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ABSTRACT: The Arctic Ocean is strongly stratified by salinity in the uppermost layers. This

stratification is a key attribute of the region as it acts as an effective barrier for the vertical ex-

changes of Atlantic Water heat, nutrients, and CO2 between intermediate depths and the surface

of the Eurasian and Amerasian basins (EB and AB). Observations show that from 1970 to 2017,

the stratification in the AB has strengthened, whereas, in parts of the EB, the stratification has

weakened. The strengthening in the AB is linked to freshening and deepening of the halocline.

In the EB, the weakened stratification is associated with salinification and shoaling of the halo-

cline (Atlantification). Simulations from a suite of CMIP6 models project that, under a strong

greenhouse-gas forcing scenario (ssp585), the overall surface freshening and warming continue in

both basins, but there is a divergence in hydrographic trends in certain regions. Within the AB,

there is agreement among the models that the upper layers will become more stratified. However,

within the EB, models diverge regarding future stratification. This is due to different balances be-

tween trends at the surface and trends at depth, related to Fram Strait fluxes. The divergence affects

projections of future state of Arctic sea ice, as models with the strongest Atlantification project

the strongest decline in sea ice volume in the EB. From these simulations, one could conclude

that Atlantificaton will not spread eastward into the AB; however, we need to improve models to

simulate tendencies in a more delicately stratified EB correctly.
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1. Introduction31

Much of the present-day central Arctic Ocean is a so-called beta ocean - it is strongly stratified by32

salinity, unlike subtropical seas where the upper layers are stratified by temperature (Nansen 1902;33

Carmack 2007). Over the last few decades, the Arctic region has experienced surface warming at34

more than twice the global rate (Cohen et al. 2020; IPCC 2021), and an intensive loss of Arctic sea35

ice and glacial ice (Stroeve andNotz 2018; Shepherd et al. 2020). These changes are associatedwith36

increased freshwater fluxes into the upper ocean (Solomon et al. 2021, and references therein), and37

changes in the intermediate and deeper layers (Årthun and Eldevik 2016). Even if the increasing38

trend in freshwater input to the Arctic Ocean is projected to continue (Zanowski et al. 2021), a39

stronger subpolar influence (borealization; Polyakov et al. 2020a) and the simultaneous loss of40

sea ice (Notz and SIMIP Community 2020) make the expected stratification changes non-trivial.41

Here, we aim to provide an overview of the changing Arctic stratification using unique historical42

observations and a range of future model projections.43

Typically, the upper part of the water column in the deep Arctic basins (Eurasian Basin and44

Amerasian Basin, EB, and AB) is characterized by two distinct layers: a fresh and cold surface45

layer and a warmer and saline layer at depth with water of Atlantic origin (Rudels 2015). There is46

a cold halocline between them where the salinity increases rapidly with depth. This stratification47

is one of the essential attributes of the Arctic Ocean, acting as an effective barrier for water mass48

mixing and hence vertical exchanges (Peralta-Ferriz and Woodgate 2015). The strong layering49

effectively shields the sea ice cover from oceanic heat found at depth (Nansen 1902; Aagaard50

et al. 1981), limits primary production due to reduced nutrient fluxes (Randelhoff et al. 2020), and51

reduces the ocean’s capability to take up atmospheric CO2 (Yasunaka et al. 2018). The warm and52

saline Atlantic Water (AW) at intermediate depth enters the central Arctic Ocean via the deep Fram53

Strait and the shallow Barents Sea and circulates cyclonically in the Arctic interior, controlled54

by topography (Timmermans and Marshall 2020; Bluhm et al. 2020). The Atlantic inflow is the55

primary heat source for the Arctic Ocean, although Pacific Water (PW) is an important source56

of oceanic heat and relatively fresh water in the Pacific sector, especially in summer (Woodgate57

et al. 2012). The PW contributes to the low salinity in the uppermost layer (∼ 250 m) of the AB58

(Proshutinsky et al. 2009, 2019). In contrast, in other Arctic regions, the major contributions of59

freshwater input to the Surface Mixed Layer (SML) stem from precipitation (Serreze et al. 2006),60
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Fig. 1. Arctic Ocean map with identified regions (a). Western Eurasian basin region, Eastern Eurasian basin

region, Chukchi Sea region, and Beaufort Gyre region are indicated. Light grey contour lines show the 500 m

and 2000 m isobaths from ETOPO1 bathymetry (Amante and Eakins 2009). Observed annual mean depth of

halocline base in the Eurasian basin (EB, red) and Amerasian basin (AB, blue) regions (b). Observed annual

mean temperature (solid line) and salinity (dashed line) averaged over the halocline layer in the EB region (c)

and AB region (d). Trend values are given per decade.
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freshwater runoff from rivers (Holmes et al. 2012), glacial ice melting (Haine et al. 2015), and61

melting of sea ice (Haine et al. 2015; Wang et al. 2019). The Arctic Ocean’s major outflows62

carrying cold and fresh Polar Water (Timmermans andMarshall 2020) occur through the Canadian63

Archipelago and the western part of Fram Strait.64

The volume transport and temperature of AW entering the EB have increased (Tsubouchi et al.71

2021; Smedsrud et al. 2022) and now play a greater role in sea ice loss in the Eurasian sector of72

the Arctic (Carmack et al. 2015). Although the AW inflow historically has been significant for73

regulating the sea ice cover in the Barents Sea and Western EB (Årthun et al. 2012; Onarheim74

et al. 2015), its impact on sea ice has recently expanded towards the Eastern EB; a process often75

referred to as “Atlantification” (Polyakov et al. 2017). Simultaneously, an anomalous advection of76

warm and relatively fresh PW has been observed, resulting in a recent change called “Pacification”77

(Polyakov et al. 2020a). The combined effect of both processes is referred to as a “Borealization”78

(Polyakov et al. 2020a), a shift in the northward range and associated ecosystem of the Arctic79
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Ocean, which includes changes in both the physical, geochemical, and biological components.80

The hydrographic changes related to Atlantification and Pacification are expressed regionally81

and have opposite effects on stratification (Fig. 1 and Polyakov et al. 2020a). Pacification is82

mainly associated with the AB and an anomalous influx of PW. Generally, anomalous advection83

of PW sharpens the density gradient and results in a strengthened stratification in the AB (Steele84

2004). Atlantification has been manifested by a local surface layer salinification and, therefore, a85

weakening of the halocline and warming and shoaling of the AW layer below (Fig. 1 and Polyakov86

et al. 2020b). This results in an overall weakened stratification in the EB. These conditions are87

more susceptible to increased vertical mixing and thus favor biological production by bringing up88

nutrients (Polyakov et al. 2020a). Another essential local process is the general freshening of the89

upper EB and AB (Haine et al. 2015; Haine 2020; Solomon et al. 2021), which has resulted in90

a strengthened stratification (Li et al. 2020), especially in the AB (Polyakov et al. 2020a). The91

AB holds the largest reservoir of liquid freshwater in the Arctic, as the circulation in the Beaufort92

Gyre, sustained by the anticyclonic winds, drives Ekman convergence and deepens the halocline93

within the gyre (Proshutinsky 2002). Since the mid-1990s, hydrographic and satellite observations94

have shown increases and redistribution of freshwater in the Arctic (Rabe et al. 2011; Proshutinsky95

et al. 2019, and references therein). The increases have been linked to a combination of an96

intensification of the large-scale atmospheric forcing over the Beaufort Gyre (Giles et al. 2012;97

Proshutinsky et al. 2019; Cornish et al. 2020), increased river runoff (Peterson et al. 2002; Rabe98

et al. 2014; Haine et al. 2015), increased flux of freshwater through Bering Strait (Woodgate et al.99

2005) and direct contributions of sea ice melt (Wang et al. 2019). A recent review by Solomon100

et al. (2021) has, however, shown that the trend in total Arctic freshwater content in the 2010s has101

stabilized somewhat relative to the 2000s due to an increased compensation between a freshening102

of the Beaufort Gyre and a reduction in freshwater in the rest of the Arctic Ocean. Nonetheless,103

as the Arctic is expected to continue warming in response to emissions (Davy and Outten 2020),104

the freshwater fluxes into to the Arctic Ocean are projected to increase (e.g. Holland et al. 2007;105

Kattsov et al. 2007; Wang et al. 2021; Jahn and Laiho 2020; Zanowski et al. 2021), partly reflecting106

an intensification of the hydrological cycle (Held and Soden 2006; Haine 2020), and partly due to107

increased river runoff (Haine 2020). The freshwater flux due to melting sea ice has been a large108

contributor to the recent freshening, but is likely to decrease into the future, and become relatively109
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small by the second half of the 21st century, as less ice is available to melt (Shu et al. 2018).110

