top &194hPa The land compone@LM4 employs the same horizontald as CAM4
Oslo, except for the river transport model which isfigured on its own grid with a horizontal resolution of
0.5’ in bothmodelversions

Differences between NorESMHappi and NorESMM include finer horizontal resolution in the atmosphere
and land as described above, but alstew upgradesn the oceansea ice and atmosphere componerits.
NorESMZ1-Happi, inertial-gravity waves are damped in shallegeanregionsin orderto remove spudus
oceanic variability in higHatitude shelfregions(Seland and Debernard, 2017Fhe albedo ofvet snowon
saiceisreducediy increasing thassumedvet snow grain size and by allowing a more rapid metamorphosis
from dry to wet snowThis affects the Arcticea icemore than the Antarctisea ice since the latter is less

frequently influenced by mild and humid é8eland and Debernard, 2014)

In the atmosphere, amror in the aerosdife-cycle scheme (Kirkevag et al., 2013) was found and rectified,
resulting infaster condensation of secondary -ghasematter on preexisting particlesThe changes in
atmospheric residence time of aerosmsnpared tdNorESML1M are minor, except for the reductions for
black carbon (BC) and organic matter due to more efficiehdeposition.This mainly affecs the uppesair

BC concentrationsHig. SL in the SupplemeftSamset et al. (2013) and Allen and Landuyt (2014) indicated
that NorESM1IM has too high upperair concentrations oBC aerosols. This could cause overestimated
absorption of solar radiation, suppressed upasl cloudiness, and exaggerated static stafiityhasminor
impacts on surface temperatures, surface energy fluxes, aneleuatial variability associated with the deep
oceans (Sand et al., 2015; Stjern et al., 2014 the extent that thebservations fronthe HIPPGcampaign
(Schwarz et al., 2013rerepresentative for the vertical distribution of BC in general NbeEESM1-Happi

still mixes the BC too high um the troposphereA comprehensive discussion of the aerosola recently
updatedNorESMversion (NorESM1.2js given inKirkevag et al(2018.

2.1 Emulating the oceanic response with a slab-ocean model

NorESM1-HappiSO, the S@slabocean)model version of the NorESMilappi, has the same atmosphere,
land, and se&ce componentsand coupler as thiilly coupled model. The ocean componenthewever
replaced by &0 model, which ia simplified 2-dimersional ocean model that represents a wakedlayer

immediately below the ocean surface
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A SOmodeldoes notalculat
layer asa single layer which

governed by the equation

ethe ocean circulatiomndassociatedluxes, buttreatsthe upperceanmixed

buffers hefltixes through the ocean surfateatis,a t h er modawn a mi ¢

"o — O § |7 QY Y jt (1)

where’Q s the thicknes®f

the slabwhich varies in space ot in time,” andw are the density and

specific heat capacity of the semater,”Y is the mixedlayer temperaturéO is the net input of heat

through the ocean surface fr

om the atmospherseaiteandd is the net diergence of heat not accounted

for by the explicit processeshich areneeded to maintain a stable climatg#h a predefined geographical

distribution of SSTThe last term on the riglitand sidds a restoring term thatan depending on the value

o f bdlused to relax tHey

field toward an externally imposeéemperaturdield Y whenestimatng

0 . tis theprescribed timescale fortheadjustmentFor free SO runs Tt

The realism of the SO model climate depends onthove prescribedln Bitz et al (2012) 0 is calculated

using’Q ,"Y ,and’O from afully coupledstable control simulatigrsetting 1. Both ™Q and"Y

shouldrepresent an assumeell-mixed layer in the vertical. Withmeannual mean (but still spatially variable)

mixed-layerthicknessit is qu
2012) This method giveame

ite straigtforwardto obtainbalancewith the annual cycle of heéBitz et al,
an SST distributiofrom the SO model whicis very similar to, and consistent

with, the climate of the fullicoupled model whethe external forcing is unchangeHere, this method has

been used when estimating tequilibrium climate sensitivity (ECSjpr runs with abupt CQ doubling

Y'Y o8& K)and CQqu

adrupling(Y'Y o0& 1K), giving aglobakmeanchange in the equilibrium

nearsurface temperaturé¥'Y ) of 3.34K (the average o¥'Y and Y'Y ¥¢) for doubling of the

atmosphericCO, concentrationgTable S}. The0 used in these experiments was diagnosed from the 1850

fully coupledpiControl experimenwith NorESMXIHappi (Sect2.2), and kept constant in the different SO

runs.

Here, he primary purpose of

running NorESMHappiSO s to carry out simulationthat are similar to the

AMIP simulationsperformedfor the HAPPI projectbut where the sea ice is free to respond to the imposed

warming One drawbek witht

hemethodof Bitz et al. (2012Jor quantifyingd is thatbiases in SST aritie

mean climate from the fullgoupled model i@ reflectedin the SO modelThis makescomparison withthe

AMIP experiments where thePD SSTs and seice cover are determined from observatiordifficult.

Therefore, as an alternative, we use a restoring method similar to Williams et al. (2001) and Knutson (2003),

where a separate calibration run of the i8@delis doneby setting 1 in Eg.1. The externally imposed

temperaturdield, "Y , isvalid for some specific pericahd can be based observatios or modeloutput

After this run, the new is defined by adding the monthly climatology of the restoring flux t@thesed in

the calibration run. Then, w

climatewhich isclose tahe™Y

hen used in a free SO settifg 1), the newd ensures a modelléy

field imposed during the calibratioNote thatm the versions of NorESM

6
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considered herghe mixed layer temperatuf¥ is equvalent to the SST fieldTherefore, we can use

observed SST as the imposed external field during the calibration phase.

We havekept the seaice model free without any restoring or constraints to observed fields during the
calibration. This increases the realism of thedcean heat fluxes going int® , and ensures consistent
changes in sei@e mass and energgs in Bitz et al. (2012)the sedce in the SO setip employs the full
CICE4 dynamic and thermodynamic model, which is the sartteaaissed in the full}coupled NorESMIM

and NorESM1Happi. However, some tuning of snow albedo over sea gladem done to increase the realism

of seaice extent undePD conditions when using the restoring method for specifyingSee sectio.3 for

more details on the experimental-set

2.2 Qualifying NorESM1-Happi: CMIP5 experiments

We performed a full range of CMIP5 experiments wtith fully coupledNorESM1-Happi to document the
performance of the modelnd to obtain valid historical and RCP8.5 runs forftitlg coupledPD experiment
(Sect.3.2). TheCMIP5 experiments are summarized in Table S1. Theigaif the simulations follows that
of the original CMIP5 simulations with NorESM (Bentsn et al., 2013; Iversen et al., 2013; Kirkevag et
al., 2013).

The NorESM1Happiwith 1° resolutionwas spun up for 1850 conditions over 300 years, starting from model
year 600 of the NorESMM spin-up with 2° resolution atmosphere and land. The oceatsaa icevere in

both cases run with “Lresolution.The pre-industrial control experiment (piContral)as started from the end

of the spinup, in model year 900. Théatee historical experimentgerestaredfrom thepiControlin model
years 30 (Hist1), 960 (Hist2) and 990 (Hist3hat is, from three representations of the climate state in year
1850 The three RCP8.5 experiments were started from the three historical experiments in yeEm&diite
upgradeswere introduced during the spimp period while the bugfix in theaerosolscheme was introduced

at the beginning of the piControl experiment, causing some adjustments over the first few years.

