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We want to thank the reviewers for their constructive suggestions and comments. We have responded
to their points below. The reviewes comments are in black and our responses in indented blue italic

text. A marked-up version of the manuscript showing the changes we have done follows after that.

Anonymous Referee #1

This is a completely rewritten paper that compares the climate esfwh.5C and 2.0C global mean
warming in uncoupled, slatcean and fully coupled simulations with the NorESM model. Compared

to the previous version, the manuscript has greatly improved featuring 1) a more focussed approach,
2) the inclusion of fully copled simulations and 3) a clearer motivation for using the-ctalan

version of the model. | appreciate the efforts that went into this. | do have, however, major and minor

concerns that the authors should address before | can recommend publicat®maitiscript.

General:

1) The paper focusses on 'the role of ocean anttedaedbacks’, implying that the difference in
response between the model versions is only due to the fact that feedbacks are allowed in the slab
ocean and fully coupled versiand not allowed in the AMIP version. An important aspect that is not
elaborated on however is the fact that the prescribed SST and Sl fields in the AMIP runs are taken
from the CMIP5 multimodel mean (more specifically: the HAPRIp protocol), and not fro the

coupled NorESM model. If the AMIP boundary conditions were taken from the coupled NorESM
model instead, the difference between the coupled and uncoupled response and hence the 'role of
ocean and seae feedbacks' would presumably be substantiallglem(this could be tested). My

guess is that the larger polar amplification in the coupled model is not because oceaniemd sea
feedback amplify the polar amplification, but simply because of the fact that the coupled NorESM
has a larger polar amplifition than the mukimodel mean of the CMIP5 models (the boundary
conditions of the AMIP model). This puts into question the authors' interpretation of results, in
particular the importance of ocean and sea ice feedbacks in explaining the responsealifferen
between the different model versions. | don't think this is a sttopper. Documenting the difference

in response between AMIP, SO and fully coupled model versions is a usefull excersize, but | do have

concerns regarding the attribution of this diffezes to coupled ocean and sea ice feedbacks.
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This is a valid pointd many thanks for pointing it out! To assess whether the Arctic
amplification in NorESMaappi is indeed larger than the CMIP5 muitiodel mean (used

for calculating SSTs for HAPPI), wevecomputed the polar amplification factor (PAF) for
several RCPs, including RCP2.6, using the CMIP5 models that were used to create the SST
increments for the AMIP runs, and the corresponding simulations from NorE®Blgli. The

results show that the PABIf NorESM21Happi is indeed in the upper range of the CMIP5
responses. We have added a figure showing this (Figure 8 in the revised manuscript), along

with discussion both in the results section and in the summary and discussion section.

It is now clearlystated that though they may be a contributing factor, the feedbacks are not
the sole contributors to the differences between the AMIP and the SO and fully coupled
simulations. We have toned down the focus oAcgeand ocean feedbacks in the abstract,
introducti on, and summary and discussion. W
NorESMZXHappi used for evaluation the role of ocean and-iseafeedbacks under global

war ming of 1.5 and 2.0 o0 to AArctic ampl:i
2. OinNorESMIHa ppi O.

2) While | appreciate the addition of the fully coupled simulations, the authors have not included a
description of how the scenarios for these simulations were constructed (section 2.2). How was it
determined that the combination of REZ6 forcings and the adjusted CO2 evolution would result in
global mean temperature stabilization? What was the physical reasoning behind these choices?
Sanderson et al. (2017) constructed the scenario using an emulator, Sigmond et al. (2018) established
stabilization by switching off all anthropogenic emissions, but how did you determine the scenario?

The details of the fully coupled scenarios were determined through an iterativandal
error process. We have added more description of how the scemate constructed in the

revised manuscript.

3) | find the structure of sections®fnonintuitive. | would make this one section with section 2.1

describing the model and section 2.2 describing the model versions.
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We have restructured sections42 Now the description of the model comes first (including
the slabocean version), followed by the section about the CMIP5 experiments and then the

1.5 K and 2.0 K warming experiments.

Other:

4) There are still quite a mber of typos, e.g. P. 1, p. 25: increaseincreases, P. 1, p. 29:-iis,

p. 2:1. 10: is to presentee> is to be presented

Sorry about this. We have corrected the mentioned typos and proofread the manuscript.

5) I. 22: The combination of ‘Compat to the AMIP runs' and 'relative to the present day climate' is

confusing. Perhaps remove 'relative to the present day climate' ?

This sentence has been rewritten.

6) p. 2, . 29, p. 6, I. 9 and p. 19 I. 14: An other relevant paper that should béeieeed doi:
10.1038/s41558180124y who performed 1.5C and 2.0C stabilized warming simulations with a
coupled model, by switching off all anthropogenic emissions in aGf@2' mode

We are aware of this reference and already cited it a few tim#s (44 and p 1917 in the
previous version of the manuscript). The reviewer is however correct in that it is relevant in

other places as well and it has been added where suggested.

7) p. 4, line 24: 'specific to our sep": a bit confusing, this sugdseghat the points listed below this
statement are specific to the NorESM model and hence differ from the standard HAPPI specifications,
but I don't think that is meant by the authors
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We agree that this is confusing. The description of theséicludeshe treatment of the
seaice thickness which is not a part of the HAPPI protocol, and is as such is specific to the
setup of the HAPPI experiments in the NorESM. To makeclbaser, we have removed the
Aspeci fic to our st aheepareabduttseas thigknessroaitrot thea n d
bullet list, so that the list only includes the standard HAPPI specifications. The part about

seaice thickness now directly follows the list in a separate paragraph.

8) p. 6, I. 3: please also include the wangialative to the preindustrial run.

CPL-15is 1.51 K warmer than pfiedustrial conditions and CRRO is 1.97 K warmer. This

is now stated in the revised manuscript.

9) p. 6, |. 28: Here is should be noted why the authors did not use the-Xvidiad AMP-20
boundary conditions to calibrate the SO model. If they had chosen that, the difference between the
AMIP and SO responses (and hence the assessment of the importance of atroag@imere
feedbacks) would be much smaller (see my comment #1). Also,Xih p.2930 the authors state

that 'The experiments with NorESMHappiSO are designed to be comparable to the NorESM1
HapppiAMIP experiments'. Based on this statement it would more sense to me to use tiHeDAMIP
AMIP-15 and AMIR20 fields as an input tine calibration.

The increments could alternatively be taken from the AMIP experiments and we have

attempted to do this, but this resulted in strong changes in the Hadley circulation and in the

jets during winter and spring for reasons we do not fullgarstand. Thik®ehavioris not seen

in the AMIP runs and might not be realistic. Therefore, we use SST increments from the fully
coupled runs rather than from the AMIP runs to make sure that the increments are consistent
with the climate response of theupted system in the model. This is now stated in the revised

manuscript.

10) p. 9, |. 28:'SST is (in this connection) the mika@r temperature: | suggest changing the notation
to something like T_mix. Also, SST_ext should be defined here, arldtantn the paper.
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For consistency, we have changed the notation of the rayed temperature to ik, and

the corresponding external field taifex: However, we also note in the text that in this version

of NorESM, the mixethyer temperature and aesurface temperature are equal. Therefore,

we can still use observed SST as an external field during the calibration phase. We have also
moved the definition of sanikex: It is now defined in the first paragraph following equation

1.

11). section 4.1t think find this a bit confusing, it would make more sense if in p. 10 |. 16 alpha is

not set to O (is this a typo?).

You are correct, this is a typo and has been corrected. We have added the missing constants

in equation (1) such that alpha = 1 is thataral choice during calibration.

12) p. 11, I. 9: It may be useful for the reader to include here an explanation for why the AMIP forcing
agents are used in the SO runs, and not those used in the coupled runs (with the adjusted CO2

concentrations).

Thepurpose of the SO runs is to have experiments where the sea ice is free to respond to the
imposed changes, but that otherwise are as similar as possible to the AMIP experiments.
Furthermore, while the S@odel runs are estimating differences between states
equilibrium, the coupled runs are evolving with time. Therefore, the foscng as far as
possible the same as for the AMIP experiments, with the exception that the SST increments

are from the fully coupled run (see reply to comment 9).

13) p. 12]. 5: I'm not sure how the smaller 1.5%D and 2.0KPD differences can be explained by a
cold bias in PD? Shouldn't the cold bias in the PD cancel out in the response? The 1.5K, 2.0K and
PD are all expected to suffer from a cold bias, correct? (the sathesap p. 14, |. B)
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It is well established that the model has a tendency to produce a too cold climate compared
to observations and ranalyses. This is also shown in the supplement, and we also relate this

to underestimated cloudiness and the stréwigntic Meridional Overturning Circulation,

which efficiently transfers heat into the deep ocean, leaving less for atmospheric temperature
increase. (See Tables S3 and S4 and Figures S5, S7 and S14 in the supplement, and Figures

3 and 4 in the main papéiWe have slightly expanded on this discussion in the paper.

Note that biases can vary between different climate states in the same model version, so one
cannot simply assume that they will cancel out when computing the differences between the
warmer climates and the presedfay climate. A irdepth discussion of the potential state
dependence of the biases in the model is, however, beyond the scope of the study.

14) Fig. 18: The observational estimates (presumably shown by 'solid black contours')Jesae unc
They are hardly visible and it is not clear what the contour levels are. It's probably better to show the
obseverations in separate panesl. Also, there seems to be something wrong with the colors in panels
e, f, i, ], with positive (>+2.5%) responsalsthe way down to the UK.

We agree that the observations were hard to see, and have adjusted the color scale for the
model fields to better show the observations. Contour intervals for the observations are the
same as for the model. We have not opteshow the observations in a separate panel, as we
feel this would make it more difficult to compare the observations with the fields from the
models. Also, by an incurie, the same observational month was shown in both March and

September; this has beem@rted.

The contour intervals in panel$levas not consistent with the colorbar in panels e, f, i, and
J, which resulted the figures indicating increased sea ice concentration in large areas. Now,
this has been corrected and panédlsal have the sam contour intervals.



15) Section 8: The last 2 column of table 4 should be discussed here (not in section 5). What are the
observed mean values of Sea ice extent/area, and how do they compare to-Bie &ndPSCPD
values? Fig. 19 suggest to me thatithherannual variability in the coupled model is biased low.

5 We prefer to keep some of the discussion of table 4 in section 5 (how section 4), but we now
also discuss it in section 8 (now section 7). We have also added observed mean valdes of sea
ice extat and a discussion of these in section 8. The interannual variability in the coupled
model is lower than in the SO model, but this is likely due to these&aver being too thick
in the former case. We now discuss this in section 8. We identifietbamefigure 19 (now

10 Figure 20), this is now corrected and does not affect the interpretation of the results.

16) p. 17, 1. 3and I. 11: In line 3 it is noted that the SO has too little sea ice. This suggest that the ice
free frequencies under warmingould be overestimated, correct? If yes this should be
noted/discussed in lines112.

15

The reviewer is correct, we now discuss this in connection with Figure 19.
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Anonymous Referee #2

The paper is much improved from before, and now reads in a cohereranalayg far less confusing,
so |I’d recommend minor corrections. The only
they are trying to get across. At the moment, | think the novelty of the paper is in comparing
atmospheric dynamics across thréfedent model setups, (which are an atmospiuery, a slab

ocean, and a fully coupled model version), in the context of future projections. However, reading the
paper, | believe the authors are putting more emphasise on the scientific understandasg of th
dynamical events, from single model experiments, rather than the differences between experimental
setups. This is dangerous, and many of the features they report on (blocking etc), have significant

biases, and there is a body of research suggestingtiizmodel studies are needed to look at these.

