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CLIMATOLOGY

Arctic Ocean Amplification in a warming climate

in CMIP6 models

Qi Shu'?3, Qiang Wang**, Marius Arthun®, Shizhu Wang"%3, Zhenya Song'?3,

Min Zhang"%3, Fangli Qiao"*3*

Arctic near-surface air temperature warms much faster than the global average, a phenomenon known as Arctic
Amplification. The change of the underlying Arctic Ocean could influence climate through its interaction with sea
ice, atmosphere, and the global ocean, but it is less well understood. Here, we show that the upper 2000 m of the
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Arctic Ocean warms at 2.3 times the global mean rate within this depth range averaged over the 21st century in
the Coupled Model Intercomparison Project Phase 6 Shared Socioeconomic Pathway 585 scenario. We call this
phenomenon the “Arctic Ocean Amplification.” The amplified Arctic Ocean warming can be attributed to a
substantial increase in poleward ocean heat transport, which will continue outweighing sea surface heat loss in
the future. Arctic Amplification of both the atmosphere and ocean indicates that the Arctic as a whole is one of

Earth’s regions most susceptible to climate change.

INTRODUCTION

As the northernmost region of Earth, the Arctic has been experiencing
the most notable climate change over the past few decades. Arctic
sea ice concentration and extent have declined markedly in all
regions and seasons in the satellite era (1, 2). The recent Arctic sea
ice extent reductions in September are unprecedented over at least
the past 1000 years (3, 4). Moreover, Arctic sea ice volume and the
percentage of multiyear sea ice have decreased markedly (5, 6). It is
likely that the Arctic Ocean will experience ice-free summers before
2050 (7, 8).

Both observations and model results show a rapid warming of
the Arctic troposphere since the 1990s, with the maximum warm-
ing rate near the surface in autumn and winter (9-11). The rise of
near-surface air temperature in the Arctic is more than twice that of
the global average (9-12), which is a phenomenon known as “Arctic
Amplification” (AA). It is believed that AA is caused by both local
and remote forcing mechanisms (11, 13), including the sea ice albedo
feedback (9, 14, 15), lapse rate and Planck feedback (14, 16), ocean
heat capacitor mechanism (17), and atmospheric and ocean heat
transport from lower latitudes into the Arctic (18, 19).

In comparison with the observations of Arctic sea ice and atmo-
sphere, data of the Arctic Ocean are much sparser. Warming signals
in the ocean are nevertheless detected based on limited observations
and model simulations (20-26). Prominent Arctic Ocean warming
has been found in the Barents Sea and Arctic Atlantic water (AW)
layer (~150 to 900 m). The Barents Sea temperature increased by
1.74°C during the period 1965-2015 (25). The observed linear trend
of spatially averaged AW layer maximum temperature in the Arctic
Basin is 0.21°C + 0.04°C per decade over the historical period since
1950, and the warming has been pronounced since the 1990s and
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suspected to be mainly caused by anomalous heat advection from
the North Atlantic (27, 28). The Arctic Ocean change associated
with advection of anomalous AW heat, mass, and tracers is called
Arctic Atlantification (28, 29). Arctic Pacification, the counterpart
of Atlantification associated with Pacific water inflow through
Bering Strait, has also been observed and evident in strengthening
the upper ocean warming in the Canada Basin (28, 30). Changes in
air-sea heat flux along the Atlantic and Pacific water inflow path-
ways can substantially influence the process of Arctic borealization
(Atlantification and Pacification) downstream in the Arctic Ocean
(31-33). In the process of the Arctic borealization, sea surface heat
release decreases in the upstream ice-free region and more ocean
heat is left in the ocean, thus leading to enhanced ocean warming
and sea surface heat release in downstream regions of the Arctic
Ocean (33).

Climate model projections show that Arctic Atlantification
and Pacification will continue under scenarios of global warming
(28, 33, 34), indicating that more ocean heat will be transported into
the Arctic Ocean, causing further Arctic Ocean warming in the
future. On the other hand, owing to the rapid Arctic sea ice decline
and the halocline weakening in the regions influenced by AW
inflow in a warming climate, the Arctic Ocean will release more heat
to the atmosphere (33, 35). The future changes in the Arctic Ocean
temperature will depend on the evolution of these two opposing
contributions. AA, much stronger Arctic atmosphere warming
than the global mean, has occurred and will continue in the future
warming climate (36). The occurrence of Arctic Ocean Amplifica-
tion (AOA), much stronger Arctic Ocean warming than the global
mean, has not been identified on the basis of observations so far
because ocean observations below the surface are relatively sparse.