Here we briefly summarize the extensive model validation of NorEBE{dpi against NorESMM,
observationsand reanalysis given ByablesS1i S7andFig. S1i S15 The pControl simulatiorfor NorESME
Happiis considerably more stable thdratfor NorESM1M, mainly because the control run started from a
state closer to equilibrium. The NorESNihppi piControl experiment alsteviates lessfrom the World
Ocean Atlas of 200@.ocarnini et al., 2010; Antonov et al., 201Ban NorESMIM. The incresed horizontal
resolutionresults inreduced cloudiness in NorESMHappi (compared to NorESMM), and along with this

a cold bias, a faster atmospheric cycling of fresh water, and overestimated precipitation (labéls4 and
Fig. S5). The atmospheti residence timeand oceasto-continent transportof watervapour appears
satisfactory (Table S6Also, the thermohaline forcing of thitlantic Meridional Ovelturning Circulation
(AMOC) has strengthened, and is probably too strong &id).
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NorESM1-Happi has a better representationsef ice (Table S5 and Fig4), improved NH extratropical

cycloneactivity (Fig. S11)and blocking activityFig. S12) and a fair representation of the Madderian

oscillation(Fig. S10) The amplitude atheEl Nifio-Southern Oscillation (RSO) signals is reduced and is too

small, although the frequency is improvédlg. S13) NorESMI-Happihas lower climate sensitivit{3.34 K
at CQ doubling)thanNorESM1XM (3.50 K) and slightlyhigher climate sensitivty than CCSM4 (3.20 K;
Table S7). The lapsste, albedo, and to a smaller extent the shaxte water vapour feedback®ntribute

to Arctic amplification in both model versions (Fig. S15).

3 Thelb5Kand 2.0 Kwarming scenarios

3.1 The AMIP experiments

The

AAMI P experi ment s dorESMEHappilfiootbeemodeiateréompanisendoroject t h

HAPPI. The target of the experiments is to investigtte regional impacts oflobal warming under

stabilisation scenariothat are 1.5 and 2.0K warmerthan the 1850 climatélhe three large ensemble

experiments are: theD climate(for years2006 2015), a climate that 55 K warmer than the primdustrial
(1850) climate, and a climate that is K@varmer. We refer to these as the AMIP, the AMIR15, and the

AMIP-20 experimentsrespectively

Designing a coupled model experimental protocollf&K and 20 K warming targets requires determining

forcing conditions thawvill produce the target globathean temperature changadothercharactestics of

the warmeclimate stateThe same forcing conditions mdyowever produce different temperature responses

in different models. The CMIP5 modelfor instance display considerable spread in the nreanface

temperature responger RCP2.6. While the oiti-model mean response is very close tok2.@he spread

across the 9%% range is approximately 1k5(see Fig. 2 in Mitchell et al., 2017). Fully coupled models are

moreover computationally expensive because they recgiivieiriesor longer toapproat new equilibria after

sustainedshiftsin the TOA radiation balance.

The experiments in the HAPPI project were therefore run with prescribed SSTs and sea ice. This constrains

the climate state and makes it computationally feasible to run large ensefii#esxperimental setp

resembles the AMIP protocol, thus we refer to the version of NorE3afipi that follows the HAPPI protocol
asNorESM1-HappiAMIP.

The construction of the input data e HAPPIl experiments is describea detailby Mitchell et al.(2017).

The main points are listed below:

1

In theAMIP-PD experimenttheSST and se&efieldsare based on observations (Taylor et al., 2012).
Anthropogenicgreenhouse ga¢GHG) concentrations iicluding CO,, CHs;, N.O, and CFCxg

emissions of aeroso#d theiprecursors, ozone concentratipasd laneusechangesretaken from
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RCP8.5 for years 2008015, as it is common procedure to use RCP8.5 to extend the historical period
beyond 200%van Vuuren et al., 2011

1 Inthe AMIP-15 experimentanthropogenic GHG arakoneconcentrationdanduse and aerosaiiata
are takerfrom RCP2.6 for year 2099 he SSTincrease relative to PD is the TRH multimodel
mean difference between years 202100 from RCP2.6 and 2008015 from RCP8.5. Natural
forcings are as foAMIP-PD. Seace concentrations are estimafeom a linear regression between
observed anomalies of SST and sea ice (see Mitchell et al., 2017 p. 575 for details).

1 In the AMIP-20 experiment, the SSand sedce concentrationlifferences are derived in a similar
way, but using a weighted mean between RCP2.6 and RCP4.5 (0.41 for RCP2.6 and 0.59 for RCP4.5).
The same weights are used for g&@ssuming a logarithmic relation). All other forcings are as for
AMIP-15.

The HAPPI experimentglrotocol does notaver seaice thicknessAs is standard in NorESM, tteeaice
thickess isheld fixed at 2 m in the NH and 1 m in the Southern Hemisphere (SH).

The NorESM1HappiAMIP datasetincludes125 ensemble membersr each experimengachof length
10vyears (after a-year spirup which is discarded from the analysigiving 3750 years of datalro allow for
dynamical downscalindnigh temporal resolutiooutput from 25memberf each experimentasgstored The
datais available for download dtttp://portal.nersc.gov/c20c/data.html

3.2 The fully coupled (CPL) experiments

One shortcoming of the AMHB/pe simulations is thathile theycalculatethe effecs of prescribed changes

in the ocean andeaice on the atmosphere, they cannot calculate how these atmospheric changes may feed
back on the ocean and sea ite investigate the effegbf havingocean and seiae componentshat are free

to respondo changes and variability in other parts loé tlimate systepnwe haveconductedully coupled
experiments with NorESMHappi that target.5K and 2.(K warmingcompared to préindustrial temperature
levels(CPL-15 and CPE20). The forcingdatain these experiments are based R&P2.6 and RCP4.Fhe
emissions ofinthropogenic aerosols and aerosol prexgydanduse changes, and concentrations of GHGs
apart from CQ follow those in RCP2.6. Thus, we have chosen to mimic the evolution towards the two

temperature targets by manipulating the prescrifimeevolution ofthe CQ concentration (Figl).

It should be made clear that other temperature evolutions are possible by alternative combinationg of forcin
data, but an adequate discussion of this is far beyond the scope of the present paper. Furthermore, it is
impossible in practice to constrain atmospheric concentrations directly. Atmospheric concentration levels
result from the combination of emissionsdaremoval processes, some of which are controllable in practice.

We emphasize that because the; @ONorESMXHappi is concentratiedriven, and not emissiedriven as

in Sigmond et al. (2018), switching off the anthropogenic €dissions to create stabilized scenaviith

this modeljs impossible.
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The constructedscenarios were inspired by those in HAPPI, with the -@Plbeing based on RCP2.6 and
CPL-20 being based on a combination of RCP2.6 and RCPHedetails of thecenarios were determined
through an iterative triganderror process. Althoughlsoinspired by the much more sophisticated method by
Sanderson et al. (2017), we simply ran the modelifdrceénturies based on a few constructed time profiles of
CO; concettrations. The results in this paper are taken fitoenversion thatvas most successful in hitting the

two temperature targets.

