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ABSTRACT: Arctic sea ice loss has become a symbol of ongoing climate change, yet climate

models still struggle to reproduce it accurately, let alone predict it. A reason for this is the

increasingly clear role of the ocean, especially that of the "Atlantic layer", on sea ice processes. We

here quantify biases in that Atlantic layer and the Arctic Ocean deeper layers in 14 representative

models that participated in the Climate Model Intercomparison Project phase 6. Compared to

observational climatologies and hydrographic profiles, the modelled Atlantic layer core is too cold

by on average -0.4◦C and too deep by 400 m in the Nansen basin. The Atlantic layer is too thick,

extending to the seafloor in some models. Deep and bottom waters are in contrast too warm by

1.1 and 1.2◦C. Furthermore, the modelled properties hardly change throughout the Arctic. We

attribute these biases to an inaccurate representation of shelf processes: only three models seem to

produce dense water overflows, at too few locations, and these do not sink deep enough. No model

compensates with open ocean deep convection. Therefore, the properties are set by the inaccurate

fluxes through Fram Strait, biased low by up to 6 Sv, but coupled to a too-warm Fram Strait,

resulting in a somewhat accurate heat inflow. These fluxes are related to biases in the Nordic Seas,

themselves previously attributed to inaccurate sea ice extent and atmospheric modes of variability,

thus highlighting the need for overall improvements in the different model components and their

coupling.

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

2



SIGNIFICANCE STATEMENT: Coupled climate models are routinely used for climate change25

projection and adaptation, but they are only as good as the data used to create them. And in the deep26

Arctic, those data are few. We determine how biased 14 of the most recent models are regarding27

the deep Arctic Ocean and the Arctic’s only deep gateway, Fram Strait (between Greenland and28

Svalbard). These models are very biased: too cold where they should be warm, too warm where29

they should be cold, not stratified enough, not in contact with the surface as they should, moving30

the wrong way around the Arctic, etc. Some problems also seem to come from out of the Arctic31

and/or from the sea ice models.32

1. Introduction33

The Arctic is one of the regions most affected by ongoing climate change (IPCC 2019), warming34

2–3 times as fast as the global average (IPCC 2021) and consequently losing its sea ice cover. Since35

the beginning of the satellite record, the sea ice extent has been reduced by 9% in winter and 48%36

in summer (Docquier and Koenigk 2021), while the sea ice thickness has been reduced by 66%37

(Kwok 2018). The multi-year ice area has halved (Kwok 2018), and as a result the shelf regions38

have become seasonally ice free (Onarheim et al. 2018). These changes directly impact the upper39

Arctic Ocean, notably its freshwater content (Solomon et al. 2021, and references therein). Sea40

ice changes also seem to be caused by and to enhance changes in the deeper layers (Årthun and41

Eldevik 2016), in particular the Atlantic Water, via a process known as the "Atlantification" of the42

Arctic Ocean (Polyakov et al. 2017): The Atlantic Water is warmer, further into the Arctic, which43

reduces the sea ice cover, either by directly melting the ice or inhibiting sea ice growth, which in44

turn allows the atmosphere to modify water properties at greater depths. Climate models, however,45

fail to reproduce the sea ice evolution (Notz and SIMIP Community 2020), notably because their46

upper Arctic Ocean representation strongly varies among models (Ilıcak et al. 2016; Lique and47

Thomas 2018; Zanowski et al. 2021). We here investigate their representation of the deeper Arctic48

Ocean layers, from the Atlantic Water to the seafloor.49

The Arctic Ocean consists of four deep basins (Fig. 1): the Nansen and Amundsen basins on50

the Eurasian side, and the Makarov and Canada basins on the Amerasian side, separated by the51

Lomonosov Ridge. The Eurasian basin contains two water masses below 1000 m (Smethie et al.52

1988): the Eurasian Basin DeepWater (EBDW, down to 2500 m depth) and Eurasian Basin Bottom53
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Water (EBBW, from 2500 m to the seafloor). The denser deep and bottom waters are primarily the54

result of sea ice formation on the Siberian shelf (Nansen, F. 1906): when sea ice forms, brine is55

rejected, and the resulting dense water cascades off the shelf through troughs and canyons (Aagaard56

1981; Rudels et al. 1999). This cascading is often referred to as “overflow”, the term we use in57

this manuscript. The only deep connection between the Arctic Ocean and the global oceanic58

circulation is via Fram Strait (ca 2500 m deep), through which the comparatively warm and salty59

Atlantic Water enters from the Nordic Seas. After entering through Fram Strait, the Atlantic Water60

circulates cyclonically around the entire Arctic Ocean, its upper limit gradually deepening from61

the surface to ca 200 m depth, its lower limit never exceeding 1000 m (Rudels et al. 1999; Aksenov62

et al. 2011). However, its properties impact the whole water column as it can be entrained by the63

overflows (Smethie et al. 1988; Frank et al. 1998; Valk et al. 2020). At the bottom of Fram Strait,64

the EBDW flows out. Part of it mixes with fresh Greenland Sea deep waters and flows back into the65

Arctic through Fram Strait (Frank et al. 1998; Langehaug and Falck 2012; von Appen et al. 2015),66

below the Atlantic Water (Fig. 1). In the Amerasian basin, the deep water mass is the Canada67

Basin Deep Water (CBDW), the saltiest and warmest of the Arctic deep waters (Aagaard et al.68

1985), suspected to be modified EBDW that intruded through the Lomonosov Ridge. There is no69

agreement as to whether this intrusion happens continuously (Timmermans and Garrett 2006), in70

pulses (Timmermans et al. 2005), or whether it happened and stopped centuries ago (Schlosser71

et al. 1997). The higher salinity and temperature of this CBDW compared to its Eurasian source72

is most likely caused by shelf overflows in the Amerasian basin (Rudels 1986; Ivanov et al. 2004).73

Eventually, CBDW intrudes back into the Eurasian basin through canyons in the Lomonosov Ridge74

(orange arrows on Fig. 1), as a very salty deep water mass (Björk et al. 2018).75

To properly represent the deep Arctic circulation and water mass properties, models need to84

accurately simulate85

• the interactions with sea ice and upper Arctic Ocean processes, especially ventilation and86

shelf processes;87

• the large scale circulation within the Arctic, including bathymetry and mixing;88

• Fram Strait and upstream ocean properties.89
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Fig. 1. Bathymetry of the Arctic north of 70 ◦N in a) GEBCO (GEBCO Compilation Group 2021) and b) the

CMIP6 model with the highest horizontal resolution in our study (ca 9 km), GFDL-CM4 (Adcroft et al. 2019).

Contours and numbers on a) highlight the regions discussed in this manuscript. Black arrows on b) indicate

the known circulation of the Atlantic layer (e.g. Rudels 2009); blue arrows, some of the locations where dense

shelf water is produced; orange arrows, the main features of the deep water circulation: Exchanges in and out of

the Arctic through Fram Strait, and exchanges between the basins across the Lomonosov Ridge. This figure is

a simplified, light schematic; the interested reader can find detailed circulation maps of all water masses in the

review by Rudels (2012).
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Earlier studies suggest that accurately simulating all these processes was challenging in the previous90

generation of climate models (Shu et al. 2019) and will continue to be challenging for the models91

that participated in the latest Climate Model Intercomparison Project, phase 6 (CMIP6, Eyring92

et al. 2016): their Arctic sea ice (Notz and SIMIP Community 2020), Arctic solid and liquid93

freshwater storage and fluxes (Zanowski et al. 2021; Rosenblum et al. 2021), and properties and94

processes upstream in the Nordic Seas (Heuzé 2021) are inaccurate, or at least the models have a95

large range of behaviours. The vast majority also fail to reproduce overflows in other parts of the96

world (Adcroft et al. 2019; Heuzé 2021). Although not directly resolved in climate models, various97

turbulentmixing processes (including tides, the generation of internal waves, and eddies) are known98

to influence the hydrographic structure of the Arctic Ocean (Rippeth and Fine 2022). Despite the99
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levels of turbulent kinetic energy generally being much lower in the Arctic Ocean than elsewhere100

across the global ocean (Pinkel 2005; von Appen et al. 2022), mixing contributes to stirring up101

heat from intermediate depths (Polyakov et al. 2020) and stirring down freshwater (Manucharyan102

and Spall 2016), hence influencing the stratification. Generally, wind-induced mixing is limited103

in the Arctic, partly due to the decoupling of the ocean from the atmosphere by sea ice (Morison104

et al. 1985), but mixing due to tides has been shown to be an important process, especially on the105

shelves and near the shelf break where they generate internal waves (Rippeth et al. 2015; Fer et al.106

2020). Eddies can intensify vertical mixing (Rippeth and Fine 2022, and references therein), but107

also play an important role in the transport of water masses between the shelves and the deep basins108

(Spall et al. 2008). The parametrizations of such processes are thus likely to be of importance for109

the representation of the deep water masses of the Arctic Ocean.110

Khosravi et al. (2022) recently published an overview of biases in the Atlantic Water in CMIP6111

models; we here expand on their results by assessing not only the Atlantic Water but also the deep112

and bottom waters, and by explaining the causes for all these biases, focussing on the models’113

mean historical state only. We start by describing the 14 CMIP6 models and methods that we use114

(Section 2) before quantifying the biases in all Arctic deep waters in all basins (Section 3a). We115

then assess the representation of overflows (Section 3b) and circulation of the deep water masses116

within the Arctic (Section 3c) and finally evaluate the fluxes through Fram Strait and their relation117

to the biases in the Arctic (Section 3d). We finish with a discussion, notably on possible directions118

for CMIP7 (Section 4).119

2. Data and Methods120

a. The CMIP6 models121

We use the output from 14 fully coupled models that participated in the ClimateModel Intercom-122

parison Project phase 6 (CMIP6, Eyring et al. 2016), listed in Table 1. These models were selected,123

following a preliminary study on the 35 CMIP6 models used in Heuzé (2021), as representative124

of their family, for diversity in vertical grid types, for comparison with those used in a companion125

paper (Muilwijk et al. subm.), and after eliminating the ones with the poorest bathymetry (i.e126

absence of Lomonosov Ridge and/or unrealistically narrow Fram Strait). Most of the models we127

selected have a resolution of ∼50 km in the Arctic (9 km for the highest resolution) and 50 levels128
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Table 1. Characteristics of the 14 CMIP6 models used in this study: horizontal grid type, which output if

any are missing, horizontal resolution in the Arctic, type of vertical grid and number of vertical levels, ocean

model component, vertical mixing scheme(s), ocean climatology used to initialise the model, and reference.

The horizontal resolution in the Arctic (4th column) was calculated as the square root of the total area north of

70◦N divided by the number of points the model has north of 70◦N. For the vertical grids, 𝜌 means isopycnic; 𝜎

terrain-following; and several symbols, hybrid. For the vertical mixing schemes, we use a similar nomenclature

to that of Huang et al. (2014) for CMIP5: KPP = K-profile parameterization scheme (Large et al. 1994), TM =

tidal mixing parameterization, ePBL = energetics-based planetary boundary layer (Reichl and Hallberg 2018),

NK = Noh and Jin Kim (1999), PP = Pacanowski and Philander (1981), DL = Decloedt and Luther (2010), TC

= turbulent closure scheme, and K90 = Kraus (1990).