Experiments with column models (Nummelin et al. 2015; Davis et al. 2016) and a global climate111

model (Nummelin et al. 2016) have examined the potential effects of increased river runoff, and112

they find that the Arctic stratification will increase and that the freshwater has a larger effect than113

elevated wind-driven mixing (Davis et al. 2016). However, these studies do not consider other114

freshwater sources, the regional aspect, or the opposing effects of Atlantification. For example,115

using a single climate model (HiGEM), Lique et al. (2018) showed that under an extreme global116

warming scenario, the stratification in this model is strongly enhanced in the AB but reduced in117

the EB.118

It is well known that climate models experience crucial biases in simulated Arctic hydrography.119

This is true for both ocean-sea-ice only models (Ilicak et al. 2016; Wang et al. 2016; Tsujino120

et al. 2020) and fully coupled climate models, such as the ones participating in the Climate121

Model Intercomparison Project phase 5 (CMIP5; Shu et al. 2019), and in the Climate Model122

Intercomparison Project phase 6 (Khosravi et al. 2022; Rosenblum et al. 2021, CMIP6). More123

specifically, the models struggle to represent AW circulation and mixing processes in the Central124

Arctic Ocean (Ilicak et al. 2016; Tsujino et al. 2020), have significant differences in circulation as a125

response to similar forcing (Muilwijk et al. 2019), and have a large spread in projections of sea ice126

cover (Shu et al. 2020). Despite these shortcomings, climate models are useful tools to investigate127

the competing processes mentioned above and evaluate how they will change into the future.128

Khosravi et al. (2022) recently published an overview of biases in the Atlantic Water layer in the129

models that participated CMIP6. Their results indicate that biases persist from CMIP5 to CMIP6.130

Our companion paper, Heuzé et al. (2022), expanded on their results by also assessing the deep and131

bottom waters and by explaining the causes for all these biases, focusing primarily on the models’132

mean historical state. Additionally, Arctic freshwater storage and fluxes in a subset of the CMIP6133

models have been analyzed by Zanowski et al. (2021), and the sea ice in CMIP6 models has been134

assessed by Notz and SIMIP Community (2020) and Shen et al. (2021). Rosenblum et al. (2021)135

carefully examined one model (CESM2) in one region of the Arctic, but until now, no study has136

investigated hydrographic trends and stratification in multiple models and regions. We address137

this gap with a pan-Arctic examination of 14 CMIP6 models against the observations. Using a138

unique 48-year archive of observations (1970–2017), we first synthesize the observed changes in139
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different regions of the Arctic Ocean before comparing them to the historical simulations. We then140

describe how the stratification and hydrography in these regions are projected to change under a141

high (ssp585) emission scenario (O’Neill et al. 2016) and how this is related to changes in sea ice142

cover.143

This manuscript is structured as follows: We start by describing the observational and model144

data used in this study and present a new diagnostic used to evaluate integral changes in Arctic145

Ocean stratification (Section 2). We then compare observed and simulated stratification in recent146

decades (Section 3a) before we investigate the future trends (Section 3b and 3c) and finally discuss147

the mechanisms responsible for these changes (Section 3d) and the impacts on sea ice (Section 3e).148

We focus particularly on the role of advective contra local processes and finish with a summary of149

our findings and a discussion on the broader implications of our work (Section 4).150

2. Data and Methods151

a. Observational data152

This study uses a unique historical archive of hydrographic observations from 1970 to 2017,153

including Russian, American, Canadian and European ship and aircraft expeditions, year-round154

crewed drift stations, autonomous drifters, and submarine data. This is an updated version of the155

archive previously used by, e.g., Polyakov et al. (2020a) to investigate long-term AW variability156

and halocline stability, and has been made available through the Arctic Data Center (?, , reference157

to appear latest during copy-editing). The temporal and spatial coverage for the data used in158

this study is shown in Fig. A1. Unfortunately, historical observations of the Arctic Ocean are159

generally sparse and have limited spatial coverage. Especially in the 1990s, data coverage is160

not good, and in general, there have been few winter campaigns in the central basins. However,161

autonomous Ice-Tethered Profilers (ITP), crewed ice-drift stations, and some ship-based campaigns162

ensure a relatively good seasonal coverage in later decades (Fig. A2). The bulk of historical data163

was gathered to construct the climatological atlases of the Arctic Ocean by Gorshkov (1980),164

Treshnikov (1985), and Timokhov and Tanis (1997). Before 1980 most observations used Nansen165

bottles to measure salinity, while modern and more accurate Conductivity-Temperature-Depth166

(CTD) instruments became more common as the use of icebreakers and submarines increased in167

the 1980s and 1990s. The typical accuracy of measurements from the Nansen bottles was estimated168
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by Timokhov and Tanis (1997) to be 0.01 ◦C for temperature and 0.02 for salinity. Since the 2000s, a169

major part of the data stems from ship-based measurements complemented by drifting ITPs, which170

autonomously collect CTD profiles down to 800 m. For consistency and direct comparison with171

model data we present salinity and and temperature in practical salinity units (psu) and potential172

temperature. All analysis is based on annual mean profiles. We use the TEOS10 equation of state173

as implemented in the Gibbs-SeaWater (GSW) Oceanographic Toolbox (McDougall and Barker174

2011) to calculate density.175

b. The CMIP6 models176

We use the output from 14 fully coupled models that participated in the Climate Model Inter-177

comparison Project phase 6 (CMIP6, Eyring et al. 2016), listed in Table 1. For comparison, these178

models are the same as those used in our companion paper (Heuzé et al. 2022) and were selected179

from the 35 CMIP6 models used in Heuzé (2021) as representative of their family, for diversity in180

vertical grid types and after eliminating the ones with the poorest bathymetry. Typical horizontal181

model resolution is ∼50 km in the Arctic (9 km for the highest resolution) and 50 levels or more182

in the vertical. No more than two models share the same ocean component with the same version183

(Table 1).184

We evaluated the last 45 years of the historical run, i.e., January 1970 – December 2014, and the190

first 85 years of the future high (ssp585) emission scenario (Eyring et al. 2016), i.e., January 2015191

– December 2100. The strong forcing scenario was chosen to clearly isolate climate change signals192

from internal variability. Trends were calculated from 1970–2014 to match the observational data193

and over 2015–2070 for the future scenario. Trends are not calculated over the full future period194

because the changes we observe are transient, and there is some flattening towards the end of the195

century (Section 3b). For the sea ice analysis presented in section 3e, the trends are calculated over196

the 2015–2045 period. For each model, only one ensemble member was used: ‘r1i1p1f1’ for the197

majority of models; ‘r1i1p1f2’ when r1i1p1f1 was not available (GISS-E2-1-H and UKESM1-0-198

LL). The simulated internal variability is not investigated in detail, and we note that under the high199

forcing scenario this is less important, whereas for the 1970–2014 period, forcing is modest and200

internal variability could play an important role. All trends presented are statistically significant201

unless otherwise stated. The output we used are the monthly seawater practical salinity “so”,202
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Table 1. Characteristics of the 14 CMIP6models used in this study: horizontal grid type, horizontal resolution

in the Arctic, type of vertical grid and number of vertical levels, ocean model component, parameter used to

calculate sea ice volume, and reference. The horizontal resolution in the Arctic (3rd 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 multiple symbols, hybrid.

185

186

187

188

189

Model Grid type Resolution Vertical grid Ocean model Ice parameter Reference

BCC-CSM2-MR Tripolar 54 km z 40 MOM4-L40v2 sivol Wu et al. (2019)

CAMS-CSM1-0 Tripolar 54 km z 50 MOM41 sivol Xin-Yao et al. (2019)

CanESM5 Tripolar 50 km z 45 NEMO3.4.1 simass Swart et al. (2019)

CESM2 Rotated 41 km z 60 POP2 sithick Danabasoglu et al. (2020)

EC-Earth3 Tripolar 49 km z* 75 NEMO3.6 sithick Döscher et al. (2021)

GFDL-CM4 Tripolar 9 km 𝜌-z* 75 MOM6 sivol Adcroft et al. (2019)

GFDL-ESM4 Tripolar 18 km 𝜌-z* 75 MOM6 sivol Dunne et al. (2020)

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

IPSL-CM6A-LR Tripolar 49 km z* 75 NEMO3.2 sivol Lurton et al. (2020)

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

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

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

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

UKESM1-0-LL Tripolar 50 km z* 75 NEMO3.6 sivol Sellar et al. (2020)

potential temperature “thetao”, and sea ice concentration “siconc” and thickness “sivol/sithick” or203

sea ice mass “simass” (Table 1). Water density was calculated using the TEOS10 equation of state204

as implemented in the Gibbs-SeaWater (GSW) Oceanographic Toolbox (McDougall and Barker205