In CPL-15, theCO; concentration follows RCP2.6 from year 2000 to year 2095, after which it stays constant
until year 2170 andthen decrease®llowing the pattern assumed the originalRCP2.6 from year 2095
onwards Thusthe decrease is delayed 75 years compared to RCR2GPL-20, the CQ concentration
follows RCP4.5 from year 2000 to year 2050, then stays constant umt? @ after which itdecays in the

same fashion as CPL5, butstartsfrom the higher concentration level

The fully coupledPD (CPL-PD) climate is represented by the-y3far time period 1992020 using output
from CMIP5 experiments carried out with NorESMaAppi. We use the period 192005 from three
individual simulations of the historical climate (Histl, Hist2, and Hist¢&Sect.2.2or Table S} and extend
them with years 200&020 from three individual simulations of RCP83&¢t.2.2). Thus, CPEPD, CPL-15,
and CPL20 are all sampled by 90 years of simulations with the fully coupled NorE:&ppi.

The scenario runs CP15 and CPLE20 both start from simulation year 2005 of Histl experiment-igure 2
shows the change in nesurface temperature for Histl (182005) and forthe CPL-15 and CPE20
experiments (200&230) relative to the prmdustrial climatecalculated under constant driving conditions
valid for year 1850tfiepiControlexperiment, see Se@.2or Table S1) The globalmean temperature warms
rapidly between years 1960 and 2050, then the response flattens out over the next 1B0wieatrollows,
we study results from the 9@ar periods 2112200 for which the mean temjpadure increase in CP15 and
CPL-20is1.51 K and 1.97 K relative to piedustrial conditions anf.69K and 1.1 relative to CPLPD
(see discussion dfable3in Sect4.1).

The experiments are, however, not entirely stabilized. By the end of theeRfury, both CP{15 and CPL
20 still have a positive radiative imbalance at the top of the model atmosphere @whah2, not shown)
and a positive heat flux into the ocean at depths below2(Fdg. 3). The net heat uptake in the upper ocean

is, however, small at that point. The AMOC decreases with time over the first 100 years and is relatively stable

over the last 150 years (Fid).

Our fully coupledexperiments differ from those in Sanderson et al. (2@bd) in Sigmond et al. (2018).
Sanderson et afirst used a climate emulator to construct concentrateemarios,and then used these
scenarios to produce stabilized K&nd 2.0K warming experimentwith the CESM1Sigmond et al. (2018)
branched the warming experiments off from RCP8.5, settingrtiigsions oanthropogenic C&and aerosal

to zeroin the CanESM2The simulations presented in this sty far from reaching equilibrated climate
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states, but are quasiable over 9§ear periods aftest spirup of 100 years fronPD. Full equilibration over

several centuries is likely toquiuce different climate states (Gillet et al., 2011).

3.3 The slab-ocean experiments

While results fronthe coupled simulations above will help us understand hoW &rkl 2.0K warming might
manifest in theully coupledearth system, CRIL5 and CPL20 are not stabilized scenarios like the AMIP
experimentsMoreover, Fig5 shows that th&ully coupledPD experinents(panels a, d, g, andgkhibitlarger
biases than the AMIBxperimentgpanels c, f, i, and lelative to ERAInterim (Dee et al., 20111 all seasons.
Prescribing the SSTs and sea iceoliservationallybased fieldsconstrais the climate in the MIP-PD
experiments, yielding smaller biagaghe simulated climatd o be able to examine 1k5and 2.0K warming
experiments in a model which has smaller biases, but where the sea i88Ts aralso free to respond, we
have designed 80 configurationof NorESMX:Happi,NorESMXIHappiSO(see Sec2.1for details).

We have conducted freenning SO experiments for the PD climate {8D), andfor climates that are 1%

and 2.0K warmer than the primdustrial (SQ15 and SGR0). The SO model has been calibrated to mimic the
three HAPPI experiment&MIP-PD, AMIP-15, and AMIR20, using the same forcings for GHGSs, aerosols,
ozone, and landse. In SGPD, the SSTs are constrained to stay close to the observed values frorPBMIP
The SST differencefor SO-15 and SE20 arebased on the SST response in €FLand CPE20 relative to
CPL-PD for consistency with the model climate in NorESMdppi.This is in line with the recommendations
of Bitz et al. (2012) when the sé& model is the same as in the fully coupled model veréiomvenview of

the experiments is provided Trable2.

In the present case, the purpose of then®@el is to emulate regional patterns of the climate response given
a targeted globahearsurfacetemperature change relative to the -ipr@dustrial climate,consideringthe
observed andnalysedlimate atPD (2006 2015). The experiments with NorESNHappiSO are designed to
be comparabléo the NorESMI-HappiAMIP experimentsn whichthe SST and seize are prescribe(bect.
3.1). Three different calibrations of (Eq. 1)are therefore performed using the restoring metSedt.2.1).
For SO-PDwe use 2-year averaged SSTs determined by the observationally Rgsadtional Sea Surface
Temperature and Sea Ice Analy&STIA) for theyears2006i 2016 (Donlon et al., 2012)In practice, this
calibration alsaeduceshiasesFor SO-15 and SE0, we determinaew0 fields that adjustthe model to
SST fields which are consistent with 1.5 and 2.0K warming To obtain hesefluxes we compute SST
increments based dhedifferencebetween CPtL5and CPLLPD and between CR20 and CPLPD and add
theseto the OSTIA PD SST field.

One may argue that it would produaemore consistent comparison with the NorESN&bpiAMIP to
calibrate the S@nodelusingthe SSTincrements designed for HAPPI, and used in the AlvBRand AMIR
20 experimentsThis was also our first attempt, which resulitedtrong changes in the Hadley circulation and

in the extratropical jets during winter and spring for reasons we do not fullgrstand. This behavior is
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neither seen in the AMIP nor the fully coupled runs, and we are not confident that the response is realistic, but

aresultofenforcingSSTatt erns that are too different from

the SST increments from the fully coupled NorESMappi runs, we do not see this kind of behavior. The

results are much more consistent with the climate response of the coupled systehd @RLCPL20).

The differentd -fields emulate the effects of ocga circulation changes on the heat flux divergence in the

t h

uppermixed layerof the oceanThe fields are determined for each month of the year, and the values used in

theSOmodel at a given grighoint and a given timaredetermined by linear interpolation between the former
and the next monthly value. The satnefields are used every yeaf the simulation Fg. 6 shows annual
averages foSO-PDtogether with the increments for thes K and the2.0 K warmerworlds (SG15 and SO

20). Thed for SO-PD(Fig.6a), which includes bias corrections dominated by large negative values (hence

SST increase) along the major currents in the North Pacific, North Atlantic, Southern Indian Ocean, and the

Atlantic sector bthe Arctic. Positive values are mainly seen along the equator and irceastalupwelling
zones The increment patteriiBig. 6b and clappear largely independenfithe level of warming, with positive
values (decreasing SST) over the Labradorrent negative values (increasing SS3quth of Iceland, and

values of both signs over the Southern Ocean.

Having determined thé -fields, we carried out 15§ear simulations for S®D, SO15, and SER0. After a

spirtup of 60 years, a neguasiequilibrium is reachedjiving three equilibrated periods of 90 years each

(270 years in total).

The biases in the neaurface temperaturfer the PD climate areshown in Fig.5b, e, h, and k (for the four
seasons). While the biases tamger than those from AMHPD, theyare still clearly reduced compared to

CPL-PD. For instance, thglobatmeanbias in NH winter (December, January, and FelyUadF) is reduced

by 35% in the SOCand 64% in AMIP modelcompared to th&ully coupledmodel.