131

132

133

134

135

136

137

138

139

140

Model Grid type Missing Hor. Res. Vert. grid Ocean model Vert. mixing Init. Reference

BCC-CSM2-MR Tripolar agessc 54 km z/40 MOM4-L40v2 KPP WOA13 Wu et al. (2019)

CAMS-CSM1-0 Tripolar agessc 54 km z/50 MOM4 KPP WOA2001 Rong et al. (2019)

CESM2 Rotated / 41 km z/60 POP2 KPP PHC2 Danabasoglu et al. (2020)

CanESM5 Tripolar / 50 km z/45 NEMO3.4.1 TM WOA09 Swart et al. (2019)

EC-Earth3 Tripolar agessc 49 km z*/75 NEMO3.6 TC WOA13 Döscher et al. (2021)

GFDL-CM4 Tripolar agessc 9 km 𝜌-z*/75 MOM6 ePBL WOA13 Adcroft et al. (2019)

GFDL-ESM4 Tripolar
agessc,

18 km 𝜌-z*/75 MOM6 ePBL WOA13 Dunne et al. (2020)
uo, vo

GISS-E2-1-H Regular agessc 46 km 𝜌-z-𝜎/32 Hycom KPP WOA13 Kelley et al. (2020)

IPSL-CM6A-LR Tripolar / 49 km z*/75 NEMO3.2 TC WOA13 Boucher et al. (2020)

MIROC6 Tripolar / 39 km z-𝜎/62 COCO4.9 NK PHC3 Tatebe et al. (2019)

MPI-ESM1-2-HR Tripolar / 36 km z/40 MPIOM1.63 PP PHC3 Müller et al. (2018)

MRI-ESM2-0 Tripolar / 39 km z*/60 MRI.COMv4 DL WOA13 Yukimoto et al. (2019)

NorESM2-LM Tripolar / 38 km 𝜌-z/53 BLOM (MICOM) TC PHC3 Seland et al. (2020)

UKESM1-0-LL Tripolar / 50 km z*/75 NEMO3.6 K90 EN4 Sellar et al. (2019)

or more in the vertical. No more than two models share the same ocean component with the same129

version, and these 14 models have been initialised using 6 different ocean climatologies (Table 1).130

The 14models include a wide variety of mixing schemes, from a simple linear increase of vertical141

diffusivity with depth to more complex kinetic energy closure schemes. It is worth noting that the142

information presented in Table 1 is probably incomplete as the model descriptions are inconsistent143

both in wording and level of detail. Interestingly, several of the most extensive references list144

modifications relevant for the Arctic and/or for overflows (quoted from the cited papers):145
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• EC-Earth3 has a "diffusive bottom boundary layer scheme with implicit bottom friction to146

mix dense water down a slope" (Döscher et al. 2021);147

• GFDL-CM4 includes an overflow parameterization in the Nordic Seas, but not yet in the148

Arctic (Adcroft et al. 2019);149

• in MIROC6, "the turbulent mixing process in the surface mixed layer is changed so that there150

is no surface wave breaking and no resultant near-surface mixing in regions covered by sea151

ice", which the authors argue "contributes to better representations of the surface stratification152

in the Arctic Ocean" (Tatebe et al. 2019);153

• in NorESM2-LM, "selective damping of external inertia–gravity waves in shallow regions is154

enabled to mitigate an issue with unphysical oceanic variability in high-latitude shelf regions155

that had caused excessive sea-ice formation in CMIP5" (Seland et al. 2020);156

• finally in UKESM1-0-LL, the albedo of snow on sea ice is decreased as "compensation for157

deficient transport of warm Atlantic water into the Arctic in ORCA1" (Sellar et al. 2019).158

We evaluate the last 30 years of the historical run, i.e. January 1985 - December 2014. We159

use only one ensemble member for each model, labelled ‘r1i1p1f1’, except for UKESM1-0-LL160

for which we use ‘r1i1p1f2’ as r1i1p1f1 was not available. The output we use are the monthly161

seawater salinity ‘so’, potential temperature ‘thetao’, eastward velocity ‘uo’, and northward velocity162

‘vo’, except for GFDL-ESM4 for which uo and vo were not archived. We also use the sea ice163

concentration ‘siconc’ and sea ice thickness ‘sivol’ (in fact, sea ice volume divided by grid cell164

area; available for a majority of models), except for CanESM2 for which we use ‘sithick’ as ‘sivol’165

was not available (actual floe thickness; available for few models). For 8 models, we also use the166

seawater age since surface contact ‘agescc’, which we will hereafter refer to as the age of water.167

For the mixed layer depth, we use the ‘mlotst’ output when available, and otherwise computed it168

as per the CMIP6 protocol by first computing the potential density 𝜎\ from the monthly salinity169

and temperature, and then using a threshold of 0.125 kg m−3 referenced to 10 m depth. The170

‘mlotst’ and computed values are not the same due to the non-linearity of the equation of state,171

but as shown in Heuzé (2021), the difference is not significant for shallow mixed layers. With172

the exception of the mixed layer and flux computations, we use the density referenced to 2000 m173

depth (𝜎2) as a compromise considering the wide range of depths covered. The diagnostics based174
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on 𝜎2 differences were also done using 𝜎0 and 𝜎4 (not shown), but no significant differences in175

any of our results were found. All densities were computed using the TEOS10 equation of state176

as implemented in the Gibbs-SeaWater (GSW) Oceanographic Toolbox (McDougall and Barker177

2011).178

All computations were performed on the models’ native grid with these two exceptions:179

• The GISS-E2-1-H and NorESM2-LM native vertical grids were particularly challenging to180

work with, so we instead show their regularised grid output. We nevertheless verified that our181

key results still hold on the native grid;182

• The comparisons to the climatology in section 3.a and 3.d were performed after interpolating183

all the model temperature and salinity values onto theWOA18 (see next section) climatology’s184

grid.185

b. Observational data186

To quantify biases in the CMIP6models, we first compare them to the Unified Database for Arctic187

and Subarctic Hydrography (UDASH, Behrendt et al. 2018) by generating basin- 30-year-average188

temperature and salinity profiles in the four deep basins of the Arctic Ocean (as defined on Fig. 1).189

As the UDASH profiles are scattered, rather than interpolating them ourselves we use the World190

Ocean Atlas 2018 (WOA18, Locarnini et al. 2018; Zweng et al. 2018) objectively analysed annual191

fields at a 0.25◦ resolution (ca 25 km) for all computations where the model and observations had192

to be colocated.193

Most models use an earlier version of theWorld Ocean Atlas as initialisation (Table 1), with 7 out194

of 14 models using the version that was the latest as the models ran, i.e. WOA13. Two models use195

an even earlier version from 2009 or even 2001. The main difference between the versions is the196

amount of data ingested and the time period of the data; the reader will find more information about197

the versions’ differences in the WOA18 publications (Locarnini et al. 2018; Zweng et al. 2018).198

The second most common climatology is the Polar science center Hydrographic Climatology199

(PHC, Steele et al. 2001), which includes the WOA98 data and the Arctic Ocean Atlas (AOA,200

Environmental Working Group 1997, 1998), gridded compilation of previously classified US and201

Russian hydrographic data collected during the Cold War; the one disadvantage of PHC is that the202

latest version, PHC3, was last updated in 2005. Finally, one model uses the Met Office Hadley203
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Centre climatology EN4 (Good et al. 2013), which merges the World Ocean Database 2009 with204

autonomous data (see Good et al. 2013, for more information); in the ice-covered regions, these are205

to date limited to the upper 1000 m (see review in Rabe et al. 2022). For robustness, we computed206

the model biases relative to all these datasets as well and found no significant difference in our207

results, most likely because the number of profiles in the deep Arctic remains extremely low to this208

day, therefore differences between the observational datasets are negligible compared to the model209

biases. We therefore keep the higher spatial resolution WOA18 as our reference, as it also is the210

most directly comparable to UDASH.211

c. Methods212

The primary objective of this paper is to quantify biases in the properties of the deep water213

masses of the Arctic Ocean: the Atlantic Water (AW), the Eurasian Basin Deep Water (EBDW),214

its counterpart the Canada Basin Deep Water (CBDW), and the Eurasian Basin Bottom Water215

(EBBW). Traditionally, for observational datasets, the definition of these water masses is based216

on temperature, salinity, or density values (e.g. Smethie et al. 1988; Rudels 2009; Korhonen et al.217

2013). As we expect these properties to be biased in the models, we instead chose these three218

definitions:219

• the Atlantic Water core is the depth of the temperature maximum, detected between 150 and220

2000 m depth. This temperature-based definition is similar to that used for observations, but221

without imposing a constraint on the value of the temperature maximum, and adjusted for the222

wider depth range in models. Note that using a threshold of 100 m instead of 150 m does223

not change the results, probably because as found by Lavoie et al. (2022), Pacific Water tends224

to be missing from CMIP models, a result not surprising given their biases in Bering Strait225

inflow (Zanowski et al. 2021);226

• deep water properties are those at 2000 m. In observations, EBDW sits between approx. 1000227

and 2500 m depth in the Eurasian basin, and CBDW extends from approx. 1000 m all the228

way to the seafloor;229

• bottom water properties are those of the deepest grid cell with a value.230
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The upper ocean is not the topic of this paper. We nevertheless investigate whether biases in the231

upper ocean and in the deep layers are related, and therefore computed the mean temperature,232

salinity, and density in the top 100 m as a proxy for upper ocean properties. Similarly, a detailed233

study of stratification is provided by Muilwijk et al. (subm.); we here only provide a simplified234

definition of stratification, taken as the difference between the upper 100 m mean density and that235

of the AW core.236

We compare the properties of the different water masses in the four deep basins of the Arctic237

north of 70◦N (Fig. 1a), where “deep” is defined as deeper than 2000 m. The shelf is defined as238

regions shallower than 1000 m (Rudels 2009). Note that the 1000 m and 2000 m isobaths coincide239

at most locations in most models, as the shelf break is very steep. Throughout this manuscript, we240

use the short name “Siberian shelf” to refer to the shelf along the Eurasian basin, i.e. from Fram241

Strait to 160◦W. As we will show, no deep water formation occurs on the shelf along the Canada242

basin in CMIP6 models, so we do not focus on this region. Finally, to investigate the deep outflows243

from the Arctic, we determine the biases on the Greenland shelf, i.e. around Greenland but north244

of 70◦N.245

In the Arctic, dense waters cascading from the shelf to the deep basin, commonly referred to as246

overflows, strongly modify the properties of all water masses (e.g. Aagaard 1981; Luneva et al.247

2020). As summarised in Luneva et al. (2020), these overflows are bottom-trapped gravity currents248

characterised by a comparatively high density, but also by a young age, as dense shelf waters sink249

off the shelf within the same year that they sank from the surface to the shelf seafloor. Therefore,250

we detect their presence in models by studying:251

• the minimum age at the bottom grid cell, for the 8 models that provided the age of water output252

• the maximum bottom density, for the other 6 models.253

For both groups of models, we look for a continuity in this diagnostic on and off the shelf, in254

maps of the bottom properties, and in sections along and across the troughs where we expect their255

presence.256

Finally, we determine the influence of Fram Strait on the deep Arctic Ocean properties by257

computing the volume, salt, and heat fluxes through that section, from the surface to the sea floor,258

as follows, where S is the salinity, \ is the potential temperature, 𝜌 is the in situ density (computed259
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using TEOS10 when necessary), and 𝑐𝑝 the specific heat at constant pressure:260

𝐹𝑣𝑜𝑙𝑢𝑚𝑒 =

∬
𝐴

v · �̂�𝑑𝐴 (1)

261

𝐹𝑠𝑎𝑙𝑡 =

∬
𝐴

𝑆v · �̂�𝑑𝐴 (2)

262

𝐹ℎ𝑒𝑎𝑡 = 𝑐𝑝

∬
𝐴

𝜌\v · �̂�𝑑𝐴 (3)

For the models used here 𝑐𝑝 ranges from 3990-4000 J kg−1 K−1. Following Griffies et al. (2016),263

for Boussinesq models the reference density, 𝜌0, is used to compute the heat flux and ranges from264

