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Abstract. Simulationsfrom seven global ®upled climate modelperformedat high and standard resolutias part of the
High Resolution Model Intemmparison Project (HighResMIR)ave been angted to study the impact of horizontal
resolutionin both ocean and atmospherme desp ocearconvection in the North Atlantic artd evaluatehe robustness of the
signal across models. The representation of convection varies strongly among models. Compared to ab$ermation
ARGO-floats, mostmodels substantially overestimatdeep wate formation in the Labrador Sedn the Greenland

Norwegianlceland(GIN) Sess, some models overestimatenvection while othershow too wealonvection.

In_four out of five-mestmodelswith increased ocean resolutjdigher ocean resolution leadsit@reased deep convection

in the Labador SeaThe effect of resolution @md-reducel-convectionin the Greenland-SdalN Seasis less clear
Increasing tie atmospheric resolutiomas a_smalleerly-little— effect on the deep convectidhan increasing the ocean
resolutio } i i dBieuataied

convection in the Labrador Sea is largely governed byréfease of heat from the oceém the @amosphere Higher
resolution models show stronger surface heat fluxes than the standard resolution models inettocareas, which
promotesthe stronger convection in the Labrador Sea. In thér&nlandSea, the connection between high resolution and
ocean heat fease to the atosphere is less robust and there is more variation across mottesr@ation between surface
heat fluxes and coection Simulatedireshwaer fluxeshave less impact than surface heat flusesonvectionin boththe
GINreenlandand Labrador Seaand this resultis insensitive tanodel resolutionis-hot-robust-across—moedelfhe mean
strength of thé.abrador Sea convectionimmportant forthe meanAtlantic Meridional Overturning Circulation (AMOG)nd

in around half of the modiethe variability of Labrador Sezonvection is a significant contributor to the variability of the
AMOC.
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1 Introduction

Openocean @epconvectionis a rare phenomenon, occurring omalya few locations in the worfils o i prevides a

vertical link betweerproperties of the surface ocean dhe deep oceatin the North Atlantic, the northward flowingarm

water masses become denser because of largdokedab the atmosphere and sinko the deep oceameep convection

ventilates the deep ocean with oxygen and pdetysnportant role for the storage of carbon and.heat

The main convection sitegh the Noth Atlantic arethe Labrador andrminger Sea as well asthe Greenlad-Iceland

Norwegian (GIN) Sea®eep convectioin the Labrador and Irminger Seas produces the deep water masses called Labrador

Sea Water (LSW) (Clarke and Gastat983) which together with thelenseoverflow waterscoming through the Faroe

Bank Channeand Denmark Stra{Dickson and Brown, 1994prm the North Atlantic Deep Water Formaterat:
Kerning fran 16 pt

Teckenférg: Svart,

The deep convection in the Labrador Sea is mainly driven by wintertime buoyancy loss to the atmosphere (L26i06f al.,

Frankignoul et al., 2009), whidk strongly governed by thedxth Atlantic Oscillation (NAO) Also freshwatertransports

throughFram Straitcortribute to the variability of deep convection in the Labrador Sea (Holland et al., 2001; Jungclaus et

al., 2005; Koenigk et al., 2006).abrador Sea convection varies strongly on interannual to decadal time scales (Yashayaev

and Lodey 2016)andwas rather shallow the 1990sand 2000sbut recovered in recent yeawith mixing depths exceeding
2000m(Yashayaewand Loder, 2017)Convectio in the GIN Sea occurred frequently dowto the bottomuntil the 1980s
However,thereafter no regulaly occurringdeep convection has been obseraeg more between 1994 and 20GRixing

depths of 7061600mhave been monitoredRonskiand Budeus, 2005kminger Sea convectiois generally weaker than in

the Labrador and GIN Seas but irceat years mixing depth reashbelow 1000m depti{de Jong and de Steur, 2016; de
Jong et al., 2018).

Variability and change of deep camution aféctslocal and remote climatdReduced convection in theabrador Sea is

linked to surface salinifytenperatureandsea icein Labrador Sea and Davis Stréliieser et al. 200X)ut has also remote

effects on the atmospheric citation (Koenigk et al. 2006)The deep convection has for long time been seen as the driving

mechanism for the Atlantic Meridional Overturning Circulation (AMOC), whicfuirglamentdl important forthe climate

in the North Atlantic anédjacent regionsuch as Western Europ@d the ArctiiManabeand Stouffer 1999Mahajan et

al., 2011, Koaigk et al., 2012Jackson et al., 2015However,more recently, the importance of deep convection for the
AMOC has been guestioné8ayol et al., 2019Kuhlbrodt & al. (2007) and Medhaug and Furevik (2011) identified wind

driven upwelling, gyre circulation, and wind and tidal vertical mixing as important processes sustaining {tegntong

strength of the AMOCthus a collapse of thedeep convection would not nesesily lead to collapse of the AMOC

(Gelderloos et aR012 Marotzke and &itt 1999) On the other handurface buoyancy forcing exerts a very strong control

on exactly where and when the overturning occurs. Thus, even if mixing ultimately sets tlyh stiethe global

overturning, the deep water formation in the North Atlantic will play a key role in the strength of AMOC on decadal

timescales.
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Many studies have discussed the potential fareakening AMOCas a response to global warming (Cheng et28113;

Swingedouw et al., 2007; Brodeau and Koenigk, 2016; Koenigk and Brodeal a2@illihked the weakening to a reduction
of the deep water formatiofiLatif et al., 2006; Deshayes et al., 2007; Koenigk et24Q7; Frankignoul et al., 2009
Langehauget al. 2012)Recent studiemdicate an ongoing weakening of the AMOC at 26.5°N (Smeed et al. 2014; Smeed et

al. 2018 Thornalley et al.2018 Caesar et al2018)althoughit is unclear ifthis observedveakening isaused by climate

change orinternal decadal variability (e.g. Jackson et al., 2016; Roberts et al., 2014; Robson et al.X&Esvational
evidence for a link between dense water formation in the Labrador Sea and BM@GCnissing(Lozier & al. 2017, Lozier

et al. 2019) bushort obsevation periodand potential lags of several years between AMOC and convd&rodeau and

Koenigk, 2016; Roberts et al. 201&)ake robust conclusions from observations difficult

The deep convective process is temporally intermittent and spatiallyacbripis makes it difficult to observliis process— { Formaterat: Niv& 1, H&ll ihop med
nasta

and stateof-the-art climate models, such as CMIRted to use parameterizatidosrepresent convective proces$eex-

Kemper et al., 2019%Given the importance of the deepnvection forclimate andts futurechange, a reliable representation

in climate models is highly important. Howevéteuz ( 2 0 1 7 ) stated that Aithe majority of CMI P5

deeply, over too | ar ge aWhieCMR6 model®seemdd ptoeidemeamprdveneateinthear sout ho .

representation of bottom waters, more improvements are requiredéRIe2i@)

Going beyondhe horizontal resolution of CMIP6 models, we anaipsthis studywhether highresolution models frorthe

CMIP6 High-Resolution Model Intercomparison ProjéetighResMIP Haarsmaet al., 2016) improve the representation of

deep convection in the subpolar North Atlantie use simulations from gen models participating iHighResMIP which

havebeen performed in the EH2020project PRIMAVERA. Most of the highresolution model versions of these seven

models have oceayrid resolutions of around 1P5 km Since thebaroclinicRossby radius of deformatias small in high

latitudes(roughly 10 kmin polar regionsand 200 km in the tropicsinesoscale oceanaddies are not resolved fine sub

polar convectiorregions inmost of the HighResMIPnodels.We thus denote thea s fieddy Ipwetr mno-t i Aigddy

resolvingo.