2011). All computations were performed on the models’ native grid before being averaged for each206

of the four regions shown in Fig. 1.207

c. Methods208

The primary objective of this paper is to quantify trends in stratification. Traditionally, strat-209

ification has been quantified using the Brunt-Väisälä buoyancy frequency 𝑁2 = −(𝑔/𝜌0)𝛿𝜌/𝛿𝑧,210

where 𝜌 is potential density, 𝜌0 is a reference density, and 𝑔 is the gravitational acceleration. This211

parameter provides a profile of stability between points in the vertical but does not yield a bulk212

measure of the stability within a layer (Polyakov et al. 2018). The upper part of the EB and AB213

water column features complex layering. It consists of a surface mixed layer (SML, ∼ 20–50 m)214
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overlaying the halocline, characterized by cold temperatures and a very high salinity gradient (∼215

50–250 m), and a warmer (temperature > 0◦C) and more saline layer of AW below (Rudels et al.216

2004). Traditionally, the definition of AW is based on temperature, salinity, or density values.217

However, since we expect these properties to be biased in the models, we instead chose to define218

the AW core as the depth of the temperature maximum below 100 m. When we further refer to219

AW properties, we thus refer to the properties at the depth of the AW core. According to Heuzé220

et al. (2022), the CMIP6 multi-model mean AW core depth is approximately 400 m in the EB and221

approximately 530 m in the AB but varies substantially from model to model (ranging between 77222

m and 1300 m).223

The halocline is often divided into a cold halocline, with near-freezing temperatures, and lower224

halocline waters, with increasing temperature and salinity with depth (Steele et al. 1989; Rudels225

et al. 2004). Polyakov et al. (2018) noted that, especially within the halocline, which consists of226

a complex combination of water masses with varying effects on stratification (Bluhm et al. 2015),227

𝑁2 is insufficient as a measure of stratification since it does not provide a bulk metric. Also, a228

simple density contrast between two levels (Δ𝜎𝜃) is similarly insufficient. Polyakov et al. (2018)229

therefore proposed Available Potential Energy (APE) as a good integral indicator of changes in230

stratification in the combined SML and halocline layer. For each profile, APE is calculated as:231

𝐴𝑃𝐸 =

∫ 𝑠𝑢𝑟 𝑓 𝑎𝑐𝑒

𝐻ℎ𝑎𝑙𝑜

𝑔(𝜌− 𝜌ℎ𝑎𝑙𝑜)𝑧𝑑𝑧, (1)

where 𝐻ℎ𝑎𝑙𝑜 is the depth of the lower boundary of the halocline and 𝜌ℎ𝑎𝑙𝑜 is the potential density232

at that lower boundary of the halocline.233

In observations, the lower boundary of the halocline is usually determined using a density ratio234

algorithm following the method proposed by Bourgain and Gascard (2011), which was also used235

by e.g. Polyakov et al. (2018) and Metzner et al. (2020). Following Bourgain and Gascard (2011),236

such density ratio is defined as237

𝑅𝜌 =

���� (𝛼𝛿Θ𝛿𝑧 ) /(𝛽𝛿𝑆𝐴𝛿𝑧

) ���� (2)

where 𝛼 is the thermal expansion coefficient, 𝛽 is the haline contraction coefficient, Θ is the238

conservative temperature, and 𝑆𝐴 is the absolute salinity. The lower boundary of the halocline239
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𝐻ℎ𝑎𝑙𝑜 is then defined as the depth where 𝑅𝜌 exceeds the threshold of 0.05, which was determined240

empirically from observations in the Arctic (Bourgain and Gascard 2011).241

Unfortunately, models struggle to reproduce the Arctic halocline properly (Nguyen et al. 2009),242

and large temperature and salinity biases in the Arctic Ocean (Heuzé et al. 2022) make it difficult243

to properly define the halocline using the same criteria as in the observations. Manually deriving244

model-specific definitions is not ideal either, as the biases might vary over time. We, therefore,245

find that the uncertainty of properly defining the “correct” halocline in CMIP6 models based on246

Equation (1) is too high and have chosen to investigate Arctic stratification in CMIP6 models using247

an indicator whose definition is less dependent on defining a halocline.248

We therefore propose a new indicator of stratification strength, Δ𝑃𝐸 (𝐻). First, we define the249

potential energy of the water column following Tailleux (2009) as:250

𝑃𝐸 (𝐻) =
∫ 𝑠𝑢𝑟 𝑓 𝑎𝑐𝑒

𝐻

𝑔(𝑧)𝜌(𝑧)𝑧𝑑𝑧 (3)

where 𝐻 is a chosen depth level. We then look at the difference in potential energy between the251

simulated stratified water column and a fully mixed water column, which reflects the energy needed252

to fully mix the water column from the surface to a given depth:253

Δ𝑃𝐸 (𝐻) = 𝑃𝐸 (𝐻) −𝑃𝐸 (𝐻)𝑚𝑖𝑥𝑒𝑑 . (4)

Here, 𝑃𝐸 (𝐻)𝑚𝑖𝑥𝑒𝑑 is the potential energy of a completely mixed water column with a mean254

temperature and salinity down to depth 𝐻. Δ𝑃𝐸 (𝐻) thus represents the potential energy energy255

stored in stratification, and as long as 𝐻 is well below the typical halocline depth, APE and Δ𝑃𝐸256

should capture similar changes and be equally good indicators of stratification strength. However,257

Δ𝑃𝐸 (𝐻) is preferred inmodels as its definition is independent of temperature and salinity gradients.258

Throughout the paper we will refer to Δ𝑃𝐸 as stratification strength or potential energy stored in259

stratification. A comparison of APE and Δ𝑃𝐸 is given in Fig. A3. We use 𝐻 = 300 m (well below260

the halocline according to Heuzé et al. 2022), but have repeated the calculations with different261

values of 𝐻, and the qualitative results are not sensitive to this choice. We also note that Δ𝑃𝐸262

describes a process of irreversible mixing, whereas APE describes the difference to adiabatically263

rearranged minimum energy, which would be reversible.264
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3. Results265

a. Recent decades (1970–2014)266

1) Observed stratification changes267

We start by analyzing hydrographic observations from four regions in the Arctic Ocean (Fig.268

1); two in the AB (Beaufort Gyre and the Chukchi Sea) and two in the EB (Western and Eastern269

EB), consistent with previous studies (e.g. Polyakov et al. 2020a). The halocline base is deeper in270

the AB (∼ 200 m) than in the EB (∼ 90 m, Fig. 1). Since 1970 it has deepened in the AB (∼ 7271

m decade−1) and shoaled in the EB (∼ 3 m decade−1), although the latter trend is not statistically272

significant. In the AB, the halocline freshens (∼ 0.11 psu decade−1), which other studies have273

documented (Carmack et al. 2016; Proshutinsky et al. 2019; Polyakov et al. 2020a). The EB274

halocline shows overall no statistically significant salinity trend, although a moderate salinification275

has been observed in the Eastern EB region in recent decades (Polyakov et al. 2020a, not shown276

here). The Eastern EB salinification and AB freshening were recently taken as indicators of the277

ongoing Atlantification and Pacification (Polyakov et al. 2020a), but we note that particularly278

Pacification is difficult to distinguish from the local freshening occurring in the upper Arctic Ocean279

due to increased runoff or precipitation. Alongside the halocline freshening in the AB, there is280

general warming (∼ 0.04 ◦C decade−1) related to PW inflow (Polyakov et al. 2020a). Also in the EB281

the halocline warms (∼ 0.04 ◦C decade−1), but again, these trends are not statistically significant.282

The contrasting changes in upper ocean salinity and temperature in the EB and AB result in287

different effects on the regional halocline stability and thus stratification. In Fig. 2, we present the288

observed regional time series of potential energy stored in stratification. There is a strong positive289

trend in Δ𝑃𝐸 in the Chukchi Sea and Beaufort Gyre, which is associated with a strengthening of290

the stratification. In contrast, in the Western and Eastern EB, the Δ𝑃𝐸 shows a negative long-term291

trend, meaning the stratification is weakened (although much weaker trends than in the AB and292

not statistically significant in the Eastern EB). These findings are consistent with Polyakov et al.293

(2018) who showed that the most considerable changes in Arctic Ocean stratification have occurred294

in the AB and other studies which show that the halocline has weakened in the EB towards the295

end of the twentieth-century (Steele et al. 1989; Polyakov et al. 2017, 2020b). A comparison of296

Δ𝑃𝐸 and APE, used in Polyakov et al. (2018) is shown in Fig. A3. Overall, the two metrics both297
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Fig. 2. Observed potential energy stored in stratification (Δ𝑃𝐸 (𝐻)) from 300 m following equation (4). Blue

colors are used for the AB, and red colors are used for EB. WEB = Western Eurasian basin, EEB = Eastern

Eurasian basin, CS = Chukchi Sea and BG = Beaufort Gyre. All trends, except the EEB, are statistically

significant.