1000-1036 kg m−3. Note that strictly speaking, this is not the true transport as this would require a265

closed volume budget across Fram Strait (Schauer and Beszczynska-Möller 2009). This method is266

nevertheless routinely used to compute “volume fluxes” and “heat fluxes” from observations, so we267

use it to enable comparison between models and the observed Arctic and refer to these computed268

values as fluxes (without quotation marks). Besides, each model’s heat flux should in theory be269

computed relative to a temperature representative of the flow. That is, for each model, the shallow270

inflow, shallow outflow, deep inflow and deep outflow, if all clearly distinguishable, would each271

have a different reference temperature. To ease the across-model comparison, all heat fluxes are272

instead computed relative to 0◦C (as done in e.g. Ilıcak et al. 2016; Muilwijk et al. 2018). Similarly,273

instead of computing a so-called freshwater flux, i.e. relative to a reference salinity which would,274

again, have to be meaningful for each specific model, we compute the flux of salt. As its value is275

rarely given in the literature, we focus our analysis on 𝐹𝑣𝑜𝑙𝑢𝑚𝑒 and 𝐹ℎ𝑒𝑎𝑡 .276

As in Zanowski et al. (2021), the boundaries for Fram Strait were chosen by hand for each277

model and span 20◦W-12◦E, 78◦N-80◦N. The results are not sensitive to the choice of exact278

boundaries within that range, but should ideally be as close to 79◦N as possible for comparison279

with observations (e.g. Beszczynska-Möller et al. 2012). For the rotated and tripolar grids, the280

northward velocity ‘vo’ does not correspond to velocities towards the true north 90◦N but rather281

towards the model’s location of the North Pole. Therefore, for all models, v · �̂� is the velocity282

into / out of the Arctic, normal to the model’s coast-to-coast section. All fluxes were computed283

on the models’ native horizontal grids (shown on supp. Fig. A1). CMIP6 variable ‘thkcello’284

(ocean model cell thickness) was used for those models with time-varying cell thicknesses, unless285
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specific instructions were provided in the model output for computing cell thickness (i.e., MIROC6,286

GFDL-CM4).287

3. Results288

In this section, we first quantify the biases in the properties of theAtlanticWater, deep, and bottom289

water masses and their horizontal and vertical relationships. We then evaluate the representation290

of the processes that set these properties, within the Arctic Ocean (subsections 3b and 3c) and at291

Fram Strait (subsection 3d).292

a. Biases in water mass properties293

We start by quantifying biases in the mean temperature and salinity and their evolution with depth299

in the four deep basins (Fig. 2 and individual values in supp. Tables A1 to A3). In observations,300

as the Nansen basin lies closest to its inflow, the Atlantic Water there is warm (black line, Fig. 2a),301

salty (Fig. 2b) and constrained to a thin and shallow depth range, around 200 m depth. In the302

models in contrast, the Atlantic Water lies deeper (multimodel average of 395 m, ranging from 76303

to 1321 m) and occupies a thicker layer, which is in agreement with the findings of Khosravi et al.304

(2022) in CMIP6, and Ilıcak et al. (2016) for CORE-II. In fact, had we used the standard definitions305

that the Atlantic Water is anything warmer than 0◦C (e.g. Korhonen et al. 2013) or lighter than306

27.97 kg m−3 (e.g. Rudels 2009) (black dotted lines on Fig. 2c), we would have found Atlantic307

Water all the way to the seafloor in half of the models. Therefore, although on average the models308

are biased cold in the Atlantic Water core (multi-model mean of -0.44◦C), they are biased warm309

at 2000 m depth (MMM of 1.14◦C) and at the bottom of the Nansen basin (1.25◦C). The salinity310

profile is also inaccurate: when in observations the salinity is maximum in the AW core, in 10/14311

models the salinity continues to increase with depth. Consequently, the T-S diagram in the Nansen312

basin (Fig. 2c) is unrealistic for the majority of the models. Most models have a shape somewhat313

resembling that of the observations (black), but with peaks at the wrong temperature and/or salinity314

and of a largely inaccurate magnitude (see e.g. CanESM5, plain blue line). The least inaccurate315

is GFDL-CM4 (plain green line), despite an AW core lying on average 400 m too deep and the316

whole AW layer extending to 2000 m depth. One of the most inaccurate is NorESM2-LM, which317

has many discontinuities in its hydrographic profiles. This is because on its native isopycnic grid318
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Fig. 2. Area-weighted mean temperature (top) and salinity (middle) profiles with depth, and corresponding

T-S diagram (bottom), for each CMIP6 model (colours), the multimodel mean (gray) and the observations in

UDASH (black, Behrendt et al. 2018), for each of the deep Arctic basins. MPI-ESM1-2-HR is not visible on

panel a) as its temperature is biased too warm (over 10◦C in the upper ocean). On the T-S diagrams, the black

dotted lines indicate the 0◦C isotherm and 27.97 kg m−3 isopycnal.
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298

(not shown), as the model is comparatively unstratified, some density classes occupy hundreds of319

metres. On average, the models are less stratified than observations: they have a dense bias in320
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the AW and a light bias in the deeper layers; this result will be important in subsection 3b when321

investigating the ventilation.322

All four deep basins exhibit the same biases: the Atlantic layer is too deep, too thick, and in some323

cases occupies the entire depth of the basin (Fig. 2). This suggests that the biases throughout the324

water column are linked (Fig. 3). To verify this link, we compute the across-model correlation, i.e.325

each model is represented by its 30-year average, basin-average value, and the correlation between326

models is tested. For all basins, the across-model relationship between any two properties of the327

different water masses in that basin is split in two distinct depth levels:328

• The biases in the upper 100m are strongly correlated to each other: warm biases are associated329

with salty biases, which are associated with dense biases, and in turn with a weak stratification.330

These upper ocean biases are further investigated in Muilwijk et al. (subm.) and beyond the331

scope of this paper. What is relevant for this study is that the biases in the upper 100 m are not332

correlated to those of the deeper water masses (empty squares in the top four lines, Fig. 3).333

• From the Atlantic layer down, the biases in all properties and water masses are positively334

correlated to each other. As our definitions artificially split the Canada Basin Deep Water335

in two different water masses (2000 m depth and bottom), we expect a strong correlation336

between these two depth levels in the Makarov and Canada basins. However, the correlations337

are larger than 0.9 across all basins and depth levels (diagonal of deep red values, Fig. 3), and338

the actual values nearly align along the unit line when plotted against each other (not shown).339

As suspected from Fig. 2, most models in our study do not have distinct deep water masses,340

but rather fill the deep basins with a similar water from the Atlantic Water level to the seafloor.341

Note that Fig. 3 was created using the area-weighted means, but the same results were found if342

using the area-weighted root mean squared error (RMSE) or the actual properties. Finally, the343

reader may have noticed that the Atlantic Water core depth (AWCD) is not correlated to any other344

property – we will come back to this finding later in the manuscript.345

In observations, the properties of eachwatermass evolve not onlywith depth but also horizontally.353

Most visibly, the Atlantic Water becomes colder, fresher, deeper and thicker, and consequently354

results in a less pronounced peak on the T-S diagram as it travels from the Nansen basin to the355

Canada basin (black lines, Fig. 2). We do not observe this in models. AW density and temperature356

show little change across the Arctic. As a result, the biases (supp. Tables A1 to A3) change357
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primarily because the value in the reference climatology changes rather than the values in the358

models. This is most visible when the properties are mapped (Fig. 4 and supp. Figs. A2 and359

A3): the AW appears biased dense and cold the most in the Nansen basin, as it is the basin where360

the density is lowest and temperature highest in the climatology. The maps reveal that no basin361

is better represented than the others; rather, the difference is largest when comparing the different362

water masses (RMSE value on Fig. 4), and when comparing the deep basins to the shelves. No363

model clearly outperforms the others; the model that can be qualified of "most accurate" depends364

on the depth and property considered (Fig. 4 and supp. Figs. A2 and A3, second row).365

As for the evolution with depth, we verify that for each water mass its biases are consistent371

throughout the Arctic as suggested by Fig. 4 by computing the across model correlations between372

the basins (Fig. 5). For the four deep basins, the temperature and the salinity, and the three water373

masses, the correlations often exceed 0.9 (dark red on Fig. 5). There are two exceptions:374

• On the Siberian shelf, there are no correlations with the deep basins. This suggests that the375

majority of models do not accurately represent the connection between the Siberian shelf and376

the deep basin via dense water overflows. We investigate this further in the next subsection.377

• On the Greenland shelf, there are no significant correlations in salinity but strong correlations378

in temperature, especially with the AW in the deep basins. This suggests that the flow of379

Atlantic Water from the deep basins southward and onto the Greenland shelf, notably through380

Fram Strait, may be accurately represented. We investigate this further in the next subsections.381

In summary, across CMIP6 models, the Atlantic layer is biased cold, fresh, and dense when386

compared to observations, while the deep and bottom waters are biased warm, fresh, and light.387

The biases between water masses are strongly correlated to each other, and coupled with the fact388

that the AWoccupies nearly the entire water column inmost models, suggest that the different water389

masses are not significantly different from each other. The biases are also consistent throughout390

the Arctic. In the next two subsections, we investigate whether this lack of variation with depth and391

with distance is caused by inaccurate ventilation and circulation of these waters within the Arctic.392
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b. Ventilation of deep water masses within the Arctic393

We just showed that there is no across-model correlation between the Atlantic Water and deeper394

ocean biases and those in the upper ocean. This means that the deep biases may come from395

an inaccurate representation of the processes that normally form or modify those deep waters:396

ventilation within the Arctic; circulation within the Arctic; or exchanges through Fram Strait.397

We start with the processes that take place within the Arctic, and in particular with dense water398

overflows.399

Of the 8/14 models that provided the age of water as a parameter, only two appear to simulate400

overflows at theArctic shelf break (Fig. 6a and d, regions highlightedwith green boxes): NorESM2-401

LM, through Franz-Victoria Trough and St Anna Trough; and MIROC6, through St Anna Trough402

only. For both these models, the overflow is visible as a continuous 0 to 1 year age on either side403

of the 1000 m isobath. We attempt to track these overflows as they travel off the shelf break, but404

both in animations (not shown) and in sections across (Fig. 6b and e) and along (c and f) the shelf405

break, we can only detect the occasional grid cell with a low age and not a clear flow. These suggest406

that NorESM2-LM may ventilate down to 3000 m depth occasionally, and MIROC6 to 2000 m.407

These two models also have the least biased deep and bottom waters for the entire Arctic (see408

previous section). One of the reasons for these models’ relatively good performance may be their409

different vertical grids than the other 6 models in this subsample (isopycnic and terrain-following,410

respectively), which should be particularly well-suited to represent a density-driven flow along a411

slope (e.g. Dufour et al. 2017, and references therein).412

For the remaining 6/14 models, we use bottom density as a proxy for ventilation. Only GFDL-413

ESM4 may have a dense water overflow, in St Anna Trough (Fig. 6g), but tracking its progression414

down the shelf (Fig. 6h,i) is not trivial. Referencing the density to different depth levels did not415

make the result clearer. As GFDL-ESM4 is the model that we previously found to have the least416

biased 2000 m salinity and density, it is possible that it has intermittent overflows. Besides, GFDL-417

ESM4 and NorESM2-LM are able to simulate overflows on the Antarctic shelf break (Heuzé 2021),418

which suggests the potential for them to do the same in the Arctic. Either way, previous studies419

have shown that overflows occur at several other locations, including at the Canadian shelf break420

(Luneva et al. 2020). Of the 14 models we study here, however, only 3 models show indications of421

simulating overflows, all in the same troughs.422

20



a) NorESM2-LM, bottom age

0

1000

2000

3000

0

1000

2000

3000

0

1000

2000

3000

0

1000

2000

3000

55°E 65°E 75°E 85°E55°E

82°N 85°N 88°N79°N

55°E 65°E 75°E 85°E

82°N 85°N 88°N79°N 82°N 85°N 88°N79°N

55°E 65°E 75°E 85°E

b) NorESM2-LM, age at 83°N

c) NorESM2-LM, age at 72°E

d) MIROC6, bottom age

e) MIROC6, age at 83°N

f) MIROC6, age at 72°E

g) GFDL-ESM4, bottom density

h) GFDL-ESM4, density at 83°N

i) GFDL-ESM4, density at 72°E

0

500

200

100

50

20

10

5

2

1

Age (years)
37 37.637.3

Density σ2 (kg m-3)