Recert studiesfoundthattheincreasedesolutionin the HighResMIP _modeisnproved many aspects of theceanincluding

temperaure and salinity bias (Gutjahr et al. 2019)the northward ocean heatansport(Grist et al., 2019 sea ice in the

Atlantic sector of the Arctic Oceaécquier et al., 201:9Docquier et al.2020, theposition of the North Atlantic Current
(Chassignet and Marshalld@8; Sein et al., 201&)s well asArctic freshwater export§Fuentes Franco ari¢benigk, 2019)

After this introduction, we proceed wittescribing the models, the data and the methods in section 2. Sections 3 to 5 will

show the results from this study and we will conclude in section 6.
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2 Models, data and method

2.1 Models and simulations

In this study we angke seven global coupled climate models (see\éagniere et al 2019), which participated ithe
HighResMIPexperimeh (Haarsma et al. 2016yithin the H2026EU-project PRIMAVERA. These models are ECMWF
IFS (Roberts et 31.2018), HadGEM3GC31 (Roberts et al2019), MP{ESM1.2 (Gutjahr et al 2019), CMCGCM2
(Cherchi et al.2019), CNRMCM6.1 (Voldoire et al.2019), AWFCM-1.0 (Sidorenko et al., 2014, HR and LR setu§sin
et al, 2016) and ECGEath3P (Haarsma et al., 20). The set of HighResMIRexperiments is divided into three tiers

consisting of atmosphesnly and coupled runs and spanniihg period 195@050(details in Haarsma et al. 201®jere,
wWe use theTier 2 historical coupled simulations from 192014 andthe 100year control simulationgusing-censtant
1950fereing) from these seven models for our analysi$e control runused fixed 1950s forcing@HG gases, including

03 and aerosdbading for a 198s (~10 year mean) climatologylhey will allow to evaluatepotentialmodel drifts in the

historical sinulations Both control and historical runs are initialized from the end of 50 yearugpsimulations using

1950sforcing. All models performedhistorical and contréhe simulations in at least twdifferent resolutionsfollowing-the
HighResMiPprotoesol. Changes in ceanic and atmospheric parameters are kept to a minimum between low and high
resolution simulations, so that all changes can be directly attributed to the change in resolution.

The resolution varies among models. A few of the models vary both ocean and atmosphere resolution at the same time while
others separately changedean oratmosphez resolution This allowsus to analyze also the effect of increasitige

resolution in ony one component of the systeRive of the seven models use the NEMEean model as ocean component.

While this might limit the robustness of our conclusions across models, it has to be noted that the-neO
configurations differ quite substantiallyofm each other with different sea ice models (LIM2, LIM3, GELATO, CICE) and
differences in parameter®.g. Gent McWilliams versuSmagorinsky. AWI-CM-1-0 and MPI{ESM1.2 use the same
atmosphere component but different ocean components.

More details on thenodels and the simulations used in this study are provided in table 1.

2.2 Observational data

To compare the mixed layer depdLD) from the models to observatiorthe typical variable used to represent ocean
convection depthwe use data from ARG®rofiles (Holte et al. 2017provided on a 1° gridin the ARGQdata, the de

Boyer Montégut et al. (2004) variable density thresh@l®3 kg i § is used to calculate the mixed layer depth. Two [Formate,at; Upphsjd

different ARGO data sets of the mixed layer degth used in tlsi study: irst, the clim&ological mean MLDin each grid

point in March in the years 20@D15; second, the maximutmean over the two largest obserweaues in the period

7
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20002015) MLDin each gridpoint Note that in many grighoints only a fewARGO-profiles exist and in some no profiles
at all. Further, ARGGloats generally sample to a depth2®00m, thus MLDextending below 2000m are not captured. In
addition, the observational tingeriod is short given the long time scalesvafiability in deep water formation. Thus, the
ARGO-observations do only provide an estimatéhe observed MLD

We use turbulent latent and sensible heat fluxes ffemmglobal ocearsurface heat flux products (192806) developed by
the Objectively Analyzed aseaHeat Fluxes project at the Woods Hole Oceanographic Instit(ddiOI-OAFlux) to
evaluate the surface heat fluxes in cwdels We use monthly means of tMéHOI-OAFlux dataon a 1° gridfrom 1958

onwards

2.3 Method

Several different indices have beerfined for the deep convection in the ocean (e.g. Schott,e2@09; Yashayaev and
Loder, 2009;Lavergne et a).2014;Koenigk et al. 2007;L 6 He v e d,2012).eThesedndices take into account either the
maximum ML Ddeepest-reaching-convectiand/ orthe horizontal gtent of the MLD However, none of them excludes

convective events that are too shallow to contribute to deep water formation. To overcome this problem, Brodeau and

Koenigk (2016) defined the smal | ed @A Deep Mi xiadkx whizh onlynemsidets Bhel Yonvective mixing

below a specific depth (critical depth;2 and integrates the volume of these deep mixed water masses in different

convection regions of the North Atlantic. In our study, we use the DMV index for monitoringettye convection
Following-Brodeadu-and-Koenigk(2016)—we-dsmsinga critical depth of 1000m for the Labrador Sea and 700m for the
Greenland-SdalN Seas(Brodeau and Koenigk, 2016)n the Labrador Sea, convectiomsheeds—toreach a depth of
around 100m in order tde-be-able-to-sustain-thenevwal-of the Labrador Sea water antbntribute to theventually

becomeNorth Atlartic Deep Water (Yashayae2007). In the Nordic Seas, convection needs to at least reach down to the

sill depth of the Denmark Sitaand Faroe Bank Channel, which is around-800m in the models. We define the Labrador
Sea region as 70° W40° W, 45° N- 72° N and theSreenland-S€alN Seagegion as 20° W 20° E, 65° N- 82° N. The
main areas of Labrador argreenland-SealN sSeasconvection in all mods fall into theseregionstegions-_Although
intermittent deep convection cancoe in the Irminger Sea as wellve focushereonly onthe two regions wittdeegst

convection As will be shown in the results sectiomnne of the mdels show any substantial deep convection in the

Irminger Sea-

We use monthly mean values of the March MLD of the model simulations to calculate the DMV. Note, that short convection

episodes that exceedyzmight thus be missed.he ocean mixedayer thicknessn the modelqvariable mlotst following

CMIP6-convections)is defined bythe depth at which a change from the surface sigofa0.125 has occurretsigmat
criterion, Levitus, 1982)Note, that this definition differslightly from the om used in the ARG@ata.

We also calculate the DMV from the ARGO data as comparison to the model resultdil¢egrid-points with missing
data in the ARG@lata by interpolating the nearest neighbours. This and the short time series of thedaRd@d to

uncertainties in the calculations of the DMm ARGO and theefore itonly provides a rough estimate for the real world.

8
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As an additional comparison, we also calculate the DMV based on critical depths of Om, thus considering the full mixed
layer.

For correlations, we calculate the Pearson correlation coefficient (r). We call a correlation significantly differentifrom 0,
the pvalue of the Pearson correlation coefficient is 0.05 or smaller based ops&ddostudntt distribution. Assuming 98

(N-2) degrees of freedonagsuming independence of each year of ohathe 100-year (N=100)1950control simulations),

the correlation is significant if| exceeds 0.2When taking the autocorrelation of the variables into account, the degrees of

freedomare reduced and differ depending on model and variable.

For calculation of the power spectrumve used the method dforrence and Compo (19P8Fourier transform are [Formaterat; Teckensnitt:Inte Kurs

calculatedand red noisés used as background spectrum. To determine significanets larthe Fourier spectra the method

of Torrence and Compo (1998) assumes that different realizations of the geophysical process will be randomly distributed

about thishackgroundspectrumand the actual spectrum can be compared against this randobutigst.

3 Deep Convection in the North Atlantic

This section analyzes first ttdLD in March the month with the strongest convection in both observations and models,
the North Atlantic in te different models and in ARGO hen, we focus on the DMh the models, its variability and

potential trends in the historical simulations.