283

284

285

286

show the opposite changes in the AB and EB, but Δ𝑃𝐸 includes changes in the AW just below the298

halocline and therefore shows a stronger signal of Atlantification in the Western EB compared to299

APE, which only takes into account changes to the bottom of the halocline. Clearly, the trends300

are affected by how one chooses to represent stratification, and given their different definitions,301

the metrics also show significant differences in internal variability. In the following section, we302

compare the observed changes in stratification to simulations from 14 CMIP6 models.303

2) Simulated stratification changes304

In the AB, most models analyzed in this study are less stratified than observations (colors of bars305

in Fig. 3), as also discussed by Heuzé et al. (2022) and Khosravi et al. (2022). Notable exceptions306

are IPSL-CM6A-LR and NorESM2-LM. In the EB, most models are equally or more stratified than307

observations, with GFDL-CM4 and GISS-E2-1-H as exceptions. In general, the models do not308

correctly represent the difference in stratification between the two basins and instead have similar309

values throughout the whole Arctic (i.e., the same color of bars on all panels of Fig. 3) – a result310
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Fig. 3. Simulated trends in stratification strength, Δ𝑃𝐸 , for each of the CMIP6 models listed in Table 1 from

1970–2014. Dashed black lines and rightmost bars indicate the observed trends (Fig. 2), and color bars indicate

the mean stratification strength in different regions for each model. Note the different y-axes on all panels.

316

317

318

consistent with the biases in water mass properties described in Heuzé et al. (2022) and Khosravi311

et al. (2022). In fact, several models are incorrectly more stratified in the EB than in the AB.312

However, the biases in stratification are not consistent throughout the Arctic and vary from region313

to region. It is worth noting that no model is too strongly biased to not be kept in this study, i.e.,314

all stratification values are in the same order of magnitude as the observations.315

In accordance with observations, all models show a positive trend in stratification (strengthening)319

in the AB over the period 1970–2014 (Fig. 3, length of the bars). However, the absolute values320

of the trends are much lower than in the observations. There appears to be no clear relationship321

between the mean strength of stratification and the magnitude of trends (not shown). The models322

also agree on a larger change in stratification in the AB compared to the EB, although they do not323

show the opposite trends between the basins. In the Western EB, almost all models simulate a324

strengthened stratification, and only CAMS-CSM1-0 produces a weakened stratification like the325
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observations. In the Eastern EB, there is a larger disagreement among the models, both in the mean326

state and in their trends, and here two models (CanESM5 and EC-Earth3) simulate a weakened327

stratification. In summary, only three models indicate an Atlantification (as diagnosed through328

Δ𝑃𝐸) comparable to what has been observed. We emphasize here that we only investigate one329

ensemble member for each model, and that internal variability could have a significant impact330

on the trends during the 1970–2014 period where the external forcing is relatively weak. For331

example, experiments with a single model system (UKESM1-0-LL, not shown) show that among332

nine ensemble members, the trends in stratification in the Eastern EB (where the spread is largest)333

range between -.0007 MJ m−2 yr−1 and +.00117 MJ m−2 yr−1. In the next sections, we investigate334

how the trends are projected to continue or change into the future under a strong greenhouse-gas335

forcing scenario.336

b. Future trends in stratification337

The temporal anomalies of the simulated potential energy stored in stratification, Δ𝑃𝐸 show338

significant variations in the various regions both in the historical period and under the ssp585339

forcing scenario (Fig. 4). Within the EB, the models diverge regarding future stratification. Fig340

4 shows large differences among the models, with the largest intermodel spread in the Eastern341

EB. Some models project a clear increase in EB stratification (e.g., GFDL-CM4, GFDL-ESM4,342

GISS-E2-1-H, and CAMS-CSM1-0) while others project a clear decrease (e.g., UKESM1-0-LL,343

CanESM5, NorESM2-LM, and IPSL-CM6A-LR). The future weakening of the EB stratification344

was also shown by Lique et al. (2018) using the HiGEMmodel. Despite only two models showing345

an indication of Atlantification in the period 1970–2014, approximately half of the models predict346

a future weakening of the EB stratification and thus Atlantification. Despite the large spread in347

the EB, there is agreement among the models (except IPSL-CM6A-LR, plain yellow line) on an348

increased future stratification in the Chukchi Sea and Beaufort Gyre regions. This means that the349

observed strengthening of the halocline in the AB is projected to continue and amplify into the350

future. In the Beaufort Gyre, the trends continue throughout the twenty-first century, whereas in the351

Chukchi Sea, the curve flattens in the 2060s for many of the models, albeit with strong interannual352

variability. This is likely related to the fact that at this point the region is practically ice-free for353

large portions of the year, and the freshwater contribution from sea ice melt therefore decreases.354
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Fig. 4. Regional time series (standardized anomalies relative to 1970–2014 mean) of stratification strength,

Δ𝑃𝐸 [MJ m−2], for the 14 CMIP6 models listed in Table 1. More positive values means more energy is needed to

mix the water column. All time series are low-pass filtered with a five year cutoff-frequency. Note the different

y-axes for the two basins. For comparison, the observed stratification over the period 1970-2017 is plotted in

with thick black lines.
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The freshwater input from river runoff is expected to continue to increase, but due to the prevailing355

wind patterns in the region, most of this will accumulate in the Beaufort Gyre region and not stay356

in the Chukchi Sea region. The future trends in the AB are comparable to the observed trend in357

recent decades, but in the EB, both the trends and the interannual variations are amplified under358

the strong forcing scenario.359

The spatial extent of future trends in stratification varies significantly among the selected models,369

but there are also some commonalities in the spatial patterns (Fig. 5). For example, there is a clear370
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division and opposite trends in the AB and EB, similar to what has been documented by Polyakov371

et al. (2020a) and what can be seen from the lower right panel in Fig. 5. The opposing trends can372

be understood as the competing influences of the Atlantic and Arctic domains. All models show a373

weakening of stratification in some parts of the EB (red colors) and a strengthening of stratification374

in most parts of the AB (blue colors). However, the exact location, extent, and magnitude of the375

Atlantification signal varies, resulting in a large spread, especially in the Eastern EB. From Fig. 5376

we see that some of the discrepancies shown in Fig. 4 are strongly related to the spatial extent of the377

signals and the use of fixed regions. Interestingly, for most models, the indicated Atlantification is378

mainly confined towards the Eastern parts of the EB and the Barents Sea outflow near the St. Anna379

trough and less towards Fram Strait. It is possible that because AW is in closer contact with sea ice380

north of Svalbard, more sea ice is melted there, resulting in increased surface freshening and hence381

a strengthening of the stratification. GISS-E2-1-H is the only model that shows no indication of382

Atlantification, whereas IPSL-CM6A-LR, CanESM5, and UKESM1-0-LL show the largest spatial383

extent of Atlantic influence.384

We quantify and summarize the historical and future trends for each region in Fig. 6. The385

dipole-like pattern is also clearly illustrated here, with obvious differences between the evolution386

of the EB and AB. The spread amongst the models is comparable in both basins (∼ 3MJ m−2 yr−1),387

but this spread results in opposite signs in the EB, whereas, as shown previously, most models388

project an increase in stratification in the AB. Again, we note that some of these discrepancies389

reflect different spatial extent of the signals. The future trends in the AB are somewhat larger390

than the historical trends. More than half of the models show a strong weakening trend in the EB,391

with CanESM5, NorESM2-LM, IPSL-CM6A-LR, and UKESM1-0-LL having the largest changes.392

UKESM1-0-LL is an extreme in the Eastern EB with a trend four times stronger than any other393

model. These changes in stratification can be the result of changes in the upper ocean (SML and394

halocline) and water masses below the halocline, such as the AW. In the following section, we395

examine what drives the changes in stratification in the various regions and focus on the difference396

between the surface and AW layers.397
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Fig. 5. Future spatial trends in stratification strength, Δ𝑃𝐸 , under a strong greenhouse-gas forcing scenario

(ssp585) for the 14 CMIP6 models listed in Table 1. Negative values mean a weakening of stratification.

All trends are annual means calculated over the period 2015-2070. For comparison, the observed trends in

stratification over the period 1970-2017 is plotted in the last panel.
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Fig. 6. Mean regional trends in stratification strength, Δ𝑃𝐸 , for our 14 CMIP6 models. The trends over the

historical period (1970-2014) are shown on the left, and the trends over the future period (2015-2070) under

a strong greenhouse-gas forcing scenario (ssp585) are shown on the right. As in Fig. 5, positive values (blue

shading) denote increased stratification, and negative values (orange shading) denote weakened stratification.

For comparison, the trends for the observations over the 1970–2017 period is shown by dashed black lines.
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c. Atlantic Water and surface trends403

We have now shown that the models diverge when predicting changes in stratification in the404

EB and show a large spread in the AB. Khosravi et al. (2022) noted that "model biases in the405

Arctic Ocean could have origins outside the Arctic Ocean and possibly in other components of406

the climate system. Identifying these origins in individual models is needed to improve the Arctic407

Ocean representation in CMIP simulations." In order to do so, we therefore focus on the water408

masses that are the primary drivers for stratification change; the surface waters and the AW. We409
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Table 2. Future Atlantic Water core (temperature maximum below 100 m) temperature and salinity trends for

each of the CMIP6 models (forcing scenario ssp585) over 2015–2070. For comparison, the last row indicates the

trends for the observations over the 1970–2017 period. All values are given in ◦C decade−1 and psu decade−1.