In summary, | would suggest that the authors rework the abstract, discussions, and a little bit of the
intro, to highlight more clearly that they are looking at how these different experimental setups can
change the atmospheric dynamic responses in the model. | also suggest they play down a little bit the

reported numbers, on, say the latitudinal gradients etc

We agree with the reviewer and have toned down the focus on the ocean-medesedbacks

in the abstract, introduction, and summary and discussion and in the title. We have added a
paragraph to the summary and discussion emphasizing that differences between the AMIP
experiments and the experiments with an active ocean model are affected bytineszal

setups. We have also removed the numbers for the relative changes in the polar amplification

factor from the abstract. (See also respon

The reviewer is correct that there are large biases in the blockingiérecy, and we clearly
state in several places that the results are generally inconclusive. Whilennoalél studies
are absolutely needed, we still feel that it is worthwhile to report results from individual

models.
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Correspondence td:ise S Graff (lise.s.graff@met.no

Abstract. Differences between A.5K and a 2.K warmer climate thai850 preindustrial conditions are
investigated using a suite of uncoupled (AMIR)ly coupledand slabocearexperimentperformed withthe
NorESMZ1-Happi, a upgraded version of NorESM{. The data from theAMIP-type runs with prescribed

seasurface temperaturesS$Tg and seaice from—theNorESMiHappi-were provided to amodel
intercomparisomuiti-medel project (HAPPI, http://www.happimip.org/ This papercompars the AMIP

resultsto thosefrom thefully coupledversionand theslabocean version of the model (NorESNhppiSO)
in which SST and se&e are allowed taespondo the warming, focusing eotirerole-of-ocean-and-sdee
feedback-andArctic amplification of the global change signal

Thefully coupled and thelabocearrunsgenerallyshowstronger responsg¢han the AMIRunsin the warmer
worlds Areti " : !

models.Compared-to-the AMIP+unsT e Arctic polar amplification factor i84-%-and-2R4-strongerin the
fully coupled andslab ocea801.5Kruns than in the AMIP runs, boththe 1.5K warmingrun+unsrelative

to-thepresent-day-climgtand 46 %and-19%-strongeiwith the additional 0.X warming.-The lowlevel

equatorto-pole temperature gradient consistently weakens rheteveen the preseday and the 1.K

warmer climatein the experimerstwith an active ocean component The magnitude of thepperlevel
equatorto-pole temperaturgradientincrease in a warmer climate, businot systematically larger in the
experiments withan active ocean componentmplications for stormtracks and blocking are investigated.

We findFhere-areconsiderable reductions in the Arctic dea cover in theslabocears© modelruns while
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ice-free summers are rare under K.Warming, theyare-estimated-toccur 18% of the timezndein the2.0K
warmingsimulation The fully coupled model does nlebwever reach ic&ee conditions as it too cold and

has too much ice in the presefay climate.

1 Introduction

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

ri sks and i mpacts of c |Thisrhadtrggeret @nsideeable attantidffO@ Gimate2 0 1
modeling groups and researchers al{key. 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 Dynagg https://www.eartksystdynam.net/special_issue909.hnihe

Special Reportrom the Intergovernmental Panel on Climate Change (IRE€Gpublisheds-tepresentedn
October-2018(http://www.ipcc.ch/report/srik/

In addressing differencestine climatampacts of the 1.K and 2K global warmingargest (we use the word
“targets”, al t h o udgomore aoprecipthere bre twam hsc"weakneasdshafavailable

climate projectiondgrom the Coupled Model Intercomparison Proje€MIP) as reported in the assessment

reports from thentergovernmental Panel on Climate CharitgCC). There is a smalbody of research

asseasing impact®f 1.5K warnming compared tahat forhigher emissiorscenarig (Jamest al., 2017)The
CMIP simulationsaremoreovergenerally designed on the basisdefrelopment scenaridsatgive rise toa
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 providescientificallybased evaluation of

climate statistics for specific temperature targets.

Under the acronymHAPPI (Half a degree additional warming, prognosis and projected impacts
http://www.happimip.orgd/ Mitchell et al. (2017)providedan experimentalrameworkfor model simulations

of the presentday climate and climates that are K5and 2.0K warmer than the primdustrial. The
experimentsare similar to those under tgmospheric Model IntecomparisonProject(AMIP) protocol

employing active atmosphere and land components fromaft#te-art coupledcarth System ModelESMsg

and pescribed seaurfacetemperature¢SST)and sea iceA multi-model ensemble with several hundred
membersvas produced, enalrlg robuststatisticsfor flow changesand rareevents(e.g.Baker et al., 2018;
Barcikowska et al., 2018&; et al., 2018L.iu et al., 2018 Senerivatne et al., 201%/ehner et al., 2018

1C
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Using-a-differentapproacBanderson-etaf201-ANVarming of1.5K and 2.0 Khas also been investigated in

fully coupled modelsSanderson et al. (201dg¢veloped and applied an emulator to arrive at forcing scenarios
that would producglobal warming ofl.5K anda2 K abovethepre-industrial levels ire-medel-simulated
stable-climatthe Community Brth SystemModelversion 1 (CESM; Hurrell et al., 2013)Sigmand et al.

(2018) created scenarios figst running therepresentative concentration pathway scenaoioesponding to

an increased radiative forcing 85 W m by the end of the Zicentury(RCP8.5; van Vuuren et al., 2011)

andthen branching ofthe 1.5K and 2.0K warming experiment when the nesurface temperature warming

was 1.5K and 2.0K relative to preindustrial conditionssetting theemissions ofanthropogenic C®and

aerosadto zero.Both Sanderson et al. and Sigmond eFhéycarried out centurgcale ensemble simulations

B One striking
result from tleise studriesis the strong increase the probability of having an icdree Arctic Ocean in the
summer with the additional 0K warming (the differencbetweenthe 1.5K and 2K warmingscenarios)
This aspect ofhe response tthe 1.5K and 2.0K warming iswas not evidentin the HAPPI experiments

because theea ice is prescribedut will be furtheraddressed in the present paper.

We use variougonfigurations ofthe NorwegiarkEarth System ModeNorESMXHappi, which is an upgraded
version of theNorESM1M used in CMIPHBentsen et al., 2013; Iversen et al., 20K¥kevag et al., 2013)
The upgrades includdouble 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 éfedbacks-asseciated-wile ocean and sedce, we here provide fully
coupled simulations targeting quasistainedylobal warmingevels of1.5K anda-2 K abovepreindustrial
levels The forcings areconstructed on the basis tifose fromthe representative—conecentration—pathway
scenarig{RCPs—van-\Vuuren-et-al—201 Korresponding to an increased radiative forcing o282 and
4.5W m? by the end of the Zicentury (RCP2.6 and RCP4,3)ut with important change® the time
evolution of the C@concentrationsWe alsouse a configurabin where the full ocean model is replacedaby
thermodynamic slabcean (SO) modeNorESMXHappiSQ. This configuratioris applied-asan intermediate
option between the fully couple@=RPL)}-and the AMIP configurationgppliedin order to partly correct for
temperature biases ihefully coupled=PL simulations but still allowing for SST and sedce feedbacks

The roleof Arctic amplification for specificwarminglevels (Arrhenius, 1896Manabe and Stouffer, 1980,
Holland andBitz, 2003, F&dl et al., 201Y is relevantfor the consequences of tharis greement:This -is

primarily due tothe associateth-situ changein the seaice and snowcover, but also due tthe potential

triggeling of irreversiblefeedbacks suehas-Other important feedbacks includdanges inmid-latitude
weather patternand variability(Francis and Vavrus, 2012; Screen and Simmonds, 2013; Cohen et al., 2014;
Screen, 2014Barnes and Polvani, 2015creen and Francis, 2016; Screen, 2017a,b; Vihei&,; Screen et

al., 2018; Cournagtet al., 2018.

11



Arctic amplification ispredominantly driven by a positive regional lapate feedback (negative at lower
latitudes)in winter and a positive albedo feedbaicksummer(Winton, 2006; Pithan and Mauritse2014).

While the amplitude and pattewf Arctic amplificationvariesbetween modelst is nevertheless a robust
responseio global warming Even the remotg localized forcing caused by reduced European sulphate
aerosols since the 198psduces maximurwarming in the Arctic (Acosta Navarro et al., 2018hder the
CMIP6 protocol, a Polar Amplification Model Intercomparison Project (PAMIP) is endorsed (Smith et al.,
2018).

In this paper, wdocus onthe Northern Hemisphere (NH)limate responseo global warmingf 1.5K and
2 K abovepreindustriallevelsin the NorESM andon howthe response differs depending on whether the
model is run with fixed SSTs and sea {es in HAPPI)or with active ocean and sé&® modelssle6fSST
andseaice-feedbacksThis-includelVe studychanges inArctic amplification, Arctic sea ice midlatitude

meridional temperature contradty different heighs, and the storm tracks. We also consider blocking,

althoughits representation irathercoarsaesdution climate models is known to be of mixed quality (Dawson
et al ., 201 2; Davi ni and D’ Andr e a, 2016 ; Wool i ngs

Section2-describedhe-experiments-ithis-paperSection23 provides an overviewof the NorESMiHappi
andits SOversion NorESM3IHappiSQ along with a summary efaphasizindhechangeslifferencedetween

NorESMZ1-Happi andits predecessaineceNorESM1-M. Sectiond-providesa-description-of- thelabocean
version-NorESMIHappiSO.The 1.5 K and 2.0 K warming scenarios are described in SeResultsare
presented in Seci5—78. A summary and discussiosaeregivenat theendin Sect.89. A Supplement to the

paper contains an extensive validation of NorES&ppi in line with the CMIP5 protocol.

12
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32 _The model

In this section, wegjive a brief overview of th&ully coupledNorESM1-Happi, which isan upgraded version
of NorESMIM used for CMIP5with-seme-upgraded more exhaustiveverviewof the NorESM1M is
given in Bentsen et al. (2013), Iversen et al. (2043) Kirkevag et al. (2013).

NorESM1M is based on the fourth version of the Community Climate System Model (CCSM4) developed in
the Community Earth System Model project at the US National Center for Atmospheric Research (NCAR) in

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

The atmgphee componenbf the NorESMIM andNorESM1-Happiist h e ™vé@sidn oftheCCS M4 ' s
Community Atmosphere Modekrsion4 (CAM4-Oslo). It is based on the CAM@\eale et al., 2010; Neale
et al, 2014) but has a different aerosol module for aerdgetycle calculations and aerosdbudradiation

interactiors (Kirkevag et al.2013).