In this study, we analyzed 20 climate model historical simula-
tions and Shared Socioeconomic Pathway 585 (SSP585) scenario
projections of the Coupled Model Intercomparison Project Phase 6
(CMIPS6). Our results demonstrate that AOA has most likely started
already and will continue with climate warming. The Arctic Ocean
warming will have an increasing rate, which can be attributed to the
fact that the enhancement of ocean heat convergence into the Arctic
Ocean will be greater than the increase of Arctic Ocean surface
heat loss.
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RESULTS

Arctic Ocean Amplification

Both observation-based data [EN4; (37)] and CMIP6 simulations
indicate noticeable ocean warming during the past few decades, es-
pecially in the Northern Hemisphere (Fig. 1, A and B). The ocean
warming will become notably large at the end of the 21st century in
the SSP585 scenario (Fig. 1C). It mainly occurs in the upper 2000 m,
with more rapid warming in water mass subduction regions and the
Arctic Ocean (Figs. 1, A to C, and 2A). In comparison with the glob-
al average, the Arctic Ocean exhibits much larger temperature in-
crease when we consider the upper 700 m, upper 2000 m, or the
whole water column (Fig. 1, D to F, and Table 1). We call this phe-
nomenon AOA. Unlike AA in the atmosphere that has the most
notable amplification signal near the surface, AOA is characterized

by the greatest warming in the Arctic AW layer located at interme-
diate depths (~150 to 900 m; Fig. 1C). The Arctic AW layer will
warm by about 2.89°C until 2081-2100 relative to 1981-2000,
standing out from the warming in the same depth range at other
latitudes (Fig. 1C and Table 1). The warming rate (temperature
time derivative) will increase throughout the 21st century for both
the Arctic Ocean and the global ocean (Fig. 1, G and H).

We define the AOA factor as the ratio of the warming rate of the
Arctic Ocean to that of the global ocean. The natural variability in
temperature is removed before computing the warming rate (see
Materials and Methods). The AOA factor indicates that the Arctic
Ocean will warm at a rate approximately 1.0 to 3.0 times that of the
global ocean average, depending on the depth ranges considered
(Fig. 1I). For the upper 150 m, the Arctic Ocean has a warming rate
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Fig. 1. Arctic Ocean Amplification. Difference in zonal mean ocean temperature between 2001-2020 and 1981-2000 based on (A) EN4 dataset and (B) CMIP6. (C) Dif-
ference in zonal mean ocean temperature between 2081-2100 and 1981-2000 in CMIP6. Global mean and Arctic Ocean mean changes in ocean temperature for
(D) upper 700 m, (E) upper 2000 m, and (F) the whole depth range relative to the 1981-2000 mean. (G) Arctic Ocean (AO) and (H) global ocean (GO) forced warming rate.
() AOA factor, which is the ratio of the forced warming rate of the Arctic Ocean to that of the global ocean. The multimodel means based on CMIP6 simulations and
projections under scenario SSP585 are shown in (B) to (I). Shading in (D) to (I) shows the range of one SD of the CMIP6 models. The inserted panels in (D) to (F) are the
results during 1950-2021 based on the EN4 dataset. Note that the colorbar for (A) and (B) is different from that for (C).

Shu etal., Sci. Adv. 8, eabn9755 (2022)

27 July 2022 20f10

9202 ‘20 Yoe | Uo B10°20us 105  MMM//:SdNY LWOoJ) pepeojumo



SCIENCE ADVANCES | RESEARCH ARTICLE

A Temperature difference between 2081-2100 and 1981-2000
-5-45-4-35-3-25-2-15-1-050 05 1 15 2 25 3 35 4 45 5
10 0- to 700-m temperature anomalies C3 0- to 2000-m temperature anomalies
—Barents Sea 19 —Beaufort Sea
gl ——Kara Sea 1 —— Baffin Bay 1
Laptev Sea 03 Arctic Basin
—— East Siberian Sea * [ —— Global Oceap//t
6 + ——Chukchi Sea 05
%) :e:yfcgt Sea sy 1e75 200 20 b
S — Baffin Bay
~ 4T —Arctic Basin
— Global Ocean L
5] 1950 1975 2000 2021
0.5 T
0 -
: ; 0 ! : +
1950 2000 2050 2100 1950 2000 2050 2100

Year

Year

Fig. 2. Regional ocean warming. (A) Difference of ocean temperature averaged over upper 700 m between 2081-2100 and 1981-2000. BaS, KS, LS, ESS, CS, BeS, BB, and
AB represent the Barents Sea, Kara Sea, Laptev Sea, East Siberian Sea, Chukchi Sea, Beaufort Sea, Baffin Bay, and Arctic deep basin, respectively. Blue lines in (A) indicate
the four main gateways [i.e., the Bering Strait, Barents Sea Opening (BSO), Fram Strait, and Davis Strait] of the Arctic Ocean. Regional and global ocean temperature anomalies
relative to 1981-2000 for the (B) upper 700 m and (C) upper 2000 m, respectively. The inserted panels in (B) and (C) are the results during 1950-2021 based on the EN4
dataset. For the regions with water depth less than 700 m, the average was taken over the full-depth range.

