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Divergence in Climate Model Projections of Future Arctic Atlantification?

MORVEN MUILWIK®,*? ALEKSI NUMMELIN®,® CELINE HEUZE®, IGOR V. POLYAKOV,® HANNAH ZANOWSKL'
AND LARS H. SMEDSRUD

# Norwegian Polar Institute, Tromsg, Norway
® Geophysical Institute, University of Bergen and Bjerknes Centre for Climate Research, Bergen, Norway
¢ Norwegian Research Centre and Bjerknes Centre for Climate Research, Bergen, Norway
4 Department of Earth Sciences, University of Gothenburg, Gothenburg, Sweden
¢ International Arctic Research Center and College of Natural Sciences and Mathematics, University of Alaska Fairbanks,
Fairbanks, Alaska
f Department of Atmospheric and Oceanic Sciences, University of Wisconsin—-Madison, Madison, Wisconsin

(Manuscript received 12 May 2022, in final form 3 November 2022)

ABSTRACT: The Arctic Ocean is strongly stratified by salinity in the uppermost layers. This stratification is a key attri-
bute of the region as it acts as an effective barrier for the vertical exchanges of Atlantic Water heat, nutrients, and CO, be-
tween intermediate depths and the surface of the Eurasian and Amerasian basins (EB and AB, respectively). 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 weak-
ened stratification is associated with salinification and shoaling of the halocline (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 between trends at the surface and trends at depth, related
to Fram Strait fluxes. The divergence affects projections of the 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
Atlantification will not spread eastward into the AB; however, models must be improved to simulate changes in a more in-
tricately stratified EB correctly.
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1. Introduction the intermediate and deeper layers (Arthun and Eldevik
2016). Even if the increasing trend in freshwater input to the
Arctic Ocean is projected to continue (Zanowski et al. 2021),
a stronger subpolar influence (borealization; Polyakov et al.
2020a) and the simultaneous loss of sea ice (Notz and SIMIP
Community 2020) make the expected stratification changes
nontrivial. Here, we aim to provide an overview of the chang-
ing Arctic stratification using unique historical observations
and a range of future model projections.

Typically, the upper part of the water column in the deep
Arctic basins [the Eurasian Basin (EB) and Amerasian Basin
(AB)] is characterized by two distinct layers: A fresh and cold
surface layer and a warmer and saline layer at depth with wa-
ter of Atlantic origin (Rudels 2015). There is a cold halocline

Denotes content that is immediately available upon publica- between them where the salinity increases rapidly with depth.
tion as open access. This stratification is one of the essential attributes of the
Arctic Ocean, acting as an effective barrier for water mass

2 Suonl Ling ) lated to thi ) bl mixing and hence vertical exchanges (Peralta-Ferriz and
upplemental information related to this paper is available at : : :
the Journals Online website: https://doi.org/10.1175/JCLI-D-22- Woodgate 2015). The strong layering effectively shields the sea

0349.s1. ice cover from oceanic heat found at depth (Nansen 1902;
Aagaard et al. 1981), limits primary production due to reduced
nutrient fluxes (Randelhoff et al. 2020), and reduces the

Much of the present-day central Arctic Ocean is a so-called
beta ocean—it is strongly stratified by salinity, unlike subtrop-
ical seas where the upper layers are stratified by temperature
(Nansen 1902; Carmack 2007). Over the last few decades, the
Arctic region has experienced surface warming at more than
twice the global rate (Cohen et al. 2020; IPCC 2021), and an
intensive loss of Arctic sea ice and glacial ice (Stroeve and
Notz 2018; Shepherd et al. 2020). These changes are associ-
ated with increased freshwater fluxes into the upper ocean
(Solomon et al. 2021, and references therein), and changes in

Nummelin’s additional affiliation: Finnish Meteorological Insti-
tute, Helsinki, Finland.

This article is licensed under a Creative Commons
Corresponding author: Morven Muilwijk, morven.muilwijk@ ev Attribution 4.0 license (http://creativecommons.org/
npolar.no licenses/by/4.0/).

DOI: 10.1175/JCLI-D-22-0349.1

© 2023 American Meteorological Society. For information regarding reuse of this content and general copyright information, consult the AMS Copyright
Policy (www.ametsoc.org/PUBSReuseLicenses).
Brought to you by NORWEGIAN POLAR INSTITUTE | Unauthenticated | Downloaded 02/20/24 11:26 AM UTC


https://orcid.org/0000-0001-9101-6646
https://orcid.org/0000-0002-7591-3504
https://orcid.org/0000-0002-8850-5868
https://orcid.org/0000-0001-7391-0740
https://orcid.org/0000-0001-9101-6646
https://orcid.org/0000-0002-7591-3504
https://orcid.org/0000-0002-8850-5868
https://orcid.org/0000-0001-7391-0740
https://doi.org/10.1175/JCLI-D-22-0349.s1
https://doi.org/10.1175/JCLI-D-22-0349.s1
mailto:morven.muilwijk@npolar.no
mailto:morven.muilwijk@npolar.no
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.ametsoc.org/PUBSReuseLicenses
http://www.ametsoc.org/PUBSReuseLicenses
http://www.ametsoc.org/PUBSReuseLicenses

1728 JOURNAL OF CLIMATE VOLUME 36
b) Halocline depth [—e8].
— — : —p —_
E 140 Trend= -25+32 == 250 E
£ Trend= 7.3%36 £
R U A 5
© \ Y 2 W S e s gy 200 ©
2 o0 TN TR . 2
g .\’ N A \’\f‘/ 150 §
£ 0 ; T
C) — - - - EB salinity
- '@ —— EB temperature 0 [5)
Eurasian ';1 f
Basip’ A & o i g
[=
vo5 AR /\ 4 =
2 @ [V ] o
[=2] ® i f v =
5 AN 15 S
o e =
5 —p ¥
d).— ‘ ‘ Pacification - -ABsalniy | oo
2 S-trend = -0.17% 0.04 A8 metrrel| T O
o Ttrend = 0.04+003 . R T ]
Caest Ny 'og
3 42 8
@ 2
. £ 33 =
Nordic 5 -14 8
"‘ Seas % 2
- T 335" : ' g 6 T
0 1970 1980 1990 2000 2010 2018

FIG. 1. (a) Arctic Ocean map with identified regions. Western Eurasian basin region, Eastern Eurasian basin region, Chukchi Sea re-
gion, and Beaufort Gyre region are indicated. Light gray contour lines show the 500- and 2000-m isobaths from ETOPO1 bathymetry
(Amante and Eakins 2009). (b) Observed annual mean depth of halocline base in the Eurasian basin (EB; red) and Amerasian basin
(AB; blue) regions. Observed annual mean temperature (solid line) and salinity (dashed line) averaged over the halocline layer in the
(c) EB region and (d) AB region. Trend values are given per decade.

ocean’s capability to take up atmospheric CO, (Yasunaka et al.
2018). The warm and saline Atlantic Water (AW) at interme-
diate depth enters the central Arctic Ocean via the deep Fram
Strait and the shallow Barents Sea and circulates cyclonically
in the Arctic interior, controlled by topography (Timmermans
and Marshall 2020; Bluhm et al. 2020). The Atlantic inflow is
the primary heat source for the Arctic Ocean, although Pacific
Water (PW) is an important source of oceanic heat and rela-
tively freshwater in the Pacific sector, especially in summer
(Woodgate et al. 2012). The PW contributes to the low salinity
in the uppermost layer (~250 m) of the AB (Proshutinsky et al.
2009, 2019). In contrast, in other Arctic regions, the major con-
tributions of freshwater input to the surface mixed layer
(SML) stem from precipitation (Serreze et al. 2006), freshwa-
ter runoff from rivers (Holmes et al. 2012), glacial ice melting
(Haine et al. 2015), and melting of sea ice (Haine et al. 2015;
Wang et al. 2019). The Arctic Ocean’s major outflows carrying
cold and fresh Polar Water (Timmermans and Marshall 2020)
occur through the Canadian Archipelago and the western part
of Fram Strait.