The ocean componeistan elaborated version of the Miami Isopycnic Community Ocean Model (MICOM)
This is an entirely different ocean component than the one usied ®CSM4The MICOM version used in

15
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the NorESMIM and-Happihasbeenadapted for mulicentury simulations in coupled mode (Assmann et al.,
2010; Ottera et al., 201@)nd includes several exsanscompared tdhe original MICOM(Bentsen et aJ.
2013)

The land and se&e component anthe couplerare thesame as in thECSM4. The land component is the
fourth version of the Community Land Model (CLM®leson et al., 201Q;awrence et al., 2011including
the SNow, ICe, and Aerosol Radiative model (SNICAR; Flanner and Zender, Z0@&edce component
is thefourth version othelLos Alamos Sea Ice Model (CIGE {Gent et al., 2011; Holland et al., 2012he
coupler is theversion 7 couplefCPL7, {Craig et al., 2012)

The ocean and séee components dlorESM1:M and NorESM1Happiwere run withthe standard CCSM4
land mask andcean gridthe gx1v6)with 1.125° resolution along the equatandwith the NH grid singularity
located over Greenlan@he atmosphere compone@AM4-Oslo, was run witha horizontal resolution of
0.95° latitude by 1.23 longitude(in short: 2 resolution)in NorESMXHappi andthe doubleof the mesh
width (2°resolution)in NorESMEM. In both versions, CAMOslo has 26 verticalybrid sigmapressure
levels and a model top at194hPa The land componer@LM4 employs the same horizontal grid as CAM4
Oslo, except for the river transport model which isfigured on its own grid with dorizontal resolution of

0.5°in bothmodelversions

Differences between NorESNHappi and NorESM:M include finer horizontal resolution in the atmosphere
and land as described above, but abstew upradesn the oceansea ice and atmosphere componerits.
NorESM21-Happi, inertial-gravity waves are damped in shall@seanregionsin orderto remove spuaus
oceanic variability in highatitude shelf regionéSeland and Debernard, 201Wet snow albedo on aéeis
reducedby increasing the wet snow grain size and by allowing a more rapid metamorphosis from dry to wet
snow This affects the Arctisea icanore than the Antarctigea icesince the latter is less frequently influenced

by mild and humid ai(Seland and Debernar2i014)

In the atmosphere, aror in the aerosdife-cycle scheme (Kirkevag et al., 2013) was found and rectified,
resulting in faster condensation of secondary-pesematter on preexisting particlesThe changes in
atmospheric residence time ofresolscompared tdNorESM1M are minor, except for the reductions for
black carbon (BC) and organic matter due to more efficient wet depoStarset et al. (2013) and Allen and
Landuyt (2014) indicated that NorESMW hasd too highupperair concentratins ofBC aerosols. This could
cause overestimated absorption of solar radiation, suppressedeymarioudiness, and exaggerated static

stability.

The increased efficiency of aerosol condensation in NorEBRE{pi enhanesthe scavenging efficiency of
BC compared to NorESMM. This is mainly affecting the uppesir BC concentrationsFg. S1 in the
Supplementwith minor impacts on surface temperatures, surface energy fluxes, andecaltal variability

associated with thdeep oceans (Sand et al., 2015; Stjern et al.) ZDd the extent that thebservations from
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the HIPPGcampaign (Schwarz et al., 2013) is representative for the vertical distribution of BC in general, the

model still mixes the BC too high up the trgposphereA comprehensive discussion of the aerosola in

recently updatetilorESMversion (NorESM1.2js given inKirkevag et al(2018.
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42.1 Emulating the oceanic response with a slab--ocean_model

NorESM1:HappiSO, thesab-ecean-§O) (slabocean)model version of the NorESMHappi, haghe same
atmosphere, land, and sea componentsand coupler as thiellly coupledmodel. The ocean component is
however replaced by 80 model, which is simplified 2-dimentional ocean model that represents a-well

mixed surface mixed layer

A SOmodeldoes notalculatethe ocean circulatiomndassociatedluxes buttreatsthe upperoceanmixed

layerasasingle layer which buffers hedtuxes through the ocean surfategtiskeca t h er mosthy n a mi ¢

governed by the equation

"OQ —— 0O 0 |7 @OQ Y Y'Y |t (1)

where’Q s the thicknes®f the slabwhich varies in space ot in time,” andd are the density and
specificheat capacity of the sewater,”Y SSTis {in-this-connectiohthe mixedlayer temperaturéO is
the net input of heat through the ocean surface from the atmosphesesaicgdand0 is the net diergence

of heat not accounted for ke explicit processewhich areneeded to maintain a stable climatégh a

predefined geographical distribution of S he lastrestoringterm on the righthand sidés a restoring term
thatcan depending on the value @fbe used to relax th&y field toward an externally imposéeimperature
field Y _couldbeusedtwhenestimainge0 -d-e—p-en-di—n-g—ontistthepesovized tinecale f

for theadjustmentFor free SO runs Tt

The realism of the SO model climate depends ontovg prescribedin Bitz et al (2012) 0 is calculated
usingQ ,"Y S&, and’O from afully coupledstable control simulatigrsetting 1. Both 'Q and

Y S shouldrepresent an assumeell-mixed layer in the vertical. Withmeannual mean (but still spatially
variable) mixeedayerthicknessit is quite straigtforwardto obtainbalanceawith the annual cycle of heéBitz

et al, 2012) This method give a mean SST distributiofrom the SO model whicks very similar to, and
consistent with, the climate of thHelly coupled model whethe external forcing is unchanged. Here, this
method has been used when estimatingetiiglibrium climate sensitivity (ECSpr runs with abupt CQ
doubling(Y'Y  o® @rK) and CQ quadruplingyY"Y & ™K), giving aa globaltmearaveragechange

in the equilibrium neasurface temperatu®”’Y —e&-#)) of 3.34K for doublingof the atmosphericCO;
concentration§Table S#n-the SupplemeltThed used in these experiments was diagnosed from the 1850

fully coupledpiControl experimenwith NorESM1Happi (Sect2.2-3-1), and kept constant in the different
SO runs.

Here, he primary purpose of running NorESMHBlappiSOis to carry out simulationthat are similar tahe

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

warming One drawbek with themethodof Bitz et al. (2012jor quantifyingd is thatbiases in SST aritie
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mean climate from the fulhycoupled model aneflectedin the SO model Thisahich makescomparison with

the AMIP experimentswhere theresentday (PD) SSTs and seice coverare determined from observations,

difficult. Therefore, as an alternative, wé&seuse a restoring methaimilar to Williams et al. (2001) and
Knutson (2003), where a separate calibration run of then8@elis doneby setting  1win Eq.equation
£1). The¥~Y"NMis-anexternally imposetemperatur8STfield, 'Y Y¥¥YY-s-anis valid for some specific

period and can be based dobservatios or model outpubased)-witht-as—a—preseribed—tirmscale—for
adjustment After this run, the new is defined by adding the monthly climatology of the restoring flux to

thed used in the calibration run. Then, when used in a free SOsaiting ), the newd ensures a
modelled’Y SST climatewhich is close tothe™Y ¥-Y-Yfields imposed during the calibratiohlote

that in the versions of NorESM considered here, the mixed layer temperéturns equvalent to the SST

field. Therefore, we can use observed SST as the imposed external field during the calibration phase.

We havekept the seaice model free without any storing or constraints to observed fields during the
calibration. This increases the realism of thedcean heat fluxes going intd , and ensures consistent
changes in se@e mass and energis in Bitz et al. (2012)the sedce in the SO setip employs the full
CICE4 dynamic and thermodynamic model, which is the sartteassed 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 condtions when using the restoring method for specifyingSeesection3.3 for

moredetails onthe experimental setp.

2.2 Qualifying NorESM1-Happi: CMIP5 experiments

We performed a full range of CMIP5 experiments with fully coupledNorESM1Happi to document the
performance of the mode&nd to obtain valid historical and RCP8.5 runs for fillly coupled ERPL-PD
experiment (SecB.22-2). TheCMIP5 experiments are summarized in Tablei$ihe-SupplemeniThe set
up of the simulations follows that of the original CMIP5 simulations with NorE&MBentsen et al., 2013;
Iversen et al., 2013; Kirkevag et al., 2013).

The NorESM1Happiwith 1 ° resolutionwas spun up for 1850 conditions over 300 years, stpfitorn model

yvear 600 of the NorESMM spinup with 2 ° resolution atmosphere and land. The oceansaadcevere in

both cases run with lresolution.The pre-industrial control experiment (piControlas started from the end

of the spirup, in model year 900. Thdatee historical experimentserestaredfrom thepiControlin model
years 80 (Histl), 960 (Hist2) and 990 (Hist3lhe three RCP8.5 experiments were started fitventhree

historical experiments in year 2006he code ugradeswvere introduced during the spup period while the

bugfix in the aerosolscheme was introducext the beginning of the piControl experiment, causing some

adjustments over the first few years.
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Here we briefly summarize the extensive model validationlNofESMXHappi against NorESMM,
observationsand reanalysis given bytablesS1-S7 and Ffig.uresS1-S15-which-are-commentedn-the
Supplement The pe-industral-Control simulationfor NorESMXHappi is considerably more stabfer
NerESMIHappithan that for NorESMEM, mainly because the control run started from a state closer to
equilibriumin-NerESMIHappi The NorESM1Happi piControl experiment alsteviateslessfrom the World
Ocean Atlas of 2008 ocarnini et al., 2010; Antonov et al., 201Ben NorESM1M. The increased horizontal
resolutionresults itead-toreduced cloudiness in NorESMHappi (compared to NorESMM), and along

with this a cold bias, a faster atmospheric cycling of fresh water, and overestimated precipitation globally

(Table S4and Figure S5). The atmospheric residence tigwed oceanto-continent transpouf watervapour

appears satisfactory (Table S&lso, the thermohaline forcing of th&tlantic Meridional Overturning

Circulation AMOC) whas strengthened, andgsobably too strong (FigreS14.

NorESM1-Happi has a better representatiors®d ice (Table S5 and Figre S4), improved NH extratropical

cycloneactivity (Fig. g¥reS11)and blocking activity(Fig. #reS12) and a fair representation of thedden

Julian oscillation(Fig. 4reS10) The amplitude atheEl Nifio-Southern Oscillation (ESO) signals is reduced

and is too small, although the frequency is impro{ed. ure-S13) NorESM1-Happi has lower climate
sensitivitystess—sensitivé3.34 K at CQ doubling) than NorESM1M (3.50 K) and slightlyhighemrere
climatesensitiwity than CCSM4 (3.20 K; Table S7). The lajage, albedo, and to a smaller extent the short

wave water vapour feedbacks contribute to Arctic amplification in botteinversions (Fig. S15).

3 Thel.5Kand 2.0 K warming scenarios

3.1 The AMIP experiments

The “AMIP experi ment s "NoreSMéHappha themulp-madd|intercmmpdrisoni t h
projectHAPPpreject The target of the experiments is to investighteregional impacts aflobal warming

under stabilisation scenaridgt are 1.5 and 2.0K warmer than the 1850 climafEhe three large ensemble
experiments are: tHeD climatgpresentdecadéor yearsPD:2006-2015), a climate that 55 K warmer than
the preindustrial (1850) climate, and a climate that isR.@armer. We refer to these as the AMPP, the

AMIP-15, and the AMIP20 experimenisrespectively

Designing a coupled model experimental protocolli&K and 20 K warming targeg requires determining

forcing conditions thawvill produce the target glob@hean temperature changndothercharactestics of

the warmeclimate stateThe same forcing conditions mdowever produce different temperature responses

in_different moals. The CMIP5 modelsfor instance display considerable spread in the rsarface
temperaturé2-m-temperaturelesponsdorto RCP2.6. While the mulkinodel mean response is very close to
2.0K, the spread across the-95% range is approximately k5 (see Fig. 2 in Mitchell et al., 2017). Fully
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coupled models are moreover computationally expensive because they rmesntineesor longer to

approachpgoeachnew equilibria after sustaineshiftsin 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 ensembles. The experimamtal set

resembles the AMIP protocol, thus we refethe version otheNorESM1-Happi that follows the HAPPI
protocol alNorESM1-HappiAMIP.

The construction of the input data the HAPPI experiments is described detailby Mitchell et al. (2017).
The main pointspecificto-oursetip-are listed below:

1 IntheAMIP-PDexperimenttheSST and se&efieldsare based on observations (Taylor et al., 2012).

Seaice-thicknessifixedat2 minthe NH-and 1 minthe Southern Hemisphere{8Hthropogenic
greenhouse gad§&HG) concentrationsiricluding CO,, CHs, NoO, and CFCl emissions of aerosols

and theirprecursors, ozone concentratipaad laneusechangesaretaken from RCP8.5 for years
2006-2015, as itis common procedure to use RCP8.5 to extend the historical period beyawd2005
Vuuren et al.20117).