Statistically non-significant trends (p ≥ 0.05) are shown in italic.

419

420

421

422

Western EB Eastern EB Chukchi Sea Beaufort Gyre

𝜃 𝑆 𝜃 𝑆 𝜃 𝑆 𝜃 𝑆

BCC-CSM2-MR .013 ± .004 -.016 ± .005 -.002 ± .000 .003 ± .001 -.002 ± .000 -.004 ± .000 -.003 ± .000 -.004 ± .000

CAMS-CSM1-0 .032 ± .008 .015 ± .002 .012 ± .001 -.005 ± .001 .001 ± .001 -.015 ± .001 .006 ± .001 -.008 ± .002

CESM2 .355 ± .018 -.062 ± .007 .310 ± .013 -.047 ± .005 .224 ± .012 -.043 ± .002 .115 ± .010 -.045 ± .002

CanESM5 .729 ± .026 -.036 ± .004 .428 ± .021 -.082 ± .006 .454 ± .029 -.040 ± .006 .525 ± .029 -.017 ± .004

EC-Earth3 .606 ± .024 .028 ± .004 .470 ± .013 .011 ± .005 .429 ± .031 .056 ± .003 .225 ± .033 .041 ± .004

GFDL-CM4 .143 ± .005 -.021 ± .001 .120 ± .005 -.020 ± .002 .176 ± .010 -.009 ± .001 .088 ± .007 -.008 ± .001

GFDL-ESM4 .097 ± .018 -.032 ± .002 .152 ± .009 -.026 ± .001 .121 ± .008 -.024 ± .001 .061 ± .005 -.005 ± .001

IPSL-CM6A-LR .402 ± .023 -.004 ± .005 .301 ± .021 -.018 ± .006 .330 ± .028 -.012 ± .007 .360 ± .023 -.020 ± .007

GISS-E2-1-H .040 ± .007 .004 ± .007 .155 ± .008 .000 ± .005 .155 ± .002 -.009 ± .002 .125 ± .005 -.009 ± .002

MIROC6 .286 ± .019 -.092 ± .003 .122 ± .014 -.091 ± .003 .162 ± .004 -.072 ± .003 .144 ± .004 -.063 ± .004

MPI-ESM1-2-HR .314 ± .016 -.015 ± .002 .105 ± .016 -.038 ± .002 .242 ± .019 -.016 ± .001 .301 ± .014 -.009 ± .001

MRI-ESM2-0 .444 ± .012 -.094 ± .004 .291 ± .013 -.093 ± .003 .268 ± .015 -.100 ± .003 .207 ± .016 -.092 ± .005

NorESM2-LM .346 ± .017 -.063 ± .005 .171 ± .024 -.118 ± .005 .312 ± .020 -.096 ± .004 .299 ± .022 -.090 ± .005

UKESM1-0-LL .740 ± .028 -.009 ± .005 .713 ± .024 -.038 ± .008 .735 ± .024 -.030 ± .008 .604 ± .036 -.035 ± .006

OBSERVED .062 ± .030 -.0001 ± .004 .100 ± .034 -.000 ± .005 .087 ± .012 -.018 ± .005 .086 ± .008 -.014 ± .002

assume that most changes at the surface are driven by local processes (e.g., sea ice melt/growth,410

river runoff, evaporation-precipitation, surface heat fluxes, etc.), and those in the AW layer are411

primarily advected in through the Fram Strait and the Barents Sea, and mainly related to processes412

beyond the boundaries of the Arctic Ocean. The question thus becomes: are the simulated changes413

in stratification mainly locally driven or remotely forced? Of course, the layers are not fully414

disconnected, and mixing occurs along the AW pathways, but Heuzé et al. (2022) revealed that in415

the CMIP6 models, there is a strong decoupling between the upper layer and the rest of the deep416

Arctic (below 200 m). This is partly attributed to an absence of ventilation, and as a result, the417

properties of the Arctic AW layer are closely linked to the inflows.418

We start by detailing the evolution of AW core temperature and salinity in the four different423

regions. As expected, with continued global warming, the AW temperature is projected to increase424

in all regions by all models (Fig. 7). Thick lines in Fig. 7 represent the multimodel mean425

anomalies relative to each model’s historical mean, and colored envelopes indicate the minimum426
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and maximum of the model spread per time step. A full overview of the property trends in the427

various models is presented in Table 2. We note that AW core properties are calculated based428

on each model’s AW core depth (details in Section 2c), which varies substantially from model to429

model (Heuzé et al. 2022). The models project an increase in AW temperature with a range of 0–7430

◦C relative to the historical mean towards the end of the 21st century. The AW temperature change431

is relatively linear over time and reaches a multi-model mean increase of 3.0 ◦C in the EB and 2.5432

◦C in the AB by 2100. Some models predict very weak trends in AW temperature (lowest in the433

EB = .013 ◦C decade−1), but the majority predict strong warming (highest in the EB = .740 ◦C434

decade−1), in accordance with what was shown by Khosravi et al. (2022). The average future AW435

temperature trend in the EB is .33 ◦C decade−1, compared to an observed trend of .06 ◦C decade−1436

from 1970–2017. Less intuitive, perhaps, is the future change of AW salinity. Most models437

simulate a freshening of the AW layer throughout the Arctic (Table 2), except EC-Earth3 which438

simulates an increase in AW salinity in all regions. Averaged across the regions, the multi-model439

mean freshening is approximately 0.5 psu by the end of the century, as also shown by Khosravi440

et al. (2022).441

The decrease in AW salinity indicates that the northward freshwater flux through the Fram Strait448

and Barents Sea Opening increases, which is consistent with results from Zanowski et al. (2021).449

Over 2015–2070 all models, except CAMS-CSM1-0 and GFDL-CM4, show a positive trend in the450

liquid freshwater flux through theBarents Sea opening, whichmainly consists of northward-flowing451

AW (Fig. A4b). The freshwater flux through Fram Strait is more complex, as it consists of both a452

southward and a northward flow. Here we observe a negative trend in the (northward) freshwater453

flux (Fig. A4a), meaning an increase in the net southward freshwater flux. This makes sense, as454

the increase in the outflowing freshwater is larger than the increase in the inflowing freshwater (as455

it also includes the other freshwater sources). All in all, a decrease in the northward-flowing AW456

contributes to a freshening at intermediate depths and ultimately an increase in the total freshwater457

content of the Arctic and the southward export of freshwater, as also shown by Zanowski et al.458

(2021). Our findings stress an important point that has not been stated in current literature, namely459

that the future freshening of the Arctic Ocean may be attributed to both surface and AW changes.460

Since there is a strong decoupling between the upper layer and the rest of the deep Arctic in these461
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Fig. 7. Regional time series of normalized (reduced to anomalies relative to 1970–2014 model mean) Atlantic

Water core temperature (a) and Atlantic Water core salinity (b) from the CMIP6 models listed in Table 1. Thick

lines represent the multimodel mean, and envelopes show the minimum and maximum of the model spread per

time step. For comparison, the AW core anomalies from the observations over the 1970–2017 period are shown

by black lines. The Atlantic Water core properties are calculated as the properties at the temperature maximum

below 100 m.
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models, and the AW properties are strongly related to the AW inflow properties (Heuzé et al. 2022),462

we speculate that the Arctic freshening is partly remotely driven.463

It is important to remember that it is not only the water mass properties but also the depth and469

thickness of the various layers that can affect changes in stratification. We do not detail biases and470

changes in AW core depth but refer the readers to Heuzé et al. (2022) and Khosravi et al. (2022),471
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Fig. 8. Trends (2015–2070) in density in the upper ocean (a) and (c) and at intermediate depth (b) and (d) for

the Western Eurasian basin (left) and the Beaufort Gyre region (right) for each of the CMIP6 models listed in

Table 1. Red and blue bars denote the relative contributions of temperature and salinity trends to the total density

trends (thick grey bars). Positive values mean increased density, and negative values mean decreased density.