Table 1. Changes in Arctic Ocean and global ocean mean temperature
for 2081-2100 relative to 1981-2000 and AOAF. The considered depth
ranges are indicated in the first column. Multimodel means and +c (1 SD)
are given here. AOAF, AOA factor.

Depth ranges (m) Global Ocean (°C) ArcticOcean (°C)  AOAF

0-150 2.86+0.58 3152155 (polar ), 4
surface water)

0-300 246050 326150  13+04

6;700 1.80+0.31

.{50—900 1.27 £0.21

6;2000 0.90+0.14 2.00+0.88 23+1.0

900-bottom 0.15+0.03 Og‘jttio(:r"zfv;fs&';’/ 2421

Full depth 045006 1343058 3013

similar to the global ocean average (Table 1). However, for the up-
per 700 m, the AOA factor averaged over the whole 21st century is
about 1.7 £ 0.6 (multimodel means + 1 SD; Fig. 11 and Table 1), with
volume-weighted ocean temperature changes of 3.11°C + 1.36°C
and 1.80°C + 0.31°C between the long-term future (2081-2100) and

Shu et al., Sci. Adv. 8, eabn9755 (2022) 27 July 2022

the period of 1981-2000 in the Arctic Ocean and the global ocean,
respectively (Table 1). For the upper 2000 m, the mean AOA factor
is 2.3 £ 1.0 (Fig. 1I and Table 1), and the temperature changes are
2.00°C +0.88°C and 0.90°C + 0.14°C in the Arctic Ocean and the global
ocean, respectively (Table 1). For the whole depth of the ocean, the
mean AOA factor is even larger (3.0 + 1.3). This is mainly because
the percentage of the deep ocean volume in the Arctic Ocean is
smaller than that of the global ocean, and the temperature changes
below 2000 m depth is small in all latitudes (Fig. 1C). The AOA
factor for the upper 2000 m has a peak at around 2020, while the
AOA factor for the upper 700 m will increase until about 2080
(Fig. 1I). On the seasonal time scale, the AOA factor has negligible
variability in the AW layer (fig. S1). Therefore, both the seasonal
variability and the future change of the AOA factor are different from
the AA, which has a seasonal cycle and will drop in the future (38).

Both the warming rates for the Arctic Ocean and the global ocean
were relatively low in the past (before 2020) compared with the pro-
jected future warming rates (Fig. 1, G and H), but the AOA already
emerged in the mid-1990s (Fig. 11), after which the AOA factors of
all the CMIP6 models remain larger than one. The time of emer-
gence (ToE) of AOA based on the Community Earth System Model
(CESM) large ensemble simulations is 1985 + 13 (fig. S2). Therefore,
the CMIP6 models and the CESM large ensemble simulations
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consistently show that the AOA already emerged in these model
simulations at the end of the past century.

Arctic Ocean warming will be spatially nonuniform (Fig. 2 and
table S1). The Barents Sea will have the greatest temperature increase
in the Arctic Ocean, followed by the Kara Sea. Sea water tempera-
ture will warm by 5.17°C + 2.00°C and 4.40°C + 1.96°C in the Barents
and Kara seas, respectively, for 2081-2100 relative to 1981-2000
(table S1). The strong warming in the Barents, Kara, and Chukchi
seas reflects the impact of the warm Atlantic and Pacific waters.
Excluding the Arctic shelf seas, which are typically shallower than
100 m except for the Barents Sea, does not change the fact that the
Arctic Ocean has stronger warming than the global mean. For
example, the warming averaged over the upper 2000 m will be
0.90°C £ 0.14°C and 1.86°C + 0.87°C for the global ocean and the cen-
tral Arctic Basin, respectively, indicating an amplification factor of
2.1 + 1.0 (table S1). It is only slightly lower than the AOA factor of
2.3 £ 0.9 for the upper 2000 m of the whole Arctic Ocean (Table 1).
The Beaufort Sea will have the lowest warming in the Arctic Ocean.
Nevertheless, the temperature change in the Beaufort Sea of
1.63°C + 0.87°C averaged over the upper 2000 m is still much larger
than the global average.

Drivers of AOA

The evolution of Arctic Ocean temperature is determined by changes
in the net ocean heat transport through four gateways [i.e., Bering
Strait, Barents Sea Opening (BSO), Fram Strait, and Davis Strait;
geometric locations shown in fig. S3] and sea surface heat flux over
the Arctic Ocean (39). For the net ocean heat transport into the
Arctic Ocean, both observations and historical simulations show
positive trends over the past 30 years (24, 40-44). CMIP6 climate
models are able to reproduce the historical positive trend, and their
projections indicate that this positive trend is likely to continue
until approximately 2070 under scenario SSP585, after which it will
become stable without further substantial change (Fig. 3). For sea
surface heat flux, increased heat loss from the Arctic Ocean to the
atmosphere owing to sea ice decline has been reported (27, 33, 35).
The CMIP6 historical simulations and projections under scenario
SSP585 show that the increase in Arctic Ocean surface heat release
has started since about the 1990s and will continue in the future,
reaching a peak at around 2070, followed by a slight decrease (Fig. 3).