1 Inthe AMIP-15 experiment, anthropogenic GHG az@neconcentrationdanduse and aerosofata
are takerfrom RCP2.6 for year 2099 he SSTincrease relative to PD is the TRS multimodel
mean difference between years 2862100 from RCP2.6 and 2006-2015 from RCP8.5. Natural
forcings are as foAMIP-PD. Sedce concentrations are estimadgérom 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 experimental protocol does nover seaice thicknessAs is standard in NorESM, tlseaice
thickess isheld fixed at 2 m in the NH and 1 m in the Southern Hemisphétke (S

The NorESM1HappiAMIP datasetincludes125 ensemble membeifer each experimentachof length

10-years (after a-year spinup which isdiscarded from the analy¥igiiving 3750 years of datal o allow for

enabledynamical downscalindnightemporal resolutiooutput from 25membersf each experiment agere

stored—with——high——temporal—reselytion The data is available for download at
http://portal.nersc.gov/c20c/data.html
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3.2 The fully coupled (CPL) experiments

One shortcoming of the AMH/pe simulations is thawhile they calculat@eglectthe effecs of prescribed

changes irthe ocean and sedce on the atmosphere, they cannot calculate how these atmospheric changes

may feed back on the ocean and seaets

To investigate the effeebf havingocean and seae componentshat are free to resporid changes and

variability in other parts of the climate systisuch-feedbacksve haveconductedully coupled experiments
with NorESMtHappi that target.5K and 2.0K warmingexperimentsompared to préndustrialtemperature
levels(CPL-15 and CPE20)ywith-the-fully-coupled-NorESMHappi -The forcing datain these experiments
are based ofRCP2.6 and RCP4 but-with-impertant-differenceThe emissions adinthropogenic aerosols

and aerosol precursers, lansechangesand concentrations of GH@part from CQfollow those in RCP2.6.

Thus, we have chosen to mimic the evolution towards the two temperature targets by manipulating the

prescribed tim&volutionofia the CQ concentration (Figl).

It should be made clear that other temperature evolutions are possible by alternative combinations of forcing

data, but an adequate discussion of this lisbf&yond 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 emissions and removal processes, some of which areabtmirofractice.

We emphasize that because thes GONorESMXHappi is concentratiedriven, and not emissiedriven as

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

this modeljs impossible.

The constructedscenarios wer@spired by those in HAPPI, with the CHI5 being based on RCP2.6 and

CPL-20 being based on a combination of RCP2.6 and RCPHedetails of the scenarios were determined

through an iterative trighnderror processAlthoughalsoinspired by the much more sophisticated method by

Sanderson et al. (2017), we simply ran the modelf2rcenturies based on a few constructed time profiles of

CO, concentrations. The results in this paper are takentlienmersion thatvasmost 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 and then decreasésllowing the pattern assumed the originalRCP2.6 from year 2095

onwards Thus{i-e-the decrease is delayed 75 years compared to RCP2 6PL-20, the CQconcentration
follows RCP4.5 from year 2000 to year 2050, then stays constant until year 2170, after dédalystin the

same fashion &8PL-15, butstartsfrom thehigher concentration leveFhe-otherGHGand forcingproducing
elementare-asin RCPRE.
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The fully coupledPDpresenday (CPL-PD) climate is represented by the-y88ar time period 1992020
using output fronthe CMIP5 experiments carried out with NorESMIbhppi. We use the period 1321005

from three individual simulations of the historical climate (Histl, Hist2, and His8:Seci2.23-1 or Table
Slin-the-Supplementand extend them with years 262620 from three individual simulations of RCP8.5
(Sect.2.23-1). Thus, CPLPD, CPL-15, and CPE20 are all sampled by 90 years of simulations with the fully
coupled NorESMIHappi.

The scenario runs CP15 and CPE20 both start from simulation year 2005 of kistl experimenttigure-22
shows the change in nesurface temperature for Histl (182005) and forthe CPL-15 and CPL20
experiments (2008230) relative to the prmdustrial climatecalculatedunder constant driving conditions

valid for year 1850the piControl experiment, see Se@&.23-1 or Table S1) The globalmean temperature

warms rapidly between years 1960 and 2050, then the response flattens out over the next 1B0wWedrs.

follows, we study results from the 8§@ar periods 2112200 for which the mean temmture increase in
CPL-15 and CPE20is1.51 K and 1.97 K relative to pirdustrial conditions anfl.69K and 1.1X relative
to CPL-PD (see discussion dable3Fable3 in Sect.4.151).

The experiments are, however, not entirely stabilized. By the end of theeRfury, both CP115 and CPL

20 still have a positive radiative imbalance at the top of the model atmosatwned).7 W m2, not shown)

and a positive heat flux into the ocean at depths belowr2(lg. 3). The net heat uptake in the upper ocean

is, however, small at that point. TAdantic-meridional-overturning-cireulatioMMOC) decreases with time
over the first 100 years and is relatiwstable over the last 150 years ().

Our fully coupledexperiments differ from those in Sanderson et al. (2@id) in Sigmond et al. (2018).

Sanderson dl. whofirst used a climate emulator to construct concentration scenand#en used these

scenarios to produce stabilized K%&nd 2.0K warming experimentwith the CESM1Sigmond et al. (2018)

branched the warming experiments off from RCP&Hing theemissions ointhropogeni€0O, and aeosob

to zero.The simulations presented in this studlg far from reaching equilibrated climate states, but are-quasi

stable over 99ear periods afteaspirspinup irgtp-ofr 100 years from present day. Full equilibration over

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

3.3 The slab ocean (SO) experiments

While results fronthe coupled simulations above will help us understand hoW &arkd 2.0 warming might

manifest in thefully coupledearth system, CRIL5 and CPE20 are not stabilized scenarios like the AMIP

experimentsMoreover, Fig55 shows that théully coupledPD experimentgpanels a, d, g, and @xhibits

larger biases than the AMBXperimentgpanels c, f, i, and Pelative to ERAInterim (Dee et al., 2011 all

seasons. Prescribing the SSTs and sea icbsewationally-based fieldgonstrais the climate in the AMIP

PD experiments, vielding smaller biaseshe simulated climatelTo be able to examine 1K and 2.0K

warming experiments in a model which has smaller biases, but where the aad BETs aralso free to
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respond, wdnave designed 80 configurationhave-designed-a-slazean-configurationf NorESM1Happi,

NorESM1-HappiSO(see Sect2.14 -for details).

We have conducted freenning SO experiments for the PD climate {8D), andfor climates that are 18

and 2.0K warmer than the prmdustrial (SG15 and SE20). The SO model has been calibrated to mimic the

three HAPPI experimen®&MIP-PD, AMIP-15, and AMIR20, using the same forcings for GHGs, aerosols,

ozone, and landse. In SGPD, the SSTs are constrained taysclose to the observed values from ANAB.

The SST differencefor SO-15 and SE20 are-based on the SST response in €P.and CPLE20 relative to

CPL-PD for consistency with the model climatetii@NorESM1-Happi-Fhe-SO-modebnd-the setip-ofthe

experimentsiadescribed-in-more-detaiHin-Sedtand This is in line with the recommendations of Bitz et al.

(2012) when the seiae model is lhe same as in the fully coupled model versiAn. ovewiew of the

experiments is provided ihable2Fable2.

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 -iprdustrid climate, consideringthe
observed andnalysedctlimate atPD (2006—2015). The experiments with NorESNHappiSO are designed

to be comparablm the NorESM1:HappiAMIP experimentsn whichthe SST and sem&e are prescribe@see
Sect.3.1-2.3). Three different calibrations 6f (Eq. 1) are therefore performed using thestoring method
(Sect.2.1). For SO-PD we use 2-year averaged SSTs determined by the observationally kassdtional

Sea Surface Temperature and SeaAoalysis(OSTIA) for theyears2006—2016 (Donlon et al., 2012). In

practice, this calibration alseducesbiasesFor SO-15 and SE20, we determinenew? fields thawhich

adjustthe model tear-SST fields which ards consistent with 1.5 and 2.0K warming To obtainFthese

fluxes, wecompute SST increments basedlom differencébetween CP{15and CPLPD and between CPL

20 and CPLPD and add thesex
15-and-CPRL20runsrelativéo-CPL-PDto the OSTIA PD SST field.

One may argue that it would produce be a more consistent comparison with the NefagMAMIP to

calibrate the S@nodel from the SSihcrements designed for HAPPI, and used in the ABRand AMIR

20 experimentsThiswas also our first attempt, which resultadgtrong changes in the Hadley circulation and

in the extratropical jets during winter and spring for reasons we do not fully understand. This behavior is

neither seen in the AMIP nor the fully coupled runs, @pdare not confident that the response is realistic, but

aresultofenforcingSSIatterns that are too different from

the SST increments from the fully coupled NorESMdppi runs, we do not see this kinlb®havior. The

results are much more consistent with the climate response of the coupled systehd @LCPLE20).

-The different) -fields thusemulate the effects of oceanic circulation changes on the heat flux divergence in

theuppermixed layerof the ocean
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Thed—fields are determined for each month of the year, and the values use&@rtiwlel at a given grid
point and a given timaredetermined by linear interpolation between the former and the next monthly value.
The samé fields are used every yeaf the simulationFg. 6 shows annual averages ®6-PD together

with the increments for th&.5K and the2.0K warmerworlds (SO15 and SCR0).-tr=additionwe-dse-the

experimentsThel for SO-PD (Fig. 6a), which includes bias correctionis, dominated by large negative
values (hence SST increase) along the major currents in the North Pacific, North Atlantic, Southern Indian
Ocean, and the Antic sector & the Arctic. Positive values are mainly seen along the equator and in some
coastaupwelling zonesThe increment patterrisig. 6b and clappear largely independeoftthe level ofthe
warming, with positive values (decreasing SST) over the Lab@doent negative values (increasing SST)
south of Iceland, and value$ both signs over the Southern Ocean.

Having determined the -fields, Wwe carried out 15@ear simulations for S®D, SQ15, and SE0. After

a spinrup of 60 years, a nequasiequilibrium is reachedjileaving three equilibrated periods of 90 yeaash

(270 years in total).

The biases in the neaudrface temperaturfer the present day climate asbBown in Fig55b, e, h, and k (for

the fourseasons). While the biases kamger than those from AMHPD, they are still clearly reduced compared

to CPL-PD. For instance, thglobaltmeanbias in NH winter (December, January, and FelyuBdF) is
reduced by 3%0in the SCand 64% in AMIP modelcompared to th&ully coupledmodel.

54 Temperature response

In what followswe studyresultsfrom-the-PB-clinate-andhe warmingresponsee-the-warmingn the1.5K
experiment(with respect to PD) and thextra0.5- K difference (betweethe2.0K and1.5K experiments

from threeversions of the NorESMHappi: (1) NorESMIHappiAMIP forced with prescribed SST and sea
ice (Sect.3.12:1); (2) NorESMHappi which isfully coupled(Sect.3.22-2); (3) NorESM1HappiSO which
empleydas sslab ocean model (Seét32-3and2.14). The disadvantage with the AMIP model is thaloies
not captureanyocean and seiae feedbacks. The coupled modelthe other harmebweverhas larger biases

for instancein the-nearsurface temperatus€Fig. 55). The SO model offers an intermediate solutigth
smaller biasethan te fully coupledmodel Fig. 55), while still including feedbacks that are missing in the
AMIP modelsetup. The AMIP experimenthowevercomprise a much larger ensemblegperimentswhich

may enable statisticalgnificance of smaller trends.q. Li et al., 2018).
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5:14.1 Temperature targets and the polar amplification factor

The changes in thglobatmeannearsurface temperature ftne1.5K and 2.0K warmer worlds are given in
Table3Table3. Note that these runs are designed to have temperature isakehsK and 2.K relaive to
pre-industrial conditions, whereas we are comparing them tdPheclimate which is assumed tbe 08 K
warmerbased orobservationgMitchell et al., 2017)Therefore the ideal temperature increase between the
PD experiments and the K5and 2.0K warming experiments is OK and 1.2K.