For comparison, the trends from the observations over the 1970–2017 period are shown in the last column.
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and note that the effects of these changes are integrated in the Δ𝑃𝐸 metric. As we continue with472

the temperature and salinity evolution of the surface layer (0–50 m), different model behaviors473

become even more evident (Table A1). In the AB, all models project a freshening and warming474

of the surface layer, consistent with current observations (Tab. A1 and Solomon et al. (2021))475

and the expected continuation of AB freshening (Haine 2020). Averaged across the models, the476

absolute change in surface salinity is expected to reach approximately -1.5 psu by the end of the477

century (Fig. A5). In the EB, on the other hand, many models project a freshening, but some478

project a surface salinification (Fig. A5). Some of the models that project a surface salinification479

are the same that project an AW salinification, but for others, there are opposite trends in the AW480

and surface layers. There is no consistent relationship between the direction of surface trends and481
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trends in the AW layer, and there is also no clear relationship between changes in AW/surface482

properties and freshwater/salinity fluxes through the Fram Strait and the Barents Sea (not shown).483

The multi-model mean still projects a freshening in both the Eastern and Western EB, although484

some models have opposing trends. Figs. 7 and A5 emphasize the importance of the regional485

aspect when investigating future Arctic Ocean change, and thus provides further detail than the486

basin-wide averages provided by Khosravi et al. (2022). Even though the general change is similar487

(AW warming and freshening), the regions are projected to evolve somewhat differently or on488

different timescales. For example, the Eastern and Western EB are exposed to different processes489

as they have a different seasonal ice cover, which is projected to change differently in the future490

(Notz and SIMIP Community 2020). Taking an EB or AB mean, as is common practice in CMIP491

studies of the Arctic Ocean, is therefore not ideal since one might lose important information and492

average out important regional differences. The different evolution in surface properties evident493

from Fig. A5 and Table A1 also stresses the importance of studying models individually and not494

as a multi model means. These result give an indication to the origin of biases in stratification,495

because differences in salinity and temperature trends result in different contributions to the overall496

density profile.497

Fig. 8 shows the comparison of density changes in the upper ocean (0–50 m, lower per panel)498

and at intermediate depth below the halocline (150–500 m, lower panel) for each model in the499

Western EB and the Beaufort Gyre regions (The Eastern EB and Chukchi regions are shown in500

Fig. A6). Red and blue bars denote the relative contributions of temperature and salinity trends to501

the total density trends (fat grey bars), respectively. Note the different scales on the y-axis. In the502

upper ocean, the density changes are mainly driven by salinity changes. In contrast, at intermediate503

depth, the density changes are more equally attributed to both temperature and salinity. In some504

cases, temperature and salinity have opposite effects (EC-Earth3 and UKESM1-0-LL), and the505

contribution from warming is slightly larger than the salinification, resulting in an overall decrease506

in AW density. In other cases, for example in CAMS-CSM1-0, salinification overpowers the507

warming. In general, the upper ocean density trends are much larger than the trends at intermediate508

depth. Opposing results in the EB stratification are primarily related to opposite changes in surface509

density (Fig. 8a). However, density trends further down in the water column also contribute and510

may either enhance or diminish the impact of the surface trend on the overall stratification. For511
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example, in the Western EB, changes in the surface and AW layer in CanESM5 contribute to a512

weakening of the stratification. In CESM2, on the other hand, the surface trends contribute to513

a strengthening of the stratification, and the intermediate layers contribute to a weakening of the514

stratification. In summary, the relative change between the upper ocean and intermediate layer515

ultimately determines whether the density gradient increases or decreases. We detail these vertical516

density gradients and how they change over time in the following section.517

d. Future density gradients518

We compare two models, GFDL-CM4 and NorESM2-LM, which project distinctly opposite519

changes in stratification in the EB (Fig. 6). In Fig. 9 we present the temporal development of520

temperature and salinity profiles for the GFDL-CM4 model, which projects a strengthening in521

stratification in all regions. Profiles shown in columns b) and d) represent the linear trends in522

temperature and salinity at each depth level over 2015–2070. The temperatures are projected to523

increase throughout the whole water column, but the change is largest between 200–500 m and524

smallest in the halocline, just below the surface mixed layer. These trend profiles might not solely525

be due to a change in properties at the given depths but are also a result of the upward or downward526

movement of the AW and/or a deepening or shoaling of the SML. Due to space limitations, we527

do not investigate these changes in this paper, but Khosravi et al. (2022) give a good overview of528

changes in AW core depth and changes in SML depth.529

The salinity trend profiles (Fig. 9d) show the largest trends at the surface, which gradually536

decreases with depth. In this model, below 300 m, there is almost no change in salinity, despite a537

small positive trend in AW salinity in the AB regions. This is thus an example of a model where538

upper ocean salinity changes primarily drive the stratification changes. These projections appear539

plausible, and we can relate the changes to known mechanisms. However, this is a good example540

of why it is dangerous to conclude future Arctic Ocean changes based on a single model system:541

A study based on a different model system may provide an opposite result. Fig. 10 shows the542

temperature and salinity trend profiles for NorESM2-LM, a model which shows a weakening of543

the stratification in the EB and a strengthening of stratification in the AB. Overall, the vertical544

distribution of temperature trends looks very similar between NorESM2-LM and GFDL-CM4,545

which is true for all other models (not shown). Although the absolute values (and mean states) vary546
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Fig. 9. Monthly mean upper ocean temperature (a) and salinity (c) from GFDL-CM4 from 1970 to 2100

for each region identified in Fig. 1. Linear trends are calculated for each depth level from 2015 to 2070 for

temperature (b) and salinity (d).
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from model to model, they all simulate a positive temperature trend throughout the whole water547

column, with a maximum around 200 m depth and a minimum just below the SML. However, the548

salinity trends are very different. In NorESM2-LM (and several other models), there are significant549

salinity trends throughout the whole water column. In NorESM2-LM, the AW salinity decreases550

in all regions, especially after 2040, contributing to the weakening of the stratification. In the AB551
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Fig. 10. Monthly mean upper ocean temperature (a) and salinity (c) from NorESM2-LM from 1970 to 2100

for each region identified in Fig. 1. Linear trends are calculated for each depth level from 2015 to 2070 for

temperature (b) and salinity (d).
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regions, this is balanced by a stronger freshening of the surface, but in the western EB, the surface552

is getting saltier, meaning that both the AW layer and the surface layer contribute to a weakening553

of the density gradient. Fig. 11 shows the trend in density at each depth level over 2015–2070554

for the two models. The combined effects of temperature and salinity yield an overall decrease in555

density throughout the whole upper 800 m of the water column for these two models. In GFDL-556
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CM4, the profiles look similar for all four regions, with the largest decrease in the upper ocean and557

gradually decreasing trends with depth, increasing the gradient between the upper and intermediate558

layers. In NorESM2-LM, the profiles in the AB look similar, but in the EB regions, the (negative)559

density trend increases with depth in the upper 200 m (red box, Fig. 11), resulting in a decreased560

density gradient there. The density trend profiles provide a nice way to compare the hydrographic561

changes with depth in the various regions and highlight how differently the hydrographic structure562

is transformed in the multiple models under a similar climatic forcing. The density trend profiles563

for all models are shown in Fig. 12.564

In the EB, most models agree on a negative density trend below 200 m, but above they diverge.570

Here we also see large discrepancies in how quickly the density trends increase or decrease with571

depth, thus the extent of the water column that is changed. Again, this is related to the SML depth,572

which varies and changes differently over time (Fig. 12). In the Beaufort Gyre region, the models573

have a very similar shape, but already in the Chukchi Sea, we see that models start to diverge, with574

some projecting densification of the water column and some projecting a negative trend in density575

throughout the water column. To summarize, there are many reasons why the models diverge on576

future stratification in the EB – the divergence is partly related due to different/opposite trends577

at the surface and partly due to a different balance between the strength of density trends at the578

surface and at AW depth, or both.579

e. Atlantification in the future584

Under the ssp585 strong greenhouse-gas forcing scenario, there is good agreement among the585

models that the Arctic Ocean will continue to warm into the future with the largest warming in the586

AW layer and the EB. Accompanying this warming is a northward shift of ecosystems (Polyakov587

et al. 2020a, and references therein), a diminishing sea ice cover (Notz and SIMIP Community588

2020), and further changes that we can combine under the term Atlantification, as parts of the589

Arctic Ocean gradually become more similar to the North Atlantic. However, it is not given590

whether Atlantification will continue to be a metonymy for “weakening in stratification" – its591

primary manifestation in the EB in recent decades (Polyakov et al. 2017).592

The implications of changing stratification are numerous. As highlighted by Polyakov et al.593

(2020a), it can affect vertical fluxes of nutrients and dissolved gasses and hence impact biology,594
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Fig. 11. Monthly mean upper ocean density from GFDL-CM4 (a) and NorESM2-LM (c) from 1960 to 2100

for the regions identified in Fig. 1. Linear trends are calculated for each depth level from 2015 to 2070 for

GFDL-CM4 (b) and NorESM2-LM (d). Red boxes indicate the depth interval in the Western EB and Eastern EB

regions where the slope of the density trend profile is opposite for the two models, resulting in opposite changes

to the stratification.

565

566

567

568

569

but it mainly affects the vertical distribution of heat and hence the sea ice cover. Khosravi et al.595

(2022) also mention the potential impact of model biases on the simulated sea ice cover. We,596

therefore, investigate whether there is a relationship between the diverging stratification trends and597

the rate of sea ice decline in the EB. We now focus on the trends in the first half of the future598

scenario (2015–2045) where there is still sea ice left in the EB. The top panels of Fig. 13 show599
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Fig. 12. Regional vertical profiles of the linear trend in density (similar to Fig. 11b and 11d) over the period

2015–2070 from the CMIP6 models listed in Table 1. A stronger (negative) trend near the surface (∼ 0–100 m)

compared to intermediate depths (∼ 150–300 m) results in a strengthened stratification. Note the different x-axis

for each panel.