Although both the net ocean heat transport into the Arctic Ocean
and Arctic Ocean surface heat release will increase until around
2070, the net heat gain of the Arctic Ocean (black line in Fig. 3) is
projected to increase continuously until that time because the in-
crease in ocean heat transport is larger than the increase in sea
surface heat loss. The upward trend in the net heat gain explains the
accelerating warming of the Arctic Ocean before 2070 (Fig. 1F).
After 2070, the Arctic Ocean net heat gain starts to level off (Fig. 3),
as also shown by the warming rate of the Arctic Ocean (Fig. 1G). The
warming rate of the Arctic Ocean, despite its slowdown after 2070,
remains much larger than the global mean warming rate throughout
the 21st century for different ocean depth ranges (Fig. 1, G and H),
so the AOA is expected to remain persistent in a warming climate
(Fig. 11).

Overall, the net ocean heat transport outweighs the Arctic Ocean
surface heat loss through the 21st century (Fig. 3), sustaining a
substantial Arctic Ocean warming (fig. S4). Each individual CMIP6
model also consistently shows that the Arctic Ocean warming is
driven by an increase in ocean heat transport through the Arctic
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Fig. 3. Arctic Ocean heat budget analysis. Time series of net ocean heat transport
(OHT) (red) summed over the four Arctic gateways (i.e., the Bering Strait, BSO, Fram
Strait, and Davis Strait), sea surface heat flux (SSHF) (blue) averaged over the Arctic
Ocean, and the sum of ocean heat transport and sea surface heat flux (black). Shading
shows the range of 1 SD of the CMIP6 models. Poleward ocean heat transport is
positive. Upward sea surface heat flux (heat loss) is negative. Thin lines are results
based on the ORAS5 ocean reanalysis dataset.

gateways (fig. S5), while the previous CMIP5 simulations had large
model uncertainties in this regard (39).

Evolution of ocean heat transport into the Arctic Ocean

To understand the evolution of net ocean heat transport into the
Arctic Ocean, the heat transport through the four Arctic Ocean
gateways associated with inflows and outflows was calculated sepa-
rately (Fig. 4). It is projected that both the ocean heat import and
export will increase continuously in the future (Fig. 4A). The net
ocean heat transport will increase until 2070 because of the stronger
increase in heat inflow transport than in heat outflow transport.
However, the increase in heat outflow transport will accelerate with
time and it will start to offset the increase in heat inflow transport
starting from about 2070, thus causing the net ocean heat transport
to stay at a semi-stationary level during 2070-2100 (Fig. 4A).

Ocean heat inflow will increase at all the four gateways, and the
strongest increase is found at the BSO (Fig. 4, B to E). Ocean heat
transport out of the Arctic Ocean will increase with time at the
Fram and Davis Straits (Fig. 4, D and E), while the change in
heat export through the Bering Strait and BSO will be negligible
(Fig. 4, B and C). Therefore, it is the increasing ocean heat export
through the Fram and Davis Straits that causes the net ocean heat
transport into the Arctic Ocean to level off after 2070 (Fig. 4A).
Different from the Davis Strait export, the warm water exported
through the Fram Strait is from the Arctic deep basin, so the in-
creasing ocean heat export through the Fram Strait directly limits
the accumulation of ocean heat in the Arctic deep basin.

Ocean heat transport anomalies can be decomposed into
temperature-driven, velocity-driven, and temperature and velocity
joint-variability components (see Materials and Methods) (44). The
temperature-driven and velocity-driven components for all four
gateways will have the largest and smallest contributions to the heat
transport anomalies, respectively (fig. S6). This indicates that the
future increase in ocean heat supply to the Arctic Ocean can be
mainly attributed to the ocean warming outside the Arctic Ocean
rather than increases in ocean volume transport. Besides, the joint
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Fig. 4. Time series of ocean heat transport through the Arctic Ocean gateways.
Time series of import (red), export (blue), and net (black) ocean heat transport
through the Arctic Ocean gateways. Shading shows the range of 1 SD of the
CMIP6 models. (A) Total ocean heat transport through the four gateways (i.e., the
Bering Strait, BSO, Fram Strait, and Davis Strait). (B to E) The ocean heat transport
through each individual gateway. Thin lines are results based on the ORAS5 ocean
reanalysis dataset.

variability of temperature and velocity at the BSO, Fram Strait, and
Davis Strait will contribute to Arctic Ocean warming, whereas
at the Bering Strait, it will have the opposite effect (fig. S6). The en-
largement of the negative temperature-driven ocean heat transport
anomalies at the Fram and Davis Straits can be explained by the
warming trend in the outflow water from the Arctic Ocean (fig. S7).