NorESMX:HappiAMIP hits the temperature targets of K7and 1.2 K abovewith—+espeet—to—+thePD
temperaturgquite accurately. The corresponding numbers arel&itd 1.0XK for NorESMXHappiSO and
0.69K and 1.15K for NorESMZXHappi. The warmingcomparedwith—respeetto the PD climatas thus
somewhat too low in the SO modehereas it iclose to the targetin thefully coupledone The difference
between the 2.8 and 1.5K warming experimentis quitesimilar across the model8.49K for NorESM
HappiAMIP, 0.43K for NorESM-HapaSO, and 0.46 for NorESMZXHappi

-It is not entirely clear what is causifithe smaller temperature response in the SO experimenbelieveit
i s mainly c au ssealsetbyacdldbiaseverdadddTlabledTabled, see discussion below)
The cold bias over the continents is which-canrnetbadequatelgontrolled by the adjusted ocean-fluxes.

As shown in the supplement (Tablgé8 and S4 as well as Fig§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 cloudiness and to the strong vertical overturnidgtiorcin theAtlantic Ocean

(Figs. S14 in the supplement, and Fig. 4) which efficientlysfesis heat into the deep ocean (Fig. 3) leaving

less for ground surface heating. These properties are carried over to the SO model by the cloud properties of

the amospheric 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 alongside thesponse fothe Arctic region drea poleward of 68e¢N) in Fig. 7.
The temperature response is clearly amplifieskerthe Arctic compared to the global mean. Théoraf the
polarto the dobal nearsurface temperature respoedinesthepolar amplification factor (PAH able3Table
3). The PAF is considerably larger in the Arctic than in the Antaretinsistent with polar amplification being
more pronounced in tléH. The Arctic amplificationNH-PAF) is furthermore strongen the 1.5K thanin

the 2.0K warmingscenarios

The Arctic amplification isenhancedn the experimeng with an active ocean componentCompared to
NorESM1-HappiAMIP, the Arctic amplification is 2% stronger in the 1.K warme world in NorESM21
HappiSO and 5% stronger in NorESMHappi.With the additional 0. warming the Arctic amplification

is moreover 196 and 48% stronger in the SO aritlefully coupledmodelthan in the AMIP model

To assess how the strength of the Arctic amplification in NorESIEdApi compares to the CMIP5 models,
used for constructing the SST fields used in HAPPI (and thus in NorE&MpiAMIP), we havecomputed
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the PAF for RCP2.6 and RCP8.5 fmich ofthe CMIP5 nodels. Results are shown in Fg&).along with the
PAF for RCP2.6 and RCP4.5 for NorESMAppi, and for the different 1’5 and 2.0K warmingexperiments
The figureshows that the PAgenerally § larger in the NH than in the SEbfisistent withTable3), and that
there is considerapmore variability between the CMIP5 models when the forcing is weAlger, the CMIP5

multi-model median PAF is smaller fetronger forcing experimes(2.1 for RCP8.5versus 24 for RCP2.6),

in line with the results from the 11 and 2.0K warming runsThe Arctic amplification in NorESMHappi
is in the upper range compared to the CMIP5 models. For RGREWAF for NorESM2Happi is 3.4, which
puts itabove the median for the CMIP5 models (24) somewhaielowthe 90" percentile(3.6).

Table4¥able4 shows similar statistics dable 3Fable3, but for the NHextraropical (poleward of 20N)
winter and summer land tem@atures|and precipitatiorrates, andgeaice areaThewinter climate is colder
over land in thdully coupledand SOmodels tharn the AMIP modelby—Fhe-difference-is0.54K forthe

fully-coupled-modeland -0.57K, respectivelyforthe-SO-modelvith-respecto-the-AMIP-medel During

summer, land temperatures are almost as high in the SO model as in the AMIP model, whereas the fully

coupled model is 1.58 colder. This is in line with the tger bias in the fully coupd model during this season
(Fig. 5g-).

The fully coupled modehas the largest reduction in sieea areain the warmer climates during summer and

winter. The SO model has larger changes thage prescribed ithe AMIP model during summer and smaller

changes during winter.

During summer, the S@odeland the fully coupled modehave the largest changedand temperaturesnd

precipitation in the 1.5 warming experiment, whereas the AMIP model has the largest changes with the

additional 0.5 K warming. During winter, the AMIP model has the largest chamggsecipitation and
temperaturen-with the 15 K warmingand the smallesthanges in precipitatiowith the adiitional 0.5K

warming.

Sofar we have considered changes in surface fields, but changes are also occurrirfigcaloftOFigure8
shows thezonatmeantemperatureesponse to the 1 warmingrelative to the PD climatior NH winter
(DJF) and NH summer (June, July, and August; JJA). Thérerikevelwarming-in-theAeticard-highupper

level warming in the tropics in all three modelsie-Arcticwarmingis-strongestithefully-coupledmeode}
consistent-with-the PAFresultsirable3: The uppetlevel warmingis somewhat mor@ronownced in the

AMIP model everthe-tropicsand appears to be more consistent between the seaseitisn the Arctic
Amplifications-semewhat-morerenothced-inthe AMIP-medel

5.24.2 Equator-to-pole temperature gradients

The warming pattern iRig. 98 is consistent witla sharpening ahe uppeilevel equatoto-pole temperature
gradientand a weakening of the l@vtropospherigradient Li et al. (2018) considered the muttiodelmean

changes in these gradiaenn five of the modelscontributing tothe HAPPI projectjncluding NorESM1
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HappiAMIP. They found that the Io¥evel gradient changes more with the initial B.Wwarming (1.5K—-PD)
than with the additional 0.& warming (2.0K-1.5K) in all the models. The uppérvel gradient on the other
handstrengthens more with the additional @5varming than with the initial 0.K, except in NorESM1
HappiAMIP where the changes ar®resimilar.

Figures 10Figure-9 and 1140 show the temperaturgradientsbetween the equator and the North Pale
200hPa and 856hPa(e.g. Harvey et al., 2014pr the PDexperimentand thel.5 K and 2.0K warming
experimentsvithin NorESM1:-Happi, NorESM1HappiSO and NorESMHappiAMIP, separated [and-for
each-oftheseasoa

The magnitude of the PD gradieiggienerallysmalleweakerin the fully coupledthan inthe SO ad AMIP
models except during summevhen-the-lowlevd-gradientd ongerin-tHelly-coupledmodel While the
fully coupled modemight seem like an outlier, the upgderel gradient is actuallgloser to the one iERA-
Interim (Dee et al., 2011)indicating that the SO and AMIP models overestimate the tippelr poleto-
equator temperature contrgBig. 109). At low -levelsthe fully coupled modelinderestimatethe gradient
during winterand springMarch, April, and May; MAM) while the gradients ithe SO and AMIP modekre
strongerand closer to thereanalysis(Fig. 1120). During summei(JJA) and fall (September, August, and

November; SONjhe fully coupled modéhas the smallest bias and the strongest contitakig/er levels

In line with the zonatmeanresponse irFig. 98, the uppehigh-level gradientgenerally increases witthe
warming(Fig. 109) while the lowlevel gradientdecreasef-ig. 1110). The lowlevel gradient decreases more
with theinitial the0.7 K warming than with the additional Ok§ consistent with Li et al. (2018)he decrease
with the initial 0.7K is moreovetarger in thdully coupledand SO models #n in the AMIP modekonsistent
the stronger Arctic amplification in these mod@lable 3Fable3).

Changes in thepperlevel gradient are less consistastoss the experiments and seasbdhsre ishewever

little change with the initial 0.K warming inthe fully coupled and SO modeBuring winter and springhe

gradientstrengthensvith the additional 0.X warming in all three modelst

Buring summer and fall, the upplevel gradient
strengthens more with the initi@l7 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 the is less warming aloft in the fully coupled model and SO mtdel in the AMIP

model It is possible that th

cold biases in the tropiesecontributing As discussed abovBpoth the fully coupled and the SO models are

colder over land than the AMIP modglring winter(Table4¥able4), and the fully coupled model additionally

has cold biases over the tropical oceans @sy.
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65 Extratropical storm-track activity

Changes in theemperature gradienése known tde associated with changes in éxératropicaktorm tracks
with stronger gradients being associated with poleward shifts aalargradientswith equatorward shifts
(Brayshaw eal., 2008; Graff and LaCasce, 2012; Harvey et al., 2014; Shaw2QE).

Extratropical stormracks can be defined asgions ofgrowing anddecayingbaroclinicwaves embedded in
the zones of pronounced meridional temperature gradient andvastanly windeurrents Here we represent
the stormtrack activity in terms oatmospheridields, such as geopotential height, that have lbeernipass
filtered in time taisolate disturbances witimescales between 2.5 and 6 dégdowing Blackmon 1976 and
Blackmon et al.1977). The variability ofthe resulting fieldss dominated by growingnd decayingbaroclinic
waves, and the storm tracks aaiken to be maxima in the bandpéitered variance field¢e.g. Blackmon et
al., 1977; Chang et al. 2002; Chang et al., 2012)

Figure 12Figure 11 shows the bias in the PD stotmack activity in terms of bandpadiitered geopotential
height at 50thPa for NorESM3aHappi, NorESM1HappiSO and NorESMHappiAMIP. Thefully coupled

modéd underestimates theariability in all seasons. The bias is largest over the North Atlantic during winter

when-the-storptrack-activity-is-underestimatanh the equatorward siaé the storm traclandover the Nordic
Seas consistent with the North Atlantatorm tradk beingoverly zonalin the NorESM(Ilversen egl., 2013).

The SO and AMIP models have both positive and negative biases over thératdkmegionsand a North

Atlantic 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 moded. The areaaveraged winter bias for the region showirigure 12Figurell is for instance
4.24m (13 % relative to ERAInterim climatology) in the fully coupledmodel, 0.89m (2.73%) in the SO
mode| and 0.5Im (1.56%) in the AMIP model.

Figures13Figuret2 and 14 shows the changes inpperlevel stormiraek activity within theinitial 0.745K

warming andwith the additional 0.% warmingexperimentdor the three models and all four seasadnst
al. (2018) foundhat-while-thee-isa poleward shift in uppdevel stormtracksactivity with both the initial
0.7 K and the additional 0. warming in the HAPPI mukmodel ensembleHere, Fthe NorESM1-
HappAMIP modelconsistentlyhas-the-most-consistent-changes-aihlaysmore storrirack activity at high
latitudes and less at lower latitudesh both warmingseensistent-witla-peleward-shift for all seasonsThe
exception isas in Li et al.pver the North Pacific where there isequatorward shift of during summeith

the initial 0.7K warming andequatorward shifhear the NorthtAmerican west coasegion during wintewith
both the 0.K and the additinal 0.5K warming.
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Changes irthe fully coupled and the SO modate relatively consistent witlthose inthe AMIP for the
additional 0.5 warming (Fig.14)less—censistenthis is most clearly seeaverthe North Atlantic where

there tends to be more storm activity on the poleward side and less on the equatorwaishspdéaward

shiftsard he poleward shift is line with changes in the uppkavel temperature gradient, which strengthens

with the 0.5K warming forall cases.