3.1Mixed layer depth

Figure 1 sbws theaveragedMarch MLD from ARGOand from all historical model simulationis. the period 200-2015,

the ARGO data suggeaverage MLDf about 1000 m in the Labrador agdeenland-SdalN sSeasIn the models, the

MLD differs greatly and shows a strong dependence orsplagial resolution While ECMWRIFS-LR and EGEarth3P

show no or very shallow MLD in the main convection areas ofNbh Atlantic, may of the other simulationstrongly
overestimge the MLD compared to ARGCSome models simulate much too strong convection in the Labrador Sea but do
not show any deep convectiom the Greenland-Se¢alN Seaswhile other model®verestimée the MLD in both seasIn
contrast, in thérminger Seathe MLD is more consistent across modatsl agres better with ARGONote that we here
compar e Miaaverdged dver 1950014 with ARGGdata from 2002015. As we will discuss later more ietdil,

some of the models show a weakening of the convection with fierécularly in the Labrador Se®hus-comparing-the

Although the convectioncentrevaries somewhat across modeise do not find any clear linkage to resolutidine models

with particularly deep mixed layersshow also thelargest convectionareas Thus, compared to ARGO, they do not only

overestimate the depth of xeid layer but also the area of deep convection.




The MLD deepens with increasing ocean resolution in all models, except foiCAMA-0. However, the models showing
deepening MLDs are not fully independent, because they share NEMO as the ocean compenesdAWI-CM-1-0 has
FESOM as ocean component. On the other hand, eveglahelmodels with NEMO3.6 as ocean component (compare
HadGEM3GC31, CNRM-CM6.1, CMCGCM2 andEC-Earth3P) differ considerahly his discrepancy suggests that either
290 the differentatmospheric componesr the choice of ocean parameters have a strong influertte convection
In contrast, the MLD differs little when the atmosphere resolution is incréziffiedences-in-MLD-between-medelversions
where-only-the-atmosphericrestibn-is-increased-are-small-compared-to-the_effect of increased-ocean-regotripare
ECMWFKIFS-MR and ECMWFIFS-HR, HadGEM3GC31:MM with HadGEM3GC31}HM, CCCM-CM2-HR4 with
CCCM-CM2-VHR4). An excepion is fertheMPI-ESM1-2, wherean increased atmosghic resolutionleads—tereduced
295| MLD. This MLD reductioncantikeh-be linked to too weak wind forcing in MFESM1-2-XR (Putrasahan et al., 2019).

To investigate the impact of natural variability on the mean March MLD in the historical period godrtiafyerify the
potential contribution of natural variations to the differences in MLD wlianging resolution, we use amsemble of
historical simulations with the ECMWHKS model. The MLD in the low resolution version ECMWHS-LR is very
300 shallow inall 6 ensemble members and there is no deep convection in the historical and control sim{ulatishewn).
Thus, we concentrate in the following the four members of ECMWIFS-HR, which all exhibitpronounced deep mixing,
particularly in the LabradoBea. These four ECMWHKS-HR memberainderliendicatea considerable natural variability
(Figure 2 ad). The averged March MLD (1952014) deviates in individu@nsemble members up to aboQ0eh fromthe
ensemble meaMLD. Although, this is a consider& amount, given the relatively long averaging period, the MLD

305| differencesdue toincreasedesolutionfrom 1° to a 0.25° in the NEM{nodelsarelarger(compareFigure 2 to differences

between 1° and 0.25° simulations in FigujeH
four ECMWHIES-HR-—membersAlthough the DMV varies considerably between the ensemble member, the general

amplitude, frequency and trends are sinillaere ubstantial spread-across-members-but- neadgrlifferent behaviorin

310 Even thoughfour members are not sufficient to capture the total natural variability, these results suggest that natural

variability cannotexplain the differences in MLD due gochange in spatial resolution.

3.2Deep Mixed Volume

In the following, in order to considehe horizontal extension of convection patterns and discard shallow convection events
that have limited impact on the oceaniculation such as the AMOC, we will concentrate on the DMV index to investigate
315| the deep convection in the Labrador &wbenland-SealN sSeasn more detail.

3.2.1Labrador Sea

10



Figure 3 shows the DMV in the Labrador Sea in March in the historical nsimelations. Inagreement with Figure 1,

increasing theoxceanresolutionfrom around 1° to 0.25f-the-oceargenerallyleads to an increased DMV in all models

using NEMO(ECMWF-IFS, HadGEM3GC31, CNRMCM6-1, EGEarth3R see Table 2)1 while the opposités truefor [Formaterat; Teckensnitt:Inte Kurs
320 AWI-CM-1-0. |Afurther-increagig thee—in ocean resolutioriurther to 1/12 ° in HadGEM35C31HH does not further [Formaterat: Teckensnitt:Inte Kurs

increase the DMVThe DMV varies strongly among models: ECMWHS-LR does not show any deep convection events in
the entire histacal period, CNRMCM6.1 and ECEarth3P simulate only a few events with deep convection and@WH
1-0-LR and CMCGCM2 simulate strong deep convection every winter.

Table 2 compares the average DMV in_thestorical model simulations with that of ARGO imet period 2002015.We
325| compare both the entire period 198014 and the period 20014 to ARGO. Generally, thesimulatedDMV in the
Labrador Seas smallerin 20062014 compared to the entire perio@n the other handiaturalvariability of the DMV is
high and tlis a 15year period igprobably tooshort fora comparisonFhe-enly-simulation-that shessimilarvalues-in-the
Labrader-Sea-as-ARGEH The DMV in EC-Earth3RHR and CNRMCMS6.1 are closest to ARG@hen consideringthe
entire 19562014 period into accounhowever, they underestimate ARGO in 20@14 As discussed above, Eeartt8P
330 and ECMWFIFS-LR show no or rather little deep convection in the Labrador Sea while the other simufatioast-for
CNRM-CM6.1) overestimate the ARG&ased DMV with factoref four to almost 4Qvhen taking the entire time period
into account(3-25 in the period 2002014) The MPFESM1.2XR overestimates ARGO in 19514 but subtantially

underestimates in 20002014 This indicateshe difficulties when comparing short time periods with treAdespite thee

uncertainties in theomparison t(ARGO-datg it is clearthat the models seem to have problems to realistically simulate the
335| convection in the Labrador Sea. If deep convection occurs, the ocean is often mixed down to thénbbttomodels
whereagde-in-situ-observations-indicate-thadeep convection rarelgxceeds2000min the observationg¢Yashayaev and
Loder, 2016;Yashayaev and Lode2017).

If we use a critical depth ofz=0 m instead of 1000 m in the Labrador Sea and thus considetahenixed layer depttthe
relative deviation of th®MV in the modek from ARGO s reduced asxpected (not shown). HowevékWI-CM-1-0-LR

340 and CMCGCM2 still overestimatéhe DMV based oMRGO by a factor of three and two, respectively. On the other hand,
ECMWFIFS-LR simulates only 20% of the mixed volumempared to ARGO. The comparison betwegp and Zio00

reveals also some ndimearites in the deep convection. While CNRBM6.1-HR has a nine times higher DMV f#o00
compared to ARGO, it is only 16% higher fas:g whereas th®©OMV (Ziti00) for MPI-ESM1-2-XR is 4.6 times higher
compared to ARGO but 14% smaller fofg

345

The interannuavariability of the DMV is largen all models (Figure 3). Some of the simulatig€-Earth3P, HadGEM3

GC3LLL, MPI-ESM1-2, CNRM-CM6.1 and ECMWFIFS-MR) alsoindicate substantialariability at decadal or longer

periods—DBespite—m ng-continuous-lotgrm-observations—of convection-in-the Labrador Sea—in-situobservations from

ual-to decadal

350| variationswhere phaes with and withat convection alternate. Such intermittent deep convection wasadggested based
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on observationgLazier et al.2002; Yashayaev and Lod@016)-Such-intermittentieep-convectiors-parthrvisiblein-the

DM\ -time-series oEC-Earth3P HadGEMEC —MP V-2 CNRM-CM6- iR. However, in

most of the model simulations, deep convection occurs in almost every winter or not at all.