4 Temperature response

In what followswe study thevarmingresponsen the 1.5 K experiment(with respect to PD) and thextra
0.5K difference (betweethe2.0K and 1.5K experimentsfrom threeversions of the NorESMHappi: (1)

NorESM1:HappiAMIP forced with prescribed SST asea ice $ect.3.1); (2) NorESMHappi which isfully

coupled(Sect.3.2); (3) NorESM1HappiSO whicthas aSOmodel (Sect3.3and2.1). The disadvantage with
the AMIP model is that it does not captamy ocean and seiae feedbacks. The coupled model the other
handhas larger biasefor instancen nearsurface temperatuséFig. 5). The SO model offers an intermediate
solutionwith smaller biaseshan te fully coupledmodel Eig. 5), while still including feedbacks that are

missing in the AMIP modedetup. The AMIP experimentshowever comprise a much larger ensemble of

experimentswhich allows for establishingtatistical significance of smaller tren@sg. Li et al., 2018).
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4.1 Temperature targets and the polar amplification factor

The changes in thglobatmeannearsurface temperature ftne1.5K and 2.0K warmer worlds are given in
Table3. Note that these runs are designed to have temperature isawedseK and 2.0K reldive to pre-
industrialcondtions, whereas we are comparing them taRBeclimate which is assumed to be8XK warmer
based orobservationgMitchell et al., 2017) Therefore,the targettemperature increase between the PD
experiments and the 1kband 2.0K warmingexperiments is 0.K and 1.2K.

NorESM1-HappiAMIP hits the temperature targets of R.Znd 1. abovePD temperatuisquite accurately.
The corresponding numbers are 0K6nd 1.02K for NorESMXHappiSO and 0.6K and 1.15K for
NorESM21Happi. Thewarming comparedto the PD climatas thus somewhat too low in the SO model
whereas it i€lose to the targetin thefully coupledone The difference between the X@Gnd 1.5 warming
experimentsis quite similar across the model9.49K for NorESMHappiAMIP, 0.43K for NorESM
HappaSoO, and 0.4& for NorESMXHappi

It is not entirely clear what is causirttetsmaller temperature response in the SO experintaritse believe

thatit canmainly be attributed t¢ h e  mootll dihséverthe continent§Table4, see discussion below)
whichis notadequatelycontrolled by the adjusted ocedn-fluxes. As shown in the supplement (Tables S3

and S4 as well as Fi§5 and S7), the fully coupled model has a pronounced negative temperature bias which
is stronger over continents than oceans. This can be related to generally underestimated cloudinegs and to th
strongmeridionaloverturning circulation in thétlantic Ocean(Figs. S14 in the supplement, and Fig. 4)

which efficiently trasfers heat into the deep ocean (Fig. 3) leaving lessuidace heating. These properties

are carried oveto the SO model by the cloud properties of the atmospheric model and by the fluxes used to

calibrate the future scenario states.

The timeevolution of the globainean neasurface temperature response toKL.&nd 2.0K warming in
NorESM21:Happi is shown langside theesponse fothe Arctic region &rea poleward of 68l) in Fig. 7. The
temperature response is clearly amplifiethe Arctic compared to the global mean. Therat the polarto
the global neasurface temperature resporfinesthe polar amplificatio factor (PAFE Table3). The PAF
is considerably larger in the Arctic than in the Antarctionsistent with polar amplification being more
pronounced in th&lH. The Arctic amplification(NH-PAF) is, furthermore strongerin the 1.5K thanin the

2.0K warmingscenarios

The Arctic amplification isenhancedn the experimerg with an active ocean component. Compared to
NorESM1-HappiAMIP, the Arctic amplification is 2% stronger in the 1.8 warmer world in NorESM1
HappiSO and 5% stronger in NorESMHappi.With the additional 0. warming the Arctic amplification

is 19% and 48% stronger in the SO arttefully coupledmodelthan in the AMIP model

To assess how the strength of the Arctic amplification in NorE8sldpi compares to the CMIP5 models,
used for constructing the SST fields used in HAPPI (and thus in NorE&piAMIP), we have computed
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the PAF for RCP2.6 and RCP8.5 fmich ofthe CMIP5 nodels. Results are shown in Fg&j.along with the
PAF for RCP2.6 and RCP4.5 for NorESMIhppi, and for the different 1K and 2.0K warmingexperiments
The figureshows that the PAF generally is larger in the NH than in the 8hbigtent withTable3), and that
there is considerapmore variability between the CMIP5 modelsemithe forcing is weaker. Also, the CMIP5
multi-model median PAF is smaller fetronger forcing experimen(2.1 for RCP8.5versus 24 for RCF2.6),

in line with the results from the 1% and 2.0K warming runsThe Arctic amplification in NorESMHappi

is in the upper rangef the CMIP5 models. For RCP2.6, the PAF for NorESNHppi is 3.4, which puts it
above the median for the CMIP5 models (24) somewhatelow the 98 percentile (3.6)

Table4 shows similar statistics dable3, but for the NHextraropical (poleward of 26N) winter and summer
land temperaturesland precipitatiorrates, andeaice areaThewinter climate is colder over land in thdly

coupledand SOmodels tharn the AMIP modeby -0.54K and-0.57K, respectivelyDuring summer, land

temperatures are almost as high in the SO model as in the AMIP model, whereas the fully coupled model is

1.58K colder. This is in line with the tger bias in the fully coupled model during this season ggig).

The fully coupled modehas the largest reduction in siee areain the warmer climates during summer and
winter. The SO model has larger changes thase prescribed ithe AMIP model during summer and smaller

changes during winter.

During summer, the S@odeland the fully coupled model have the largest changesichtemperaturesnd
precipitation in the 1.5 warming experiment, whereas the AMiRodel has the largest changes with the
additional 0.5 K warming. During winter, the AMIP model has the largest chamggsecipitation and
temperaturewith the 15K warming and the smallesthanges in precipitatiowith the adiitional 0.5K

warming.

Sofar we have considered changes in surface fields, but changes are also occurrifgyatefd.shows the
zonalmeantemperaturgesponse to the 1 warmingrelative to the PD climatior NH winter ©JF) and
NH summer (June, July, and August; JJA). Thenepigerlevel warming in the tropics in all three models
The uppeilevel warmings somewhat morpronownced in the AMIP modeindappears to beiore consistent
between the seasotign the Arctiamplification.

4.2 Equator-to-pole temperature gradients

The warming pattern ifig. 9 is consistent witla sharpening ahe uppeflevel equatotto-pole temperature
gradientand a weakening of the l@vtropospherigradient Li et al. (2018) considered the muftiodelmean
changes in these gradienh five of the modelsontributing tothe HAPPI projectjncluding NorESM1
HappiAMIP. They found that the Io¥evel gradient changes more with the initial BL.¥warming (1.5K1 PD)
than with the additional 0.8 warming (2.0Ki 1.5K) in all the models. The uppéavel gradient on the other
handstrengthens more with the additional &5wvarming than with the initial 0.K, except in NorESML

HappiAMIP where the changes are similar.
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Figures10 and 11 showthe temperaturgradientsbetween the equat@nd the North Polat 200hPa and
850hPa(e.g. Harvey et al., 20149r the PDexperimeniand thel.5K and 2.0K warming experimentsith
NorESM21-Happi, NorESM1HappiSO and NorESMHappiAMIP, separated bgeason.