The volume transport and temperature of AW entering the
EB have increased (Tsubouchi et al. 2021; Smedsrud et al.
2022) and now play a greater role in sea ice loss in the
Eurasian sector of the Arctic (Carmack et al. 2015). Although
the AW inflow historically has been significant for regulating
the sea ice cover in the Barents Sea and Western EB (Arthun
et al. 2012; Onarheim et al. 2015), its impact on sea ice has re-
cently expanded toward the Eastern EB, a process often referred
to as “Atlantification” (Polyakov et al. 2017). Simultaneously,
an anomalous advection of warm and relatively fresh PW has
been observed, resulting in a recent change called “Pacification”
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(Polyakov et al. 2020a). The combined effect of both processes is
referred to as a “borealization” (Polyakov et al. 2020a), a shift in
the northward range and associated ecosystem of the Arctic
Ocean, which includes changes in both the physical, geochemical,
and biological components. The hydrographic changes related to
Atlantification and Pacification are expressed regionally and
have opposite effects on stratification [see Fig. 1 herein and Poly-
akov et al. (2020a)]. Pacification is mainly associated with the AB
and an anomalous influx of PW. Generally, anomalous advection
of PW sharpens the density gradient and results in a strengthened
stratification in the AB (Steele et al. 2004). Atlantification has
been manifested by a local surface layer salinification and, there-
fore, a weakening of the halocline and warming and shoaling of
the AW layer below (Fig. 1 herein and Polyakov et al. 2020b).
This results in an overall weakened stratification in the EB.
These conditions are more susceptible to increased vertical mix-
ing and thus favor biological production by bringing up nutrients
(Polyakov et al. 2020a). Another essential local process is the
general freshening of the upper EB and AB (Haine et al. 2015;
Haine 2020; Solomon et al. 2021), which has resulted in a
strengthened stratification (Li et al. 2020), especially in the AB
(Polyakov et al. 2020a). The AB holds the largest reservoir of lig-
uid freshwater in the Arctic, as the circulation in the Beaufort
Gyre, sustained by the anticyclonic winds, drives Ekman conver-
gence and deepens the halocline within the gyre (Proshutinsky
et al. 2002). Since the mid-1990s, hydrographic and satellite ob-
servations have shown increases and redistribution of freshwater
in the Arctic (Rabe et al. 2011; Proshutinsky et al. 2019, and
references therein). The increases have been linked to a combi-
nation of an intensification of the large-scale atmospheric forcing
over the Beaufort Gyre (Giles et al. 2012; Proshutinsky et al.
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2019; Cornish et al. 2020), increased river runoff (Peterson et al.
2002; Rabe et al. 2014; Haine et al. 2015), increased flux of fresh-
water through Bering Strait (Woodgate et al. 2005) and direct
contributions of sea ice melt (Wang et al. 2019). A recent review
by Solomon et al. (2021) has, however, shown that the trend in
total Arctic freshwater content in the 2010s has stabilized some-
what relative to the 2000s due to an increased compensation be-
tween a freshening of the Beaufort Gyre and a reduction in
freshwater in the rest of the Arctic Ocean. Nonetheless, as the
Aurctic is expected to continue warming in response to emissions
(Davy and Outten 2020), the freshwater fluxes into to the Arctic
Ocean are projected to increase (e.g., Holland et al. 2007;
Kattsov et al. 2007; Jahn and Laiho 2020; Zanowski et al. 2021;
Wang et al. 2022), partly reflecting an intensification of the hy-
drological cycle (Held and Soden 2006; Haine 2020), and partly
due to increased river runoff (Haine 2020). The freshwater flux
due to melting sea ice has been a large contributor to the recent
freshening, but is likely to decrease into the future, and become
relatively small by the second half of the twenty-first century, as
less ice is available to melt (Shu et al. 2018). Experiments with
column models (Nummelin et al. 2015; Davis et al. 2016) and a
global climate model (Nummelin et al. 2016) have examined the
potential effects of increased river runoff, and they find that the
Arctic stratification will increase and that the freshwater has a
larger effect than elevated wind-driven mixing (Davis et al.
2016). However, these studies do not consider other freshwater
sources, the regional aspect, or the opposing effects of Atlantifi-
cation. For example, using a single climate model (HIGEM),
Lique et al. (2018) showed that under an extreme global warming
scenario, the stratification in this model is strongly enhanced in
the AB but reduced in the EB.

It is well known that climate models experience crucial
biases in simulated Arctic hydrography. This is true for both
ocean-sea ice only models (Ilicak et al. 2016; Wang et al.
2016; Tsujino et al. 2020) and fully coupled climate models,
such as the ones participating in the Climate Model Intercom-
parison Project phase 5 (CMIPS5; Shu et al. 2019) and phase 6
(CMIP6; Khosravi et al. 2022; Rosenblum et al. 2021). More
specifically, the models struggle to represent AW circulation
and mixing processes in the central Arctic Ocean (Ilicak et al.
2016; Tsujino et al. 2020), have significant differences in circu-
lation as a response to similar forcing (Muilwijk et al. 2019),
and have a large spread in projections of sea ice cover (Shu
et al. 2020). Despite these shortcomings, climate models are
useful tools to investigate the competing processes mentioned
above and evaluate how they will change into the future.

Khosravi et al. (2022) recently published an overview of
biases in the Atlantic Water layer in the models that partici-
pated CMIP6. Their results indicate that biases persist from
CMIPS5 to CMIP6. Our companion paper, Heuzé et al. (2023),
expanded on their results by also assessing the deep and bot-
tom waters and by explaining the causes for all these biases,
focusing primarily on the models’ mean historical state. Addi-
tionally, Arctic freshwater storage and fluxes in a subset of
the CMIP6 models have been analyzed by Zanowski et al.
(2021) and Wang et al. (2022), and the sea ice in CMIP6 mod-
els has been assessed by Notz and SIMIP Community (2020)
and Shen et al. (2021). Rosenblum et al. (2021) carefully
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examined two versions of one model (CESM1 and CESM2)
in one region of the Arctic, but until now, no study has inves-
tigated hydrographic trends and stratification in multiple
models and regions. We address this gap with a pan-Arctic ex-
amination of 14 CMIP6 models against the observations. Us-
ing a unique 48-yr archive of observations (1970-2017), we
first synthesize the observed changes in different regions of
the Arctic Ocean before comparing them to the historical sim-
ulations. We then describe how the stratification and hydrog-
raphy in these regions are projected to change under a high
(ssp585) emission scenario (O’Neill et al. 2016) and how this
is related to changes in sea ice cover.

This manuscript is structured as follows: We start by de-
scribing the observational and model data used in this study
and present a new diagnostic used to evaluate integral
changes in Arctic Ocean stratification (section 2). We then
compare observed and simulated stratification in recent deca-
des (section 3a) before we investigate the future trends
(sections 3b and 3c) and finally discuss the mechanisms re-
sponsible for these changes (section 3d) and the impacts on
sea ice (section 3e). We focus particularly on the role of ad-
vective contra local processes and finish with a summary of
our findings and a discussion on the broader implications of
our work (section 4).

2. Data and methods
a. Observational data

This study uses a unique historical archive of hydrographic
observations from 1970 to 2017, including Russian, American,
Canadian, and European ship and aircraft expeditions, year-
round crewed drift stations, autonomous drifters, and submarine
data. This is an updated version of the archive previously used
by, for example, Polyakov et al. (2020a) to investigate long-term
AW variability and halocline stability, and has been made avail-
able through the Arctic Data Center (Muilwijk and Polyakov
2022). The temporal and spatial coverage for the data used in
this study is shown in Fig. S1 in the online supplemental
material. Unfortunately, historical observations of the Arctic
Ocean are generally sparse and have limited spatial coverage.
Especially in the 1990s, data coverage is not good, and in gen-
eral, there have been few winter campaigns in the central ba-
sins. However, autonomous Ice-Tethered Profilers (ITP),
crewed ice-drift stations, and some ship-based campaigns en-
sure a relatively good seasonal coverage in later decades (Fig.
S2). The bulk of historical data was gathered to construct the
climatological atlases of the Arctic Ocean by Gorshkov (1980),
Treshnikov (1985), and Timokhov and Tanis (1997). Before
1980 most observations used Nansen bottles to measure salin-
ity, while modern and more accurate conductivity—tempera-
ture-depth (CTD) instruments became more common as the
use of icebreakers and submarines increased in the 1980s and
1990s. The typical accuracy of measurements from the Nansen
bottles was estimated by Timokhov and Tanis (1997) to be 0.
01°C for temperature and 0.02 for salinity. Since the 2000s, a
major part of the data stems from ship-based measurements
complemented by drifting ITPs, which autonomously collect
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TABLE 1. Characteristics of the 14 CMIP6 models 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.
Note that the vertical layers do not have uniform thickness and that the vertical resolution is higher near the surface and lower at
depth. The horizontal resolution in the Arctic (third 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, p means isopycnic; o terrain-following; and

multiple symbols mean hybrid.