The strength of the deep convection in March is reflected in the vertical deisitjpution in the Labrador Sed.o« Formaterat: Justera inte mellanrur
mellan latinsk och asiatisk text, Just
inte mellanrum mellan asiatisk text «

siffror

calculate thedensity we used the definition of densjtfpllowing Millero and Poisson (1981)Naturally, the models with

more frequent and deeper convection show a much weaker vertical stratification than the models that do not exhibit

convectionWe therefore analyse density profiles in the Labrador Sea in November that are not influecsedelstion to

explain why the mixed layer depth is overestimated in the following wiMere-interestingasthe-density-distribution

+Rubriker (Times New Roman)

Formaterat:  Teckensnitt:(Standard
+Rubriker (Times New Roman)

Formaterat: Teckensnitt:(Standard

winterFigure 4shows the vertical density stratification of the +Rubriker (Times New Roman)

upper 600m in the Labrador Sel models show a near surface low density layer, mainly dug ¢combination of low Formaterat:  Teckensnitt:(Standarc

+Rubriker (Times New Roman)

{Formaterat: Teckensnitt:(Standarc

surface salinity andelatively (compared to late wintesyarm water near the surface in Novemk@enerally, the models
with lower ocean resolution show a stronger stratification in the upper ocean than models with higher réspbagirfor
AWI-CM-1-0). The two model simulatics) which do not simulate any deep convection, ECMW&LR and EGEarth3P,
show particularly strong upper ocean density gradients. Consequently, a large buoyancy flux would be needed during winter
until deepconvection could set in in these two mod&I-ESM1-2 and AWICM-1-0 show a more stratified upper ocean

in November with increased atmospheric resolutiohich-Fhis agrees with a weaker convection in their higher resolution
versions.The density profes of the high ocean resolution models agssetivelywell with the observed one from ARGO

although the near surface low density layer is too shallow in mosts#ntmdels. his shallower surface layer requires less

heat to be erodedvhich might exgaineentribute-tothe overestimation of the deep convection ie Matnterin these models

(compare Figure 1 and 3 However, thibutis probably not the only reasas will be further discussed in sectiop 4. Formaterat: Teckensnitt:(Standard
+Rubriker (Times New Roman)

Twelve of 19 simulationgdicate asignificantlynegaive trend of the DMMn the historical periodFigure 3, Table B To
investigate whether this trend#sally-due to external forcingr duesnd-net-tato model driftdue-to-the-rathershort-spinup
period we compared the DMV in the higical simulations with that from the 18@ar 1%0-control simulations (Figure 5

and Table B Most of the control simulations do not show asignificantarge trends and in 9 out of 17 historical
simulations, the DMV trendm the historical simulationare significantly more negative compared to the first 65 years of
the control simulationsThis -indicaesng-that external forcingass-themajor cause for the DMV reduction the historical
simulations Furthermorés-feund-with-the-mean-BM, the negative trendsecomerelarger with higher ocean resolution
in-the-historic-simulations.

A reduction of DMV in the historical period would be in line with some recent studies by Caesar et al. (2018), Thornalley et
al. (2018) and Brodeau and Kagk (2016).

To investigate the predominant variability frequency of the DMV, we calculated the power spectrum of detrended DMV

time series of the Labrador Sea from the-¥8@r long control simulationg/e-caleulated-the-peowspectrum-ofthe BMVAin
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year-1950centol-simulations. The dominant time scale varies @ss simulations and models. Maal the modelsaith
NEMO-ORCAQ25-asthe-ocean—mode(ECMWFMR, HadGEM3GC31:MM, HadGEM3GC31:HM,-CMCC-CM2-HR,
EC-Earth3RHR.}-and-also MPI-ESM1-2-HR) show ademinantpeakin the spectrum at around 10 years. In BANSIFS-
390 HR, HadGEM3GC31HH and MPIESM1-2-XR with further increased resolution in either ocean or atmosphere, the main

peak in the spectrum seems to shdtvards somewhat longer time periodsshorter frequencyf 7 yearsis found for

CMCC-CM2-HR-Fhe-_and AWI-CM-1-0-HR arsThe lower
oceanresolution models, AWCM-1-0-LR, HadGEM3GC3%LL and ECMWFIFS-LR (but very weak DMV), show less
dominate peakthan their higher resolution versions. CNFBM6.1 shows peaks at similar periods as CNRM6.1-HR
395 but the amplitudes differ.

3.2.2Greenland-Se&IN Seas

The DMV in theGreenland-SdalN Seasshowsalso a large spread acrasedels (Figure /Table 3. As for the Labrador
Sea, AWICM-1-0-LR and the two CMCE-M2 simulations show the strongetstep convection while ECMWH-S and
400 EC-Earth3Psimulate rather weak convecti¢mote the different order of magnitude in the vertical scaldsgure 3. -Only
MPI-ESM1:-2-HR and CNRMCM6.1 show the smallestleviaiongthree-out—of-seven—models—simulaBreentand-Sea
B-MV-6-s—of magnisideaaringarad-tdrom the ARGO observations{HadGEM3GC31:HM overestimate MLD by
70% when comparing the full historical period to ARG@0% when comparingnly 20062014) and MPI-ESM1-2-XR
underestimateBILD by 50%-ENRM-CM6:1). EC-Earth3P and ECMWHIFS strongly underestimate deep water formation
405| in theGreenland-SdalN Seaswhile the DMV isitis strongly overestimad by AWFCM-1-0 and CMCGCM2.

The resolution dependency 8feenland-SeBMV _in the GIN Seasdliffers substantidy from the Labrador Sedhere is no

robust relabn between MLD and resolutioll models with NEMO show either no or shallower MLD with increased

resolution.

410

415| the Labrador Sea, a reductiontiof DMV with increased resolution.

13



420

425

430

435

440

445

The trends of DMMn the Greenland-SdalN Seasn-the-medeldo not agreeicross modelm the historical periogFigure
7, Table 3. While HadGEM3GC31:MM, MPI-ESM1-2-XR and the CMCECM2 simulations show significantly negative
trend, HadGEM35C31-HM and EGEarth3Pshow positivetrends.This discrepancycould be due to the competing effect
fromthat-theglobal warmingtrend-has-en-deep-convection-in-the-regwhich aremight-berepresented differently in each
model: on one handpy-reduedng sea iceextentand-thusenabésng a larger surface for deep convectiorile~andon the
other handsy—releasingmeliting-heatwater fluxes-and warnerng-the-oceansurfacewater enhance the sfification—beth

contributing-to-lighter-surface—conditions—and-therefore-increasing thus impede convectidensity-stratificationThe
high DMV in CNRM-CM6.1-HR beforel970, and the decrease thereafter occurs similarly ifirdiedlecades of th&950

controksimulation indicating that this trend éaused by a model balance adjustmentraotdiue to externdbrcings (Figure

8, Table. 3. Similarly, the strongnegative trends in CMGCM2 can partly be explained by similarifts in the control
simulations, although the reduction in the historical runs is significantly larger than in the control runs.

Some of thehistorical and contradimulations show strong decadallongerterm variations (Figure)9HadGEM3GC31
HM, MPI-ESM1-2-HR, AWI-CM-1-0-HR and EGEarth3RHR show dominant variability gteriods of around 2625 years;
ECMWFKIFS-MR, HadGEM3GC31HH, CMCC-CM2 and CNRMCM6-1 simulatons attime scales ofl0-15 years. In
addition, some of the simulatiomsdicate variability at timescales below &ears.Overall, tiere is no clear dependence of

the variability on the resolution.

Figure 10summarizeshe results from sections 3.2.1 and 3.2.2thenresolution dependency of the deep convection across

theall-sevenmodelsin Labrador and GIN SeaEach single model shows a clear dependence of the DMV in the Labrador

Sea on th oceanic resolutiorThe dfferences across models are large, and smudsed before, even models using the same

version of the NEMO as ocean model exhibit a wide range of solufibmsels with coarse resolution (8@ km) produce

no or only shallow convectio Models with a resotion of 50km and higherin the ocean, however, overestimateple

convection compared to AR

Increasing the atmosphere resolution has a minor impact on the DMV in the Labrador Sea, exceptHS8MYRI and
AWI-CM-1-0, where DMV is reduced with increased resolution

Theresolution dependency of tlEVV in the Greenland-Se€alN Seadn single models is smaller thantime Labrador Sea.
However,all the models, except for CNRMCM6-1, show a decreased DMV when increasing the resolution to around 0.25°.

The response timcreased atmosphere resolution is not robust across models.