The magnitude of the PD gradierdgenerallysmallerin thefully coupledthan inthe SO ad AMIP models
except during summer. Whitee fully coupled modaiight seem like an outlier, the upgewel gradient is
actually closer to the one ifERA-Interim (Dee et al., 201])indicating that the SO and AMIP models
overestimate the uppézvel poleto-equator temperature contrgBig. 10). At low levelsthe fully coupled
model underestimate the gradienduring winterand spring(March, April, and May; MAM) while the
gradients irthe SO and AMIP modebre strongeandcloser to theeanalysigFig. 11). During summe(JJA)
and fall (September, August, and November; SQMN fully coupled modehas the smallest bias and the

strongest contrastd lower levels

In line with the zonatmeanresponse irFig. 9, the upperlevel gradientgenerally increases with warming
(Fig. 10) while the lowlevel gradientdecreasegFig. 11). The lowlevel gradient decreases more wikie
initial 0.7 K warming than with the additional Okg consistent with Li et al. (2018The decrease with the
initial 0.7 K is moreoverargerin thefully coupledand SO models #n in the AMIP modelgconsistenthe

stronger Arctic amplification in these modélable3).

Changes in the uppégvel gradient are less consisterttross the experiments and seasdgre is little
change with the initial 0.K warming inthe fully coupled and SO modedaring winter and springvhile the
gradientstrengthensvith the additional 0.X warming in all three model®uring summer and fall, the upper
level gradient strengthens more with the inifial K warming than with the additional Okbwarming, like at

low levels, only with no obvious differences between the model versions.

It is not clear why there is less warming aloft in the fully coupled model and SO model than in the AMIP
model It is possible that the cold biases in the trogits contributingAs discussed abovepth the fully
coupled and the SO models are colder over land than the AMIP chardley winter(Table4), and the fully
coupled model additionally has cold biases over the tropical ocean§)(Fig.

5 Extratropical storm-track activity

Changes in theemperature gradienése known tde associated with changes in éxératropicaktorm tracks
with stronger gradients being associated with poleward shifts aaller gradientwith equatorward shifts
(Brayshaw eal., 2008; Graff and LaCasce, 2012; Harvey et al., 2014; Shaw2QH).

Extratropical stormracks can be defined asgions ofgrowing anddecayingbaroclinicwaves embedded in
the zones of pronounced meridional temperature gradient andwesaéerly wing. Here we represent the
stormtrack activity in terms aditmospheridields, such as geopotential height, that have baedpaséltered

in time to isolate disturbances wittiimescales between 2.5 and 6 d#falowing Blackmon 1976 and
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Blackmon et al.1977). The variability ofthe resulting fieldés dominated by growingnd decayingparoclinic
waves, and the storm tracks are taken to be maxima in thpdssfittered variance field¢e.g. Blackmon et
al., 1977; Chang et al. 2002; Chang et al., 2012)

Figure12shows the bias in the PD storm activityterms of bandpadstered geopotential height at 50a

for NorESMZXHappi, NorESMiHappiSO and NorESMHappiAMIP. The fully coupled modé
underestates thevariability in all seasons. The bias is largésting winterover the North Atlantion the
equatorward sidef the storm traclandover the Nordic Seasonsistent with the North Atlantgtorm trak
beingoverly zonalin the NOESM (lversen etl., 2013). The SO and AMIP models have both positive and
negative biases over the stetrack regions and a NorthAtlantic storm track which extends too far

downstream over central Europe.

Thestormtrackbiases are largest the fully coupledmodelwhereas they are substantially smaller in the SO
and AMIP modedd. The areaaveraged winter bias for the region showrrigurel12 is for instance4.24m
(13 % relative to ERAINnterim climatology) in thefully coupledmodel, 0.89m (2.73%) in the SO modeklnd
0.51m (1.56%) in the AMIP model.

Figures13 and14 show the changes ipperlevel stormactivity with theinitial 0.7 K warming andwith the

additional 0.5 warmingfor the three models and all four seasduni%t al. (2018) foundh poleward shift in
upperlevel storm activity wih both the initial0.7 K and the additional 0.8 warming in the HAPPI muki
model ensembleHere, he NorESMIHappiAMIP model consistentlydisplaysmore storrrtrack activity at
high latitudes and less at lower latituddgh both warmingsfor all seasonsThe exception isas in Li et al.,
over the North Pacific where there is @quatorward shift of dung summemvith the initial 0.7K warming

andequatorward shifbiear the NorttAmerican west coastgion during wintekvith both the 0.K and the
additional 0. warming.

Changes irthe fully coupled and the SO modaile relatively consistent witlthose inthe AMIP for the
additional 0.5 warming (Fig.14). This is most clearly seeoverthe North Atlanticwhere there tends to be
more storm activity orhie poleward side and less on the equatorward St poleward shift ig line with
changes in the uppéevel temperature gradient, which strengthens with th&KOsarming forall cases.
Changes arkoweveiessconsistentvith the initial 0.7K warming(Fig. 13). The response in the fully coupled
and SO experiments resemble timthe AMIP experimentduring summe and fall with more activityat
high latitudes and lest low latitudes. The reductions af®wever stronger fothefully coupledand the SO
model Changes during winter and spring are more complicated, and do not particularly esgerablintie
AMIP model

Li et al. (2018)foundthe changes thelower-level storm tracks to bkess consistergnda similar conclusion
can be drawn from the present resii¥®& considerhe lowlevel summer and wintestorm tracks in terms of
the meridional eddy heat fluAs inLi et al., the response tbe initial 0.7 K warming(Fig. 15) is generally a

reduction in stormtrack activity, here indicating that the storrtrack eddies are transporting less heat
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polewad. The decrease over the NoAtiantic region s strongein thefully coupledand the SO model than
in the AMIP modelChanges during summer are weak. Tésponseo theadditional0.5K warming(Fig. 16)

is alsoweak during summer. During winter, the AMIP and SO models have an inspeabkerest othe British
Isles but this idesspronouncedand not significantin thefully coupledmodel. A similar increase is present
in the multtimodelmean in Li et al(2018)

The white dots in Figl3i 16 indicate that only theery strongest changes are significant in NorESiN&ppi
and NorESM1HappiSO whereas the changes in NorESHbpiAMIP are moe generallysignificant. This
could be causkby the smaller number of model yearsilable forthe fully coupledand SO model, but it
could also reflect a larger spread between the deeaisembersWhile not all differences are significant,
the similaritybetweencertain aspctsof the results fromthe AMIP experiments anthe experiments with

active ocean componerdses nonetheless increase confidence ithose aspects tfie AMIP response

6 Blocking frequency

Extratropical blocking is closely connected to persistent anticyclones, which can suppress precipitation at mid

latitudes for periods of up to several weeks. The ability of climate models to simulate the occurrence of

droughts at midatitudes n the present and in future climates is conditioned by the ni@d#lity to simulate
blocking (e.gWodlingset al., 2018

Figure 17 shows the PDblocking frequency foNorESMIHappi, NorESM1HappiSO, and NorESM1
HappiAMIP for thewinter andsummer seasenThe blocking frequency is underestimated over the North
Atlantic and western Europe during wintand over large parts of Eurasia during sumriae performance

of the three models is generally similatthough some differences can be seen. The overestimation in
NorESMZ1-Happiat 120W is for instance not as pronounciedthe other two modelsThe SO and AMIP
models perform slightly better over the Pacitiut the blocking occurrencés still underestimatedh the

Atlantic sector.