Fig. 6. For the three models that appear to have overflows, top: Map of the minimum age of water / maximum

density 𝜎2 over the period 1985-2014 at the deepest grid cell (shading) and 1000 m isobath (yellow line), where a

low age / high density on either side of this isobath suggests overflowing at the shelf break. Green boxes highlight

the location of such overflow; black lines, the location of the sections on the other panels. Centre and bottom:

Sections along (83◦N) and across (72◦E) St Anna Trough of the age of water / density 𝜎2. Note the logarithmic
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Why are these three model the only ones with overflows, and why in St Anna Trough (SAT)434

only? Starting with the models’ bathymetry (gray shading on Fig. 7), BCC-CSM-MR and CAMS-435

CSM1-0 do not even have a trough there; their bathymetry is shallower than 500 m on the entire436

continental shelf. For all the other models, SAT is the only trough represented. One possibility437

therefore is that the models form dense water elsewhere on the shelf, but cannot export it. In438

observations, dense water formation is caused by sea ice processes, in particular polynyas, with439
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Fig. 7. Bathymetry (dark shading) and 30-year 1985-2014 mean March (blue) and September (magenta) sea

ice extent for a) observations, here the GEBCO bathymetry (GEBCO Compilation Group 2021) and HadISST1

sea ice concentration (Rayner et al. 2003), and b)-o) the CMIP6 models, on their native grid. The yellow and

cyan shaded areas on panel a) indicate the St Anna Trough (SAT) and Laptev Sea regions, respectively, used in

Table 2.
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those in the Laptev Sea being most intense (Tamura and Ohshima 2011). Several models have a440

permanent sea ice cover over both SAT and the Laptev Sea (magenta contours on Fig. 7), a result441
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previously explained notably by their cold air bias (Davy and Outten 2020), making it unlikely that442

they can open polynyas there. We nonetheless computed the polynya probability at each grid cell443

over the 30 winters of our study period (supp Fig. A4). Note that polynya statistics and variability444

in the Arctic in CMIP6 models would deserve a study of their own, and that what we present445

here is but a brief analysis. Most models have polynyas nearly every year in the Barents Sea (ca446

10-60◦E), albeit in the southern part, not by the shelf break. In the Kara Sea / SAT sector (ca447

60-100◦E), only CESM2, CanESM5, EC-Earth3, IPSL-CM6A-LR, MPI-ESM1-2-HR, and MRI-448

ESM2-0 have polynyas more than 20/30 years, often by the coast. Interestingly, the overflowing449

models GFDL-ESM4, MIROC6, and NorESM2-LM have polynyas by SAT only 10/30 years. For450

most models, the polynya frequency is further reduced in the Laptev Sea (ca 100-145◦E), but it451

remains non-zero for 9/14 models, especially when considering the daily sea ice (supp Fig. A4,452

bottom panels). In summary, most models represent SAT in their bathymetry and have polynyas453

there; they tend to not have any trough on the Laptev Sea, but have polynyas at the shelf break. We454

would therefore expect them to have overflows, at both locations.455

One possibility is that the polynyas do not result in cold saline (dense) water on the shelf. The456

two GFDL models are the only ones with extremely dense water on the shelf (Table 2), with a457

maximum density more than 1 kg m−3 denser than the multi model average and that all other458

models, both by SAT and the Laptev Sea. In SAT, the other overflowing models, MIROC6 and459

NorESM2-LM, also are above the MMM but not strongly (37.56 and 37.81 kg m−3, compared460

to 37.53 kg m−3). The reason for their strong densities also varies between models: the GFDL461

models are both salty and cold, while MIROC6 is fresh and cold, and NorESM2-LM salty and462

warm. In fact, 6/14 models have a minimum temperature above freezing by SAT, and this number463

increases to 8/14 in the Laptev Sea. The spatial and seasonal variability of the properties show no464

consistency with overflow presence (Table 2). The apparent disconnect between shelf properties465

and sea ice behaviour may be the result of the sea ice models. Their detailed analysis is beyond the466

scope of this paper, but it is worth noting that the four families of sea ice models (CICE, COCO,467

LIM, and SIS) all simulate virtual salt fluxes instead of actual brine rejection (see references listed468

in Table 1). CICE, COCO and SIS all have a constant sea ice salinity anyway (4, 5 and 5 psu,469

respectively), while that of LIM is not constant but restored every 20 days. In conclusions, the470

presence of overflows seems unrelated to the bathymetry and presence of polynyas, and rather471
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related to vertical grid type and shelf properties: the z-level models’s dense water is most likely472

diluted by mixing before/shortly after it has reached the shelf break. The GFDL models, which473

are z* till 1000 m depth, have such extremely high densities that these high values survive the474

mixing. Meanwhile, NorESM2-LM and MIROC6, thanks to their isopycnic and terrain-following475

grids, respectively, have overflows despite a barely-above-average shelf density. These models476

most likely have no overflows in the Laptev Sea because they are warmer and/or fresher there.477

Another process that can ventilate the deep ocean is deep convection. The Arctic Ocean is too478

stratified for open ocean deep convection to occur (Rudels and Quadfasel 1991). However, using479

the high resolution climate model HiGEM and a four times increase in CO2 scenario, Lique and480

Thomas (2018) found that open ocean deep convection can start in the central Arctic. Considering481

that the models in this study are less stratified than observations (subsection 3a), we verify whether482

they ventilate the deep Arctic via open ocean deep convection by studying their maximum mixed483

layer depth reached over the entire 1985-2014 period. The only model with deep mixed layers in484

this study is GFDL-CM4, which reaches a maximum of 1815 m in the Nansen basin (Fig. 8 - note485

the logarithmic colour scale). The second deepest is EC-Earth3, with a maximum of 536 m. All486

the other models have mixed layers shallower than 100 m on average over the deep Arctic basins,487

never exceeding 250 m. Considering that we found a deep bias in the Atlantic layer, this means488

that GFDL-CM4 and EC-Earth3 are the only two models whose mixed layers can reach below the489

halocline. As previously discussed, GFDL-CM4’s Atlantic layer extends deeper than 2000 m, so490

its comparatively deep mixed layer still cannot ventilate the deep and bottom waters.491

In summary, we found three models that show indications of dense water overflows in St. Anna492

Trough that may penetrate below the Atlantic Water, and two models that may ventilate the Atlantic493

layer via open ocean deep convection.494
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Table 2. For each model and the multi-model mean (MMM), statistics, seasonal cycle and spatial differences

in bottom density, bottom salinity, and bottom temperature over the St Anna Trough (SAT) and Laptev Sea regions

(shown on Fig. 7), which can impact the formation of overflows. Density and Salinity: temporal maximum

of the geographical maximum; difference between the temporal maximum and minimum of the geographical

maximum; temporal maximum of the geographical standard deviation. Temperature: temporal minimum of the

geographical minimum; difference between the temporal maximum and minimum of the geographical minimum;

temporal maximum of the geographical standard deviation.

495

496

497

498

499

500

501

Density (kg m−3) Salinity (psu) Temperature (◦C)

Model Region Max Seas. Spatial Max Seas. Spatial Min Seas. Spatial

BCC-CSM2-MR
SAT 37.23 0.01 0.91 35.04 0.02 1.28 1.79 0.08 1.30

Laptev 37.23 0.01 2.63 35.05 0.01 3.37 1.83 0.02 1.28

CAMS-CSM1-0
SAT 37.10 0.01 2.09 34.85 0.03 2.76 1.52 0.17 1.00

Laptev 37.12 0.01 3.87 34.86 0.01 4.98 1.55 0.03 1.17

CESM2
SAT 37.37 0.16 0.37 35.12 0.12 0.60 0.74 1.36 1.12

Laptev 37.22 0.04 2.48 34.98 0.04 3.20 1.38 0.23 1.88

CanESM5
SAT 37.42 0.31 0.44 34.89 0.48 0.56 -1.73 2.42 1.20

Laptev 37.22 0.06 4.23 34.62 0.05 5.12 -1.03 0.42 4.16

EC-Earth3
SAT 37.64 0.50 0.16 35.34 0.65 0.24 -2.19 4.26 0.85

Laptev 37.80 0.65 2.33 35.39 0.95 2.64 -1.89 2.50 2.91

GFDL-CM4
SAT 38.71 1.29 0.42 36.37 1.60 0.59 -1.96 1.41 1.33

Laptev 41.07 3.90 3.77 39.32 4.80 4.66 -2.11 3.61 3.41

GFDL-ESM4
SAT 39.32 1.91 0.73 37.13 2.37 0.97 -2.00 2.85 1.03

Laptev 40.50 3.19 3.68 38.61 3.95 4.42 -2.08 2.69 4.08

GISS-E2-1-H
SAT 36.94 0.15 0.51 34.31 0.08 0.69 -1.00 1.49 0.58

Laptev 37.23 0.04 1.70 34.53 0.02 2.15 -1.80 0.45 0.58

IPSL-CM6A-LR
SAT 37.50 0.36 0.13 35.07 0.53 0.23 -1.87 3.81 1.14

Laptev 37.91 0.75 2.38 35.53 1.05 2.97 -1.82 2.64 3.90

MIROC6
SAT 37.56 0.22 0.18 34.94 0.18 0.05 -1.77 1.30 1.33

Laptev 37.18 0.06 0.03 34.85 0.08 0.06 0.82 0.53 0.21

MPI-ESM1-2-HR
SAT 37.56 0.51 0.38 34.92 0.64 0.53 -1.90 4.08 1.11

Laptev 37.53 0.45 4.22 34.90 0.42 5.28 -1.90 2.94 2.60

MRI-ESM2-0
SAT 37.39 0.24 0.29 35.09 0.33 0.46 -0.42 2.05 0.82

Laptev 37.16 0.03 1.85 34.92 0.05 2.31 1.50 0.15 1.87

NorESM2-LM
SAT 37.81 0.23 0.46 35.57 0.42 0.62 -1.18 1.81 0.50

Laptev 37.48 0.00 3.59 35.06 0.03 4.48 -0.38 0.24 2.05

UKESM1-0-LL
SAT 37.64 0.32 0.61 35.12 0.33 0.77 -1.89 2.79 0.65

Laptev 37.36 0.06 3.50 34.82 0.07 4.38 -0.74 0.36 3.33

MMM
SAT 37.53 0.28 0.43 35.08 0.38 0.59 -1.75 1.93 1.07

Laptev 37.30 0.06 3.07 34.95 0.06 3.87 -0.89 0.44 2.32
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Fig. 8. a) Maximum of the monthly climatological mean mixed layer depth (MLD) fromMIMOC (Schmidtko

et al. 2013); b)-o) Maximum mixed layer depth over the period January 1985 - December 2014 for each CMIP6

model. Note the logarithmic colour scale. On each panel, the black contour is the 2000 m isobath from a)

GEBCO and b)-o) the individual models.
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c. Circulation of deep water masses within the Arctic506

We now investigate the representation of the ocean circulation in the Arctic, first for the subset507

of models that provided the age of water output. Tanhua et al. (2009) estimated the age of508

water in the Arctic Ocean from transient tracer measurements (Fig. 9a). The age of water in509

the models depends strongly on whether the models followed the OMIP protocol (Griffies et al.510

2016), which recommended that the model age be reset to 0 at the beginning of the historical run.511

In CESM2, CanESM5, IPSL-CM6A-LR, NorESM2-LM instead the age was set to 0 before the512

spin-up began and not reset since (personal communication with the individual modellers listed in513

the acknowledgments, March 2022). Note that for the study we conduct here, the latter method514

is most desirable. Therefore, we instead compare the models’ normalized ages, as was done by515

Dufour et al. (2017), i.e. the age in the Arctic divided by the maximum age, globally, by the end516

of the historical run (given in the panel titles of Fig. 9).517

In the upper ocean (top panels of Fig. 9), most models seem to "spill over", i.e. below 100 m518

depth, the age gradually increases from the shallow levels of the Nansen basin by the Kara Sea519