Resolution Vertical grid Ice

Model Grid type (km) (No. of levels) Ocean model parameter Reference
BCC-CSM2-MR Tripolar 54 z (40) MOM4-L40v2 sivol Wau et al. (2019)
CAMS-CSM1-0 Tripolar 54 z (50) MOM41 sivol Xin-Yao et al. (2019)
CanESM5 Tripolar 50 z (45) NEMO3.4.1 simass Swart et al. (2019)
CESM2 Rotated 41 z (60) POP2 sithick Danabasoglu et al. (2020)
EC-Earth3 Tripolar 49 Z" (75) NEMO3.6 sithick Daoscher et al. (2021)
GFDL-CM4 Tripolar 9 -z (75) MOM6 sivol Adcroft et al. (2019)
GFDL-ESM4 Tripolar 18 -z (75) MOM6 sivol Dunne et al. (2020)
GISS-E2-1-H Regular 46 p—z-0 (32) Hycom sivol Kelley et al. (2020)
IPSL-CM6A-LR Tripolar 49 Z° (75) NEMO3.2 sivol Lurton et al. (2020)
MIROC6 Tripolar 39 z—0o (62) COCO04.9 sivol Tatebe et al. (2019)
MPI-ESM1-2-HR Tripolar 36 z (40) MPIOM1.63 sivol Miiller et al. (2018)
MRI-ESM2-0 Tripolar 39 Z" (60) MRI.COMv4 sivol Yukimoto et al. (2019)
NorESM2-LM Tripolar 38 p—z (53) BLOM (MICOM) sivol Seland et al. (2020)
UKESM1-0-LL Tripolar 50 7 (75) NEMO?3.6 sivol Sellar et al. (2020)

CTD profiles down to 800 m. For consistency and direct com-
parison with model data we present salinity and temperature
in practical salinity units (psu) and potential temperature.
All analysis is based on annual mean profiles. We use the
TEOS10 equation of state as implemented in the Gibbs-Sea-
Water (GSW) Oceanographic Toolbox (McDougall and
Barker 2011) to calculate density.

b. The CMIP6 models

We use the output from 14 fully coupled models that partic-
ipated in the Climate Model Intercomparison Project phase 6
(CMIP6; Eyring et al. 2016), listed in Table 1. For compari-
son, these models are the same as those used in our compan-
ion paper (Heuzé et al. 2023) and were selected from the 35
CMIP6 models used in Heuzé (2021) as representative of
their family, for diversity in vertical grid types and after elimi-
nating the ones with the poorest bathymetry. Typical horizon-
tal model resolution is ~50 km in the Arctic (9 km for the
highest resolution) and 50 levels or more in the vertical. No
more than two models share the same ocean component with
the same version (Table 1).

We evaluated the last 45 years of the historical run (i.e.,
January 1970-December 2014) and the first 85 years of the fu-
ture high (ssp585) emission scenario (Eyring et al. 2016) (i.e.,
January 2015-December 2100). The strong forcing scenario
was chosen to clearly isolate climate change signals from in-
ternal variability. Trends were calculated from 1970 to 2014 to
match the observational data and over 2015-70 for the future
scenario. Trends are not calculated over the full future period
because the changes we observe are transient, and there is
some flattening toward the end of the century (section 3b).
For the sea ice analysis presented in section 3e, the trends are
calculated over the 2015-45 period. For each model, only one
ensemble member was used: “rlilp1fl” for the majority of
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models and “rlilpl1f2” when rlilplfl was not available
(GISS-E2-1-H and UKESM1-0-LL). The simulated internal
variability is not investigated in detail, and we note that under
the high forcing scenario this is less important, whereas for
the 1970-2014 period, forcing is modest and internal variabil-
ity could play an important role. All trends presented are
statistically significant unless otherwise stated. The output we
used are the monthly seawater practical salinity “so”, potential
temperature “thetao”, and sea ice concentration “siconc” and
thickness “sivol/sithick” or sea ice mass “simass” (Table 1).
Water density was calculated using the TEOS10 equation of
state as implemented in the GSW Oceanographic Toolbox
(McDougall and Barker 2011). All computations were per-
formed on the models’ native grid before being averaged for
each of the four regions shown in Fig. 1.

¢. Methods

The primary objective of this paper is to quantify trends in
stratification. Traditionally, stratification has been quantified us-
ing the Brunt-Viisild buoyancy frequency N> = —(g/po)8p/éz,
where p is potential density, p, is a reference density, and g is
the gravitational acceleration. This parameter provides a profile
of stability between points in the vertical but does not yield a
bulk measure of the stability within a layer (Polyakov et al.
2018). The upper part of the EB and AB water column features
complex layering. It consists of a surface mixed layer (SML;
~20-50 m) overlaying the halocline, characterized by cold tem-
peratures and a very high salinity gradient (~50-250 m), and a
warmer (temperature > 0°C) and more saline layer of AW
below (Rudels et al. 2004). Traditionally, the definition of
AW is based on temperature, salinity, or density values.
However, since we expect these properties to be biased in
the models, we instead chose to define the AW core as the
depth of the temperature maximum below 100 m. When we
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further refer to AW properties, we thus refer to the proper-
ties at the depth of the AW core. According to Heuzé et al.
(2023), the CMIP6 multimodel mean AW core depth is
approximately 400 m in the EB and approximately 530 m in
the AB but varies substantially from model to model (rang-
ing between 77 and 1300 m).

The halocline is often divided into a cold halocline, with
near-freezing temperatures, and lower halocline waters, with
increasing temperature and salinity with depth (Steele et al.
1989; Rudels et al. 2004). Polyakov et al. (2018) noted that, es-
pecially within the halocline, which consists of a complex com-
bination of water masses with varying effects on stratification
(Bluhm et al. 2015), N? is insufficient as a measure of stratifi-
cation since it does not provide a bulk metric. Also, a simple
density contrast between two levels (Aoy) is similarly insuffi-
cient. Polyakov et al. (2018) therefore proposed available po-
tential energy (APE) as a good integral indicator of changes
in stratification in the combined SML and halocline layer. For
each profile, APE is calculated as

surface
APE = [ glp — py)z dz. (1)

halo

where Hy,o is the depth of the lower boundary of the halo-
cline and pyq is the potential density at that lower boundary
of the halocline.

In observations, the lower boundary of the halocline is usu-
ally determined using a density ratio algorithm following the
method proposed by Bourgain and Gascard (2011), which
was also used by, for example, Polyakov et al. (2018) and
Metzner et al. (2020). Following Bourgain and Gascard
(2011), such density ratio is defined as

&= [l lle 52

where « is the thermal expansion coefficient, B8 is the haline
contraction coefficient, ® is the Conservative Temperature,
and S, is the Absolute Salinity. The lower boundary of the
halocline Hy,, is then defined as the depth where R, exceeds
the threshold of 0.05, which was determined empirically from
observations in the Arctic (Bourgain and Gascard 2011).

Unfortunately, models struggle to reproduce the Arctic
halocline properly (Nguyen et al. 2009), and large tempera-
ture and salinity biases in the Arctic Ocean (Heuzé et al.
2023) make it difficult to properly define the halocline using
the same criteria as in the observations. Manually deriving
model-specific definitions is not ideal either, as the biases
might vary over time. We, therefore, find that the uncer-
tainty of properly defining the “correct” halocline in CMIP6
models based on Eq. (1) is too high and have chosen to in-
vestigate Arctic stratification in CMIP6 models using an in-
dicator whose definition is less dependent on defining a
halocline.