It is well established that many global climate models have problems simulatiogctimeence and duration
of blocking in the EuréAtlantic sector and that trsystematic errors are particularly lardgingNH winter.
Several studietie these problemt poor horizontal resolutigrbut there are likely other factof®awson et
al., 202 ; Davi ni and Dlingsetclr,2088) 2016; Woo

The changes in theccurrence ofvinter andsummerblockingin the 1.5K warming experimentrelative to
PD) andwith the additional 0.% warmingare shown irFig. 18 for NorESMXHappi, NorESM1HappiSO,
and NorESM1HappiAMIP. The magnitude of the response varies dramatically between the raoddlsere
is generally little consistency between the modegsrding the sign and significance (indicated by the asterisk)
of the response for the difference longitude$hdugh not shown, the same lack of consistency isfaistd

for spring and fall
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There are indications of more consistent changes betweemdtel versions with thedditional 0.5K

warming during NH summer, with increased blocking occurrence over parts of western Europe, the eastern
Pacific, and the western Pacifichanges are in these cases larger in the coupled models, but most significan
in the AMIP model.Note that the AMIPresponse can be statistically significant relative to the internal
variability in the model, even though ttemplitude of the response is smallevertheless, the results

concerning NH blockingenerally remaimconclusive.

7 Arctic sea-ice reduction

The extent thickness and concentration of se@a are importanproperties othe climate systenfigure19
shows the concentration of Arctic sdae in March and Septembé&sr NorESM1X:Happi andNorESM1:
HappiSO. For PIPFig. 19ai d) themodelledconcentratioanarecompared teemotely retrievedata from OS
SAF (2017).

The quality of the modelata isbetter in March than in September, whenS$iamodelseems to underestimate

the concentratiowhile the CPLPD overestimates the ice cove&his is also seen when comparing the mean
seaice extent to observations. For GPD, the sedce extent in March/Septembgne numbers in parenthesis

are interannuastandard deviatias) is 14.26 (0.34) / 7.38 (0.62) 4Rm?, while the observed for the relevant
years (19962015) is 14.87 (0.36) / 5.71 (0.94)°10n°. For the S@PD, the March/September extent is 14.54
(0.36) / 4.22 (1.04) F&km? and the observefbr the relevant time period (2008015)is 14.69 (0.33) / 5.04
(0.58) 16 km?. The March sedce cover seems to be rather well constrained by the gradients in SST while
summer extent is moiefluenced bylocal processes such thgealbedo feedbacssociated with the contrasts

between ice and open water

FromTable4 (Sect.4.1), we know thathe NH winter sedce areas overestimated in CRPD and SGPD
compared with AMIRPD which is based on observations. The reason for this is not fully underBbedD

climate in the fully coupledhodel is too cold with too thick sea ice (not shown). This gives little summer melt,
and rather largseaice extent duringgarly winter. For the S&@D, the model is also cold during winter, but

this canbe related partly to the Ige ice cover. The use of annurabéan mixed layer depths in t8&® model
underestimates the mixed layer depth during autumn and winter. This might give too low effective heat

capacity in the ocean slab, which then causes too rapid refreezing during autumn and early winter

The sedce concentration is reduced in the warnalimates. In March, thiargest changes occur along the
edges of the icéFig. 196i f, iT]). There is a larger reductidm the fully coupled thn the SO model with the
initial 0.7 K warming,whereas the changes anere similar with the additional OK. The changes occur over
a larger fraction of the seee covered area iBeptember (Figl9gi h, K l) than in MarchChangesareagain
larger with the 0.K than with the additional 0.& warmings in the fully coupttmodel,whereaghe seaice

response to the OK and the 0.5 wamingsare moresimilarin the SO model.
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While the sedce concentration is reduced more with the warming in the fully coupled modeké&csummers
are more likely inhe SO modelFigure20 showshistograns of the relative occurrence of NH September sea
ice extent for NorESMHappi Fig. 20a) and NorESMHappiSO Fig. 20b). The seace extent is shown for
the observedral the modelled PD climate and the K.&nd 2.0K warming experimentg:or PDclimate,the

SO modelproduces too few cases with the largestisesextent whereathe fully coupled modehas too
many. The overrepresentation in the latter éadikely caused by the cold bias in the modeid the thick

multi-year sea ice

The probability ofhavinganice-free Arcticin Septemberthat is,a seaice extentbetween 0 andxiL0° knv?,

is practically zero for PD conditions in both models. ity coupledmodeldoes not reach ieiee conditions

with 1.5K nor with 2.0K warming(Fig. 20a). This is perhapsnot surprisinggiven thatthe model is too cold

and has too muckeaice in the PD climateSo even though there are larger redudionthe sedce
concentration inthe fully coupled model, it does nptoducean icefree Arctic in SeptembeAlso, the inter
annual variability is smaller in the fully coupled model than in observations. We attribute this to thdygeneral
large seaice extent, and thick mulyear ice.The model has a delayed Arctic sieg decline during the
historical period compared with observations. The irganual variability in the model is comparable to that

in observatiosin the period 1972004, before the recent rapid seadecline.

Results are different fahe SO model which exhibitssmaller biases in temperatuand sedce extentlce-

free September conditioaseunlikely with 1.5K warming butthe probability increases substantially to about
18% with theadditional 0.5K warming (Fig. 20b). The difference between the two temperature targets is
therefore potentially very larger the Arcticsea icein summerandfall. The NorESMX1HappiSO tends to
underestimate the relative @grenceof the highest seiwe extentand overestimatethe occurrencef the
smaller extents in the PD climate (comparing the blue and black bars 20&igwhich could indicate that
there is aroverestimation ofce-free conditionsn the modelA substantial reduction in séee extent between
1.5K and 2.0K warming is however also seen CESM1 (Sanderson et al., 2017; Jahn, 204/&) in
CanESM2 (Sigmond et al., 2018)

8 Summary and discussion

In this paper we focus on the response gobal warming of 1.5K and 2.0K relative to preindustrial
conditionsin different versions of NorESMWe compare results froffully coupledand SO (slabocean)
simulationgo results from the AMIPstyle simulations that were carried out for the muodtidel HAPPI project

(Mitchell et al., 2017 http://www.happimp.org). Because the AMIP runs are forced with prescribed SSTs

and sea icghey have small biases, but they also predefiiportantaspects of the Arctic amplification. The
fully coupledand the SO models allow for changes in SST and sdhatean influence the surface albedo
and atmospheric lapse rate, which armportantelements in producing Arctic amplification (Pithan and

Mauritsen, 2014)The motivation for using a SO model in addition to fiody coupledone is thathe SO
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modelhas smaller biases, while still allowing the ocean and sea ice to respond to the forcing in the warming

runs.

We consider the PD (present day) climate, the response to thewarming between the PD and the K5
warming experiments (assuming &K8warming between 1850 and PD), and the response tadtdgional
0.5K warming between the 115 and the 2.&K experiments.

Results show that Arctic amplification, as measured by the PAF (polar amplification facttrg NH is
largerin the models wittan active ocean component. In thély coupledmodel, the PAF is 5% stronger
than in the AMIP model with the initial OK warming, and 486 stronger with the additional Okbwarming
The difference is not as large for the SO model which h& and 196 stronger PARaluesfor the same

warmings.