4 The impact of heat and freshwater fluxes orthe deep convection in the North Atlantic
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Deep convection depends strongly on the buoyancy of the ocean dayfce the convection regionghe heatloss to the

atmosphere and the influx fleshwater into the convection regians
4.1 Surface heat fluxes

Brodeau and Koenigk (2016) showed that the turbulent surface heat flux (SHF) is the main driver for interannual variability

in the DMV. Thus, in the following, we will mainly focus on the SHF.

Figure 11shows the winter (January, February, March) SHFacheof the model simulations. The WHORFlux data

show the largest SHfrom the ocean to the atmospheup to more than 200 W/nirom the ice edge in the Labrador Sea

extendingto the southern partf éhe subpolar gyresouth of Iceland and along theusioeast coast of Greenland, and in the
northern NorwegiatGreenlandSeas and Barents Sea. The lasgale features of this pattern are reproduced by most of the
models. ECMWHFS-LR and to a lesser degree #8arth3R both simulatingoo weakconvectionstrongly underestimate

the SHF in the Labrador Selacreased ocedtehigh- resolutionmedelsshow-a-betlienproves therepresentation of the
observed SHF pattern. In particuladigey-represent-mere-realisticalilie extension of high SHF from the Labrador Sea into
the southwestern branch of the qudlar gyre and the high SHF in the north&reenland and Norwegian Seasbetter
simulated A number of modelq;—n—particutarboth CMCGCM2 versions, HadGEM&C31-HH and CNRM-CM6.1)
overestimate the SHF in the spblar gyre. In addition, the SHF west and northwest of Scotland is too high in most of the

models.

In the Labrador Sea, all higiesolution models with NEMO as the ocean component simulate increaseg@d8tiged over

the same box as used for calculation of the DMW@inpared to their loweresolution counterparts (Table 2). In contrast,

MPI-ESM1-2 showsa reduced SHF with increased atmospheric resolution in line with the reduced convéétion.

abrdnaallSea

significantly positively correlated with the DMV in Marchr-hus, large ocean heat losseshe winterare linked to strong

DMVs in the following March, indicating #t large upward surface heat fludead theDMV. The correlation coefficient
varies from 0.48 in CNRMCM®6.1 to slightly above 0.7 in ECMVWHFS-MR, ECG-Earth3P and CMC&M2-HR4. The

relation betweeiSHF and DMV is neither resolution nor model dependent.

The winter SHF in the Labrador Sea itself is governed by the atmospheric circulation (not shown). In adirmadé&bns Formaterat:

northerly to nethwesterly winds, which advecbld air from the Arcticseaice towards the Labrador Sea, lead to strong efter: O pt

Avsténd Fore: 0 pt,

surface heat fluxgesvhich overcome the stratification of the ocean (Ortega et al. 28hi)jncreased convection. These
northto-northwesterly winds are further linked to a large scale atmospheric circulation pattern, which is similar to the
positive phase of the North Atlantic Oscillation (NAPdefinedas the leading EOF of geopotentieight on the 500 hPa
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pressure surface over the European/Atlantic sector (800YE, 20290°N)). The spatial imprint of the NA@ndex on the

500-hpa geopotential height is shown in Figure AR models reproduce the NAQattern of the ERABeanaysis datawell.

However, the position of the negative pole over Icel@ndenland and the extension of the positivee iowards Eurasia

vary slightly among modelsThe NAG-index itself, whi
level-pressure—anomalies—over-the-Azeres—and-teelansignificantly positively correlated with the DM¥ 000 in the
Labrador Sea in all simulations except foe-low-resaktion-simulations-wittEC-Earth3P an€ECMWFIFS. These are the
simulafons with no or onlylittle deep convectiomnd which have a strongly stratified oce@he other model simulations
show correlations between 0.38 (HadGEM31:LL) and 0.67 (HadGEM5C31:HM and CMCGCM2-HR4). The NAO is

not anly important for interannual variations of the DMV but also on the decadal scale. Correlationyeafr Idinning

means of NAO and DMV reach between 0.3 and 0.57. A spectral analysis of the NAO resembles most of the peaks in the

spectrum of the DMV (noth®wn) although the NAO shows relatively more energy at shorter time scales compared to the

DMV in the Labrador Sea, [ Formaterat: Teckensnitt:Fet

As in the Labrador SeaFhe DMV in theGreenland-SdalN Seass correlated to the SHF as welhd ocean heat loss is

linked to a large DMV Northerly winds are the main cause for large oceanic surface heat loss to the atmosphe@ihh the

Seas.However, herewe find a strongrer modd dependency of th correlation than in the Labrador &eeelation The
correlation is weak to moderate in HadGE@E&31(r=0.22 for LL; r=0.5 for HH) and in CNRMCM6.1 (r=0.35; r=0.5 for
HH) but high correlation is found for ECWMIFS (r=0.64 for HR; r=0.85 in LR) and EEarth3P (r=0.61; r=0.69 for HR).
As for the Labrador Sea, the relation between SHF and DMV showtear resolutiondependency.

Formaterat:  Teckensnitt:(Standard

4.2 Freshwater andseaice exports +Rubriker (Times New Roman)

Formaterat: Teckensnitt:(Standard
+Rubriker (Times New Roman)

A number of studiebave previously discussed the effe€tArctic freshwater exportespecially-through-Fram-Strads a

Formaterat: Teckensnitt:(Standard

potential source of variability of the deep water convection in the Labrador Sea (Holland et al., 2001; Jungclaus&t al., 2( , 5 v river (Times New Roman)

Koenigket al., 2006). Here, we analytee correlatior between freshwater transports across different sections (Frai Str Formaterat: Radavstand: 1,5 rade

+Rubriker (Times New Roman)
€alN Seagonvectioitransports-through-Fram

Fram Strait andleep

Formaterat:  Teckensnitt:(Standard

Strait)in the historical simulations of the models. +Rubriker (Times New Roman)

Formaterat: Teckensnitt:(Standard
+Rubriker (Times New Roman)

To calculateheliquid freshwater transport, wasedthe model grid lines on the native grids of the models #natclosest tq

Formaterat:  Teckensnitt:(Standard

the geographical landmaskthatdefine Fram Straifacross78°N), NorthernBaffin Bay (78°N) and Denmark Strait66°N,). +Rubriker (Times New Roman)

The freshwatehas been defingds the amount of zeigalinity water required to reach the observed salinity of a seawater Formaterat: Upphojd

Formaterat:  Teckensnitt:(Standard
+Rubriker (Times New Roman)

sample starting from a reference salinity. Specifically, liquid freshwater transmt)rlrmf/s) is estimated as

Denmark Strait, northern Baffin Baynd deep convection in the Labrador @sawell as betweewd transports through {Formaterat: Teckensnitt:(Standarc
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for salinity S (in practical salinity unitsi\s reference salinity Sref evuseq34.80 psuor all models The integration along z ipormaterat; Teckensnitt:(Standard

510| is performed from the bottom atdepthDtoshe a s ur f ace at height d (in this

Formaterat: Teckensnitt:(Standard
+Rubriker (Times New Roman)

integration was done considering dx as the length (or depth for dz) between every grid point.

{Formaterat: Teckensnitt:(Standard
sand solid freshwater transport is calculated from the | *Rubriker (Times New Roman)

{sea icg¢transportsacross the sectiomssuming @onstant icesalinity of 5 psu

Table 4 shows théreshwaterexports out of the Arctic into the North Atlantic through Fram Strait andiriB&#&y and

515| through the Denmark Straiblthough differences between models are latge exports through Fram Strait ayenerally

larger than through Baffin Baylhe total freshwater exports through Fram Strait (liquid + solid export) varies between

around 80000 fifs in the two CNRMCM6.1 models and 1600008 in ECMWFIFS-LR and HadGEM3GC31:MM. The ( Formaterat:  Upphoid
distribution between liquid and solid export through Fram Strait differs strongly across the simuiitidesn HadGEM3 [Formaterat: Upphojd
GC3ZXLL and all ECMWFIFS and EGEarth3Psimulations most of the freshwater leaves the Arctic in the form of sea ice,

520| liquid and solid parts are of similar simethe other modeldn CNRM-CM6.1-HR, the liquid part is evetarger than the

solid part.The amount of freshwaténat passethe Dennark Straitis reduced compared to Fram Stiaifll modelsexcept
for ECMWFIFS-LR and MPIESM1.2XR, and the liquid part islominating Large parts of théce meltin the East

Greenland Current on its way from Fram Strait to Denmark Strait.