We therefore propose a new indicator of stratification
strength, APE(H). First, we define the potential energy of the
water column following Tailleux (2009) as

@
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surface
PE(H) = JH g(z)p(2)z dz, (3)

where H is a chosen depth level. We then look at the differ-
ence in potential energy between the simulated stratified wa-
ter column and a fully mixed water column, which reflects the
energy needed to fully mix the water column from the surface
to a given depth:

APE(H) = PE(H) - PE(H)mixed’ (4)

Here, PE(H)mixea is the potential energy of a completely
mixed water column with a mean temperature and salinity
down to depth H. The term APE(H) thus represents the po-
tential energy stored in stratification, and as long as H is well
below the typical halocline depth, APE and APE should cap-
ture similar changes and be equally good indicators of stratifi-
cation strength. However, APE(H) is preferred in models as
its definition is independent of temperature and salinity gra-
dients. Throughout the paper we will refer to APE as stratifi-
cation strength or potential energy stored in stratification.
A comparison of APE and APE is given in Fig. S3. We use
H = 300 m (well below the halocline according to Heuzé et al.
2023), but have repeated the calculations with different values
of H, and the qualitative results are not sensitive to this
choice. We also note that APE describes a process of irrevers-
ible mixing, whereas APE describes the difference to adiabati-
cally rearranged minimum energy, which would be reversible.

3. Results
a. Recent decades (1970-2014)
1) OBSERVED STRATIFICATION CHANGES

We start by analyzing hydrographic observations from four
regions in the Arctic Ocean (Fig. 1); two in the AB (Beaufort
Gyre and the Chukchi Sea) and two in the EB (Western and
Eastern EB), consistent with previous studies (e.g., Polyakov
et al. 2020a). The halocline base is deeper in the AB (~200 m)
than in the EB (~90 m, Fig. 1). Since 1970 it has deepened in the
AB (~7 m decade ') and shoaled in the EB (~3 m decade ™ !),
although the latter trend is not statistically significant. In the
AB, the halocline freshens (~0.11 psu decade '), which other
studies have documented (Carmack et al. 2016; Proshutinsky
et al. 2019; Polyakov et al. 2020a). The EB halocline shows
overall no statistically significant salinity trend, although a
moderate salinification has been observed in the Eastern EB
region in recent decades (Polyakov et al. 2020a, not shown
here). The Eastern EB salinification and AB freshening were
recently taken as indicators of the ongoing Atlantification and
Pacification (Polyakov et al. 2020a), but we note that particu-
larly Pacification is difficult to distinguish from the local fresh-
ening occurring in the upper Arctic Ocean due to increased
runoff or precipitation. Alongside the halocline freshening in
the AB, there is general warming (~0.04°C decade ') related
to PW inflow (Polyakov et al. 2020a). Also in the EB the
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FIG. 2. Observed potential energy stored in stratification
[APE(H)] from 300 m following Eq. (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 = Beau-
fort Gyre. All trends, except the EEB, are statistically significant.

halocline warms (~0.04°C decade™ '), but again, these trends
are not statistically significant.

The contrasting changes in upper ocean salinity and tem-
perature in the EB and AB result in different effects on the
regional halocline stability and thus stratification. In Fig. 2, we
present the observed regional time series of potential energy
stored in stratification. There is a strong positive trend in APE
in the Chukchi Sea and Beaufort Gyre, which is associated
with a strengthening of the stratification. In contrast, in the
Western and Eastern EB, the APE shows a negative long-
term trend, meaning the stratification is weakened (although
much weaker trends than in the AB and not statistically sig-
nificant in the Eastern EB). These findings are consistent with
Polyakov et al. (2018) who showed that the most considerable
changes in Arctic Ocean stratification have occurred in the
AB and other studies which show that the halocline has weak-
ened in the EB toward the end of the twentieth century
(Steele et al. 1989; Polyakov et al. 2017, 2020b). A comparison
of APE and APE, used in Polyakov et al. (2018) is shown in
Fig. S3. Overall, the two metrics both show the opposite
changes in the AB and EB, but APE includes changes in the
AW just below the halocline and therefore shows a stronger
signal of Atlantification in the Western EB compared to
APE, which only takes into account changes to the bottom of
the halocline. Clearly, the trends are affected by how one
chooses to represent stratification, and given their different
definitions, the metrics also show significant differences in in-
ternal variability. In the following section, we compare the ob-
served changes in stratification to simulations from 14 CMIP6
models.
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2) SIMULATED STRATIFICATION CHANGES

In the AB, most models analyzed in this study are less strat-
ified than observations (colors of bars in Fig. 3), as also dis-
cussed by Heuzé et al. (2023) and Khosravi et al. (2022).
Notable exceptions are IPSL-CM6A-LR and NorESM2-LM.
In the EB, most models are equally or more stratified than ob-
servations, with GFDL-CM4 and GISS-E2-1-H as exceptions.
In general, the models do not correctly represent the differ-
ence in stratification between the two basins and instead have
similar values throughout the whole Arctic (i.e., the same
color of bars on all panels of Fig. 3)—a result consistent with
the biases in water mass properties described in Heuzé et al.
(2023) and Khosravi et al. (2022). In fact, several models are
incorrectly more stratified in the EB than in the AB. How-
ever, the biases in stratification are not consistent throughout
the Arctic and vary from region to region. It is worth noting
that no model is too strongly biased to not be kept in this
study, i.e., all stratification values are in the same order of
magnitude as the observations.

In accordance with observations, all models show a positive
trend in stratification (strengthening) in the AB over the pe-
riod 1970-2014 (Fig. 3, length of the bars). However, the abso-
lute values of the trends are much lower than in the
observations. There appears to be no clear relationship be-
tween the mean strength of stratification and the magnitude
of trends (not shown). The models also agree on a larger
change in stratification in the AB compared to the EB,
although they do not show the opposite trends between the
basins. In the Western EB, almost all models simulate a
strengthened stratification, and only CAMS-CSM1-0 produ-
ces a weakened stratification like the observations. In the
Eastern EB, there is a larger disagreement among the models,
both in the mean state and in their trends, and here two models
(CanESMS5 and EC-Earth3) simulate a weakened stratification.
In summary, only three models indicate an Atlantification (as
diagnosed through APE) comparable to what has been ob-
served. We emphasize here that we only investigate one ensem-
ble member for each model, and that internal variability could
have a significant impact on the trends during the 1970-2014 pe-
riod where the external forcing is relatively weak. For example,
experiments with a single model system (UKESM1-0-LL; not
shown) show that among nine ensemble members, the trends in
stratification in the Eastern EB (where the spread is largest)
range between —0.0007 and +0.00117 MJ m 2 yr™'. In the
next sections, we investigate how the trends are projected to
continue or change into the future under a strong greenhouse-
gas forcing scenario.

b. Future trends in stratification

The temporal anomalies of the simulated potential energy
stored in stratification, APE show significant variations in the
various regions both in the historical period and under the
ssp585 forcing scenario (Fig. 4). Within the EB, the models di-
verge regarding future stratification. Figure 4 shows large dif-
ferences among the models, with the largest intermodel
spread in the Eastern EB. Some models project a clear in-
crease in EB stratification (e.g., GFDL-CM4, GFDL-ESM4,
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GISS-E2-1-H, and CAMS-CSM1-0) while others project a
clear decrease (e.g., UKESM1-0-LL, CanESM5, NorESM2-
LM, and IPSL-CM6A-LR). The future weakening of the EB
stratification was also shown by Lique et al. (2018) using the
HiGEM model. Despite only two models showing an indica-
tion of Atlantification in the period 1970-2014, approximately
half of the models predict a future weakening of the EB strati-
fication and thus Atlantification. Despite the large spread in
the EB, there is agreement among the models (except IPSL-
CM6A-LR, plain yellow line) on an increased future stratifi-
cation in the Chukchi Sea and Beaufort Gyre regions. This
means that the observed strengthening of the halocline in the
AB is projected to continue and amplify into the future. In
the Beaufort Gyre, the trends continue throughout the
twenty-first century, whereas in the Chukchi Sea, the curve
flattens in the 2060s for many of the models, albeit with strong
interannual variability. This is likely related to the fact that at
this point the region is practically ice-free for large portions of
the year, and the freshwater contribution from sea ice melt
therefore decreases. The freshwater input from river runoff is
expected to continue to increase, but due to the prevailing
wind patterns in the region, most of this will accumulate in
the Beaufort Gyre region and not stay in the Chukchi Sea re-
gion. The future trends in the AB are comparable to the ob-
served trend in recent decades, but in the EB, both the trends
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and the interannual variations are amplified under the strong
forcing scenario.