Evolution of Arctic Ocean surface heat release

To understand the nonmonotonic changes in Arctic Ocean surface
heat release (Fig. 3), the largest anomalies of the net sea surface heat
release and the time of their occurrence in the Arctic Ocean are
shown in Fig. 5. The largest net ocean heat release anomalies will
occur in the northern Barents Sea, the Kara Sea, and the eastern part
of the Eurasian Basin (Fig. 5 and fig. S8). Notable enhancement
of AW heat transport into the Arctic Ocean through the BSO and
Fram Strait will lead to rapid sea ice decline (27, 29). This weakens the
insulating effect of sea ice in air-sea interaction processes and, hence,
increases sea surface heat release in the previously ice-covered
regions (29, 33). After reaching a maximum as these regions become
ice-free, ocean surface heat release will gradually decrease (fig. S8)
primarily because of the decrease in sensible heat flux owing to

Shu et al., Sci. Adv. 8, eabn9755 (2022) 27 July 2022
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Fig. 5. Largest anomalies of annual mean sea surface heat release and the
time of their occurrence. (A) Largest negative anomalies of annual mean sea
surface heat flux and (B) year of their occurrence. Negative sea surface heat flux
anomalies indicate enhanced ocean surface heat loss. The anomalies are referenced
to the mean over the period 1981-2000.

more rapid warming of the near-surface atmosphere in comparison
with sea surface warming (33). The increase in ocean heat transport
through the Bering Strait and Davis Strait will also lead to similar
changes in the sea surface heat flux in the Chukchi Sea, Canada
Basin, and Baffin Bay, but the changes in these regions will be smaller
(Fig. 5 and fig. S8). The sea surface heat flux anomalies in Fig. 5A
roughly depict the pathways of Atlantic and Pacific water inflows,
which manifests that the Arctic Atlantification and Pacification will
be strengthened in the future warming climate and have an increas-
ing impact on Arctic sea ice decline (33, 45).

Figure 5 shows that the net sea surface heat release in most of the
Arctic Ocean is projected to reach maximum before 2080 under
scenario SSP585. Subsequently, the sea surface heat flux averaged
over the Arctic Ocean will present a positive trend (less heat loss;
Fig. 3), primarily because of the notable positive trends during
2071-2100 in the Barents Sea, Kara Sea, Chukchi Sea, and Baffin
Bay (fig. S8).

Effects of Arctic Ocean warming on the ocean density
and halocline base depth
In addition to the notable warming, the Arctic Ocean will also
store more fresh water in a warming climate (46, 47). Consequently,
the potential density of the Arctic Ocean will decrease substantially
at both the upper and intermediate depths (in the upper 1500 m;
Fig. 6, A and B). The potential density decrease is mainly due to the
reduction in salinity in the upper 100 m of the Eurasian Basin and
in the upper 150 m of the Amerasian Basin, while at the intermediate
depth, it can be attributed to both the ocean freshening and warm-
ing. The warming in the Eurasian Basin is greater than that in the
Amerasian Basin (Fig. 2A), so the effect of ocean warming on the
potential density is larger in the Eurasian Basin (Fig. 6, A and B).
The March surface mixed layer depth is projected to increase in
the Eurasian Basin and remain relatively stable in the Amerasian
Basin (Fig. 6, C and D). The increase in surface buoyancy loss due
to enhanced surface heat loss (Fig. 5A) and the possible increase in
brine rejection in a warming climate (48) can explain the deepening
of the mixed layer in the Eurasian Basin. The vertical gradient of the
potential density, the stratification, in the upper 150 m of the
Amerasian Basin becomes considerably stronger in the warming

50f10

9202 ‘20 Yoe | Uo B10°20us 105  MMM//:SdNY LWOoJ) pepeojumo



SCIENCE ADVANCES | RESEARCH ARTICLE

A Eurasian Basin c Eurasian Basin

0

05 %0
100
£

150

Depth (km)

At
st

15 Lorein oo ey
| =—1981-2000 200 | =——Mixed layer depth
-—=2081-2100 ===Halocline base depth
2 250
1025 1026 1027 1028 1029 1950 2000 2050 2100
Potential density (kg/m3) Year
0 B Amerasian Basin 0 D Amerasian Basin
1
0.5 0o

200
E

300

Depth (km)

1.5

=—1981-2000 400 | =—Mixed layer depth
=—2081-2100 =—Halocline base depth

2 ! 500

1024 1026 1028 1950 2000 2050 2100
Potential density (kg/ms) Year

Fig. 6. Potential density, surface mixed layer depth, and halocline base depth
in winter in the two Arctic basins. March potential density for the periods of
1981-2000 (blue solid lines) and 2081-2100 (red solid lines) in the (A) Eurasian and
(B) Amerasian basins. Red dotted lines in (A) and (B) are based on salinity during
2081-2100 and potential temperature during 1981-2000. March mixed layer and
halocline base depth in the (C) Eurasian and (D) Amerasian basins. Red dotted lines
in (C) and (D) are halocline base depth calculated on the basis of variable salinity
but fixed potential temperature of the 1981-2000 mean. The differences between
the red solid lines and red dotted lines indicate the impacts of Arctic Ocean warm-
ing. Shading shows the range of 1 SD of the CMIP6 models.

climate (Fig. 6B), which can counterbalance the effect of surface
buoyancy loss and thus maintains a stable mixed layer depth
(Fig. 6D).