-Buring-summer-and-falldhanges arboweverlessconsistentith the initial 0.7K warming(Fig. 13). The
response in the fully coupled and SO experiments resembl&aheltanges—resemble-thdsethe AMIP
medekxperimentgluring summer and falvith more activityatoverthehigh latitudes and lesgeverthelow
latitudes. The reductiorsithe-egquaterward-sideehoweverstronger fothefully coupledand the SO model

Changes during winter and spring are more complicated, and gamicularly resemigl those inlie AMIP

model

and-summeiWe considefthelow-level summer and wintestorm tracksre-givenn terms of thésandpass

fitered-meridional eddy heat flus inLi et al., the response tbe initial 0.7 K warming(Fig. 15) is generally

a reduction in storarack activity, hereindicating that the storrtrack eddies are transporting less heat
polewad. The decrease over the NeAtantic region s strongein thefully coupledand the SO model than
in the AMIP modelChanges during summer are weak.

The ehange-in-thelovievel-stermtrack-activityin-respenseesponsdo theadditional 0.5 K warming (is

shewn-rFig. 1615-for-summerand-wint@ris Agair-changes-aatsoweak during summer. During winter,

the AMIP and SO models have an increasethwest ofhe British Islesverthe-Nordic-Seaspbut this is
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lesspronouncedand not significantin thefully coupledmodel. A similar increase eweverpresent in the
multi-modelmean in Li et al{2618)

The white dots in Figl3-16 indicate that only theery strongest changes are significant in NorESN&ppi

and NorESM31HappiSO whereas the changes in NorES&bpiAMIP are moe generallysignificant. This

could be caused by the smaller number of model y@a#able forthe fully coupledand SO model, but it

could also reflect a larger spread between the decades/melvibdesnot all differences are significanhe

similarity (or lack theregdfbetween thealifferencedan the experiments with active ocean componearidin

the AMIP experimentsioes nonethelesscreasdor reducé, our confidence in the AMIP results.

#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 abilitglimhate models to simulate the occurrence of
droughts at midatitudes in the present and in future climates is conditioned by the nadulélsto simulate

blocking (e.gWoolingset al., 2018

Figure 17Figure-16 shows the PD blocking frequency forNorESMZXHappi, NorESMiHappiSO, and
NorESM1-HappiAMIP for thewinter andsummer seasenThe blocking frequency is underestimated over
the North Atlantic ad western Europe during wintand over large parts of Eurasia during summEne
performance of the three models is generally simildthough some differences can be seen. The
overestimation ilNorESMX-Happiat 120°W is for instance not as pronouncedhe other two model3he

SO and AMIP models perform slightly better over the Pacifiot the blocking occurrences still
underestimateah the Atlantic sector.

It is well established that many global climate med&ve problems simulating the occurrence and duration
of blocking in the EuréAtlantic sector and that trsystematic errors are particularly lardgingNH winter.
Several studieie these problemto poor horizontal resolutigrbut there are likely ber factordDawson et

al ., 2012; Davi ni lingsétalD20BBhdr ea, 2016; Woo

The changes in theccurrence ofvinter andsummerblockingin the 1.5K warming experimengrelative to
PD) and with the additional 0. warmingare shown inFig. 1817 for the-NorESM1-Happi, NorESM1
HappiSO, and NorESMHappiAMIP. The magnitude of the response varies dramatically between the models,

and there is generally little consistency between the models regarding the sign and significance (indicated by

the asterisk) of the response for the difference longitugesd-aAlthough not shown, the same lack of

consistency is alsfmund forspring andall.

modelThere are indications of more consistent changes between the model versions adthtibeal0.5 K
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merementalwarming during NH summer, with increased blocking occurrence over parts of western Europe,

the eastern Pacific, and the western Pacifibanges are in these cases larger in the coupled models, but most

significant in the AMIP_modelNote that the AMIPresponse can be statistically significant relative to the

internal variability in theAMIP-model, even though tremplitude of the response is small.

coupled-medels;but-meost-significant-in-the-AMIP-motdvertheless, the results concerning blbicking

generally remain inconclusive.

87 Arctic sea-ice reduction

The extent thickness and concentration of dea are importanproperties ofthe climate systenfigure
19igure-18 shows the concentration of Arctic séae in March and Septembésr NorESMX-Happi and
NorESM1-HappiSO. For PO¥Fig. 1918a—d) the modelledconcentratioa arecompared taemotely retrieved
data from OSISAF (2017).

The quality of the modelata isbetter in March than in September, when3iamodelseems to underestimate
the concentratianwhile the CPLPD overestimates the ice covéhis is also seen when comparing the mean
seaice extent to observationSor CPL-PD, the sedce extent in March/September is 14.26 (0.34) / 7.38 (0.62)
1¢° km?, andthe observedor the relevant years (1998015)is 14.87 (0.36) / 5.71 (0.94) 1&m? For the
SO-PD, the March/September extent is 14.54 (0.36) / 4.22 (1.%krhband the observefbr the relevant
time period (20052015)is 14.69 (0.33) / 5.04 (0.58) 1&m?2 The numbers in parenthesis are igenual

standard deviatiorl.he March sedce cover seems to be rather well constrained by the gradients in SST while

summer extent is more influencedlbgal processes such e ice— open water albedo feedback.

FromTable4 (Sect.4.1), we know thathe NH winter sedce areas are overestimated in GPD and SCGPD

compaed with AMIP-PD which is based on observations. The reason for this is not fully undershedtD

climate in the fully coupledhodel is too cold with too thick sea ice (not shown). This gives little summer melt,

and rather largseaice extent duringearly winter. For the S®D, the model is also cold during winter, but

this might be related partly to thedarice cover. The use of anruma¢an mixed layer depths in tB® model

underestimates the mixed layer depth during autumn and winter. This gnghtoo 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 warmer climates. In MarcHatgest changes occur along the

edges of the icéFig. 1948e-1, i-). There is a larger reductiamthe fully coupled than the SO model with the
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initial 0.7 K warming,whereas the changes anere similar with the additional 0. The changes occuower
a larger fraction of the seee covered area i®eptember (Figl9i8g-h, k-)_than in March While-the
e€Changesare againare larger with the 0.K than with the additional 0.& warmings in the fully coupte
model,whereaghey seaice response to the Ok7and the 0. warmingsare moresimilar eemparablen the
SO model.

While the sedce concentration is reduced more with the warming in the fully coupled mod&ké&summers
are more likely inties SO model Figure 20Figure-19 showshistograns of the relative occurrence of NH
September sei@e extent for NorESMHappi Fig. 2029a) and NorESMHappiSO Fig. 2039b). The seadce
extent is shown for the observadd the modelled PD climate and the K.&nd 2.0K warming experiments.
For PDclimate,the SOmodelproduces too few cases with the largestise@&xtent whereabe fully coupled
modelhas too many. The overrepresentation in the latterisdd@ly caused by the cold bias in the model

and the thick multyear sea ice

The probability ofhavinganice-free Arcticin Septemberthat isi-e. havinga seaice extentbetween 0 and
1x1P km?, is practically zero for PD conditions in both models. Tl coupledmodeldoes not reach iee
free conditions with 1.K nor with 2.0K warming(Fig. 2028a). This is perhaps not surprising as the model is
too cold and hato muchseaice in the PD climateSo even though there are larger reduction in théceea

concentration in the fully coupled model, it does patducdravean icefree Arctic in SeptembeAlso, the

inter-annual variability is smaller in the fullpoupled model than in observations. We attribute this to the

generdl largeseaice extent, and thick muhlyear ice. Thenodel has a delayed Arctic sie@ decline during

the historic period compared with observations. The-ateual variability in thenodel is comparable to that

given from observation in the period 192904, before the recent rapid sea decline.

Results are different fahe SO model which exhibitdiassmaller biases in temperatumad sedce extent.
While-tlcefree Septembeconditions are rather unlikely under 1.K, but but-the probability increases
substantially to about 1% with the additional 0.X warming(Fig. 2039b). The difference between the two
temperature targets iteerefore potentially very larger the Arcticsea ican summerandfall—a—+result-that
: ) -The NorESM1HappiSOtends to underestimate

the relative occurrenaaf the highest sege extentandoverstimatehe occurrencef thesmaller extents in

the PD climate (comparing the blue and black bars in Hg), which could indicate that the is an

overestimation ofce-free conditionsn the modelA substantial reduction in séee extent between 16 and
2.0K warming is however also seein CESM1 (Sanderson et al., 201¥ahn, 2018and in CanESM?2
(Sigmond et al., 2018)
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98 Summary and discussion

In Fthis paperwe -focus on the response s
feedbacks-undaglobalwarming of 1.5K and 2.0K relative to prendustrial conditionsn different versions
of NorESM We compare results from fally coupledand a SO (slabcean)simulationsersion—ef-the
NerESMI-Happito results from the AMIf&tyle simulations that were carried out for the multidel HAPPI
project(Mitchell et al., 2017http://www.happimip.orgd/

Because the AMIP runs are forced with prescribed SSTs andesdlaely have small biases, but they also
predefine aspects of the Arctic amplification. Thky coupledand the SO models allow for changes in SST

and sea ice¢hat can influence the surface albedo and atmospheric lapse rate, which are major elements in
producing Arctic amplification (Pithan and Mauritsen, 20T4)e motivation for using a SO model in addition

to thefully coupledone is thathe SO modehas smaller biases, while still allowing the ocean and sea ice to

respond to the forcing in the warrginuns.

We consider the PD (present day) climate, the response to tiev@arming between the PD and the K5
warming experiments (assuming &8varming between 1850 and PD), and the response to tkenabming
between the 1.K experimenaand the2.0K experiments.

Results show that Arctic amplification, as measured by the PAF (polar amplification factt® NH is
largerin the models wittan active ocean componentn thefully coupledmodel, the PAF is 5% stronger
than in the AMIP modaelith the initial 0.7K warming, and 466 stronger with the additional Okbwarming
The difference is not as large for the SO model which h& and 19% stronger PAFvaluesfor the same

warmings.

Arctic amplification weakenthe lower tropospheriequatofto-pole temperature gradieraind this decrease
is larger with the initial 0. K warming than with the additional Ok5for all seasos A similar result is also
found inthe AMHP-runsfromthefive HAPPI models (including NorESMBappiAMIP) studed by Li et al.
(2018). Theis presentstudy however shows that tisbanges wittthe initial 0.7K warmingis largerin the
fully coupled and SO models than in the AMIP mogelticularly 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 movéth theinitial 0.7 K warming, similar towith-the lowlevel gradient. fie
magnitude of the response however wt systematicallfargerin the experiments witlan active ocean
componerd. During winter and springthe uppeilevel gradient changes very little with the initial K7
warming in the coupled models and more with the additiond{Qvhereas the AMIP model has more similar
changesvith the 0.7K and the 0.X warming The changes in the upplewvel gradient are also less consistent
than those in the lovwevel gradientm Li et al. (2018)while theupperlevel gradient changes more with the

additional 0.5 € in the multimodel meanthere is considerable spread among the models.
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Changes in temperature gradients are known to be associated with changes in thacksrmith the tracks
shifting poleward with stronger gradients and equatorward with weaker ones (Braysha®04.8; Graff and
LaCasce2012 Harvey et al., 20145haw et al.2016).Li et al. (2018) identified poleward shifts in the multi
model mearupperlevel storm track with the initial 07 K warmingand withthe additional 0.& warming.

We find that whilehe AMIP modeldisplaysconsistenpoleward shifts in the uppégvel stormtrackactivity

with the initial 0.7K warmingfor all seasonsthe results from the coupled models are less consistent during
winter and spring. The models agree more on the response to the additithatoveever, only the strongest
changes in th&ully coupledmodelandin the SO model are significant.