The spatial extent of future trends in stratification varies
significantly among the selected models, but there are also
some commonalities in the spatial patterns (Fig. 5). For exam-
ple, there is a clear division and opposite trends in the AB
and EB, similar to what has been documented by Polyakov
et al. (2020a) and what can be seen from the lower right panel
in Fig. 5. The opposing trends can be understood as the com-
peting influences of the Atlantic and Arctic domains. All
models show a weakening of stratification in some parts of the
EB (red colors) and a strengthening of stratification in most
parts of the AB (blue colors). However, the exact location,
extent, and magnitude of the Atlantification signal varies, re-
sulting in a large spread, especially in the Eastern EB. From
Fig. 5 we see that some of the discrepancies shown in Fig. 4
are strongly related to the spatial extent of the signals and
the use of fixed regions. Interestingly, for most models, the
indicated Atlantification is mainly confined toward the
Eastern parts of the EB and the Barents Sea outflow near
the St. Anna trough and less toward Fram Strait. It is possible
that because AW is in closer contact with sea ice north of
Svalbard, more sea ice is melted there, resulting in in-
creased surface freshening and hence a strengthening of
the stratification. GISS-E2-1-H is the only model that
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shows no indication of Atlantification, whereas IPSL-
CM6A-LR, CanESMS5, and UKESM1-0-LL show the larg-
est spatial extent of Atlantic influence.

We quantify and summarize the historical and future trends
for each region in Fig. 6. The dipole-like pattern is also clearly
illustrated here, with obvious differences between the evolu-
tion of the EB and AB. The spread among the models is com-
parable in both basins (~3 MJ m~2 yr™'), but this spread
results in opposite signs in the EB, whereas, as shown previ-
ously, most models project an increase in stratification in the
AB. Again, we note that some of these discrepancies reflect
different spatial extent of the signals. The future trends in the
AB are somewhat larger than the historical trends. More than
half of the models show a strong weakening trend in the
EB, with CanESMS5, NorESM2-LM, IPSL-CM6A-LR, and
UKESM1-0-LL having the largest changes. UKESM1-0-LL is
an extreme in the Eastern EB with a trend 4 times stronger
than any other model. These changes in stratification can be
the result of changes in the upper ocean (SML and halocline)
and water masses below the halocline, such as the AW. In the
following section, we examine what drives the changes in
stratification in the various regions and focus on the differ-
ence between the surface and AW layers.

Brought to you by NORWEGIAN POLAR INSTITUTE | Unauthenticated | Downloaded 02/20/24 11:26 AM UTC

c¢. Atlantic water and surface trends

We have now shown that the models diverge when predict-
ing changes in stratification in the EB and show a large spread
in the AB. Khosravi et al. (2022) noted that “model biases in
the Arctic Ocean could have origins outside the Arctic Ocean
and possibly in other components of the climate system. Iden-
tifying these origins in individual models is needed to improve
the Arctic Ocean representation in CMIP simulations.” To do
so, we therefore focus on the water masses that are the pri-
mary drivers for stratification change: the surface waters and
the AW. We assume that most changes at the surface are
driven by local processes (e.g., sea ice melt/growth, river run-
off, evaporation—precipitation, surface heat fluxes, etc.), and
those in the AW layer are primarily advected in through the
Fram Strait and the Barents Sea, and mainly related to pro-
cesses beyond the boundaries of the Arctic Ocean. The ques-
tion thus becomes: are the simulated changes in stratification
mainly locally driven or remotely forced? Of course, the
layers are not fully disconnected, and mixing occurs along
the AW pathways, but Heuzé et al. (2023) revealed that in the
CMIP6 models, there is a strong decoupling between the up-
per layer and the rest of the deep Arctic (below 200 m). This
is partly attributed to an absence of ventilation, and as a
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FIG. 5. Future spatial trends in stratification strength, APE, 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 2015-70. 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, APE, 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
(2015-70) 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 shad-
ing) denote weakened stratification. For comparison, the trends for
the observations over the 1970-2017 period is shown by dashed
black lines.

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

We start by detailing the evolution of AW core tempera-
ture and salinity in the four different regions. As expected,
with continued global warming, the AW temperature is pro-
jected to increase in all regions by all models (Fig. 7). Thick
lines in Fig. 7 represent the multimodel mean anomalies rela-
tive to each model’s historical mean, and colored envelopes
indicate the minimum and maximum of the model spread per
time step. A full overview of the property trends in the vari-
ous models is presented in Table 2. We note that AW core
properties are calculated based on each model’s AW core
depth (details in section 2c), which varies substantially from
model to model (Heuzé et al. 2023). The models project an
increase in AW temperature with a range of 0°-7°C relative
to the historical mean toward the end of the twenty-first
century. The AW temperature change is relatively linear
over time and reaches a multimodel mean increase of 3.0°C
in the EB and 2.5°C in the AB by 2100. Some models
predict very weak trends in AW temperature (lowest in the
EB = 0.013°C decade '), but the majority predict strong
warming (highest in the EB = 0.740°C decade™!), in accor-
dance with what was shown by Khosravi et al. (2022). The av-
erage future AW temperature trend in the EB is 0.33°C
decade™ !, compared to an observed trend of 0.06°C decade™!
from 1970 to 2017. Less intuitive, perhaps, is the future
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change of AW salinity. Most models simulate a freshening of
the AW layer throughout the Arctic (Table 2), except
EC-Earth3 which simulates an increase in AW salinity in all
regions. Averaged across the regions, the multimodel mean
freshening is approximately 0.5 psu by the end of the century,
as also shown by Khosravi et al. (2022).

The decrease in AW salinity indicates that the northward
freshwater flux through the Fram Strait and Barents Sea
Opening increases, which is consistent with results from
Zanowski et al. (2021). Over 2015-70 all models, except
CAMS-CSM1-0 and GFDL-CM4, show a positive trend in
the liquid freshwater flux through the Barents Sea opening,
which mainly consists of northward-flowing AW (Fig. S4b).
The freshwater flux through Fram Strait is more complex, as
it consists of both a southward and a northward flow. Here we
observe a negative trend in the (northward) freshwater flux
(Fig. S4a), meaning an increase in the net southward freshwa-
ter flux. This makes sense, as the increase in the outflowing
freshwater is larger than the increase in the inflowing freshwa-
ter (as it also includes the other freshwater sources). All in all,
a decrease in the northward-flowing AW contributes to a
freshening at intermediate depths and ultimately an increase
in the total freshwater content of the Arctic and the south-
ward export of freshwater, as also shown by Zanowski et al.
(2021). Our findings stress an important point that has not
been stated in current literature, namely that the future fresh-
ening of the Arctic Ocean may be attributed to both surface
and AW changes. Since there is a strong decoupling between
the upper layer and the rest of the deep Arctic in these mod-
els, and the AW properties are strongly related to the AW in-
flow properties (Heuzé et al. 2023), we speculate that the
Arctic freshening is partly remotely driven.