Arctic amplification weakenthe lower tropospheri@quatorto-pole temperature gradierand this decrease
is larger with the initial 0. K warming than with the additional Ok6for all seasos A similar result is also
found in five HAPPI models (including NorESM4appiAMIP) studied by Li et al. (2018). €lpresenstudy;
however shows that thehanges withliheinitial 0.7 K warmingis largerin the fully coupled and SO models
than in the AMIPmodel,particularly during summer (JJA) and fall (SON).

The changes in the uppletvel equatofto-pole gradients are less consistent. The gradients generally increase
with the warmingoecause the tropics are warming a{efg. Collins et al., 2033During summer and falthe
upperlevel gradient changes mongith the initial 0.7 K warming similar to the lowlevel gradient. fie
magnitude of the respons® however not systematicalljjargerin the experiments witlan active ocean
component.During winter and springthe uppeitlevel gradient changes very little with the initial K7
warming in the coupled models and more with the additiondf Qvhereas the AMIP model has more similar
changesvith the 0.7K and the 0.5 warming The changes in thuppedevel gradient are also less consistent
acrosgshemodekthan those in the losevel gradient in Li et al. (2018)vhile theupperlevel gradient changes
more with the additional 0.8 in the multimodel meanthere is considerable spread amtimg models.

Changes in temperature gradients are known to be associated with changes in the storm tracks, with the tracks

shifting poleward with stronger gradients and equatorward with weaker ones (Braysha®4.8; Graff and
LaCasce2012 Harvey efal., 2014;Shaw et al.2016).Li et al. (2018) identified poleward shifts in the muilti
model mean uppdevel storm track with the initial 07 K warmingand withthe additional 0.& warming.

We find that whileehe AMIP modeldisplaysconsistenpolewad shifts in the uppelevel stormactivity with

the initial 0.7K warmingfor all seasonghe results from the coupled models are less consistent during winter
and spring. The models agree more on the response to the additiodalHb%ever, only the sbngest

changes in th&ully coupledmodelandin the SO model are significant.

The lowlevel stormtrack activity decreases with thgtial 0.7 K warming. Changes with the additional &5

warming are weak in the AMIP modethereas théully coupledand SO models have stronger reductions.
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All model versionshave indications of more activityestof the British Islesa response also seen in the multi
model mean in Li et al. (2018)h&se changes areowever mostly not significant in the coupled nmeld To

the extent that reducddw-level stormtrack activity can be interpreted as slower propagation of cyclone
waves in the westerlies, this can be associatedtinetieducedow-level temperature gradient associated with
the highlatitude warmingn the Arctic(e.g. Francis and Vavrus, 2012; Screen and Simmonds, 2013).

Our findings indicate that the stoftmack response is not always very consistent between the modehsgersio
Thereare moreover sizablebiases in the storm trackslativeto reanalysis, especially in the fully coupled
model.Barcikowska et al. (2018) provided a study of the Etlantic winter storminess which showed that
modelling the regional atmospheric circulation, extreme precipitation and winds with aceeguality
requires an atmospheric model with higher horizontal resolution°(fh2&eir study) than that used in the

present study and in CMIP5 models.

The results for blocking activityemainfor the mostnconclusivedueto lack of consitency between the model
versions ando the low statistical significance ofhe changesMany aspects of blocking are also poorly

simulated, likely because of the relatively coarse model resolution (Woollings et al., 2018).

The SOmodel simulatesonsiderable differences in the reduction ofisean the Arctic between a 1Kand

a 2.0K warmerworld. Icefree summer conditions in the Arctic are estimated t@leunderl.5K warming
while occurringl8% of the timeunder2.0K warming This rumber may however be too high as the SO
model does tends toverestimate the relative occurrence of thmaller seaice extent andconversely
undeestimate thdargestextent in the PD climated strong increase in the probabilibf havingicefree
conditions when going from 15 to 2.0K is nonethelessonsistent witlother studies (Jahn, 2018; Sigmond
et al, 2018; NotzandStrove 2018. Thefully coupledmodel istoo cold.It producedoo muchseaice under
PD conditionsand isconsequetty not able to reach iekee conditiondn neitherthe 1.5K nor the 2.(K

warmingexperimenteven though the changes from PD conditions are larger than for the SO model

This paper does not discuss practical or scientific challenges thai@aakiressed in ordés avoid exceeding
certain temperature targets. Mathews et al. (2009%zliett et al. (2011)ndicate that a constant equilibrium
response in surface air temperature to anthropogeniés@@termined by the accumulated carbon eissi
Hence, an ESM which calculates the atmospheric concentrations 0brE&ide from emissions, should
produce quite rapid stabilization of the global mean surface tempe(atgreSigmond et al., 2018)his is
possiblaf the ocean thermal inertialimlanced by decreasing atmospheric concentrations ofli@o ocean
uptake NorESMXHappi is not equipped with the possibility to run emisslaren GHG scenarios with en

line carborcycling. Instead, the atmospheric concentratmSO; are prescribed

Results in this study shothat there aremportant differences in the modelled response tdKlahd 2.0K
warmingin NorESM21-Happi depending on whether the model is run with prescribed SSTs and(gddliey
with the full ocean andeaice model, or with the seiae modelcoupled to asimplified ocean model. These

differences could baue to theactive seaice and ocean models allow for feedbacks that are neglected in
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the AMIP runs, but they may also be affectedimexperimentbset up.Compared to the CMIP5 models, the
Arctic amplification in NorESM1Happi is in the high end of the range of responses. This indicates that the
difference between the AMIP expmentsand the onewith anactive ocean model coulthvebeensmaller

if the prescribedSSTwere based on results frasorESM1-Happirather than from the CMIP5 muithodel

mean More experiments are needed to understand this, such as those planned unde($AithiRt al.,
2018)to investigate the role of the backgroundesta

Code and Data Availability

The source code for NorESMappi is not open foeveryoneto download,becauseparts of the code is
imported from severathercode development centres. The code can be made available within the framework
of an agreement. Data from the model experimierttsis studycan be made available as wekee.g. NCC /
NorESMX:HAPPI at http:/portal.nersc.gov/c20c/data.html Contacts: gvindse@met.no  and
Ingo.Bethke@uib.no
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Tables

Tablel: overview of theNorESMLX versions referred to in this paper.

X= Definition Purpose References
Fully coupled GCM folCMIP5 Bentsen et ZI.
with concentratiordriven GHGs: ' (2013); Iversen
M 2 atmosphere and lanc? dcean Reference for model ev'aluatlon 0 et al.(2013)
' NorESMI-Happi . .
andsea ice26 atmospheridevels Kirkevag et al.
model top at 2.194 hPa. (2013)
Fully coupled GCM. Differences
from NOorESM1M:
1° atmosphere and landidjusted| Basic GCM evaluation (Table S1)  Seland and
Happi aging of snow onsea ice with | Coupled model scenarios targetiy ~ Debernard
reduced albedo;bugfix in the 1.5K and 2.0K above piControl (2014)
aerosol schemevith faster removal
of BC particles.
Atmosphere, land and séze Estimate equilibrium climate
HappISO models fromNorESM1-Happi with |  sensitivity (ECS)e>.(tend HAPPI This study
slabocean replacinfull ocean AMIP-type runs which enables se
model. ice responselable2)
Contribute to HAPPI: ensembles ¢ Mitchell et al.
Atmosphere and land models frof  AMIP-type runs with prescribed (20179);
HappIAMIP NorESMX-Happi with P resolution, SST andsea icetargetingthe http://www.hap
set up with prescribed SST asda | presertday (2006 2015)climate pimip.org/
ice. and1l.5K and 2.0K warming
above prdandustrial.
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Table2: overview ofthe NorESM1HappiSOexperimentsnd their calibrationd is the net divergence of
heat not accounted for by the explicit processes, whicheded to maintain a stable climate with a
predefined geographical distribution of SSTSIB-PD, SO-15, andSO-20, a restoring term
Y Y Ttisincludedino , where U = 30 dsaaesfadjstmenhNoticappl i e

thatsea iceis not restored except foia the indirect effect of the SST restoring term.