The Arctic halocline insulates sea ice and the mixed layer from
the underlying warm AW layer (49). The halocline base, which
defines the transition from halocline to thermocline, was observed
to become shallow in the eastern Eurasian Basin in the past decade
(50). It will continue to shoal in both the Arctic basins in a warming
climate (Fig. 6, C and D). Averaged over the Eurasian Basin, the
halocline base will reach the mixed layer lower boundary starting
from about 2070 due to the deepening of the mixed layer and shoal-
ing of the halocline base. The shoaling of the halocline base will
facilitate the ocean heat in the AW layer to reduce sea ice cover
and increase sea surface heat loss in winter as shown in Fig. 5A. The
shoaling of the halocline base is mainly due to the ocean warming
in the Eurasian Basin (Fig. 6C). Therefore, the ocean warming
not only increases the available ocean heat but also weakens the
halocline through reducing ocean density. In the Amerasian Basin,
the halocline base will rise because of both the ocean warming and
freshening in a warming climate, but, averaged over the basin,
it will not reach the mixed layer lower boundary within the 21st
century (Fig. 6D).
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DISCUSSION

The Arctic Ocean is and will continue to be warming much faster
than the global ocean average in a warming climate, a phenomenon
that we call AOA. The AOA features the strongest Arctic Ocean
warming at the intermediate depth where the AW layer locates,
which can be attributed to enhanced ocean heat import through the
BSO and Fram Strait. Our heat budget analysis indicates that the
increase in the net ocean heat transport into the Arctic Ocean,
despite being partially offset by the increase in the net surface heat
loss, will drive an accelerating warming in the Arctic Ocean in the
coming decades. Therefore, the AOA is largely a fingerprint of
Arctic Atlantification, a process of anomalous ocean heat advection
from the North Atlantic to the Arctic Ocean.

Our analysis indicates that the future increase in ocean heat
transport into the Arctic Ocean is mainly due to ocean warming in
the inflow water, not the increase in the ocean volume transport.
The warming of the AW in the Nordic Seas is indeed pronounced in
the future (Fig. 2A). It can be attributed to a reduction in sea surface
heat loss and an increase in ocean heat transport from the subpolar
North Atlantic (SPNA), and these two factors have similar contri-
butions (fig. S9). The weakening of the Atlantic Meridional Over-
turning Circulation in a warming climate can slow down the ocean
warming in the SPNA (51), but the net ocean heat transport into the
Nordic Seas will keep increasing (fig. S9) because the local ocean
circulation in the SPNA plays an important role in influencing the
poleward ocean heat transport (52, 53). The increase in ocean heat
inflow from the Pacific associated with Arctic Pacification also con-
tributes to the Arctic Ocean warming, but its impact can be mainly
on the upper ocean because of the low density of fresh Pacific Water.

Ocean heat export from the Arctic Ocean to the North Atlantic
will increase as a result of increasing temperature in the export
water at the Fram and Davis straits (fig. S7). This will cause the net
ocean heat supply to the Arctic Ocean to level off after 2070 in the
CMIP6 SSP585 scenario. Therefore, the ocean heat export will
become an important heat budget term of the Arctic Ocean in the
future, although it was not so in the past. Owing to the shoaling of the
AW layer, weakening of the Arctic halocline, and deepening of
the mixed layer, the Arctic Ocean surface heat loss will increase in a
warming climate, especially along the pathways of Atlantic and Pacific
water inflow. This will contribute to the near-surface air warming
and AA. The more rapid warming of the Arctic atmosphere in areas
of open seas, a manifestation of the AA, tends to reduce the ocean
surface heat loss (24, 33). This causes the total surface heat loss to
decrease slowly after reaching the maximum in about 2070. The
changes in both the ocean heat transport and surface heat loss
after 2070 together cause the rate of the heat gain of the Arctic
Ocean to stay at a relatively stable level. As a consequence, the Arctic
Ocean will continue to warm up until the end of the 21st century.

The AOA has emerged already and will continue in the warming
climate. This indicates that the Arctic Ocean is one of the oceans
most susceptible to climate change. The Barents Sea is the Arctic
area that first exhibits signs of strong and accelerating warming
(Fig. 2B). The associated notable influence on marine ecosystems
and sea ice decline has already been evident (23-25, 29, 54). Warm-
ing of the Chukchi Sea and the AW layer in the Arctic Ocean, which
also has strong implications on marine ecosystems and sea ice
decline, has also been reported (21, 27, 28, 55). The amplified
Arctic Ocean warming in the CMIP6 SSP585 scenario implies that
the physical environment and marine life in the Arctic Ocean will
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face marked changes in the future unless climate change can be
timely alleviated.