It is important to remember that it is not only the water
mass properties but also the depth and thickness of the vari-
ous layers that can affect changes in stratification. We do not
detail biases and changes in AW core depth but refer the
readers to Heuzé et al. (2023) and Khosravi et al. (2022), and
note that the effects of these changes are integrated in the
APE metric. As we continue with the temperature and salinity
evolution of the surface layer (0-50 m), different model be-
haviors become even more evident (Table S1). In the AB, all
models project a freshening and warming of the surface layer,
consistent with current observations [Table S1 and Solomon
et al. (2021)] and the expected continuation of AB freshening
(Haine 2020). Averaged across the models, the absolute
change in surface salinity is expected to reach approximately
—1.5 psu by the end of the century (Fig. S5). In the EB, on
the other hand, many models project a freshening, but some
project a surface salinification (Fig. S5). Some of the models
that project a surface salinification are the same that project
an AW salinification, but for others, there are opposite trends
in the AW and surface layers. There is no consistent relation-
ship between the direction of surface trends and trends in the
AW layer, and there is also no clear relationship between
changes in AW/surface properties and freshwater/salinity
fluxes through the Fram Strait and the Barents Sea (not
shown). The multimodel mean still projects a freshening in both
the Eastern and Western EB, although some models have
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FIG. 7. Regional time series of normalized (reduced to anomalies relative to 1970-2014 model mean) (a) Atlantic
Water core temperature and (b) Atlantic Water core salinity 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.

opposing trends. Figures 7 and S5 emphasize the importance of
the regional aspect when investigating future Arctic Ocean
change, and thus provides further detail than the basin-wide
averages provided by Khosravi et al. (2022). Even though the
general change is similar (AW warming and freshening), the re-
gions are projected to evolve somewhat differently or on differ-
ent time scales. For example, the Eastern and Western EB are
exposed to different processes as they have a different seasonal
ice cover, which is projected to change differently in the future
(Notz and SIMIP Community 2020). Taking an EB or AB
mean, as is common practice in CMIP studies of the Arctic
Ocean, is therefore not ideal since one might lose important in-
formation and average out important regional differences. The
different evolution in surface properties evident from Fig. S5
and Table S1 also stresses the importance of studying models in-
dividually and not as a multimodel means. These results give an
indication to the origin of biases in stratification, because differ-
ences in salinity and temperature trends result in different con-
tributions to the overall density profile.

Figure 8 shows the comparison of density changes in the
upper ocean (0-50 m; lower per panel) and at intermediate
depth below the halocline (150-500 m; lower panel) for each
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model in the western EB and the Beaufort Gyre regions (the
Eastern EB and Chukchi regions are shown in Fig. S6). Red
and blue bars denote the relative contributions of tempera-
ture and salinity trends to the total density trends (fat gray
bars), respectively. Note the different scales on the y axis. In
the upper ocean, the density changes are mainly driven by sa-
linity changes. In contrast, at intermediate depth, the density
changes are more equally attributed to both temperature and
salinity. In some cases, temperature and salinity have opposite
effects (EC-Earth3 and UKESM1-0-LL), and the contribu-
tion from warming is slightly larger than the salinification, re-
sulting in an overall decrease in AW density. In other cases,
for example in CAMS-CSM1-0, salinification overpowers the
warming. In general, the upper ocean density trends are much
larger than the trends at intermediate depth. Opposing results
in the EB stratification are primarily related to opposite
changes in surface density (Fig. 8a). However, density trends
further down in the water column also contribute and may ei-
ther enhance or diminish the impact of the surface trend on
the overall stratification. For example, in the Western EB,
changes in the surface and AW layer in CanESM5 contribute
to a weakening of the stratification. In CESM2, on the other
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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 2015-70.
For comparison, the last row indicates the trends for the observations over the 1970-2017 period. All values are given in °C decade ' and psu decade . Statistically nonsignificant

trends (p = 0.05) are shown in italic.

Eastern EB Chukchi Sea Beaufort Gyre

Western EB

—0.004 = 0.000
—0.008 = 0.002
—0.045 = 0.002
—0.017 = 0.004

—0.003 = 0.000

—0.004 = 0.000
—0.015 = 0.001
—0.043 = 0.002
—0.040 = 0.006

—0.002 = 0.000
0.001 = 0.001
0.224 = 0.012
0.454 = 0.029
0.429 = 0.031
0.176 = 0.010
0.121 * 0.008
0.330 = 0.028
0.155 *= 0.002
0.162 = 0.004
0.242 = 0.019
0.268 = 0.015
0.312 = 0.020
0.735 = 0.024
0.087 = 0.012

0.003 = 0.001
—0.005 = 0.001
—0.047 = 0.005
—0.082 = 0.006

—0.016 = 0.005 —0.002 = 0.000

0.013 = 0.004
0.032 = 0.008
0.355 = 0.018
0.729 = 0.026
0.606 = 0.024
0.143 = 0.005
0.097 = 0.018
0.402 = 0.023
0.040 = 0.007
0.286 = 0.019
0.314 = 0.016
0.444 = 0.012
0.346 = 0.017
0.740 = 0.028
0.062 = 0.030

BCC-CSM2-MR
CAMS-CSM1-0

CESM2

0.006 = 0.001
0.115 = 0.010
0.525 = 0.029
0.225 = 0.033
0.088 = 0.007
0.061 %= 0.005
0.360 = 0.023
0.125 = 0.005
0.144 = 0.004
0.301 = 0.014
0.207 = 0.016
0.299 * 0.022
0.604 = 0.036
0.086 = 0.008

0.012 + 0.001
0.310 = 0.013
0.428 = 0.021
0.470 = 0.013
0.120 = 0.005
0.152 = 0.009
0.301 + 0.021
0. 155 = 0.008
0.122 = 0.014
0.105 = 0.016
0.291 = 0.013
0.171 = 0.024
0.713 = 0.024
0.100 = 0.034

0.015 = 0.002
—0.062 + 0.007
—0.036 = 0.004
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CanESMS5

0.041 = 0.004
—0.008 = 0.001
—0.005 = 0.001
—0.020 = 0.007
—0.009 = 0.002
—0.063 = 0.004
—0.009 = 0.001
—0.092 = 0.005
—0.090 = 0.005
—0.035 = 0.006
—0.014 = 0.002

0.056 = 0.003
—0.009 = 0.001
—0.024 = 0.001
—0.012 * 0.007
—0.009 = 0.002
—0.072 = 0.003
—0.016 = 0.001
—0.100 = 0.003
—0.096 = 0.004
—0.030 = 0.008
—0.018 = 0.005

0.011 = 0.005
—0.020 = 0.002
—0.026 = 0.001
—0.018 = 0.006

0.028 = 0.004
—0.021 = 0.001
—0.032 = 0.002
—0.004 = 0.005

EC-Earth3

GFDL-CM4

GFDL-ESM4

IPSL-CM6A-LR
GISS-E2-1-H
MIROC6

0.000 = 0.005
—0.091 = 0.003
—0.038 = 0.002
—0.093 = 0.003
—0.118 = 0.005
—0.038 = 0.008
—0.000 = 0.005

0.004 = 0.007
—0.092 = 0.003
—0.015 + 0.002
—0.094 = 0.004
—0.063 = 0.005
—0.009 = 0.005
—.0001 * 0.004
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hand, the surface trends contribute to a strengthening of the
stratification, and the intermediate layers contribute to a
weakening of the stratification. In summary, the relative
change between the upper ocean and intermediate layer ulti-
mately determines whether the density gradient increases or
decreases. We detail these vertical density gradients and how
they change over time in the following section.

d. Future density gradients

We compare two models, GFDL-CM4 and NorESM2-LM,
which project distinctly opposite changes in stratification in
the EB (Fig. 6). In Fig. 9 we present the temporal develop-
ment of temperature and salinity profiles for the GFDL-
CM4 model, which projects a strengthening in stratification
in all regions. Profiles shown in Figs. 9b and 9d represent
the linear trends in temperature and salinity at each depth
level over 2015-70. The temperatures are projected to in-
crease throughout the whole water column, but the change
is largest between 200 and 500 m and smallest in the halo-
cline, just below the surface mixed layer. These trend pro-
files might not solely be due to a change in properties at the
given depths but are also a result of the upward or down-
ward movement of the AW and/or a deepening or shoaling
of the SML. Due to space limitations, we do not investigate
these changes in this paper, but Khosravi et al. (2022) give a
good overview of changes in AW core depth and changes in
SML depth.