The low resolution versions &ECMWFIFS, HadGEM3GC31, CNRMCM6.1 showa larger fraction of solid exports
525| through Fram Strait anidrger liquid transports through Baffin Bé#C-Earth3P as well for Baffin Bay) compared to their

higher resolution counterapts The sum ofreshwaterexports through Fram Straind Baffin Baydiffers morebetween the

modelsthan between differentersions ofsingle modeb. Despite thearge differences in mean Arctic freshwater exports
into the North Atlantic, there is no clear linkafpethe mean DMV in GIN and Labrador Seé@sly for ECMWRIFS-LR,

we speculate that the velgrge freshwatefluxes, particularlyin form of sea icethroughDenmark Straitontribute to the

530| low surface density in the Labrador Sea (compare Figuemd)conseguently tsugpressany deep convection activities in

the Labrador Sea.

In order b further investigate if the variability of fresfater exportsaffects the deep convection in GIN amhdbrador Seas,

we correlate thBeneral-the-correlations-between-deep-convection-and &alitl and liquid transports across all sections
with the DMV. -arerelatively-small-although-in-seme-of-the-medsignificant-In all model simulations, the annual mean

535 southward transport of both liquid and solid freshwater across Fram Strait and the liquid transport across Denmark Strait are
weakly negatively correlated with the deep convection in the Labradom3darch (—Fhe-correlation-ceefficientmngnge
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| between0.1 and-0.4). Theand-+reacthighestcorrelation is reachedluseswhen the freshwater transport through Fram Strait
(andDenmark Strait) leads the convection by emeéwo years (zero to one ygaincreased southward transport of sea ice
and |liquid freshwater transports through Fram Strait along Greenl an
540| freshwater input into the Labrador Sea, which tends to reduce the convéddtiore 132 shows for the two model
simulations with the highest correlation between freshwater transport through Denmark Strait and DMV in the Labrador Sea
(HadGEMGC3ZLLL, EC-Earth3RHR) that increased freshwater transpartiuceleads—to—a-substantialreductiof- the
MLD in the Labrador regiomand-thus-contributes-to-the-variability-ef the- BIVROr most other model simulations, the effect

of freshwater transports on the DM&/rathersmall. smal-compared-to-the-impactof SHRriabilityonthe DMV [Formaterat: Teckensnitt:Inte Fet

545 In somemodels, thesouthwardtransport of liquid freshwater through Baffin Bay is positively correlatéth the deep
convection in the Latador Segup to r=0.35 in HadGEM&C3XLL). This mayseem counterintuitive, buortherly winds
in the Baffin Bay cause sting SHF in the Labrador Sea agidminate the convective conditions asithultaneouslyead to

increased fresh water transports to the south.

We do not find any resolution dependency of the correlation between freshwater exports and convection in tireSesbrad
550 Thisresultis in contrast to a recent study from Fuentes Franco and Koenigk (2019) where they anayzédadGEM3

GC2 simulations afifferent resolutions and found larger correlations with increased resolution.

Overall, there is only a @ak relationship between freshwater export through the Fram Strait and convection in the
Greenland-SdalN Seas although it shows some depemdy on the respective model (not showrn some of the
simulations, more freshwater export out of the Arctic is associated with reduced deep convectidgbrietherd-SealN

555| Seasbut in the majority of the simulations ¢gar exports occur at the same tiaeincreased convection. In thetéatcase,
the increased convection is driven by northerly winds, which at the same time increase the freshwater exports through Fram
Strait.

5 The linkage of the DMV to the AMOC

The effect of high resolution on the AMOC in thkghResMIPmodel simudtionshas been studied in more detail in a
560| parallel study to ours (Roberts et atceptedubmitted. Th ey f o uhe AMQChends tofbecome stronger as model
resolution is enhanced, particularly when the ocean resolution is increased freuddamg to eddypresent and eddy ¢ h O .
Roberts et al (acceptedubmitted alsoanalysed the relation between temporal mean values dM\é and the average
AMOC. As shown inour section 3.2, onlfew models simulate a DMV that is consistent to observed estintétegever,
these models underestimate the AMOC (excepClRM-CM6-1) comparedo the RAPIDobservations wherea®meof
565 themodels (HadGEM35C31:-MM and -HM, MPI-ESM1.2HR, AWI-CM-1-0-LR) markedly overestimate the DM the

| Labrador Sedut simulate a restic AMOC. Thus, the linkage between mean values of AMOC and DMV in the models is
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not consistent with the observations. This indicatesdtietr shortcomings in the representation of processes that govern the
AMOC in the modelsexist

models,

There isin generala strong relationship between DMV tine Labrador Sea aridle AMOC drength across modelmodels

with more dep watemproductionin the Labrador Sehavea stronger AMOCAIso for all single models (apart from AWI
CM-1-0), simulations with larger DMV arknked to a stronger AMOCThis relationship is less robust betwd2MV in the
Greenland-Se@lIN Seasand the AMOC agxpected from the reduced DMV with increased resolution in most of the models

(see sections 3.2.2).

To investigate the impact of variabilityn the deep water formation dhe variability of the AMOC, we performed cross
comelation analyses between the DMV in Labrador @ndenland-SealN sSeasand the AMOQat 26°N)for lags between

-/+ 10 yearsln agreement with results by Brodeau and Koenigk (2018)a values are onkatherweakly correhted with

each otherWe thus focus here on correlations of linearly detrended angedOlow pass filtered Waes of DMV and
AMOC (Figures 13 and B4) in the 100year 1956control simulationsPositive lags mean thahe AMOC leads DMV,
negative lags man thatthe DMV leads AMOC. In the case of Labrador Sea (Figuré3), maximum values ofthe
normalized crossorrelatiors vary between around 0.3 (AVOM-1-0-HR, ECMWFIFS-MR, CMCGCM2-HR, EG
Earth3PHR) and 0.8 lHadGEM3GC3%:LL, CMCC-CM6-1-VHR). Also CNRM-CM61-HR and MP{ESM1-2-XR and
HadGEM3GC31-HM (HH) show high correlations. Most model simulations with high correlations reach their maximum
correlationwhen the DMV leadshe AMOC by 0-4 years

The crosscorrelations between DMV in théreenland-S&alN Seasand the AMOC indedare generally positive for lags
around year 0 but somewhat lower compared to the LabradoR8leively high valuegexceeding 0.63re obtained fothe
HadGEM3GC31 model versionand by CNRM-CM6-1-HR. The time lag wherecorrelationsare highestdiffer among
models.While in AWI-CM-1.0-models, CMCGCM2-VHR and MP}ESM1.2HR, the DMV in theGreenbnd-Se&IN Seas
leads the AMOC by few yearsin HadGEM-GC31simulations and E&arth3PHR, the AMOC leads the DMMand in the

othersimulations no clear leddg relation can be identified.

6 Conclusions

We analyzed historical and 19%80ntrol simulations in different resolution from seven global climate models following the
HighResMIP protocol and investigated the impadnofeasing the resolutisiin ocean and atasphere on deegonvection
in the North Atlantic Ocean.

The main resultare summarizeds follows:
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- In general, global models mostly fail to simulate a realidéiep convection in the North Atlantic. This istical sincea
realistic simulation ofdeep convection is important for the large saadean circulation, in particuldahe AMOC, the
northward heat transport in the ocean and related impacts on the atmosphere. It also raises serious questionseof the futu

behaviour of the AMOC in climate models and its consequences for local and global climate.