Thelow-level stormtrack activity decreases with th@tial 0.7 K warming. Changes with the additional &5
warming are weak in the AMIP modethereas théully coupledand SO models have stronger reductions.
All model versionshave indications of more aeity weskastof the British Islesa response also seen in the
multi-model mean in Li et al. (2018)hé&se changes am@wevemostly not significant in the coupled models
To the extent that reducéolv-level stormtrackactivity can be interpreted afower propagation of cyclone

waves in the westerlies, this can be associatedthétteducedow-level temperature gradient associated with

the highlatitude warmingneverthe Arctic(e.g. Francis and Vavrus, 2012; Screen and Simmonds, Z0&3).

Our findings indicate that the sto#tmack response is not always very consistent between the modehgersio
Thereare moreovesizablebiases in the storm tracks with respect to reanalysis, especially inlyheoiupled
model.Barcikowska et al. (2018) provided a study of the EAtlantic winter storminess which showed that
modelling the regional atmospheric circulation, extreme precipitation and winds with acceptable quality
requires an atmospheric model witlgher horizontal resolution (0.25n their study) than that used in the
present study and in CMIP5 models.

The results for blocking activity for the most remain inconcludiveto lack of consistency between the model

versions ando the low statistical significance afhe changesMany aspects of blocking are also poorly

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

The SOmodel simulates considerable differences in the reduction ifesiethe Arctic between a 11 and
a 2.0K warmerworld. Icefree summer conditions in the Arctic are estimated t@l@underl.5K warming

while occurringl8% of the timeunder2.0K warming_This number may however be too high as the SO

model does teds tooverstimate the relative occurrence of the loweriseaxtent andindeestimate the

highest extent in the PD clima# strong increase in the probabiliy havingicefree conditions when going
from 1.5K to 2.0K is Fheseresultsarenonethelessonsistent witlother studies (Jahn, 2018; Sigmond et al.
2018; Notzand Strove 2018. The fully coupled model ishewevertoo cold.It producesgoo muchseaice
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under PD conditionand isconsequently not able to reach-fcee conditionsn neitherthe 1.5K nor the 2.K

warmingexperiment.

This paper does not discuss practical or scientific challenges thai@agstressed in orddo avoid exceeding
certain temperature targets. Mathews et al. (2009¥zliett et al. (2011)ndicae that a constant equilibrium
response in surface air temperature to anthropogeniés@@termined by the accumulated carbon emissions.
Hence, an ESM which calculates the atmospheric concentrations x0br&ide from emissions, should
produce quite rapid stabilization of the global mean surface tempefataré&sigmond et al., 201.8Jhis is

possiblenabledf the ocean thermal inertia is balanced by decreasing atmospheric concentrationsioé CO
to oean uptakeNorESML:Happi is not equipped with the possibility to run emissidnen GHG scenarios

with ontline carborcycling. Instead, the atmospheric concentratmnSO, are prescribed.

Results in this study shothat there arémportantdifferences in the modelled response toKL.&nd 2.0K

warmingin NorESM1-Happi depending on whether the model is run with prescribed SSTs and sea ice as in

the AMIP runs, with the full ocean and sea model, or with the séae modelcoupled to asimplified ocean

model. These diffrences could bdue to theactive seaice and ocean models allow for feedbacks that are

neglected in the AMIP runs, but they may also be affectéddmxperimental set ugcompared to the CMIP5

models, the Arctic apiification in NorESM21Happi is in the high end of the range of responses. This indicates

that the difference between the AMIP erpsentsand the onewvith an active ocean model coulthvebe

smaller if theprescribed5STwere based oresults fromNorESM1-Happirather tharfrom the CMIP5 multi

model meanMore experiments are needed to understand this, such as those planned undef3pwiiviiBt

al., 2018)to investigate the role of the background state.

10 Code and Data Availability

The source code fANorESM1Happi 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 studycanbe made available as wedkeee.g. NCC /
NorESMX:HAPPI at http://portal.nersc.gov/c20c/data.html Contacts: oyvindse@met.no  and

Ingo.Bethke @uib.rnage-bethke@unino
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Tables

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

X= Definition Purpose References
Fully coupled GCM foCMIP5 Bentsen et 2.
with concentratiordriven GHGs: (2013); Iversen
M Reference for model evaluation 0 { al.(2013)
o [} et al. )
2 ° atmosphere and land?bcean NOrESMEHappi ' ‘
andsea ice26 atmospheridevels Kirkevag et al.
model top at 2.194 hPa. (2013)
Fully coupled GCM. Differences
from NorESM1M:
1° atmosphere and landidjusted Basic GCM evaluation (Table S1 Seland and
Happi aging of snow onsea ice with Coupled model scenarios targetir Debernard
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 stud
slabocean replacinfull ocean | AMIP-type runs which enables se
model. ice responsel@able2Fable2)
Contribute to HAPPI: ensembles ¢ Mitchell et al.
Atmosphere and land models fro  AMIP-type runs with prescribed (20179);
HAabDIAMIP NorESMLHappi with 1° SST andsea icetargetingthe http://lwww.hap
appi . . . . -
resolution, set up with prescribeq presentday (20062015)climate pimip.org/
SST andsea ice and 1.5K; and 2.0K_ warming
above prandustrial.
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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

Ttis included ind ,

where 1™ = 30

Notice thatsea icds not restored except fgra the indirect effect of the SST restoring term.

temperature response of 1.8

above PD.

CPE20¢CPLEPD increments

- _— Length
Name Definition Calibration
(years)
0 calculated usingQ ,"Y S9,
SO
: Preindustrial 1850ontrol run and"O (see Eql) from a stable
piControl 150
with constant external forcing | control simulation, piControl, for 185
with NorESM3aHappi.
Scenarierun with constant .
SOG4xCQ o ) As forSGpiControl 150
4xCQ mixing ratio.
0 calculated with'Y SSTestored to
12-year averageéJmixex determined
by theOperational Sea Surface
Presentday (20%¢2016)
SOPD o Temperature and Sea Ice Analysis 150
equilibriumcontrol.
(OSTIA) for 20@2016 (Donlon et al.,
2012), thus reduiong SST biaseslo
restoring of sea ice
Equilibrium climate change for Forcing agents as in AMI.
an globalnearsurface air 0 '
SO15 U calculated as for S®D by adding 150
temperature response of 0K | the CPLI5CCPEPD increments to the
above PD. OSTIA (2062016) climatology.
Equilibrium climate change for Forcing agents as in AME®.
an globalnearsurface air B
SG20 0 calculatedas for S@5 using the 150

dszaleof adjstmenh e
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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

asY4 jya , where T is the neasurface temperature, and the Global and Rplaleward of 60)

subscripts indicattheaveraging region

T
Period or Difference | NH-PAF | SHPAF Kas
AMIP-PD 287.30
NorESM1-
HappAMIP AMIP-15-AMIP-PD 2.34 1.62 0.71
125x10 AMIP-20-AMIP-PD 2.17 1.35 1.20
years
AMIP-20-AMIP-15 1.93 0.95 0.49
SOPD 287.13
NorESM1-
SO-15-SO-PD 2.98 -0.04 0.56
HappiSO
SO-20-SO-PD 2.68 0.30 1.02
90 years
S0O-20-S0O-15 2.29 0.77 043
CPL-PD 28672
NorESM1-
CPL-15-CPL-PD 3.60 0.23 0.69
Happi
CPL-20-CPL-PD 299 0.56 1.15
90 years
CPL-20-CPL-15 281 1.06 0.46
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Table4: Similar asTable3Fable3, but fornearsurface temperatuver land, precipitation on land, and

seaice area in th&lH (20°N_—90°N) duringwinter (DJF) and summer (JJA).

. ) 4 4 0 0 I 2 %! I 2 %!
Period or Difference
K K mmd! | mmd! 10Pkm? 10Pkn??

AMIP-PD 265.87 | 292.62 | 1.214 2.5 1126 5.81

NorESM1:
. AMIP-15-AMIP-PD +152 +0.84 | +0.00 | +0104 -0.97 -0.%4

HappAMIP
AMIP-20-AMIP-PD +2.3 +1.66 | +0.04 | +0.1® -1.36 -0.86

125x10 years

AMIP-20-AMIP-15 +083 +0.8L | +0.02 | +0.®85 -0.39 -0.32
SOPD 265.30 | 29244 | 1.212 2.559 1252 5.48

NorESM1-
SO15-SO-PD +146 +112 | +0.041 | +0.120 -0.65 -0.86

HappiSO
SO-20-SO-PD +219 +1.87 | +0.0/8 | +0126 -1.02 -1.41

90 years
SO-20-S0O-15 +0.73 +0.5 | +0.86 | +0.006 -0.36 -0.55
CPL-PD 265.33 | 291.04 | 1.248 | 2.337 1251 7.59

NorESM1:
CPL-15-CPL-PD +144 +114 | +0.048 | +0.136 -1.41 -1.73

Happi

CPL-20-CPL-PD +2.41 +1.86 | +0.08 | +0.161 -1.93 -2.29

90 years
CPL-20-CPL-15 +0.97 +0.71 | +0.05 | +0.05 -0.51 -0.56
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Figurel: time-evolution of prescribeé&atmospheriacCO, concentratiorior the1.5K and 2.0K warming

experiments with NorESMHappi 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 ranches off at yed?05). The concentration is then constant until y2hr0 before decreasinig

the same fashion as in the K®xperimentUnits are ppm.

5 Nmf\/wmwmw
?\‘)J

| MWM

1900 1950 2000 2050 2100 2150 2200

Figure2: Time-evolution of theglobalmeannearsurface temperaturesponse in the Histl experiment
(18506-2005; blue) and the CP15 (2006-2230; blue) and the CP20 experiment (200&€230; redyelative
to preindustrial conditiongyears 18501852). A threeyear running average is used for both curiksts

areK.
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Figure3: Ocean heat uptakas a function of time in the CP15 (a) and CP20 (b) experiments. Shown is
the heat uptake fatepths 8200m (orange shading200-1000m (green shading},006-2000m (blue
shading) 2006-3000 (pinkshading), and below 3000 m (dark pink shadibgshed vertical lines

5 emphasize the time period analyzed in this stlthits are W .
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Figure4: Time-evolution of thenaximum in theAMOC (Atlantic meridional overturning circation)
AMOC) at 26.5°N in Histl and RCP2.6 (black) and in the K.$red) and 2. (blue) warming
10  experiments with NorESMHappi.A 10-year running average is used for all cur\ésits are Sv.
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Near-surface temperature bias
C) (b) (©)

DJF CPL-PD - ERAI -0.83K DIF SO-PD - ERAI -0.54K DIJF AMIP-PD - ERAI -0.3K
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Figure 5. nNearsurfacetemperature biaselative to ERAInterim (colors) and neasurface temperature
climatology (black contour260 to 35K in increments ofl0K) for PD experiments frolorESM1-Happi
(left), NorESMXHappiSO (middle), andNorESMX1HappAMIP (right). We use yars1986-2015from ERA-
Interim._The time periods for the NorESM experiments thiee default periodgiven in Sect3. The global
meanensemblanean bias is given in the uppéght corner of each pandlnits areK (a).
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Figure6: tFhe anuatmeanocean hedlux 0 neededn NorESM1-HappiSOto maintain a stable PD
climatethat isclose to the observed SST used during calibrg&yrand the change in for SO-15 (b) and
S0-20 (c) compared to S@D. Negative values contribute to increasing SST (EqJUjts areW m? (a—c).