Because of the rapid warming and notable freshening in the
Arctic Ocean in a warming climate, the local steric (thermosteric
and halosteric) sea level in the Arctic Basin will also rise faster than
the global mean. On the basis of our estimate, the steric sea level in
the Arctic Basin during 2081-2100 will rise by 0.48 + 0.16 m relative
to 1981-2000, while the global mean steric sea level will rise by
0.30 £ 0.06 m. Ocean heat uptake has strong impacts on the spatial
pattern of atmosphere warming (56). Considering the relatively
small volume of the Arctic Ocean, which accounts for about 1.4% of
the global ocean volume, the rapid warming in the Arctic Ocean
makes little direct contribution to the global heat uptake. However,
the changes in Arctic Ocean surface heat flux associated with the
increase in ocean heat transport and Arctic Ocean warming can
directly enhance the regional atmosphere warming and AA. Further-
more, the local changes in the Arctic Ocean may have potential
impacts on ocean and atmosphere circulations at lower latitudes
through both ocean export and air-sea interactions (57-59), which
requires sustained observations and improved understanding.

MATERIALS AND METHODS

Terminology

In this study, “Arctic Ocean” refers to the Arctic Basin (Eurasian
and Amerasian basins) and its surrounding shelf seas, including the
Barents, Kara, Laptev, East Siberian, Chukchi, and Beaufort seas, as
well as Baffin Bay (fig. S3).

Dataset

This study used historical simulations and projections based on 20
CMIP6-coupled models (table S2): ACCESS-CM2, ACCESS-ESM1-5,
AWI-CM-1-1-MR, CESM2-WACCM, CESM2, CMCC-CM2-§R5,
CNRM-CM6-1-HR, CNRM-CM6-1, CNRM-ESM2-1, CanESM5-
CanOE, CanESM5, EC-Earth3-Veg, EC-Earth3, FIO-ESM-2-0,
GFDL-CM4, HadGEM3-GC31-LL, IPSL-CM6A-LR, NorESM2-LM,
NorESM2-MM, and UKESM1-0-LL. The simulations for 1950-2014
and projections for 2015-2100 are based on CMIP6 historical
and scenario experiments, respectively. The CMIP6 projections for
2015-2100 are driven by external forcings under the SSP frame-
work (60). The projections used in this study are based on scenario
SSP585, which is characterized by rapid and fossil-fueled develop-
ment with high challenges to mitigation and low challenges to
adaptation (61). It represents the high end of the range of future
pathways with effective radiative forcing of 8.5 W m ™2 in 2100 (60).
All CMIP6 historical simulations and future projections used in this
study are freely available for research and can be downloaded from
https://esgf-data.dkrz.de/search/cmip6-dkrz/.

To evaluate CMIP6 model performance, we compared CMIP6-
simulated temperature change with that in EN4 (37), which is based
on observations and can be downloaded from www.metoffice.gov.
uk/hadobs/en4/. CMIP6-simulated ocean heat transport and sea
surface heat flux are also compared with the results from the Ocean Re-
Analysis System 5 (ORAS5) dataset (62), which can be downloaded
from www.cen.uni-hamburg.de/en/icdc/data/ocean/easy-init-ocean/
ecmwf-oras5.html. The ocean warming and changes in ocean heat
transport and sea surface heat flux shown by EN4 and ORAS5 are
largely reproduced in the CMIP6 multimodel means, although there
are some model biases (Figs. 1 to 4).
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CMIP6 models have large intermodel spreads (Figs. 1, 3, and 4),
which can be attributed to both different natural variabilities in
model simulations and model uncertainties. We used the CESM large
ensemble dataset (from www.cesm.ucar.edu/projects/community-
projects/LENS/data-sets.html) (63) to study the main reason. The
ocean temperatures and the warming rates in the Arctic and global
oceans have much smaller spreads among 40 CESM ensemble mem-
bers (fig. S10) than the intermodel spreads among the 20 CMIP6
climate model simulations (Fig. 1). This implies that the large inter-
model spreads in CMIP6 models should be mainly caused by climate
model uncertainties, and it is sufficient to use one realization from
each model in this study. Despite model uncertainties, all models
consistently show that ocean heat transport is the main driver for
the Arctic Ocean warming (fig. S5).