(to the right, true age is 0) towards the deep parts of the Canada basin by Alaska (to the left, true520

age is larger than 100 years). Notable exceptions are CanESM5 (c) and NorESM2-LM (h) who521

have waters that are much older than the observations between 200 and 1000 m depth throughout522

most of the deep Arctic (up to 500 years older for CanESM5), albeit with a mild doming of young523

waters deeper over the Mendeleev Ridge - opposite to the observations. In the deep ocean (bottom524

panels of Fig. 9), all models reproduce the contrast between the Eurasian basin (right) and the525

Canadian basin (left): in the deep Eurasian basin, waters are younger to a deeper level than in the526

Canada basin. All models also show a latitudinal gradient in age at any depth, with the exception527

of IPSL-CM6A-LR whose age primarily increases with depth. Finally, the overflows of MIROC6528

and NorESM2-LM are once again visible, as a flow of water of age 0 on the shelf in the upper529

panels then a bulge of young water in the upper right corner of their bottom panels. In fact, the age530

sections even suggest that MPI-ESM1-2-HR (Fig. 9f) andMRI-ESM2-0 (g) might have occasional531

overflows.532

Both mixing and large scale circulation could be responsible for this age distribution. The evolu-533

tion of age with depth-only in IPSL-CM6A-LR in particular could be caused by its comparatively534

simple turbulent closure schemes (Madec 2008); yet UKESM1-0-LL and its even simpler linear535
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diffusivity scheme have a somewhat accurate age distribution. Another option is that, as found536

by Muilwijk et al. (2019) who used passive tracers in a coordinated study of 9 ocean models, the537

Atlantic Water flow pattern in the Arctic Ocean is highly inaccurate. Here, the strong significant538

across-model correlation between the age of the Atlantic Water on the Greenland shelf and its539

temperature (-0.71, i.e. older water is colder) also suggests that the circulation may be inaccurate540

in CMIP6 models. In observations, the journey of the Atlantic Water across the Arctic can be541

retraced based on its properties once it reaches the Greenland shelf: the shorter route across the542

Lomonosov Ridge involves less modification than the long route around the Canada basin, so this543

younger water is also warmer (e.g. Rudels 2012). Therefore, in the models with the older and544

colder water, the flow may be slower than in the models with younger and warmer waters, or the545

flow may be taking different routes. We therefore now investigate the velocity fields of the models.546

We compare one of the “young” models, MIROC6, and the “oldest”, CanESM5, in Fig. 10.553

These twomodels were chosen because their horizontal grids are not significantly rotated compared554

to the Cartesian reference (see supp. Fig. A1), therefore the velocity components ‘uo’ and ‘vo’555

are meaningful on the models’ grids. The value of the velocity is shown for all other models on556

supp. Figs. A5 and A6. Note that there are no observational datasets of velocity in the deep557

Arctic, but the reader can find a detailed explanation of the path of each water mass in Rudels558

(2012). As expected, these two models differ significantly both in the magnitude of their ocean559

velocity and in its direction. In MIROC6 (Fig. 10a), the Atlantic Water flows in an orderly loop560

around the Eurasian basin at 2 cm/s or faster, i.e. the same order of magnitude as measured by the561

Eastern Eurasian Basin moorings of Woodgate et al. (2001) and Pnyushkov et al. (2015). The flow562

in CanESM5 (Fig. 10b) is four times slower and less orderly, with a lot of recirculation within563

the Eurasian basin. The AW also recirculates more in the Makarov basin in CanESM5 than in564

MIROC6, but in the Canada basin, they look somewhat similar, although again MIROC6 is twice565

as fast. At 2000 m, the circulation in the Eurasian basin is very similar to that of the AW for both566

models (Fig. 10c and d), probably because as discussed previously, the same water mass is found567

at the depth of the AW core as at 2000 m in most models. In MIROC6 it is no issue for the water568

to flow from the Makarov basin towards the Canadian shelf, but in CanESM5 the water loops569

around a shallow feature, most likely the model’s interpretation of the Alpha Ridge. Aside from570

that loop, MIROC6 shows again velocities twice as high as CanESM5. The absolute velocity does571
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Fig. 9. Age of water across the deep Arctic basins a) as reported by Tanhua et al. (2009) (reproduced with

permission from JohnWiley and Sons, license number 5239230975302) and b)-i) for the 8 CMIP6 models of our

study that provided this output, normalised relative to each model’s maximum age in the run (given in the title of

each panel). See Tanhua et al. (2009) for exact locations of their measurements; in CMIP6 models, section goes

along 140◦W to the North Pole, then along 40◦E (green line on the map, bottom left corner). Black vertical line

marks the Canadian-Eurasian basins separation. White lines on top panels, the 0, 0.5, 1, and 1.5◦C isotherms.
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not seem to be the key element for ventilation though; for example, CESM2 and UKESM1-0-LL572

(supp. Fig. A5c and l) have similar velocities in each basin, yet very different ages, even taking573
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UKESM1-0-LL’s age reset into account. IPSL-CM6A-LR and NorESM2-LM in contrast have574

similar ages but very different velocities both in the Atlantic layer and at 2000 m depth (supp.575

Figs A5 and A6, h and k), with NorESM2-LM being up to 100 times faster than IPSL-CM6A-LR576

locally. In summary, the age difference on Fig. 9 likely is the result of a more coherent flow rather577

than flow speed only, both in the Atlantic layer and deeper.578

What causes these differences in circulation? We find significant, negative across-model cor-584

relations between the depth of the Atlantic Water core and its velocity in each basin (-0.47 in585

the Nansen basin; -0.62 Amundsen; -0.46 Makarov; -0.42 Canada). That is, the slower the core,586

the deeper. It is unclear however what the causality is, i.e. whether the flow is slower because587

it is deeper or deeper because it is slower. Another thing we notice is the impact of horizontal588

resolution, notably when comparing the higher resolution GFDL-CM4 (9 km) to the others (40-50589

km): at this resolution, the meanders and recirculations can be clearly represented (supp. Fig.590

A5e). The effect of resolution on Arctic circulation was also investigated by previous studies:591

for example, Docquier et al. (2019) and Docquier et al. (2020) show that higher ocean resolution592

intensifies the Atlantic Water currents and allows to better resolve the different oceanic pathways593

into the Arctic. Docquier et al. (2020) further note that eddy-permitting ocean resolution results594

in improved circulation in comparison to observations, as we see with GFDL-CM4. Roberts et al.595

(2016) also found that a higher ocean resolution leads to stronger boundary currents. Furthermore,596

differences in model diffusivity may result in different flow speeds – for example, despite having597

similar overall volume transports, models with higher diffusivity can have low biases in velocity598

as the currents are less confined to the coastal boundaries (as was found for the North Atlantic by599

Talandier et al. 2014) and vice versa for models with low diffusivity. Atmospheric biases is another600

likely explanation for differences in Atlantic Water flow speeds and patterns, as recently demon-601

strated by Hinrichs et al. (2021) whose realistic Atlantic Water circulation worsened after coupling602

to a biased atmospheric model. Finally, Karcher et al. (2007) showed that for early versions of603

Arctic Ocean models, the balance of potential vorticity is also important and closely linked to the604

intensity and the pattern of Atlantic Water flow. Steep topographic features such as the Lomonosov605

Ridge can create a potential vorticity barrier, thus differences in the momentum advection schemes606

and momentum closure schemes, and obviously, in the bathymetry representation (Fig. 7), might607

also lead to differences among the models.608

30



a) MIROC6, AW b) CanESM5, AW 

c) MIROC6, 2000 m d) CanESM5, 2000 m 

cm/s
0 210.50.20.10.050.020.01 5

Fig. 10. Velocity (shading) and direction of the flow (arrows) for one of the models with the youngest deep

waters, MIROC6 (left, horizontal resolution 39 km), and the one with the oldest, CanESM5 (right, horizontal

resolution 50 km), at the Atlantic Water core depth of each grid cell (top) and 2000 m depth (bottom). Note the

logarithmic scale for the velocity. For increased readability, the velocity vectors have been normalised, so all

arrows are of the same length. The velocity norm is provided for all the other models in supp. Figs A5 and A6.
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In summary, in this subsection we have shown that differences in model ages (even accounting for609

their different protocols) seem linked to a more coherent flow. Such flow efficiently transports the610

water from the Nansen to the Canada basins, suggesting that what enters the Arctic through Fram611
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Strait controls the properties in the whole deep Arctic. In the following subsection, we therefore612

investigate these flows through Fram Strait.613

d. Exchanges through Fram Strait614

The representation of Fram Strait in our selection of CMIP6 models is quite biased, be it in615

properties or in fluxes. When compared to WOA18 (Fig. 11), most models are biased cold in616

the upper ocean where WOA18 is warm, and biased warm in the deeper layer where WOA18617

is cold. In other words, their temperature contrast between the upper and deeper ocean is too618

small. We observe the same pattern in salinity to some extent (supp. Fig. A7), with strong saline619

biases in the upper ocean towards Greenland (left of the panels) where WOA18 is freshest, but620

in the rest of the strait there is no across-model consistent bias. The biases in Fram Strait have a621

strong and significant across-model correlation to the property biases in the Nansen basin described622

previously: 0.84 between the Fram Strait inflow and the Nansen basin Atlantic Water core for the623

salinity and 0.74 for the temperature, reduced to 0.78 and 0.56 respectively when comparing the624

Fram Strait inflow to the Nansen basin bottom properties. The Nansen basin biases are also strongly625

correlated to the bottom property biases in the Nordic seas (Heuzé 2021), the largest correlation626

being 0.81 (0.83) between the Nordic Seas bottom salinity (temperature) and that in the Nansen627

basin at 2000 m depth, suggesting that the biases are advected from the south (upstream of Fram628

Strait) and into the Arctic. We verify this hypothesis below.629

The location of the inflows and outflows is also inconsistent across models (black contours, Fig.630

11). Using the moorings deployed across Fram Strait, Beszczynska-Möller et al. (2012) showed631

the presence of a strong outflow, i.e. flow out of the Arctic, to the west, a strong inflow to the632

east, and several recirculations in the centre of the strait (schematically represented on Fig. 11a).633

Although both in- and outflows are in fact each composed of several water masses (von Appen634

et al. 2015), the longitudinal patterns are nonetheless quite consistent through depth. The models635

show instead a large range of behaviours, for example:636

• BCC-CSM2-MR and CAMS-CSM1-0 do not simulate a separation by longitude but by depth,637

where the upper ocean is an outflow, intermediate depths (the majority of the water column)638

is an inflow, and anything below 2000 m is again an outflow;639

32



• CanESM5, EC-Earth3, IPSL-CM6-A-LR,MPI-ESM1-2-HR and UKESM1-0-LL simulate an640

inflow that is limited to a strong core along the east coast, extending no deeper than 1000 m;641

• GFDL-CM4, GISS-E2-1-H and MRI-ESM2-0 simulate an outflow to the west and inflow to642

the east, which is correct. They however lack the observed recirculations (i.e. alternation of643

in- and outflows) to be deemed accurate.644

Fram Strait is biased warm and the location and extent of the in- and outflows are inaccurate in652

all models, at least when compared to the mooring data of Beszczynska-Möller et al. (2012). It is653

therefore not surprising that the heat and volume fluxes through Fram Strait are inaccurate as well.654

Note that as the salt fluxes strongly resemble the volume fluxes and uncertain observational values655

were only mentioned in Marnela et al. (2016), we limit our discussion to the heat and volume656

fluxes. Besides, in contrast to observational data, the models do not have distinct east/west and657

upper/deeper fluxes. We therefore discuss here the full-depth net fluxes into and out of the Arctic,658

i.e. the sum of the positive and negative fluxes, respectively. For the heat flux (Fig. 12a), most659

models are within the observational range, except for GFDL-CM4, MIROC6 and MRI-ESM2-0660

who overestimate both the inflow and outflow. For example with a 30-year mean value of 61.6± 7.1661

TW, the inflow in MIROC6 is nearly twice as large as that computed by Schauer et al. (2004) over662