- The ocean resolution clearly affedtee deep water foration in the Labrador Se&onvection activity enhances with
increasing ocean resolution iauf out d five modelsin this study. However, all these models use NEMO3.6 (although in
somewhat different configurations) teir ocean component. It remaitiserefore unclear whethgiobal models with other
ocean models respond differentlyanincreased redotion since the reduced convection in the fiftiodel (AWFCM-1-0)

resultsvery likely from the simultaneously increased atmosphere resolution.

- Increasing the ocean resolution from 1° to 1/4° in the models with NEMBeagean component has a larger impact on

the convection than increasing the atmosphere resolution in these maodetsmtrast, MPEESM1-2, in whichonly the
atmosphere resolution has been increased, and-@MAL-0 (increased resolution in both atmosphend acean) show
substantially reducedoavection in the Labrador Seatagh resolution. Both models (AWEM-1-0, MPI-ESM1-2) use the

same atmospheric component (ECHAM®6.3) and the reduction of DMV with increased atmospheric resolution can likely be
linked © reduced atmospheric winds in ECHAM®G6.3 in the high resolution version (Gutjahr 2089, Putrasahan et al.
2019).The models with higher ocean resolution show more dominate variability at the decadal time scale in the Labrador

Sea compared to themwer resolution counterparts.

- In the Greenland-SdalN Seas increasing the oceamodel resolution to around F/4educesthe convection in most
models Increasing the atmosphere resolution tends to reduce the convection but the result is not csisustoaiesMany

models show dominant variability between 10 and 25 years but no clear dependence on the resolution could be found.

- The turbulent surface heat fluxes are strongly related to the deep convection theligthrador andsreenland-SealN

sSeasand seem to be more important for the variability of the DMV than freshwater exports out of the Arctic. In the
Labrador Sea, we find that higher resolution leads to increased ocean heat release to the atmosphere in all the NEMO models
but to reduced heatlease in MRESM1-2. Thisis in close agreement with the resolution dependency of the deep
convection. Thus, incread turbulent surface heat flwith high resolution is the main explanation for increased DMV in

the Labrador Sea. The correlation betwearface heat fluxes and DMV the Labrador andsreenland-SdalN sSeasdoes

not show any robust resoluti@ependency.

- The 10year low pass filtered DMV in the Labrador Sea is highly positively correlated {=8)6&vith the AMOC at 26 °N

in aroundhalf of the model simulations. In these simulations, the DMV leads the AMOC by a few years. In the other
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simulations, the correlations are also positive but much lower0(@)3and time lags of the highest correlations are not
robust across these simutats The DMV in theGreenland-S€alN Seasand the AMOC are only significantly correlated in
few simulations and no clear lead/ lag relationship can be established. The correlations between DMV and AMOC are not

dependent on the resolution.

- Increasing the resolutioimproves the vertical stratification of the upper ocean in late autumn doe# not generally
improvethe representation of the deep convection. In a few of thedsulution models, the convection is overestimated
comparedo ARGO and this positive bias becomesen larger with higher resolutionowever,the high resolution modie

have not been tuned attte main purpose of HighResMIP is to investigate the impact of increasing the resolution rather than

to improve existing biases.
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Model Ocean Model Atmosphere Model hist runs  [100-yr
resolution resolution 19502014 |ctrl -1950
NEMO3.4/ LIM2 IFS cycle 43r1

ECMWF-IFS-LR ORCA1-1° 50 km 6 1

ECMWF -IFS-MR ORCAO025i 1/4° 50 km 1 1

ECMWEF -IFS-HR ORCAO025i 1/4° 25 km 4 1
NEMO3.6/ CICE5.1 |UM

HadGEM3-GC31-LL |ORCA1-1° 130 km 1 1

HadGEM3-GC31-MM |[ORCA025i 1/4° 60 km 1 1

HadGEM3-GC31-HM |[ORCA025- 1/4° 25 km 1 1

HadGEM3-GC31-HH |ORCA12-1/12° 25km 1 1
MPIOM1.6.3 ECHAMS6.3

MPI-ESM1-2-HR TPO4-0.4° T127 1 1

MPI-ESM1-2-XR TPO4i 0.4° T255 1 1
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NEMO3.6/CIC4.0  |CAM4
CMCC-CM2-HR4  |ORCA025-1/4° 100 km 1 1
CMCC-CM2-VHR4 |ORCA025- 1/4° 25 km 1 1
NEMO3.6/GELATO |ARPEGEG6.3
CNRM-CM6-1 ORCA1-1° T127 1 1
CNRM-CM6-1-HR  |ORCA025- 1/4° T359 1 1
FESOM ECHAM6.3
AWI| -CM-1-0-LR 50 km T63 1(-2010) |1
AWI -CM-1-0-HR 25 km T127 1(-2010) |1
NEMO3.6/LIM3 IFS cycle 36r4
EC-Earth3P ORCA1-1° T255 1 1
EC-Earth3P-HR ORCAO025- 1/4° T511 1 1

Table 1: Overview on the model configurations and the simulations used in this study.

Normalized DMV DMV (ati norem SHF aiiororm |DMV ratiore |SHFrationer [COIT Corr SHF-
SHF Lab-Sea Lab-Sea . . SHF-DMV |DMV
GINreern |GINreen |Lab-Sea GINreen
Ses Ses Sea
ARGO/ WHOI 3.95e+13n° 129.2W/n? [6.5e+13 [125.7 not enough |not enough
Observations m’ w/m? data data
absolute values
ECMWF-IFS-LR 0.02-0.03(0.03) |0.5340-0-65 |0-0-008(0) |0.5645 0.62 0.85
ECMWF -IFS-MR 8.9(4.9) 1.15 0-0002(0) |0-68 0.71 0.65
ECMWF -IFS-HR 10.8-9-117 1.2147-1.26 |0-0-002(0) |0.93 0.59 0.64
(9.9) 0.853-0.87
HadGEM3-GC31-LL [4.3(3.2) 0.98 4.0(4.3) |1.22 0.63 0.22
HadGEM3-GC31-MM |17.1(13.8) 1.28 0.6(0.02) |1.05 0.70 0.48
HadGEM3-GC31-HM |19.6(12.5) 1.39 1.7(4.0) |1.05 0.64 0.50
HadGEM3-GC31-HH |17.8(10.7) 1.48 6.5(7.6) |1.12 0.59 0.36
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CMCC-CM2-HR4 24.4(21.0) 1.22 13.0(7.8) |1.22 0.72 0.52
CMCC-CM2-VHR4 |24.8(25.6) 1.34 15.0(13.1)|1.14 0.59 0.58
CNRM-CM6.1 1.09(0.13) 1.15 1.10(1.30)|1.07 0.53 0.45
CNRM-CM6.1-HR 9.3(3.2) 1.18 2.47(0.04)|1.35 0.48 0.35
MPI-ESM1-2-HR 10.6(7.1) 1.14 1.2(0.69) [1.25 0.61 0.44
MPI-ESM1-2-XR 4.6(0.30) 0.98 0.6(0.47) |1.16 0.64 0.64
AWI-C-1-0-LR 39.5(24.9) no 20.9(18.8)|no no no

AWI-CM-1-0-HR 12.8(10.1) data 6.1(4.8) |data data data
EC-Earth3P 0.26(0.05) 0.63 0.24(0.38)(1.02 0.72 0.69
EC-Earth3P-HR 0.95(0.21) 1.07 0-004(0) ]0.79 0.50 0.61

Table 2 Observed andmodeled DMV and SHF in the Labrador and Greenland-Se&IN sSeas their ratio_between

model and observed valueand theircorrelations_between SHF and DMV, Row 2: DMV and SHF in observations

shown are absolute valuesRows 39: Ratio of modeled andobserved DMV-_and SHF (Model values divided through

observational values DMV o4e/ DMV gpsand SHFE 04ef SHF by ). For ECMWE -IFS, ensemble means are showifor

the DMV (columns 2, 4), the first number compares the mean of the entire historical simulatiof19502014) to

ARGO. The number in_brackets only the years 2002014. Columns 6, 7: Qrrelation between winter SHF and
March DMV in the respective boxes of the Labrador andsreentand-Se&IN Seas For the correlations z,y has been

used to avoid complications with periods without any deep convection; the correlations based QfRigooand Zyirzo in
LAB and GIN Seas are geneally similar for models with deep water formation in every winter but much lower in the
models with no or very few deep conveitin events (ECMWFLR, EC-Earth3P).