Ref height T (K) above 1850-1899 mean

1850 1900 1950 2000 2050 2100 2150 2200

Figure7: tFime-evolution ofglobalmean neasurfacetemperaturdor Histl (185682005) and CPLE15 and
CPL-20 (2005-2200) from NorESM21-Happi relative to the 1850899 averageFields are shown for the
global averagé€blue) andfor an average taken over the aneath of 65°N (red), i.e. ca. 4. 26 of the global
area Units are K.
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Figure8: the PAF versusthe change in the globmean neasurface temperaturBlue markersshow values
for NH and rednarkersfor the SH.Thesmalldots show the values for the CMIP5 mod&sd in HAPPI,
including NorESM1M, for RCP2.6(values with warming below R) and RCP8.%values with warming

above X). The large dots show tl&MIP5 multi-model meansAlso shown & the values foNorESM1
Happi forRCP2.6(left cross)and RCP4.%right cross) for CPL-15 (left plussign) and CPL-20 (right plus
sign), for SG15 (left asteriskland SG20 (right asterisk and for AMIR15 (left triangle)and AMIP-20
(right trianglg. ForRCP2.6, RCP4.5, ariRiCP8.5the PAF is computed by differencing the-i€ar periods
20912100f r om t he r e s 20862015%frone RCREINas# is tommonly used to extend the
historical period beyond 2005). The values from theKlabhd 2.0K warming runs correspond to those in
Table3.
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Zonally-averaged T

(a) (b) (c)
DJF CPL-15 - CPL-PD DIJF S0O-15 - SO-PD DIF AMIP-15 - AMIP-PD
200 - 3 -
400 /\ | ﬂi 7 /AL
600 - L
N m ﬁ m | m
1000 T T T T T T
908 60S 308 30N 60N 90N90S 60S 30S 0 30N 60N 90NO90S 60S 30S 0 30N 60N 90N
(d) (e) (f)
JJA CPL-15 - CPL-PD 1JA SO-15 - SO-PD IJA  AMIP-15 - AMIP-PD
200 ) ﬂ_ —) ﬁ\— ) i“_
600 - - - -
800 /_/\ L /_/\ | /_/\ i
1000 = T T T T T ™ = Il'll T T 1” 1 T T T T

T
90S 60S 30S 0 30N 60N 90N90S 60S 30S 0 30N 60N 9ON90OS 60S 30S O 30N 60N 90N
K

-4l | | | [ [

-25-2-15-1-050 05 1 1.5 2 25

Figure98: zZonatmeantemperature respong) relative to PD (colors) and climatology (solid black
contours 210K to 285K in increments ofl5K) for the 1.5k experiment fronNorESMX-Happi (left a,d),
NorESM1:-HappiSO-(middle b, e), and NorESM3iHappiAMIP (right c, f). Fields are shown for DJF (top
row; ac) andJJA pottomrow; d-f). Thefields areshown forthe default periods given in Se8t-Units are
K (a).
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Upper-level temperature contrast AT200
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Figure109: Yupper tropospheritemperature contrasn the PD (grey), 1.X (blue), and 2.(K (red)
experimentsrom NorESM1-Happi (eft column; a,d,g); NorESMXtHappiSO fniddle column; b,e,h,kand
NorESM1:HappiAMIP (right column; e,f,i)) for DJF (top rowa-c), MAM (middle row; d-), JJA (third
row; g-), and SON (bottom row—). The uppettevel temperature corastz"Y. 11 i defined as th200 hPa
temperaturelifferencebetweeran area over the tropic80°S-30°N) and an area over the Arctigaleward
of 60°N). The white lines within the boxes indicate the medialues the boxes indicate the intquartile
range, and the whiskers the full spreddhe different decades in each experiment (9 in NorEStsipi, 9
in NorESMXHappiSO, and 125 in NorESMAappiAMIP). The dashed horizontal lines emphasize the

medianvalues: Nnumbers are shown on thight side ofeach panel for ERAnterim (top black), PD
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(second from top, grey), the change with K.&armingrelative to POthird from top,blug), and the change
with the additional 0.& warming (bottom, red)The ERAInterimvalues are computed usiggars 1986
2015.The NorESM data is for the default periods given in Sedinits are K (al).
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Bandpass-filtered Z500: PD bias

(a) (b) (c)
CPL-PD - ERAL SO-PD - ERAI AMIP-PD - ERAI
180

AMIP-PD - ERAI
80 0.68 m

TA s 29m JIA 180 -116m HA 180 -074m

[
20-16-12 -8 -4 0 4 8 12 16 20

| Figurel21l: udpperlevel storm-track biagelative to ERAInterim (colors) andclimatology (black
contaurs; 8 m to 70m in increments o8 m) for the PD experiment frolNorESM1-Happi(left, a, d, g,),
NorESM1:-HappiSO(middle b, e, g, k andNorESMXHappiAMIP (right; c, f, I, ) for DJF (top row; ac),
5 MAM (second row; €f), JJA ¢hird row; gH), and SON (bottom row+]). The bias is computed relative to
| ERA-Interim for years 198&015.The NorESM data is for the default periods given in Sedihe

numbers in the uppeight corners of each plot give the mean bias for the area shown on the plot (latitudes
poleward of 20N). Units are m (&l).
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Bandpass-filtered EKE250: 1.5 °C—PD
(a) (b) (c)

CPL-15 - CPL-PD SO-15 - SO-PD AMIP-15 - AMIP-PD

(9 (h) (1)
CPL-15 - CPL-PD SO-15 - SO-PD AMIP-15 - AMIP-PD
JJA 180 JJIA 180 JA 180

-15-10 -5 25 -1 1 25 5 10 15

Figure 1312 cChanges in uppdevel stormtrack activity relativeto PD (colors) and climatology (black
contours 40 to 240m? s2 in increments of 40n? s?) for the 1.5K experiment fronNorESMXHappi (left; a,
d, g,]), NorESMXHappiSO (middle column; ke, h, k), and NorESM1HappiAMIP (right; e f, i, I) for DJF
(top row; a&c), MAM (middle row; &), JJA (third row; gi), and SON (bottom:)). The storm tracks are
represented in terms of bandpéitered EKE (eddy kinetic energy) at 25®a.The white dots indida that
the differences are not significant at $&o level according to the Welchest. Thefields areshown for the

default periods given in Se&. Units arem? s?(a).
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Bandpass-filtered EKE250: 2.0 °C—-1.5 °C

(a) (b) (c)
CPL-20 - CPL-15 20°C-1.5°C

$0-20 - SO-15

$0-20 - SO-15 2.0°C-1.5°C

JJA 180 JJIA 180 JJA 180

CPL-20 - CPL-15
180

-15-10 -5 -25 -1 1 25 5 10 15

Figure1413 aAs inFigure 13Figuret2, but for the uppelevel storm-track response tihe additionaD.5K

warming (i.e. the difference between the respectiviK2aid 1.5K experiments
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Bandpass-filtered v'T's50npa: 1.5 °C—PD
(a) (b) (c)

CPL-15 - CPL-PD S0-15 - SO-PD AMIP-15 - AMIP-PD
DJF 180 DJF 180 DIF 180

Figure1514: cChanges in theow-level stormtrackactivity relative to PD (colors) and PD climatology
(black contours-12 to 12 Km s2in increments of 4 Kn s?) for the 1.5k experiment fronNorESM1-
Happi (left; panels a and d), NorESNiappiSO (middle; panelsand e) and NorESMHBappiAMIP (right;

5 panels c and fior DJF(top; panels ac) andand JJA(bottom panels df). The storm tracks are represented
in terms of the bandpas$itered eddy heat flux "Y at 850hPa.The white dots indicate that the

differences are not significant at thé®level according to the WelcHest.The fields are shown for the

default periods given in Se&. Units areK m s2 (a-f).
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Bandpass-filtered v'T’s50npa: 2.0 °C—1.5 °C

(a) (b) (c)

CPL-20 - CPL-15 50-20 - SO-15 AMIP-20 - AMIP-15

(d)

CPL-20 - CPL-15 §50-20 - SO-15 AMIP-20 - AMIP-15

Figure1615: Aas in Figure15Figured4, but for thelow-level stormtrack response tine additionaD.5K

warming(i.e. the difference between the K@nd 1.5K experiments)
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Figure1716: PD climatology ofblocking frequencyfrom NorESM1-Happi (a—b), NorESM1-HappiSO(c—

d), andNorESMX1HappiAMIP (e-f) for DJF (left; a, c, d) and JJA (right; b, d, Bhownarethe mean (solid
black curve) and the spreatigne standard deviatioopmputed over theumber of availablelecades (9 for
NorESM21:Happi and NorESMHappiSQ and 125 for NorESMHappiAMIP) for the default time periods
given in Sect3. Blocking frequency fronERA-Interim is shown for the period986-2015 (dotted black).

The blocking events are identified using the vTM index (Tibaldi and Molteni, 1990; Pelly and Hoskins,
2003), as in Iversen et al. (2013). It is based on theiriddx (Tbaldi and Molteni, 199Q)which uses a
persistent reversal of the meridional gradient of thel'#08 geopotential height around the predefined central
blocking latitude at 50N as an indicator for blocking. The reversalistbe present at 75consecutive
longitudes and persist for at least 5 days. In the vTM index the requirement of a predefined central blocking
latitude is relaxed in order to reduce spurious detection (Pelly and Hoskins (2003). The central latitude is
allowed to vary with logitude following the latitude of the maximum in the climatological storm track (using
bandpasdiltered geopotential height at 500 hPa). To account for the seasonal cycle of the cyclone activity,
the central latitude for a given month is calculated aslihetological 3month moving average centred on

that monthUnits are % (&f).
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Blocking frequency (%, vTM index)
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Figure 1817 cChange in blocking frequendggolid black line with red and blue shading)thel.5K
experimentelative to P{top three rows;-&) and for theadditional0.5K of warming(2.0K-1.5K;

bottom three rows;-d), shown along with thblocking climatology for the P@xperimen{dotted black
line). The fields are showior theNorESM1-Happi (a, b, g, h), NorESM®lHappiSO (c, d, i, j), and
NorESM1-HappiAMIP (e, f, k, I) during DJF (left; a, c, e, g, i, k) and JJA (right; b, d, f, higr he default
periods given in SecB. The asteriskalongthe xaxis indicatavherethe changeat that longitudare

statistically significant at the % level according to th Welch ttest Notethatthe left yaxis is for the
difference field and the rightgxis is for the climatologylUnits are % (al).
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NH March sea-ice conc. NH Sept. sea-ice conc.
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Figure 1918: NH monthlymeansea-ice concentrationgor PD (top; ad), the 1.5 warming relative to PD
(second row; €h), and the 0.K warming (bottom row;#) from NorESM1-Happi (first and third columra,
c, e, h, i, kKlandNorESM1HappiSO (second and fourtolumn b, d, f, h, j, I). Fields are showiar March
(first and second columra, b, e, f, i, ) and Septemberthird and fourthcolumn c, d, g, h, k,)l The
concentrationfrom the SO modeadreaveraged oved0yearsafter60years of spirup. ThePDresults (olors;
top color bay are shown together with observationastimates (OSEAF, 2017 solid black contouds
Differencesthat are notstatistically significant at the % level according to the MaAWhitney U test are
marked withblackdots.Units are% of ocean surface arda).
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NH sea-ice extent
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Figure201S: The relative occurrence of Nionthlymeanseaice extentn September foobservations (black
bars; OSISAF, 2017), the PD experimentslye bars), and the 1.X_(green barsand 2.0K warming
experimentgred bars)from NorESM1-Happi (a) and NorESMHappiSO.The sedce extent is binned in
1.0x10 km? incrementsThe observations are from 192®15 (20 values) in (a) and frod®05-2015 (11
values)in (b). TheRB-~walues from NorESMHappi and NorESMHappiSOare fromis-the default 90year
periods(Sect.3.22).
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