1997/1998 (31.8 TW). All models correctly simulate that the transport of heat into the Arctic is663

larger than the transport out (difference of height between the bars), but this difference ranges from664

1.4 TW for EC-Earth3 to 37.0 TW for MIROC6. One caveat is that where observational values are665

computed relative to different reference temperatures, we here computed them all relative to 0◦C in666

order to better compare the models to each other. We argue that as all the models of this study are667

biased warm in Fram Strait (Fig. 11), and that the across-model correlation between heat flux and668

temperature bias is only 0.49, i.e. explains only 24% of the variance, choosing a common reference669

temperature is not the leading reason for the differences between models and observations.670

Unlike the heat flux, the volume flux is underestimated in the majority of our models (Fig. 12b).671

The volume flux is the integral of the velocity through Fram Strait (see eq. 1), while the heat flux672

is the integral of that velocity multiplied by the temperature through the same section (see eq. 3).673

So first, the volume flux underestimation means that the strong warm bias in Fram Strait dominates674

the heat flux values. Regarding the volume, only the inflow of GFDL-CM4 and GISS-E2-1-H675

are within the observational range (averaged from Beszczynska-Möller et al. 2012; Marnela et al.676
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a) WOA18 (clim.) b) BCC-CSM2-MR c) CAMS-CSM1-0 d) CESM2 e) CanESM5

f) EC-Earth3 g) GFDL-CM4 h) GISS-E2-1-H i) IPSL-CM6A-LR j) MIROC6

k) MPI-ESM1-2-HR l) MRI-ESM2-0 m) NorESM2-LM n) UKESM1-0-LL
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Fig. 11. a) Potential temperature across Fram Strait inWOA18; b)-n) difference between eachmodel’s potential

temperature and that of WOA18 across Fram Strait (shading), along with their volume flux as black lines (0.02

Sv contours, where 1 Sv = 106 m3 s−1; plain means positive, into the Arctic; dashed negative, out of the Arctic).

Volume flux contours are not available for observations; we instead show the positive/negative velocity regions

and location of strongest velocities from Beszczynska-Möller et al. (2012) on panel a). Bottom left of each panel:

net volume flux in Sv, where negative means net southward. For observations, value from Marnela et al. (2016).

Salinity biases are shown in supp. Fig. A7
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2016; De Steur et al. 2014; Schauer et al. 2004), and no model reaches the outflow observational677

range (11 ± 2 Sv, same references). Although all models except GISS-E2-1-H correctly have678

larger outflow than inflow, this difference is nearly twice the observational average (ca. 2 Sv)679

in CanESM5, IPSL-CM6A-LR and MIROC6 (3.5, 4, and 3.5 Sv on average, respectively), and680

less than half in BCC-CSM2-MR, CAMS-CSM1-0 and CESM2 (<1 Sv). Zanowski et al. (2021)681
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computed the upper ocean liquid and solid freshwater fluxes, where solid means freshwater content682

of the sea ice, in and out of all the Arctic gateways for 7 CMIP6 models. We use their results to683

determine whether the inaccurate differences between deep inflow and deep outflow through Fram684

Strait that we found are compensated by the flows through the other straits and/or the solid fluxes.685

With only 5 models in common, statistics are meaningless, but this small comparison suggests that686

the more total solid freshwater flux out of the Arctic, the smaller our heat and volume outflows;687

and the more total liquid freshwater flux out of the Arctic, the stronger our volume inflow. That is,688

the more sea ice out, the less heat and volume out, but the more water out, the more deep water689

flows in. Although these results would be logical, they should be investigated in a larger group of690

models; doing this here is however beyond the scope of this paper.691

Could the biases in fluxes through Fram Strait explain the biases that we found in the deep water698

masses of the Arctic? At first glance, no: there is no across-model relationship between any of the699

biases described in subsection 3a and the net in- or outflows. We instead investigate the models700

individually and compare their fluxes to the Atlantic Water core temperature, in the Nansen basin701

only, as we previously showed that all property biases in all water masses and all deep basins were702

strongly correlated with each other. We find for all models strong positive correlations between703

the fluxes and time series of the properties (see two exemplary models on Fig. 13), but no across704

model consistency. That is, some models have their strongest correlation with the heat flux, while705

others with the volume flux (not shown). But more importantly, for all models the whole inflow is706

not consistently correlated to the properties: for some, a specific longitude has most of the positive707

correlation (Fig. 13a); others have distinct patches, similar to what is expected from observations708

(Fig. 13b, note the upper and lower patches, separated at approximately 1500 m depth).709

In summary, for all models, we do find strong positive correlations between at least part of714

the inflow and the biases in properties in the deep Arctic. The volume fluxes are biased low in715

most models, which coupled with the fact that Fram Strait is biased warm, results in seemingly716

accurate heat fluxes through Fram Strait. Nevertheless, it would be desirable to understand why717

the volume fluxes are inaccurate. In observations, heat and volume fluxes have their largest values718

in winter, typically February/March, and lowest values in spring/summer, typically June (Schauer719

et al. 2004; Beszczynska-Möller et al. 2012; De Steur et al. 2014). In our models, the majority720

follow this pattern of maximum in winter and minimum in summer, although the maximum can721
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Fig. 12. For each model that provided the velocity outputs, a) Bars: absolute value of the 30-year mean heat

flux, in TW, into the Arctic (left) and out of the Arctic (right); black error bars: interannual variability, i.e. spread

in the yearly means; shading: difference between the yearly maximum and minimum; pink and blue boxes: range

of the observational values (see text), with mean as dashed line, for the in- and out-flow, respectively. b) Same

as a) but for the volume flux, in Sv (1 Sv = 106 m3 s−1); the observational outflow values are off-screen at 11 ±

2 Sv. c) and d), normalised seasonal cycle in heat and volume inflow, respectively.
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be found in any month. The exceptions are GISS-E2-1-H and NorESM2-LM, who have their722

lowest values in winter for both heat (Fig. 12c) and volume (Fig. 12d). The yearly range can be723

large in some models (up to 32.4 TW for the heat inflow in MIROC6, and 2.3 Sv for the volume724
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the model’s native grid, hence the difference in bathymetry from Fig. 11.
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713

inflow in GFDL-CM4), but so can it in observations (10-50 TW and 4-6 Sv Schauer et al. 2004;725

Beszczynska-Möller et al. 2012; De Steur et al. 2014).726

The reason why the fluxes through Fram Strait are highest in winter can be found in the processes727

that cause them. In models (Årthun and Eldevik 2016; Muilwijk et al. 2019) as in observations728

(Wang et al. 2020), the heat and volume fluxes through Fram Strait are driven at least in part by729

the gyre and/or winter convective activity in the Nordic Seas (Smedsrud et al. 2022), regardless of730

the depth level considered (von Appen et al. 2015; Chatterjee et al. 2018). The convective activity731

values in CMIP6 models were recently published by Heuzé (2021): they showed that all the models732

that we consider here largely overestimate it. In particular, all models but CAMS-CSM1-0 had733

mixed layers deeper than 1000 m every year over 1985-2014 over an extensive region, which is734

visible on Fig. 8; CAMS-CSM1-0 did so only 24 out of 30 years. Comparing our fluxes with their735

mean deep mixed volume, i.e. sum of the cell area multiplied by the mixed layer depth (MLD) for736

all cells where that MLD is deeper than 1000 m, we find significant across-model correlations (at737

90%) with the heat inflow through Fram Strait (0.48) and the volume outflow (0.42). That is, as738
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in observations, a stronger convective activity in the Nordic Seas is associated with a stronger heat739

inflow into the Arctic, but also with a stronger volume outflow from the Arctic. These results do740

not prove causality but suggest a possible chain of biases:741

1. TheNordic Seas have biased temperature and salinity and a biased representation of convective742

activity (Heuzé 2021);743

2. The stronger the convective activity, the stronger the volume transport northward, through744

Fram Strait and into the Arctic;745

3. That volume transport advects the biases in properties from the Nordic Seas to Fram Strait,746

so that the stronger the volume transport, the more Fram Strait is biased warm. Another747

possibility is that the convective activity directly sets the properties of the advected water, as748

has been found in observations before (Langehaug and Falck 2012);749

4. The stronger the warm bias at Fram Strait, the stronger the heat flux into the Arctic.750

This would explain why the “worst” models for the heat fluxes are the “least bad” for the volume751

fluxes: the higher volume fluxes in (and out) of the Arctic are more efficient at advecting the warm752

bias from the Nordic Seas into the Arctic.753

4. Discussion and conclusions754

In this study, we first quantified biases in the Atlantic Water in all deep basins of the Arctic. In755

agreement with Khosravi et al. (2022), we find that its core is too cold by 0.4◦C on average, too756

deep by 400 m, and in half of the models the Atlantic layer extends all the way to the seafloor,757

i.e. the properties do not evolve with depth as they do in the real ocean. Besides, in most models758

the properties do not change from basin to basin. We attribute these inaccurate properties and759

behaviour to a lack of shelf overflows in most models, a result previously found in ocean-only760

simulations (Ilıcak et al. 2016), and an inaccurate flow through Fram Strait. To the best of our761

knowledge, no study was performed on CMIP5 models to quantify biases in deep and bottom762

water properties in the Arctic; we here determine that CMIP6 models are too warm by more than763

1◦C as multi-model average. Our findings reveal a strong decoupling between the upper layer and764

the rest of the deep Arctic (below 200 m), which is quite homogeneous in depth and between the765

basins. These biases matter for the rest of the Arctic system: We find a significant correlation766
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between pan-Arctic sea ice volumes andAtlanticWater temperature (-0.43 at 90%), whileMuilwijk767

et al. (subm.) find not only strong biases in the representation of stratification, but also that we768

cannot accurately predict future stratification changes as individual models return diverging results769

depending on their AW biases.770

We linked these biases to processes both within and outside the Arctic. Within the Arctic, the771

main issue is the absence of ventilation: only three models appear to have dense water overflows,772

and these are taking place at only two locations (compare e.g. to the list in Luneva et al. 2020), and773

do not seem to ventilate the deepest layers. Our results are limited by the fact that too few models774

provide the age of water output, that they followed different protocols to compute it, and that a775

monthly resolution may be too coarse to effectively track overflows as they cascade off the shelf.776

Nevertheless, this finding comes as no surprise considering that the models suffer from the same777

overflow-issue in the rest of the world (Adcroft et al. 2019; Heuzé 2021), but this issue is particularly778

acute in the Arctic where no other process can replace overflows (Peralta-Ferriz and Woodgate779

2015), and where open ocean deep mixing is rather indicative of inaccurate stratification (Lique780

and Thomas 2018). The higher resolution of CMIP6 models compared to CMIP5 was not enough781

to improve the overflows; in fact, it seems unlikely that such processes can ever become explicitly782

represented in global climate models (Fox-Kemper et al. 2019). Instead, one can notice that the783

three models that seem to have overflows also have isopycnal, terrain-following, or hybrid grids784

(Table 1). Another solution could be the widespread implementation of overflow parameterisations785

(e.g. Danabasoglu et al. 2010).786

The biases are also related to the circulation: within the Arctic, the age of the oldest waters787

in the CMIP6 models studied here ranges from 122 to 1946 years (Fig. 9). Despite the models788

following different protocols for the age calculation, we could attribute the age difference not789

primarily to different flow velocities, but rather to more coherent flows. The highest resolution790

model had the most coherent and detailed flow, probably thanks to its eddy-permitting resolution791

and accurate representation of bathymetry, as discussed above. While we could speculate on the792

reasons for these different flow speeds and paths, we argue that such study is (still) impeded by793

model inconsistencies and lack of crucial metadata. Notably, we would like to see794

• The ocean velocities be archived for all models;795
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• The necessary information to re-project the velocities onto the Cartesian grid be included in796

the output files, e.g. via an angle parameter that for each grid cell gives its rotation compared797

to the true north;798

• The age of water be archived for all models;799

• The age of water have the same definition for all models. In particular, resetting the age of800

water to 0 at the beginning of the historical run seriously impacts any study of the deep ocean;801