Model Trend/year |Trend/year |Trend- Trend/year |Trend/year |Trend-
historical  |control-1950 |difference: |historical  |control-1950 |difference:
19502014 |year 1-65 hist 1119502014 |year 1-65 hist i_control
DMV - DMV - control DMV - DMV - DMV _-GIN
Labrader |Labrader DMV-Lab |GINreenlan |[GINreentand
d
ECMWEF -IFS-LR 0.0032.54e+ |-0.01-42e+10 |-0.02 0.01311e+1(0.05e+10 0.06
ECMWF-IFS-MR 09 -0.54:37e+11 |-3.39 0 0.0054-83+09-0.005
ECMWEF -IFS-HR -3.93+12 |-04326e+11 |-2.97 0-5:35%+08 (0.014-34e+10 |-0.012
-3.40e+12 0.002-90=+
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HadGEM3-GC31-LL Q4l—9—%=‘=]ﬂ. 1.58+12 -1.12 6.622+12 5.5%+12 .03 [Forma[erat; Teckensnitt:Inte Kurs
HadGEM3-GC31-MM [-4.43+12 |-1.11le+12 -3.32 -1.4%+12 |0.9:73e+11 ;2.46 [Formaterat, Teckensnittinte Kurs
HadGEM3-GC31-HM |-5.133e+12 |-3.02e+12 -2.11 4.402+12 -0.33:28e+11 |4.73 . .
HadGEM3-GC31-HH |-6.66e+12 |-2.28:+12 -4.38 0.3:10e+11 |[-0.95:4%e+11 |1.25 [Formate’at Teckensnitt:Kursiv
MPI-ESM1-2-HR -1.41e+12 |-0.62-15e+11 |-0.79 - -0.8:553e+11 |-0.02 ‘[Formaterat: Teckensnitt:Inte Kurs
MPI-ESM1-2-XR ~ [-7.94e+12 |-0.06.020+10 |-7.88 0.82-47e+11(0.23:32e+11 [:0.64 (Formaterat: Teckensnittinte Kurs
-0.41.06e+1] -
CMCC-CM2-HR4  [-5.1%+12 [1.08+12 [-4.11 -9.3le+12 |-3.97%+12 |-5.34 ( Formaterat: _Svenska(Sverige)
CMCC-CM2-VHR4  |-1.42+12 |-3.27e+12 1.8 -1:2.0e+13 |-2.6%+12 -14.69 [Formaterat: Teckensnitt:Inte Kurs
CNRM-CM6.1 -054-38e+110.1.62e+11  |-0.70 086le+1l |045le+il [0.41 (Formaterat: Teckensnittinte Kurs
CNRM-CM6.1-HR -6.9le+12 |-0.31.06e+11 |-6.60 -1.0.1e+13 |-1.0.5e+13 0.4 [ - — -
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AWI -CM-1-0-HR -0.96.560+11-4.98+12  [4.02 1.21e+12 |-2.50+12  [3.71 ( Formaterat:  Teckensnitt:Inte Kurs
EC-Earth3P le—@% 0 0.17 043.25e+11 %:'3—95944:0 0.40 Formaterat: Teckensnitt:Inte Fet,
EC-Earth3P-HR -0.39:87e+10.9-22e+11  |-1.31 - 0.008:04e+09 |-0.002 Inte Kursiv
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Table 3 Trends in the DMV in the Labrador and Greenland-Se&IN sSeasin the historical simulations andin the [ ormaterat_ Teckensnitinte Kurs
) . ) ) s 3 o ) [Formaterat: Teckensnitt:Kursiv
first 65 years of the 1950control simulations (in 10" m°/year). Trends that are significartly different from 0 at the [ -

) o - - ; Formaterat: Teckensnitt:Inte Fet
95%-confidence level are shown in italic, trends significantly different to the contretuns are bold, and trends [Formaterat TeckensnittInte Kurs
significantly different to both 0 and the control-run are italic and bold. [ Formaterat: Upphojd
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Freshwater fluxes Fram Fram Denmark|Denmark|North North Sum
in m%s Strait Strait Strait Strait Baffin Bay|Baffin  [Eram
liquid solid liquid solid liquid Bay Strait +
solid Baffin
Bay
ECMWE -IFS-LR 12694 |154000 (60517 |92093 (21688 7181 195563
ECMWE -IFS-MR 58595 (85108 |69694 (12635 (17597 7031 168331
ECMWEF -IFS-HR 47578 1107470 |68940 22533 14479 7367 176894
HadGEM3-GC31-LL |30394 (85642 |25304 (28543 [55002 7043 178081
HadGEM3-GC31-MM |81239 (82197 (69489 (21907 (19993 6614 190043
HadGEM3-GC31-HM |72294 (73470 (61834 (13905 (18728 10309 (174801
HadGEM3-GC31-HH |no data |[56979 |nodata |12845 |nodata (17117 |no data
CMCC-CM2-HR4 70915 |nodata |60545 |no data (14854 no data |no data
CMCC-CM2-VHR4 |61063 |no data |13785 |no data [6239 no data |no data
CNRM-CM6.1 39699 (43906 |33344 8689 35078 3902 122585
CNRM-CM6.1-HR 52321 |29243 41327 |15409 [22297 8540 112401
MPI-ESM1-2-HR 66843 [54540 |92680 8453 1276 2232 124891
MPI-ESM1-2-XR 54834 62348 |112003 (12408 |2231 3145 122558
EC-Earth3P 26843 96230 |30439 |28277 |25317 5813 154203

31




[EC-Earth3P-HR [22096 105890 [54655 [27370 [1776 [3488  [133250 |

Table 4: Liquid and solidfreshwater fluxes through Fram Strait, Denmark Strait and northern BaffirinBie historical [Formaterat; Teckensnitt:Inte Fet
925| simulationsaveraged over 1959014.Positive values mean freshwater exports out of the Arttie last column shows the

sum of liquid and solid exports through Fram Strait and Baffin Bkydata were available to calculate transports in the

AWI-CM-1.0 model, liguid freshwater transponsHladGEM3GC3-HH and sea ice transports in the CM&iGulations.
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Figure 1: Mixed layer depth in March in the ARGO-data, averaged over 200@015 (a) and in the historical low and

high-resolution model simulations, averaged over 1952014 (br).
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March MLD, 1950—2014, ECMWF—IFS—HR. Deviation from ensemble mean
a) Member 1 b) Member 2 c) Member 3 d) Member 4
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Figure 2: a-d) Deviation of mixed layer depth in March in the ensemble members of ECMWHFS-HR from the
955 ensemble mean of the four ECMWHFS-HR simulations for the time period 19562014. e) DMV in the Labrador Sea

(in 10 m?®) in the ensemble mean and single ensemble members of ECMWFS-HR. [Formaterat: Upphojd
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Figure 3: Deep Mixed Volume (DMV) in 1Q"> m® using a critical depth of 1000 m in the Labrador Sea in March
between 195e2014. Note the different yaxis between models. For ECMWHFS, only member 1 is showrfor better
visual comparison of the variability across resolutions
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Figure 5: As Figure 3 but for the 100year control simulation.
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1060| Figure 10: DMV (average over 195014 in 1Q> m®) in Labrador Sea (left) and GIN-Seas (right) in March in [Formaterat; Upphéid

dependence on the oceanic (top) and atmospheric (bottom) resolutiomhin lines connect modelversions with

different resolution of the same modelAverage-over19562014.
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Figure 11: Turbulent surface heat flux (January, February, March average) in 1952014 in the WHOI-OAFIlux data
1075| andin the model simulations.Positive values meatflux from the oceanto the atmosphere
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1080 Figure 12: Pearson correlation between geopotential heighb8thPa and North Atlantic Oscilation (NAO) index during
winter (JFM mean) for ERAS5 and the models. The periods used were209P¥or ERAS and 1950014 forthe models.
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