Length
Name Definition Calibration
(years)
0 calculated usingQ ,"Y ,and
SO

. Preindustrial 1850 control run| "O (see Eql) from a stable control
piControl 150

with constant external forcing | simulation, piControl, for 1850 with

NorESMiHappi.

Scenarierun with constant _
SO2xCQ As for S@iControl 150
2xCQ@mixing ratio.

Scenarierun with constant _
S04xCQ As for S@iControl 150
4xCQ mixing ratio.

0 calculated witH'Y  restored to
12-year averagedmixa: determined by
the Operational Sea Surface
Presentday (20%¢2016)
SOPD - Temperature and Sea Ice Analysis 150
equilibriumcontrol.
(OSTIA) for 20@2016 (Donlon et al.,
2012), thus reduog SST biaseslo

restoring of sea ice

Equilibrium climate change for Forcing agents as in AMIB.
globalnearsurface air 0 lcul f D i
SO15 U calculated as for S@D by adding 150
temperature response of 0K | the CPLI5cCPLPD increments to the
above PD. OSTIA (20@2016) climatology.

Equilibrium climate change for
S020 _ Forcing agents as in AMB®. 150
globalnearsurface air

31



temperature response of 1.R

above PD.

0 calculatedas for S@5 using the

CPLE20¢CPLPD increments
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Table3: theNH and SH polar amplificatiorattor NH-PAF and SHPAF) andglobaltmeannearsurface
temperature (&) in the PD experiments and differes@ssociated with 1.8 warming, 2.0K warming, and
the 0.5K difference for NorESMHappi, NorESM1HappiSO and NorESMHappiAMIP. PAF is defined
as¥4 jya , Where T is the neasurface temperature, and the Global and Rplaleward of 66)

subscripts indicatthe aveaging region

T
Period or Difference | NH-PAF | SH-PAF K
AMIP-PD 287.30
NorESM1-
HappiAMIP AMIP-15i AMIP-PD 2.34 1.62 0.71
125x10 AMIP-20i AMIP-PD 2.17 1.35 1.20
years
AMIP-20i AMIP-15 1.93 0.95 0.49
SOPD 287.13
NorESM1- .
SO15/SOPD 298 -0.04 0.56
HappiSO
S0O-20i SO-PD 2.68 0.30 1.02
90 years
S0O-20i SO-15 2.29 0.77 043
CPL-PD 286.72
NorESM1- ]
CPL-15/ CPL-PD 3.60 0.23 0.69
Happi
CPL-20i CPL-PD 299 0.56 1.15
90 years
CPL-20i CPL-15 281 1.06 0.46
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Table4: Similar asTable3, but fornearsurface temperatu@ver land, precipitation on land, and sea
area in theNH (20°N i 90°N) duringwinter (DJF) and summer (JJA).

] ] 4 4 0 0 I 2 %! I 2 %!
Period or Difference
K K mmd! | mmd? 10° kv 108 km?
AMIP-PD 265.87 | 292.62 | 1.214 2.5 11.26 5.81
NorESM1-
AMIP-15 AMIP-PD +152 +0.84 | +0.0/0 | +0104 -0.97 -0.%4
HappAMIP
AMIP-20i AMIP-PD +2.35 +1.6 | +0.09 | +0.13® -1.36 -0.86
125x10 years
AMIP-20i AMIP-15 +083 +0.81 | +0.02L | +0.®85 -0.39 -0.32
SO-PD 265.30 | 29244 | 1.212 2.559 12.52 5.48
NorESM1-
SO-15i SO-PD +146 +112 | +0.041 | +0.120 -0.65 -0.86
HappiSO
S0O-20i SO-PD +219 +1.87 | +0.0/8 | +0126 -1.02 -141
90 years
S0O-20i SO-15 +073 +0.5 | +0.886 | +0.06 -0.36 -0.55
CPL-PD 265.33 | 291.04 | 1.248 2.337 12.51 7.59
NorESM1-
] CPL-15/ CPL-PD +144 +114 +0.048 | +0.136 -141 -1.73
Happi
CPL-20i CPL-PD +2.41 +1.86 | +0.0B3 | +0.161 -1.93 -2.29
90 years
CPL-20i CPL-15 +0.97 +.71 | +0.05 | +0.05 -051 -0.56
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Figurel: time-evolution of prescribedtanospheriacCO, concentratiorior the1.5K and 2.0K warming
experiments wittNorESM1-Happi The1.5K experimeniblackdottedline) initially follows RCP26 (blue
solidline). At year2095the concentratiodeviates from RCP2.8taying constanintil year 2170and
decreassthereafter. Th.0K experimeniblack dashedrne) similarly follows RCP4.5 ied solidline) at
first, but branches off at ye@05). The concentration is then constant until y2hr0 before decreasinig

the same fashion as in the K®xperimentUnits are ppm.
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Figure2: Time-evolution of theglobalmeannearsurface temperaturesponse in the Histl experiment
(1850 2005; blue) and the CP15 (2006 2230; blue) and the CP20 experiment (200@2230; redyelative
to preindustrial conditiongyears 18501852) A threeyearrunning average is used for both curvésits

areK.
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Figure3: ocean heat uptakas a function of time in the CPL5 (a) and CP120 (b) experiments. Shown is
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shading) 2000 3000 (pink shading), and below 3000 m (dark pink shadbaghed vertical lines

5 emphasize the time period analyzed in this stlthits are W .
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Figure4: time-evolution of themaximum in theAMOC (Atlantic meridional overturning circulatipnat
26.9N in Histl, RCP2.6 (black) and in the 16(red) and 2.KK (blue) warming experiments with
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Near-surface temperature bias
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Figure 5. nearsurface temperature biaglative to ERAInterim (colors) and neasurface temperature
climatology (black contour260 to 35K in increments ofl0K) for PD experiments frolorESM1-Happi
(left), NorESMXHappSO (middle), andNorESMX1HappAMIP (right). We use year$986 2015from ERA-
Interim. The time periods for the NorESM experiments are the default periods given i13.Séw. global
meanensemblemean bias is given in the uppéght corner of each pandlnits areK (ai l).
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Figure6: the ainuatmeanocean hedlux 0 neededn NorESM1-HappiSOto maintain a stable PDimate
that isclose to the observed SST used during calibrgtijrand the change in for SO-15 (b) and SG20

(c) compared to S@D. Negative values contribute to increasing SST (EqUtits areW m (ai c).

Figure 7: time-evolution ofglobalmean neasurfacetemperaturdor Histl (18502005) and CPLEL5 and
CPL-20 (2005 2200) from NorESM21-Happi relative to the 1850899 averageFields are shown for the
global averagéblue) andfor an average taken over the aneath of 65N (red) i.e. ca. 4. %% of the global

area Units are K.
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