580

581

582

583

the future “degree” of Atlantification (here arranged in order of decreasing stratification trend)600

for the different models in the EB. Models projecting the strongest weakening of stratification are601

found towards the left and those projecting the strongest increase in stratification are found towards602

the right. Similarly to Fig 6, CanESM5, UKESM1-0-LL, EC-Earth3 and MPI-ESM1-2-HR are603

the models with the strongest degree of future Atlantification in both the Western and Eastern604

EB. IPSL-CM6A-LR also shows strong Atlantification in the Western EB and NorESM2-LM also605

shows strong Atlantification in the Eastern EB. In contrast, GFDL-CM4, GFDL-ESM4 and GISS-606

E2-1-H have the smallest degree of future Atlantification as they project an increase in stratification607

in both regions. The lower panels in Fig. 13 show the trends in winter (March) sea ice volume608

in these regions following the same order as the panels above. From these figures we see that the609

models with strongest degree of Atlantification, i.e. weakened stratification, project the strongest610

decline in sea ice in these parts of the EB. This is not surprising; although there are many factors611

influencing the sea ice trend, the ocean plays an increasingly important role, especially in the EB612

(Carmack et al. 2015). Our results show an across-model correlation of 𝑟 = 0.64 between the sea613

ice volume trends and stratification trends in the Western EB and an across-model correlation of614

𝑟 = 0.76 in the Eastern EB (statistically significant at 95% level). The relationship is not perfect615

and this is likely related to the mean sea ice state of the models or other important processes.616
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For example, MPI-ESM1-2-HR has a very weak decline in sea ice volume compared to its strong617

degree of Atlantification in the Eastern EB, but since it finished the historical run with a low sea ice618

thickness compared to the other models (not shown), it simply cannot have a large volume trend.619

For reference we have therefore provided a table of mean sea ice volume at the beginning and in the620

middle of the ssp585 scenario (Table A2). Although correlation does not imply causation, there621

appears to be some relationship or commonality among the models that have a faster decline of sea622

ice and a weakening of stratification in the EB.623

Since the models are roughly equally divided among two different stratification scenarios, it624

is unclear whether the currently ongoing weakening of the stratification in the EB will continue625

or not. Following Heuzé et al. (2022) and Khosravi et al. (2022), there is no clear evidence of626

certain models being significantly better at accurately reproducing the Arctic Ocean hydrography627

and circulation, and we can therefore not favor certain models or either of the scenarios. There628

is also no clear relationship between models with higher or lower resolution. As suggested by629

our companion paper, Heuzé et al. (2022), improvements could focus on ventilation, dense water630

overflows and inflow properties. There are also large biases in AW flow speed and patterns, and631

most CMIP6 models show a strong decoupling between the upper layers and the rest of the deep632

Arctic not consistent with observations.633

4. Discussion and conclusions639

This study quantified recent and future trends in upper Arctic Ocean stratification, temperature,640

and salinity in an ensemble of 14 CMIP6 models and compared these to a unique dataset of641

hydrographic observations dating back to 1970. In agreement with observations (e.g. Polyakov642

et al. 2020a), themodels simulate a freshening andwarming of the upper Amerasian basin (AB) and643

large parts of the Eurasian Basin (EB) over the period 1970–2014. These changes are associated644

with a general strengthening of the stratification, but there is a large spread among the simulated645

trends and mean stratifications. Although only three out of the 14 models simulate a weakening of646

the stratification in the EB that is comparable to observations, all models indicate different trends647

in stratification in the AB and EB. We note that for the 1970–2014 period, forcing is modest and648

internal variability likely influences these trends.649
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Fig. 13. Top panels: "Degree" of future Atlantification in the Western (a) and Eastern (b) Eurasian basin,

defined by trends in Δ𝑃𝐸 (2015–2045). The models are arranged in order of decreasing stratification trend, with

models projecting the strongest weakening of stratification towards the left and strongest increase in stratification

towards the right. Lower panels: Trends in winter (March) sea ice volume (2015–2045) for each of the models,

following the same order as the panels above. The length of the bars and their colours indicate the same values.

634

635

636

637

638

Because of temperature, salinity, and stratification biases in CMIP models, simulating and defin-650

ing the halocline in models is challenging, especially when studying it in a suite of models under651

a climate change scenario. To compare and evaluate simulated Arctic stratification meaningfully,652

we, therefore, proposed a new indicator of stratification, Δ𝑃𝐸 . This is an integral of the potential653

energy needed to fully mix the water column from the surface down to 300 m depth. Typical Arctic654

Ocean values are about 0.1MJm−2, but the Beaufort Gyre and the Chukchi Sea have twice as strong655

stratification. Temporal change and regional contrasts observed by more traditional stratification656

definitions (e.g. Polyakov et al. 2020a) are captured well by this new parameter, whose definition657

is not sensitive to model biases.658
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There is a reassuring across-model agreement within the Beaufort Gyre and the Chukchi Sea659

for near-surface stratification. Here the upper ocean layer will become fresher (on average 0.18660

psu decade−1), warmer (on average 0.35 ◦C decade−1) and more stratified in the future (on average661

1.1 × 10−4 MJ m−2 decade−1), but there is a large spread in the magnitude (likely due to different662

freshwater input and differences in the freshwater pathways). There is also simulated future663

warming (0.24 ◦C decade−1) and freshening (-0.03 psu decade−1) occurring further down in the664

Atlantic Water (AW) layer. The entire water column is therefore getting less dense, but the665

surface freshening is so strong that the stratification is overall increasing in these regions. We666

did not examine the detailed causes of the future surface freshening but hold it as likely that667

both redistribution and local melting of sea ice, increased river runoff, increased glacial melt, and668

increased freshwater inflow through Bering Strait will all contribute significantly – as they do today669

(Haine et al. 2015; Haine 2020; Solomon et al. 2021). Throughout the upper Arctic Ocean, density670

trends are dominated by changes in salinity, but at intermediate depth, temperature and salinity671

changes contribute equally to the density trends.672

In both the Eastern and Western EB, there is a divergence between the models regarding future673

stratification. Approximately half of the models project a strengthening of stratification here,674

and the other half project the opposite. The divergence is partly caused by opposing trends in675

upper ocean temperature and salinity. Additionally, the divergence is related to different spatial676

extent of the Atlantification and Pacification signals, not captured in the analysis due to the use of677

fixed regions. Furthermore, we discuss how the differences in stratification are related to different678

balances between trends in the upper ocean and trends at intermediate depths. Across the suite of679

models, there is a warming of the EB AW layer, but it varies between 0-7◦C towards the end of680

the century. A majority of the models also project a freshening of the EB AW layer (0-0.9 psu),681

starting approximately in the 2050s. The AW warming and freshening result in a reduced density682

at intermediate depths, weakening the stratification. In about half of the models, these changes683

are counterbalanced by an upper-ocean freshening resulting in a strengthened stratification also in684

the EB. However, in some models, parts of the EB upper ocean experience a salinification, or the685

AW density change dominates (or both), aiding to an overall weakened stratification. It is difficult686

to judge which of the two stratification scenarios is the most likely. The divergence appears to687

impact the projections of sea ice, and we report on an across-model correlations (𝑟 = 0.64 and688
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𝑟 = 0.76) between the trends in sea ice volume and trends in stratification. The models that project689

a weakened stratification in the EB also project a stronger decline in sea ice volume here.690

In summary, observations and simulations agree that the Arctic Ocean is becoming warmer and691

that there is ongoing freshening in the AB. The simulations also agree that the observed weakening692

of the stratification in the EB does not spread eastward into the AB. The warming is unsurprising693

on a globally warming planet, and the future warming of the AW layer is most pronounced. In that694

regard, it is consistent with using the term Atlantification – as these waters are becoming more695

similar to those further south. However, it is unclear whether Atlantification will continue to be696

analogous to a weakening in stratification. Of the models we analyzed, half of the models predicted697

a strengthening of the EB stratification. This is not what is currently associated with Atlantification.698

Further work is thus required before we can have more confidence in the future development of the699

EB. First, we need to improve the model’s capability to simulate Arctic hydrography. Particular700

emphasis should be on the representation of AW circulation, ventilation, and the connections701

between the shelves and the deep basins (Heuzé et al. 2022). Additionally, there is an urgent need702

for more multi-scale (in time and space) observational campaigns, such as the recent MOSAiC703

expedition (Rabe et al. 2022), that simultaneously provide in-situ data of all the components of the704

Arctic climate system. Such campaigns result in a better understanding of specific processes and705

their interaction, which then can be used to improve their representation in the models. Long-term706

mooring deployments in the Central Arctic are also needed to understand the variability at various707

timescales.708

Our study highlights the importance of a multi-model approach for studies of the future Arctic709

Ocean. Given the relatively large biases and opposite trends, relying on a single or just a few710

model systems is insufficient and may result in misleading conclusions. However, it is important to711

analyze and interpret the models individually, not as a multi-model mean. Our results clearly show712

that averaging (opposite) model trends and properties will yield results that seem credible but are713

completely nonphysical. This is particularly important for profiles - as water masses are distributed714

differently in the vertical, and the same processes, therefore, have an effect at different depths.715

Thus, an important takeaway from this study is that we strongly discourage using multi-model716

averages to investigate trends in Arctic hydrography. Also, many ensembles from a single model717

systemmay skew the results towards specific model biases created by physical or thermodynamical718
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deficiencies. However, studies using many ensembles could give important information about the719

relative importance of internal variability compared to external forcing, and we stress the need for720

such analysis. Clearly, studies of the Arctic Ocean should be based on and validated by observations721

due to the inherent large local uncertainty of the models.722
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Fig. A1. Temporal and spatial data coverage for each of the decades in the observational data set used in this

study. Annual mean profiles are available through the Arctic Data Center (?).