The salinity trend profiles (Fig. 9d) show the largest trends
at the surface, which gradually decreases with depth. In this
model, below 300 m, there is almost no change in salinity, de-
spite a small positive trend in AW salinity in the AB regions.
This is thus an example of a model where upper ocean salinity
changes primarily drive the stratification changes. These pro-
jections appear plausible, and we can relate the changes to
known mechanisms. However, this is a good example of why
it is dangerous to conclude future Arctic Ocean changes based
on a single model system: A study based on a different model
system may provide an opposite result. Figure 10 shows the
temperature and salinity trend profiles for NorESM2-LM, a
model that shows a weakening of the stratification in the EB
and a strengthening of stratification in the AB. Overall, the
vertical distribution of temperature trends looks very similar
between NorESM2-LLM and GFDL-CM4, which is true for all
other models (not shown). Although the absolute values (and
mean states) vary from model to model, they all simulate a
positive temperature trend throughout the whole water col-
umn, with a maximum around 200-m depth and a minimum
just below the SML. However, the salinity trends are very dif-
ferent. In NorESM2-LM (and several other models), there
are significant salinity trends throughout the whole water
column. In NorESM2-LM, the AW salinity decreases in all
regions, especially after 2040, contributing to the weakening
of the stratification. In the AB regions, this is balanced by a
stronger freshening of the surface, but in the western EB,
the surface is getting saltier, meaning that both the AW
layer and the surface layer contribute to a weakening of the
density gradient. Figure 11 shows the trend in density at
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mean decreased density. For comparison, the trends from the observations over the 1970-2017 period are shown in the last column.

each depth level over 2015-70 for the two models. The com-
bined effects of temperature and salinity yield an overall de-
crease in density throughout the whole upper 800 m of the
water column for these two models. In GFDL-CM4, the
profiles look similar for all four regions, with the largest de-
crease in the upper ocean and gradually decreasing trends
with depth, increasing the gradient between the upper and
intermediate layers. In NorESM2-LM, the profiles in the
AB look similar, but in the EB regions, the (negative) den-
sity trend increases with depth in the upper 200 m (red box,
Fig. 11), resulting in a decreased density gradient there. The
density trend profiles provide a nice way to compare the hy-
drographic changes with depth in the various regions and
highlight how differently the hydrographic structure is
transformed in the multiple models under a similar climatic
forcing. The density trend profiles for all models are shown
in Fig. 12.

In the EB, most models agree on a negative density trend
below 200 m, but above they diverge. Here we also see large
discrepancies in how quickly the density trends increase or de-
crease with depth, thus the extent of the water column that is
changed. Again, this is related to the SML depth, which varies
and changes differently over time (Fig. 12). In the Beaufort
Gyre region, the models have a very similar shape, but al-
ready in the Chukchi Sea, we see that models start to diverge,
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with some projecting densification of the water column and
some projecting a negative trend in density throughout the
water column. To summarize, there are many reasons why the
models diverge on future stratification in the EB—the diver-
gence is partly related due to different/opposite trends at the
surface and partly due to a different balance between the
strength of density trends at the surface and at AW depth, or
both.

e. Atlantification in the future

Under the ssp585 strong greenhouse gas forcing scenario,
there is good agreement among the models that the Arctic
Ocean will continue to warm into the future with the largest
warming in the AW layer and the EB. Accompanying this
warming is a northward shift of ecosystems (Polyakov et al.
2020a, and references therein), a diminishing sea ice cover
(Notz and SIMIP Community 2020), and further changes that
we can combine under the term Atlantification, as parts of the
Arctic Ocean gradually become more similar to the North
Atlantic. However, it is not given whether Atlantification will
continue to be a metonymy for “weakening in stratifica-
tion”—its primary manifestation in the EB in recent decades
(Polyakov et al. 2017).

The implications of changing stratification are numerous. As
highlighted by Polyakov et al. (2020a), it can affect vertical



1740
b)

Depth [m]
Temperature ["C]

Western Eurasian Basin

700 Historical SSP585

|——Trend ['C month™)

1980 2000 2020 2040 2060 2080

700 Historical SSP585

1980 2000 2020 2040 2060 2080 0 0.02 0.04

Temperature [ C]

Chukchi Sea
Depth [m]
g

600

700 | Historical SSP585

Eastern Eurasian Basin
Depth [m]
®
8 -
| | |
& i A & = =) = ) -
w o o
Temperature ['C]

800

1980 2000 2020 2040 2060 2080 2100 0 0.02 0.04

JOURNAL OF CLIMATE

— Trend ['C menth™"]

5 g . -
= Trend ['C month™']

VOLUME 36

o
—

35

®
o

Salinity [psu]

Historical SSP585

33

1980 2000 2020 2040 2060 2080 2100 -003 002 -001 0 001

335

—— Trend [psu mun[h"].
33

-0.03 002 001 0 001

Historical SSP585

1980 2000 2020 2040 2060 2080 2100

35

34.5

Salinity [psu]

33.5

= Trend [psu month™']
33

® 2 &
[
Salinity [psu]

Historical SSP585
1980 2000 2020 2040 2060 2080 2100 003 0.02 001 0 001

05 ]
¢ 5 345 ‘
- o £ Yo
O E 2 &
s E z
S & 05 § u £
“— A E‘ a3
3 T 7]
o [
a K
[o3] 335
700 Historical SSP585 15 Histori SSP585
[——Trena (€ monin™)| —— Trend [psu month]
800 1 - - 33 n . 1 H
1980 2000 2020 2040 2060 2080 2100 0 0.02 0.04 1980 2000 2020 2040 2060 2080 2100 003 -002 001 0 001

F1G. 9. Monthly mean upper ocean (a) temperature and (c) salinity 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 (b) temperature and (d) salinity.

fluxes of nutrients and dissolved gasses and hence impact biol-
ogy, but it mainly affects the vertical distribution of heat and
hence the sea ice cover. Khosravi et al. (2022) also mention
the potential impact of model biases on the simulated sea ice
cover. We, therefore, investigate whether there is a relationship
between the diverging stratification trends and the rate of sea
ice decline in the EB. We now focus on the trends in the first
half of the future scenario (2015-45) where there is still sea ice
left in the EB. The top panels of Fig. 13 show the future
“degree” of Atlantification (here arranged in order of decreas-
ing stratification trend) for the different models in the EB.
Models projecting the strongest weakening of stratification are
found toward the left and those projecting the strongest
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increase in stratification are found toward the right. Similarly
to Fig. 6, CanESMS5, UKESM1-0-LL, EC-Earth3, and MPI-
ESM1-2-HR are the models with the strongest degree of future
Atlantification in both the Western and Eastern EB. IPSL-
CMO6A-LR also shows strong Atlantification in the Western EB
and NorESM2-LM also shows strong Atlantification in the
Eastern EB. In contrast, GFDL-CM4, GFDL-ESM4 and GISS-
E2-1-H have the smallest degree of future Atlantification as
they project an increase in stratification in both regions. The
lower panels in Fig. 13 show the trends in winter (March) sea
ice volume in these regions following the same order as the pan-
els above. From these figures we see that the models with stron-
gest degree of Atlantification (i.e., weakened stratification)
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project the strongest decline in sea ice in these parts of the EB.  to the other models (not shown), it simply cannot have a large
This is not surprising; although there are many factors influenc-  volume trend. For reference we have therefore provided a table
ing the sea ice trend, the ocean plays an increasingly important  of mean sea ice volume at the beginning and in the middle of
role, especially in the EB (Carmack et al. 2015). Our results the ssp585 scenario (Table S2). Although correlation does not
show an across-model correlation of r = 0.64 between the sea  imply causation, there appears to be some relationship or com-
ice volume trends and stratification trends in the Western EB  monality among the models that have a faster decline of sea ice
and an across-model correlation of r = 0.76 in the Eastern EB  and a weakening of stratification in the EB.