• The spin-up time be routinely provided e.g. in the model description.802

It is unlikely that continuously increasing horizontal resolutions will ultimately result in an803

accurate circulation, given that some flow exchanges take place in canyons, and more importantly,804

that high resolutions require proper eddy resolving. Promising possible solutions are model nesting805

(Torge Martin, personal communication, May 2022) or adaptive mesh (Wang et al. 2018), which806

can increase the resolution at crucial locations such as canyons or the shelf break without making807

computations unnecessarily heavy. At Fram Strait, we found that all models underestimate the808

volume fluxes in and out of theArctic, i.e. all models are biased slow. The heat flux however appears809

accurate or even biased high, as the low volume fluxes are compensated bywarm temperature biases810

at Fram Strait. We found across-model relationships between Fram Strait biases and fluxes, and811

inaccurate properties and deep convective activity in the Nordic Seas: as in observations (e.g.812

Langehaug and Falck 2012), deep convection is enhanced by the deep outflow from the Arctic813

and enhances the deep inflow, but also modifies the properties of the water advected through814

Fram Strait. The inaccurate Nordic Seas convective activity was previously blamed on inaccurate815

representations of sea ice extent and seasonal cycle (Heuzé 2021) and atmospheric modes of816

variability and wind patterns (Heuzé 2017), suggesting that detecting the cause for biases in the817

individual components, for example via SIMIP (Notz et al. 2016) or AMIP (Eyring et al. 2016),818

may be a necessary first step towards accurately modelling the coupled Arctic system. Correcting819

biases in the deep Arctic Ocean could even have widespread impact on the entire modelled global820

climate: We found significant across-model relationship between biases in the properties of the821

Atlantic Water in the Canada basin and that of the subpolar gyre reported by Heuzé (2021) (0.45 at822

90% between the temperatures; 0.66 at 99% between the salinities), and even between the volume823
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fluxes out of the Arctic and the Atlantic Meridional Overturning Circulation (AMOC values from824

Heuzé 2021, correlation of -0.43 at 90%).825

Higher resolution, parameterisations and dedicated MIPs can however only go so far when there826

are virtually no observations to constrain the models. In the database UDASH (Behrendt et al.827

2018), there are fewer than 700 full-depth hydrographic profiles in the entire Arctic north of 82◦N,828

and only 40 of them are in winter. Consequently in their recent review, Solomon et al. (2021) did829

not even try to investigate the deep Arctic Ocean as there were too few observations; even for the830

upper ocean, they could not close the freshwater budget as Arctic river discharge timeseries were831

few and poor. There is an urgent need for more multi-disciplinary and multi-scale (both in time and832

space) observation campaigns, similar to the recently completed MOSAiC expedition (Rabe et al.833

2022), across the entire Arctic, or at least for more coordination and cooperation between different834

expeditions to properly investigate processes and their interaction, instead of the traditional local835

component-specific studies.836
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a) BCC-CSM-MR b) CAMS-CSM1-0 c) CESM2

g) GFDL-ESM4f) GFDL-CM4e) EC-Earth3d) CanESM5

h) GISS-E2-1-H i) IPSL-CM6A-LR j) MIROC6

k) MPI-ESM1-2-HR n) UKESM1-0-LLm) NorESM2-LMl) MRI-ESM2-0

Fig.A1. Native grid of the CMIP6 models used in this study, described in Table 1. For readability, the number

of grid points has been reduced by 16 and 4 for GFDL-CM4 and GFDL-ESM4, respectively.
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Fig. A2. Potential temperature in the WOA18 climatology (top row) and bias when compared to this clima-

tology for the least biased model (second row), the multimodel mean (third row) and the most biased model (last

row), for the Atlantic Water core (first column), 2000 m depth (second column), and the bottom (last column).

Yellow line on the top row, magenta otherwise, is the 2000 m isobath. The numbers are the respective Pan-Arctic

area-weighted root mean square errors. See Fig. 4 and supp. Fig. A3 for the density and salinity.
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Fig. A3. Salinity in the WOA18 climatology (top row) and bias when compared to this climatology for the

least biased model (second row), the multimodel mean (third row) and the most biased model (last row), for the

Atlantic Water core (first column), 2000 m depth (second column), and the bottom (last column). Yellow line on

the top row, magenta otherwise, is the 2000 m isobath. The numbers are the respective Pan-Arctic area-weighted

root mean square errors. See Fig. 4 and supp. Fig. A2 for the density and temperature.
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Fig. A4. For each model, for each grid cell, number of years where that grid cell features a polynya at least

once during the freezing season November-March. Models are shown on their native grid. Gray line is the 1000

m isobath. Polynyas are detected using the same method as Mohrmann et al. (2021): we first flood-fill the open

ocean, and then detect polynyas as having sea ice concentration lower than 60%. Top panel uses the monthly sea

ice concentration; bottom panel, the daily sea ice concentration, when available.
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a) BCC-CSM2-MR b) CAMS-CSM1-0 c) CESM2

d) EC-Earth3 e) GFDL-CM4 f) GFDL-ESM4

No velocity 
output uo, vo

g) GISS-E2-1-H h) IPSL-CM6A-LR

cm/s
0 210.50.20.10.050.020.01 5

i) MPI-ESM1-2-HR

j) MRI-ESM2-0 k) NorESM2-LM l) UKESM1-0-LL

Fig. A5. Velocity of the Atlantic Water core for the models not shown on Fig. 10. Note the logarithmic scale.
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a) BCC-CSM2-MR b) CAMS-CSM1-0 c) CESM2

d) EC-Earth3 e) GFDL-CM4 f) GFDL-ESM4

No velocity 
output uo, vo

g) GISS-E2-1-H h) IPSL-CM6A-LR i) MPI-ESM1-2-HR

cm/s
0 210.50.20.10.050.020.01 5

j) MRI-ESM2-0 k) NorESM2-LM l) UKESM1-0-LL

Fig. A6. Velocity at 2000 m depth for the models not shown on Fig. 10. Note the logarithmic scale.
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a) WOA18 (clim.) b) BCC-CSM2-MR c) CAMS-CSM1-0 d) CESM2 e) CanESM5

f) EC-Earth3 g) GFDL-CM4 h) GISS-E2-1-H i) IPSL-CM6A-LR j) MIROC6

k) MPI-ESM1-2-HR l) MRI-ESM2-0 m) NorESM2-LM n) UKESM1-0-LL
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Fig. A7. a) Salinity across Fram Strait in WOA18; b)-n) difference between each model’s salinity and that

of WOA18 across Fram Strait (shading), along with their volume flux as black lines (0.02 Sv contours; plain

means positive, into the Arctic; dashed negative, out of the Arctic). Volume flux contours are not available for

observations; we instead show the positive/negative velocity regions and location of strongest velocities from

Beszczynska-Möller et al. (2012) on panel a). Bottom left of each panel: net volume flux in Sv, where negative

means net southward. For observations, value from Marnela et al. (2016). Temperature biases are on Fig. 11
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Table A1. Area-weighted mean bias model minus WOA18 climatology in potential temperature (first line,

left), salinity (first line, right; unit: psu), depth (second line, left) and density 𝜎2 (second line, right; unit: kg

m−3) of the Atlantic Water core for each model and the multi-model mean "MMM" in the four deep basins and

on the two shelf regions of interest.

895

896

897

898

Model Nansen Amundsen Makarov Canada Sib. Shelf Gre. Shelf

BCC-CSM2-MR
0.27 °C; 0.23 0.72 °C; 0.27 1.12 °C; 0.31 1.27 °C; 0.35 -0.41 °C; -0.29 -0.66 °C; -0.52

1323 m; 𝜎= 0.14 1374 m; 𝜎= 0.12 1332 m; 𝜎= 0.10 1255 m; 𝜎= 0.11 48 m; 𝜎= -0.17 43 m; 𝜎= -0.34

CAMS-CSM1-0
-0.02 °C; -0.07 0.38 °C; -0.04 0.75 °C; -0.02 0.81 °C; -0.05 -0.22 °C; -0.36 0.41 °C; -0.40

368 m; 𝜎= -0.05 376 m; 𝜎= -0.08 363 m; 𝜎= -0.11 206 m; 𝜎= -0.14 35 m; 𝜎= -0.25 36 m; 𝜎= -0.39

CESM2
0.11 °C; 0.11 0.39 °C; 0.12 0.77 °C; 0.14 0.93 °C; 0.16 0.27 °C; 0.02 0.95 °C; 0.13

516 m; 𝜎= 0.08 726 m; 𝜎= 0.04 792 m; 𝜎= 0.01 571 m; 𝜎= 0.01 32 m; 𝜎= -0.01 88 m; 𝜎= -0.03

CanESM5
-2.31 °C; -0.26 -2.12 °C; -0.25 -1.78 °C; -0.26 -1.68 °C; -0.26 -0.27 °C; -0.08 -1.55 °C; -0.37

591 m; 𝜎= 0.07 1020 m; 𝜎= 0.04 999 m; 𝜎= -0.01 979 m; 𝜎= -0.02 27 m; 𝜎= -0.03 46 m; 𝜎= -0.11

EC-Earth3
-1.13 °C; -0.12 -0.65 °C; -0.14 -0.06 °C; -0.12 0.24 °C; -0.09 0.05 °C; -0.02 -0.82 °C; -0.09

390 m; 𝜎= 0.05 178 m; 𝜎= -0.03 349 m; 𝜎= -0.09 322 m; 𝜎= -0.10 14 m; 𝜎= -0.02 53 m; 𝜎= 0.03

GFDL-CM4
-0.29 °C; 0.04 0.03 °C; 0.04 0.31 °C; 0.04 0.35 °C; 0.05 0.01 °C; -0.01 -0.09 °C; -0.10

370 m; 𝜎= 0.07 371 m; 𝜎= 0.03 388 m; 𝜎= 0.00 502 m; 𝜎= 0.00 4 m; 𝜎= -0.01 25 m; 𝜎= -0.07

GFDL-ESM4
-0.59 °C; 0.12 -0.59 °C; 0.10 -0.43 °C; 0.12 -0.40 °C; 0.10 0.09 °C; 0.03 0.17 °C; -0.01

256 m; 𝜎= 0.17 337 m; 𝜎= 0.16 655 m; 𝜎= 0.15 408 m; 𝜎= 0.12 9 m; 𝜎= 0.01 47 m; 𝜎= -0.03

GISS-E2-1-H
-1.50 °C; -0.56 -1.06 °C; -0.56 -0.82 °C; -0.65 -0.74 °C; -0.72 -0.20 °C; -0.19 -1.12 °C; -0.48

402 m; 𝜎= -0.26 417 m; 𝜎= -0.32 280 m; 𝜎= -0.42 64 m; 𝜎= -0.48 19 m; 𝜎= -0.12 68 m; 𝜎= -0.25

IPSL-CM6A-LR
-0.80 °C; -0.05 -0.56 °C; -0.07 -0.26 °C; -0.08 -0.22 °C; -0.09 0.31 °C; -0.01 -0.75 °C; -0.08

477 m; 𝜎= 0.06 467 m; 𝜎= 0.01 681 m; 𝜎= -0.03 574 m; 𝜎= -0.04 26 m; 𝜎= -0.05 69 m; 𝜎= 0.03

MIROC6
0.05 °C; 0.00 0.09 °C; -0.02 0.27 °C; -0.03 0.25 °C; -0.02 0.02 °C; -0.04 0.92 °C; -0.07

338 m; 𝜎= -0.01 390 m; 𝜎= -0.03 473 m; 𝜎= -0.05 517 m; 𝜎= -0.04 20 m; 𝜎= -0.03 126 m; 𝜎= -0.19