AOA factor
AOA factor is defined as the ratio of the forced instantaneous
warming rate of the Arctic Ocean to that of the global ocean. The
warming rate is calculated on the basis of the ensemble empirical
mode decomposition (EEMD) (64, 65). EEMD is a noise-assisted
data analysis method based on EMD to avoid mode mixing (65). In
EEMD, a time series of temperature T(t) is decomposed into a number
of amplitude-frequency-modulated oscillatory components Cj(t),
and a residual R,(t) after n number of Cj(t) are extracted, with R,(t)
either monotonic or containing only one extremum such that no
additional modulated oscillatory components can be extracted (66)
T(t)= T4 GO +R,(0) (1)
where the oscillatory components C(t) represent different natural
variabilities, while the residual R,,(t) can be considered as the forced
change. The decomposition stops when R,(t) contains at most one
extremum, where the total number of Ci(t) () is close to (logzN) — 1
with N the number of total data points. The forced instantaneous
warming rate is the time derivative of the residual, which does not
contain influences from natural climate variabilities. The warming
rate and AOA factors were calculated for each model separately
before computing their multimodel means.

To determine the ToE of AOA, we used the 40 CESM ensemble
members mentioned above. The ToE of AOA is defined as the time
after which the decadal Arctic Ocean warming is always larger than
that of the global ocean mean, a criterion also used to define the
ToE of AA (67). The ToE was calculated for each ensemble member
separately before calculating the ensemble mean (fig. S2). As we
have calculated the AOA factor for the CMIP6 models after remov-
ing the natural variabilities using EEMD, the time after which the
AOA factor remains larger than one also can be considered as the
ToE. The consistency of the ToE between the CESM ensemble
members and the CMIP6 models helped us determine that the AOA
has already emerged in the historical period.

Ocean heat transport

In the Arctic Ocean heat budget analysis, ocean heat transport
through each Arctic Ocean gateway (i.e., the Bering Strait, BSO,
Fram Strait, and Davis Strait; fig. S3) was calculated using monthly
seawater potential temperature and ocean velocity as follows

0 Aa(2)
OHT(v, T) = pocp) -t oo (T = Tret) drdz @)
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where p, is seawater density, c, is the specific heat capacity of
seawater, v is ocean velocity perpendicular to the section of each
gateway, T is the potential temperature in each section, Ty is the
reference temperature set to be 0°C in this study, H is water depth,
and A is the distance along the gateway transect. The density and
heat capacity-dependent parts of the heat transport changes are
ignored in this study because they are treated as constants in our
calculations.

We calculated the gateway heat transport along the zigzag grid
lines on the native model grids to largely guarantee heat conserva-
tion and avoid ambiguities associated with a regridded land/sea
mask (68). The calculated ocean heat transport can basically ensure
the heat conservation as indicated by the fact that the Arctic Ocean
temperature anomaly calculated from the sum of the gateway heat
transport and ocean surface heat flux is very close to the tempera-
ture anomaly directly obtained from the model output (fig. S4).

Decomposition of ocean heat transport
To investigate the changes of ocean heat transport, the ocean heat
transport was decomposed as follows (44)

OHT(v,T)= OHT®,T)+OHT(, T)+ OHT(',T) + OHT(',T") (3)

where the overbar indicates the climatology and the prime indicates
the anomalies from the climatology. Thus, the ocean heat transport
anomaly OHT anomaly(v, T) = OHT (v, T) ~OHT (7, T) can be decom-
posed as follows

OHT 4nomaty(v, T) = OHT(¥, T") +OHT(v, T ) + OHT(v',T") (4)

where OHT(¥, T"), OHT(v',T), and OHT(v', T") represent the tem-
perature-driven component, velocity-driven component, and the
component due to the joint variability of temperature and velocity,
respectively. OHT(v', T") is positive when the velocity and tempera-
ture anomalies have the same sign. As shown in fig. S6, this term is
not negligible for all the Arctic gateways.

Sea surface heat flux

In this study, the sea surface heat flux is the net heat flux across the
surface boundary of the liquid ocean and available directly from the
model data repository. It is the sum of the net flux of longwave
radiation, net flux of shortwave radiation, sensible heat flux, latent
heat flux, ice-ocean heat flux, and internal energy in water entering
and leaving the ocean.

Halocline base depth and surface mixed layer depth

The Arctic halocline layer is an important insulator between the
AW layer and the surface mixed layer. To study the effect of Arctic
Ocean warming on the halocline layer, the halocline base depth is
defined as the depth where the ratio of the density gradient due
to temperature to the density gradient due to salinity equals 0.05
(49), that is

R, = (000/92)/(B0S/0z) = 0.05 (5)

where o, B, 6, and S are the thermal expansion coefficient, haline
contraction coefficient, potential temperature and salinity, re-
spectively. This depth characterizes the transition from halocline to
thermocline (49).
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Averaged over the Eurasian Basin, the halocline base depth will
be shallower than the surface mixed layer depth in most of the years
after 2070. In this case, the halocline base depth is not plotted in
Fig. 6C. This condition indicates that the surface mixed layer is in
direct contact with the thermocline, and the AW layer heat can easily
reach ocean surface and sea ice. The mixed layer depth is defined as
the depth where the potential density is larger than the surface
potential density by 0.1 kg/m® (69). We calculated the mixed layer
depth and halocline base depth at each model grid point first before
calculating the basin means and multimodel means.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abn9755
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