(statistically significant at 95% level). The relationship is not Since the models are roughly equally divided among two
perfect, and this is likely related to the mean sea ice state of the  different stratification scenarios, it is unclear whether the cur-
models or other important processes. For example, MPI-ESM1-  rently ongoing weakening of the stratification in the EB will
2-HR has a very weak decline in sea ice volume compared to its  continue or not. Following Heuzé et al. (2023) and Khosravi
strong degree of Atlantification in the Eastern EB, but since it et al. (2022), there is no clear evidence of certain models being
finished the historical run with a low sea ice thickness compared  significantly better at accurately reproducing the Arctic Ocean
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resulting in opposite changes to the stratification.

hydrography and circulation, and we can therefore not favor
certain models or either of the scenarios. There is also no clear
relationship between models with higher or lower resolution.
As suggested by our companion paper, Heuzé et al. (2023), im-
provements could focus on ventilation, dense water overflows
and inflow properties. There are also large biases in AW flow
speed and patterns, and most CMIP6 models show a strong de-
coupling between the upper layers and the rest of the deep
Arctic not consistent with observations.

4. Discussion and conclusions

This study quantified recent and future trends in upper
Arctic Ocean stratification, temperature, and salinity in an
ensemble of 14 CMIP6 models and compared these to a unique
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dataset of hydrographic observations dating back to 1970. In
agreement with observations (e.g., Polyakov et al. 2020a),
the models simulate a freshening and warming of the upper
Amerasian basin (AB) and large parts of the Eurasian Basin
(EB) over the period 1970-2014. These changes are associated
with a general strengthening of the stratification, but there is a
large spread among the simulated trends and mean stratifications.
Although only three out of the 14 models simulate a weakening
of the stratification in the EB that is comparable to observations,
all models indicate different trends in stratification in the AB and
EB. We note that for the 19702014 period, forcing is modest and
internal variability likely influences these trends.

Because of temperature, salinity, and stratification biases in
CMIP models, simulating and defining the halocline in models
is challenging, especially when studying it in a suite of models

Unauthenticated |

Downloaded 02/20/24 11:26 AM UTC



15 MARCH 2023 MUILWIJK ET AL. 1743
Western Eurasian Basin Eastern Eurasian Basin Chukchi Sea Beaufort Gyre
0 P
50 50 50 50F s -~ ~BCC-CSM2-MR
——CAMS-CSM1-0
- ~CESM2
100 100 100 100 IS
-- -EC-Earth3
——GFDL-CM4
= GFDL-ESM4
% 150 150 150 150 IPSL-CMEALR
a -- ~GISS-E2-1-H
8 ——MIROCE
200 200 200 200 MPI-ESM1-2-HR
MRI-ESM2-0
- ~NorESM2-LM
250 250 250 250 —— UKESM1-0-LL
300 300 300 300 :
-1 0 1 2 -1 0 1 -2 -1 2 4 -3 1

Density trend [10* kg m* month']  Density trend [10° kg m* month™']

Density trend [10° kg m? month™']

Density trend [10° kg m* month™']

FIG. 12. Regional vertical profiles of the linear trend in density (similar to Figs. 11b,d) over the period 2015-70 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.

under a climate change scenario. To compare and evaluate
simulated Arctic stratification meaningfully, we, therefore,
proposed a new indicator of stratification, APE. This is an in-
tegral of the potential energy needed to fully mix the water
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traditional stratification definitions (e.g., Polyakov et al.
2020a) are captured well by this new parameter, whose defini-
tion is not sensitive to model biases.

There is a reassuring across-model agreement within the
Beaufort Gyre and the Chukchi Sea for near-surface stratification.
Here the upper ocean layer will become fresher (on average
0.18 psu decade™ '), warmer (on average 0.35°C decade ') and
more stratified in the future (on average 1.1 X 10™* MJ m™? dec-
ade™), but there is a large spread in the magnitude (likely due to
different freshwater input and differences in the freshwater path-
ways). There is also simulated future warming (0.24°C decade ™)
and freshening (—0.03 psu decade ") occurring further down in
the Atlantic Water (AW) layer. The entire water column is there-
fore getting less dense, but the surface freshening is so strong that
the stratification is overall increasing in these regions. We did not
examine the detailed causes of the future surface freshening but
hold it as likely that both redistribution and local melting of sea
ice, increased river runoff, increased glacial melt, and increased
freshwater inflow through Bering Strait will all contribute signifi-
cantly—as they do today (Haine et al. 2015; Haine 2020; Solomon
et al. 2021). Throughout the upper Arctic Ocean, density trends
are dominated by changes in salinity, but at intermediate depth,
temperature and salinity changes contribute equally to the density
trends.

In both the Eastern and Western EB, there is a divergence
between the models regarding future stratification. Approxi-
mately half of the models project a strengthening of stratifica-
tion here, and the other half project the opposite. The
divergence is partly caused by opposing trends in upper ocean
temperature and salinity. Additionally, the divergence is re-
lated to different spatial extent of the Atlantification and Pac-
ification signals, not captured in the analysis due to the use of
fixed regions. Furthermore, we discuss how the differences in
stratification are related to different balances between trends
in the upper ocean and trends at intermediate depths. Across
the suite of models, there is a warming of the EB AW layer,
but it varies between 0° and 7°C toward the end of the cen-
tury. A majority of the models also project a freshening of
the EB AW layer (0-0.9 psu), starting approximately in the
2050s. The AW warming and freshening result in a reduced
density at intermediate depths, weakening the stratification.
In about half of the models, these changes are counterbal-
anced by an upper-ocean freshening resulting in a strength-
ened stratification also in the EB. However, in some
models, parts of the EB upper ocean experience a salinifica-
tion, or the AW density change dominates (or both), aiding
to an overall weakened stratification. It is difficult to judge
which of the two stratification scenarios is the most likely.
The divergence appears to impact the projections of sea ice,
and we report on an across-model correlations (r = 0.64
and r = 0.76) between the trends in sea ice volume and
trends in stratification. The models that project a weakened
stratification in the EB also project a stronger decline in sea
ice volume here.

In summary, observations and simulations agree that the
Arctic Ocean is becoming warmer and that there is ongoing
freshening in the AB. The simulations also agree that the ob-
served weakening of the stratification in the EB does not
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spread eastward into the AB. The warming is unsurprising
on a globally warming planet, and the future warming of
the AW layer is most pronounced. In that regard, it is con-
sistent with using the term Atlantification, as these waters
are becoming more similar to those farther south. However,
it is unclear whether Atlantification will continue to be
analogous to a weakening in stratification. Of the models
we analyzed, half of the models predicted a strengthening
of the EB stratification. This is not what is currently associated
with Atlantification. Further work is thus required before we
can have more confidence in the future development of the
EB. First, we need to improve the model’s capability to simu-
late Arctic hydrography. Particular emphasis should be on the
representation of AW circulation, ventilation, and the connec-
tions between the shelves and the deep basins (Heuzé et al.
2023). Additionally, there is an urgent need for more multi-
scale (in time and space) observational campaigns, such as the
recent MOSAIC expedition (Rabe et al. 2022), that simulta-
neously provide in situ data of all the components of the Arctic
climate system. Such campaigns result in a better understand-
ing of specific processes and their interaction, which then can
be used to improve their representation in the models. Long-
term mooring deployments in the central Arctic are also
needed to understand the variability at various time scales.

Our study highlights the importance of a multimodel ap-
proach for studies of the future Arctic Ocean. Given the rel-
atively large biases and opposite trends, relying on a single
or just a few model systems is insufficient and may result in
misleading conclusions. However, it is important to analyze
and interpret the models individually, not as a multimodel
mean. Our results clearly show that averaging (opposite)
model trends and properties will yield results that seem
credible but are completely nonphysical. This is particularly
important for profiles, as water masses are distributed dif-
ferently in the vertical, and the same processes, therefore,
have an effect at different depths. Thus, an important take-
away from this study is that we strongly discourage using
multimodel averages to investigate trends in Arctic hydrog-
raphy. Also, many ensembles from a single model system
may skew the results toward specific model biases created
by physical or thermodynamical deficiencies. However,
studies using many ensembles could give important informa-
tion about the relative importance of internal variability
compared to external forcing, and we stress the need for
such analysis. Clearly, studies of the Arctic Ocean should be
based on and validated by observations due to the inherent
large local uncertainty of the models.
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