MPI-ESM1-2-HR
-0.11 °C; -0.07 -0.32 °C; -0.11 -0.18 °C; -0.13 -0.08 °C; -0.09 0.07 °C; -0.07 -0.28 °C; -0.21

214 m; 𝜎= -0.04 271 m; 𝜎= -0.05 448 m; 𝜎= -0.08 507 m; 𝜎= -0.06 18 m; 𝜎= -0.06 34 m; 𝜎= -0.13

MRI-ESM2-0
0.13 °C; 0.06 0.51 °C; 0.06 0.86 °C; 0.06 0.98 °C; 0.07 0.24 °C; 0.00 0.52 °C; -0.01

756 m; 𝜎= 0.03 891 m; 𝜎= -0.01 1029 m; 𝜎= -0.06 868 m; 𝜎= -0.07 47 m; 𝜎= -0.03 191 m; 𝜎= -0.08

NorESM2-LM
-1.78 °C; 0.18 -1.46 °C; 0.18 -1.06 °C; 0.19 -0.93 °C; 0.21 -0.12 °C; 0.12 -0.59 °C; 0.07

77 m; 𝜎= 0.36 116 m; 𝜎= 0.31 123 m; 𝜎= 0.28 3 m; 𝜎= 0.27 9 m; 𝜎= 0.11 3 m; 𝜎= 0.13

UKESM1-0-LL
-1.93 °C; -0.04 -1.78 °C; -0.05 -1.43 °C; -0.06 -1.28 °C; -0.05 -0.15 °C; 0.02 -0.94 °C; -0.04

589 m; 𝜎= 0.20 702 m; 𝜎= 0.17 645 m; 𝜎= 0.11 454 m; 𝜎= 0.11 20 m; 𝜎= 0.03 42 m; 𝜎= 0.08

MMM
-0.71 °C; -0.03 -0.46 °C; -0.03 -0.14 °C; -0.03 -0.04 °C; -0.03 -0.02 °C; -0.06 -0.27 °C; -0.16

476 m; 𝜎= 0.06 545 m; 𝜎= 0.03 611 m; 𝜎= -0.01 516 m; 𝜎= -0.02 23 m; 𝜎= -0.05 62 m; 𝜎= -0.10
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Table A2. Area-weighted mean bias model minus WOA18 climatology in potential temperature (first line,

left), salinity (first line, right; unit: psu) and density 𝜎2 (second line) of the Arctic deep water, defined here as

properties at 2000 m depth, for each model and the multi-model mean "MMM" in the four deep basins.

899

900

901

Model Nansen Amundsen Makarov Canada

BCC-CSM2-MR
2.50 °C; 0.19 2.75 °C; 0.21 2.17 °C; 0.18 2.31 °C; 0.22

-0.15 kg m−3 -0.17 kg m−3 -0.12 kg m−3 -0.10 kg m−3

CAMS-CSM1-0
1.57 °C; -0.02 1.72 °C; -0.03 1.28 °C; -0.04 1.35 °C; -0.03

-0.19 kg m−3 -0.22 kg m−3 -0.18 kg m−3 -0.18 kg m−3

CESM2
2.20 °C; 0.07 2.27 °C; 0.06 1.83 °C; 0.04 1.83 °C; 0.05

-0.20 kg m−3 -0.22 kg m−3 -0.19 kg m−3 -0.18 kg m−3

CanESM5
-0.04 °C; -0.28 -0.12 °C; -0.30 -0.38 °C; -0.31 -0.51 °C; -0.35

-0.22 kg m−3 -0.23 kg m−3 -0.20 kg m−3 -0.22 kg m−3

EC-Earth3
1.16 °C; -0.07 1.14 °C; -0.09 0.86 °C; -0.09 0.88 °C; -0.09

-0.18 kg m−3 -0.20 kg m−3 -0.17 kg m−3 -0.17 kg m−3

GFDL-CM4
0.86 °C; 0.00 0.82 °C; -0.02 0.90 °C; -0.04 0.92 °C; -0.04

-0.10 kg m−3 -0.10 kg m−3 -0.13 kg m−3 -0.13 kg m−3

GFDL-ESM4
1.13 °C; 0.13 1.13 °C; 0.12 0.75 °C; 0.06 0.50 °C; 0.03

-0.02 kg m−3 -0.03 kg m−3 -0.04 kg m−3 -0.03 kg m−3

GISS-E2-1-H
0.28 °C; -0.29 0.29 °C; -0.42 -0.45 °C; -0.41 -0.72 °C; -0.47

-0.26 kg m−3 -0.37 kg m−3 -0.28 kg m−3 -0.30 kg m−3

IPSL-CM6A-LR
1.23 °C; -0.09 1.21 °C; -0.11 0.88 °C; -0.13 0.87 °C; -0.13

-0.21 kg m−3 -0.22 kg m−3 -0.20 kg m−3 -0.20 kg m−3

MIROC6
1.32 °C; -0.08 1.30 °C; -0.09 1.08 °C; -0.11 1.11 °C; -0.09

-0.21 kg m−3 -0.22 kg m−3 -0.21 kg m−3 -0.20 kg m−3

MPI-ESM1-2-HR
1.09 °C; -0.13 0.99 °C; -0.16 0.74 °C; -0.15 0.89 °C; -0.15

-0.22 kg m−3 -0.24 kg m−3 -0.20 kg m−3 -0.22 kg m−3

MRI-ESM2-0
2.45 °C; 0.01 2.45 °C; -0.01 2.13 °C; -0.03 2.13 °C; -0.04

-0.28 kg m−3 -0.29 kg m−3 -0.28 kg m−3 -0.29 kg m−3

NorESM2-LM
0.39 °C; 0.20 0.33 °C; 0.19 0.07 °C; 0.16 0.00 °C; 0.17

0.12 kg m−3 0.12 kg m−3 0.12 kg m−3 0.14 kg m−3

UKESM1-0-LL
0.22 °C; -0.09 0.15 °C; -0.11 -0.10 °C; -0.14 -0.14 °C; -0.15

-0.10 kg m−3 -0.10 kg m−3 -0.10 kg m−3 -0.10 kg m−3

MMM
1.14 °C; -0.04 1.14 °C; -0.06 0.87 °C; -0.07 0.89 °C; -0.07

-0.20 kg m−3 -0.22 kg m−3 -0.18 kg m−3 -0.18 kg m−3
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Table A3. Area-weighted mean bias model minus WOA18 climatology in potential temperature (first line,

left), salinity (first line, right; unit: psu), and density 𝜎2 (second line) of the bottom water, defined as the deepest

grid cell with values, for each model and the multi-model mean "MMM" in the four deep basins and on the two

shelf regions of interest.

902

903

904

905

Model Nansen Amundsen Makarov Canada Sib. Shelf Gre. Shelf

BCC-CSM2-MR
2.88 °C; 0.18 2.91 °C; 0.21 2.55 °C; 0.21 2.46 °C; 0.23 -0.47 °C; -1.79 -0.62 °C; -0.70

-0.20 kg m−3 -0.18 kg m−3 -0.14 kg m−3 -0.12 kg m−3 -1.37 kg m−3 -0.49 kg m−3

CAMS-CSM1-0
1.63 °C; -0.05 1.52 °C; -0.03 1.39 °C; -0.05 1.26 °C; -0.03 -0.06 °C; -3.07 0.53 °C; -0.89

-0.22 kg m−3 -0.19 kg m−3 -0.19 kg m−3 -0.17 kg m−3 -2.42 kg m−3 -0.79 kg m−3

CESM2
2.24 °C; 0.05 2.14 °C; 0.05 2.00 °C; 0.04 1.62 °C; 0.04 0.39 °C; 0.02 1.34 °C; 0.16

-0.22 kg m−3 -0.21 kg m−3 -0.21 kg m−3 -0.16 kg m−3 -0.06 kg m−3 -0.05 kg m−3

CanESM5
-0.19 °C; -0.25 -0.25 °C; -0.24 -0.42 °C; -0.34 -0.66 °C; -0.26 -0.31 °C; -0.93 -1.52 °C; -0.51

-0.18 kg m−3 -0.17 kg m−3 -0.22 kg m−3 -0.14 kg m−3 -0.73 kg m−3 -0.24 kg m−3

EC-Earth3
1.30 °C; -0.04 1.31 °C; -0.04 1.04 °C; -0.07 0.86 °C; -0.02 0.30 °C; 0.51 -0.72 °C; -0.05

-0.17 kg m−3 -0.17 kg m−3 -0.17 kg m−3 -0.11 kg m−3 0.36 kg m−3 0.04 kg m−3

GFDL-CM4
0.59 °C; -0.02 0.50 °C; -0.02 0.74 °C; -0.04 0.49 °C; -0.02 0.04 °C; -0.83 0.13 °C; -0.11

-0.08 kg m−3 -0.07 kg m−3 -0.11 kg m−3 -0.07 kg m−3 -0.68 kg m−3 -0.11 kg m−3

GFDL-ESM4
1.27 °C; 0.11 1.24 °C; 0.11 0.87 °C; 0.07 0.57 °C; 0.03 0.18 °C; -1.24 0.35 °C; -0.02

-0.05 kg m−3 -0.05 kg m−3 -0.04 kg m−3 -0.04 kg m−3 -1.01 kg m−3 -0.07 kg m−3

GISS-E2-1-H
0.08 °C; -0.20 0.07 °C; -0.37 -0.52 °C; -0.40 -0.83 °C; -0.43 -0.17 °C; -0.24 -1.01 °C; -0.39

-0.16 kg m−3 -0.30 kg m−3 -0.26 kg m−3 -0.26 kg m−3 -0.17 kg m−3 -0.19 kg m−3

IPSL-CM6A-LR
1.29 °C; -0.02 1.28 °C; -0.03 1.03 °C; -0.07 0.89 °C; -0.03 0.75 °C; 0.36 -0.52 °C; -0.05

-0.16 kg m−3 -0.16 kg m−3 -0.17 kg m−3 -0.13 kg m−3 0.18 kg m−3 0.03 kg m−3

MIROC6
1.22 °C; -0.11 1.18 °C; -0.11 1.04 °C; -0.12 1.14 °C; -0.10 0.08 °C; 0.00 1.22 °C; 0.10

-0.22 kg m−3 -0.22 kg m−3 -0.21 kg m−3 -0.21 kg m−3 -0.01 kg m−3 -0.10 kg m−3

MPI-ESM1-2-HR
1.18 °C; -0.17 1.01 °C; -0.20 0.92 °C; -0.19 0.96 °C; -0.17 0.09 °C; -1.34 -0.14 °C; -0.37

-0.26 kg m−3 -0.26 kg m−3 -0.25 kg m−3 -0.24 kg m−3 -1.09 kg m−3 -0.28 kg m−3

MRI-ESM2-0
2.39 °C; -0.05 2.33 °C; -0.05 2.20 °C; -0.04 2.10 °C; -0.05 0.45 °C; 0.31 0.53 °C; -0.06

-0.31 kg m−3 -0.31 kg m−3 -0.30 kg m−3 -0.29 kg m−3 0.18 kg m−3 -0.11 kg m−3

NorESM2-LM
0.66 °C; 0.41 0.60 °C; 0.42 0.12 °C; 0.17 0.02 °C; 0.17 -0.03 °C; -0.82 -0.35 °C; 0.16

0.25 kg m−3 0.27 kg m−3 0.12 kg m−3 0.13 kg m−3 -0.66 kg m−3 0.18 kg m−3

UKESM1-0-LL
0.26 °C; -0.11 0.22 °C; -0.12 -0.08 °C; -0.15 -0.15 °C; -0.16 -0.16 °C; -0.31 -0.87 °C; -0.06

-0.12 kg m−3 -0.12 kg m−3 -0.11 kg m−3 -0.11 kg m−3 -0.25 kg m−3 0.05 kg m−3

MMM
1.25 °C; -0.04 1.21 °C; -0.03 0.98 °C; -0.06 0.88 °C; -0.03 0.06 °C; -0.57 -0.24 °C; -0.06

-0.18 kg m−3 -0.18 kg m−3 -0.18 kg m−3 -0.13 kg m−3 -0.45 kg m−3 -0.10 kg m−3
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