753

754

Fig. A2. Number of hydrographic observations per season for the Eurasian basin and Amerasian basin regions

combined.

755
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APPENDIX752
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Fig. A3. Observed annual mean stratification within the Arctic Ocean using two different measures. a)

available potential energy (APE) following equation (2), and b) potential energy stored in stratification (Δ𝑃𝐸)

from 300 m following equation (4). Blue colors are used for the AB, and red colors are used for EB. WEB

= Western Eurasian basin, EEB = Eastern Eurasian basin, CS = Chukchi Sea and BG = Beaufort Gyre. In a)

only the BG trend is statistically significant (p ≥ 0.05), whereas in b) all trends, except the EEB, are statistically

significant. By definition, APE is directly linked to halocline base depth and is, therefore, an order of magnitude

larger in the AB than in the EB.
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Fig. A4. Trends in net liquid freshwater flux (km3 yr−2) from 2015–2070 at a) Fram Strait and b) the Barents

Sea Opening for the ssp585 future scenario. Color shading indicates the mean net liquid freshwater flux for each

model over the same time period. Positive direction is northward (Fram Strait experiences a net southward flux

of freshwater). Velocity data from GFDL-ESM4 was not available and therefore no fluxes could be calculated

for this model.
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Table A1. Future upper ocean (0–50 m) temperature and salinity trends for each of the CMIP6 models

(forcing scenario ssp585) over 2015–2070. For comparison, the last row indicates the trends for the observations

over the 1970–2017 period. All values are given in ◦C decade−1 and psu decade−1. Statistically non-significant

trends (p ≥ 0.05) are shown in italic.

779

780

781

782

Western EB Eastern EB Chukchi Sea Beaufort Gyre

𝜃 𝑆 𝜃 𝑆 𝜃 𝑆 𝜃 𝑆

BCC-CSM2-MR .044 ± .006 .030 ± .007 .049 ± .007 -.048 ± .005 .083 ± .011 -.039 ± .005 .082 ± .017 -.074 ± .005

CAMS-CSM1-0 .018 ± .004 -.045 ± .021 .006 ± .003 -.014 ± .016 .012 ± .003 -.038 ± .006 .023 ± .008 -.043 ± .005

CESM2 .124 ± .009 -.139 ± .007 .134 ± .014 -.034 ± .019 .183 ± .017 -.129 ± .007 .189 ± .017 -.163 ± .007

CanESM5 .823 ± .044 .252 ± .037 .857 ± .039 .172 ± .042 .374 ± .018 .125 ± .031 .381 ± .019 -.307 ± .016

EC-Earth3 .191 ± .021 -.021 ± .053 .166 ± .022 -.052 ± .067 .176 ± .022 -.227 ± .069 .258 ± .013 -.703 ± .047

GFDL-CM4 .138 ± .012 -.127 ± .011 .150 ± .015 -.167 ± .014 .153 ± .013 -.139 ± .013 .175 ± .016 -.252 ± .009

GFDL-ESM4 .067 ± .009 -.163 ± .015 .087 ± .012 -.136 ± .018 .070 ± .008 -.209 ± .011 .077 ± .009 -.251 ± .009

IPSL-CM6A-LR .393 ± .035 .279 ± .053 .299 ± .029 .099 ± .051 .258 ± .021 .060 ± .071 .238 ± .022 -.064 ± .066

GISS-E2-1-H .022 ± .003 -.106 ± .017 .043 ± .004 -.063 ± .019 .061 ± .008 -.132 ± .009 .081 ± .007 -.232 ± .009

MIROC6 .271 ± .027 -.064 ± .015 .209 ± .023 -.022 ± .025 .133 ± .012 -.182 ± .011 .131 ± .016 -.319 ± .012

MPI-ESM1-2-HR .071 ± .009 -.040 ± .026 .083 ± .009 .036 ± .063 .061 ± .008 -.149 ± .014 .093 ± .011 -.186 ± .009

MRI-ESM2-0 .197 ± .020 -.049 ± .013 .148 ± .023 -.062 ± .020 .104 ± .020 -.102 ± .007 .230 ± .022 -.110 ± .010

NorESM2-LM .032 ± .006 .116 ± .026 .066 ± .009 .017 ± .040 .071 ± .009 -.125 ± .013 .103 ± .012 -.246 ± .014

UKESM1-0-LL .491 ± .030 .190 ± .039 .714 ± .056 .583 ± .054 .272 ± .014 -.019 ± .043 .320 ± .017 -.269 ± .024

OBSERVED .174 ± .058 .093 ± .038 .018 ± .032 .041 ± .052 .355 ± .054 -.451 ± .056 .086 ± .043 -.745 ± .078
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Fig. A5. Regional time series of normalized (reduced to anomalies relative to 1970-2014 model mean) upper

ocean temperature (a) and upper ocean salinity (b) from the CMIP6models listed in Table 1. Thick lines represent

the multimodel mean and envelopes shows the minimum and maximum of the model spread per time-step. For

comparison, the AW core anomalies from the observations over the 1970–2017 period are shown by black lines.

The upper ocean properties are calculated as the vertical average between 0–50 m.
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Fig. A6. Trends in density in the upper ocean (a) and c)) and Atlantic Water layer (b) and d) for the Eastern

Eurasian basin (left) and the Chukchi Sea region (right) for each of the CMIP6 models listed in Table 1. Red and

blue bars denote the relative contributions of temperature and salinity trends to the total density trends (fat grey

bars). Positive values mean increased density and negative values mean decreased density. For comparison, the

trends from the observations over the 1970–2017 period are shown in the last column.
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Table A2. Mean values of winter (March) sea ice volume for each of the CMIP6 models at the beginning

(2015–2020) and in the middle (2045–2050) of the future scenario (ssp585). Values are given in ×1012 𝑚3.

783

784

Western EB Eastern EB Chukchi Sea Beaufort Gyre

2015–2020 2045–2050 2015–2020 2045–2050 2015–2020 2045–2050 2015–2020 2045–2050

BCC-CSM2-MR 0.7048 0.4337 0.8561 0.6712 1.1655 0.7692 1.2434 0.8215

CAMS-CSM1-0 0.8055 0.6962 1.3052 1.0304 2.0040 1.3589 1.7776 1.3248

CESM2 0.7830 0.3929 0.8625 0.5532 1.2570 0.5941 1.4175 0.7436

CanESM5 0.6003 0.0609 0.9030 0.1920 1.7197 0.3736 1.9832 0.5563

EC-Earth3 0.9706 0.4577 1.5048 0.6637 2.5761 0.9336 2.7081 1.0866

GFDL-CM4 0.6613 0.3053 0.8851 0.6476 1.7695 1.0893 1.8723 1.0438

GFDL-ESM4 0.6876 0.4621 0.9285 0.7643 1.8496 1.2876 1.7012 1.2128

IPSL-CM6A-LR 2.1841 1.5524 1.1954 0.9114 1.7503 1.2596 1.7637 1.2277

GISS-E2-1-H 0.5985 0.3249 0.8767 0.5319 1.5529 0.8210 1.9020 0.9901

MIROC6 0.9845 0.3676 1.0751 0.5134 2.1653 0.9727 2.2407 1.2120

MPI-ESM1-2-HR 0.7722 0.5795 1.0548 0.8749 1.5991 1.2210 1.8286 1.1798

MRI-ESM2-0 0.4743 0.2265 0.8716 0.6045 1.2926 0.7827 1.4354 0.7448

NorESM2-LM 0.8201 0.5879 0.9580 0.7057 1.6360 1.0659 1.8859 1.0683

UKESM1-0-LL 1.1630 0.2188 1.5363 0.3350 2.7731 0.7954 2.8335 0.9156
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