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Major changes have occurred in the Arctic Ocean during 2000–2019, including the
unprecedented spin-up of the Beaufort Gyre and the emergence of Arctic Atlantification in
the eastern Eurasian Basin. We explored the main drivers for these changes by
synthesizing numerical simulations and observations in this paper. The Arctic
atmospheric circulation was unusual in some years in this period, with strongly negative
wind curl over the Canada Basin. However, the wind-driven spin-up of the Beaufort Gyre
would have been much weaker had it not been for Arctic sea ice decline. The sea ice
decline not only fed the ocean with meltwater, but also made other freshwater
components more available to the Beaufort Gyre through mediating the ocean surface
stress. This dynamical effect of shifting surface freshwater from the Eurasian Basin
towards the Amerasian Basin also resulted in the Arctic Atlantification in the eastern
Eurasian Basin, which is characterized by halocline salinification and the uplift of the
boundary between the halocline and the Atlantic Water layer. Contemporarily, the sea ice
decline caused a strong warming trend in the Atlantic Water layer. The Empirical
Orthogonal Function (EOF) analysis of Arctic annual sea surface height for this period
reveals that the first two modes of the upper ocean circulation have active centers
associated with the Arctic Oscillation and Beaufort High variability, respectively. In the
presence of sea ice decline the first two EOFs can better distinguish the ocean variability
driven by the two atmospheric circulation modes. Therefore, the major changes in the
Arctic Ocean in the past two decades are indicators of climate change as is the sea ice
retreat. Our synthesis could help assess how the Arctic Ocean might change in future
warming climate.
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1 INTRODUCTION

The Arctic has seen an amplified climate change with
considerable sea ice decline (Comiso et al., 2017; Kwok, 2018)
and an atmosphere warming rate much higher than the global
mean (Screen and Simmonds, 2010; Cohen et al., 2014).
Dramatic changes have also been observed in the Arctic
Ocean. An unprecedented amount of low salinity surface water
was accumulated in the Amerasian Basin during the first two
decades of the 21st century as shown by observations (Polyakov
et al., 2013; Rabe et al., 2014; Wang et al., 2019b), especially in the
Beaufort Gyre region (Proshutinsky et al., 2009; Proshutinsky
et al., 2019). Accordingly, the Beaufort Gyre circulation
accelerated (McPhee, 2013), presumably with enhanced eddy
activity (Armitage et al., 2020). In the eastern Eurasian Basin, a
weakening of the halocline and an uplift of the lower halocline
boundary have been observed (Polyakov et al., 2020b). These
changes have strong implications for the impact of the Arctic
Ocean on the Earth system. For example, the accumulation and
release of Arctic freshwater can modify the upper ocean salinity
in the subpolar North Atlantic, thus influencing the ocean
stratification, deep water formation and Atlantic meridional
overturning circulation (Aagaard et al., 1985; Zhang et al.,
2021); The weakening of the Arctic halocline may facilitate the
ocean heat in the Arctic Atlantic Water layer to reach the surface
mixed layer, thus enhancing sea ice retreat (Polyakov et al.,
2020a); The chemical constituents in the Arctic freshwater are
very different from those in the North Atlantic, so changes in the
status of Arctic freshwater storage can influence the ecosystems
in both the Arctic Ocean and North Atlantic (Azetsu-Scott
et al., 2010; Carmack et al., 2016). Therefore, understanding
the changes in the Arctic Ocean and their causes is of
crucial importance.

In this paper we will explore the changes of the large-scale
circulation in the upper Arctic Ocean in the 2000s and 2010s by
reconciling recent studies with the support of numerical
simulations and observations. Because the changes in this
period are unprecedented for at least the past century and
possibly are indicators of the emergence of respective climate
change signals (Rudels, 2015; Timmermans and Marshall, 2020),
a synthesized view of the main drivers for these changes is
required for better understanding and predicting the new Arctic.
We will review the literature and then use a set of numerical
simulations to explain the Arctic Ocean circulation changes. Our
focus in this paper will be on the large-scale upper ocean
circulation in the Arctic deep basin area and the Arctic
Atlantification in the eastern Eurasian Basin.

1.1 Upper Arctic Ocean Circulation
On average, the Arctic Ocean has a strong halocline because it
receives freshwater from river runoff, net precipitation minus
evaporation and Pacific Water which has relatively low salinity
(Serreze et al., 2006; Haine et al., 2015; Carmack et al., 2016). The
surface water in the Arctic Ocean is much fresher than that in the
North Atlantic, where it is exported to, so it is traditionally called
Arctic freshwater, and the amount of freshwater is often
Frontiers in Marine Science | www.frontiersin.org 2
quantified with the so-called freshwater content (FWC). The
major upper ocean circulation in the Arctic basin, basically the
surface geostrophic flow, is mainly determined by the halosteric
contribution to sea surface height because the temperature-
induced ocean density change is relatively small (Carmack,
2007). Understanding the changes in the large-scale circulation
in the upper Arctic Ocean is thus by large equivalent to
understanding the changes in the spatial distribution and
magnitude of the FWC in the Arctic Ocean (see Figure S1 in
the Supplementary Material). The FWC at each location can be
computed as

FWC =
Z 0

D
(Sref − S)=Sref  dz, (1)

where S is ocean salinity, Sref is a reference salinity and D is the
isohaline depth of S = Sref. FWC (in meter) represents the
amount of freshwater contained in the ocean column. It is
equivalent to the amount of pure (zero-salinity) water required
to be taken out from an ocean column so that the mean salinity
in the ocean column is changed to the reference salinity. In this
paper Sref = 34.8 psu if not otherwise stated. Integrating FWC
laterally in a region we can get the volumetric FWC (with a
unit km3).

1.1.1 Temporal-Mean Circulation in the Upper
Arctic Ocean
The mean circulation in the upper Arctic Ocean is characterized
by the anticyclonic Beaufort Gyre circulation over the Canada
Basin and the Transpolar Drift Stream connecting the Eurasian
coast with Fram Strait (Figure 1). These dominant ocean
circulation features are sustained by the atmospheric mean
circulation in the Arctic (Figure 2). The high sea level pressure
over the Canada Basin, called Beaufort High (Figure 2A),
induces negative curl of winds centered over the Beaufort Gyre
region (Figure 2B), which can drive Ekman convergence and
downwelling in the ocean. The spatial pattern of sea ice drift
largely reflects the spatial pattern of winds, with an anticyclonic
gyre circulation in the Canada Basin and the Transpolar Drift
Stream across the central Arctic (as demonstrated by the
satellite-derived sea ice drift in Figure 2C). The convergence of
surface freshwater to the central Canada Basin, which is driven
by the Beaufort High and mediated by sea ice, leads to a sea
surface height dome associated with large FWC, thus causing the
anticyclonic Beaufort Gyre circulation (as demonstrated by
satellite-derived surface geostrophic current in Figure 2D). As
the temporal-mean wind curl over the Canada Basin is negative,
some processes that impede the deepening of isohaline and
freshwater accumulation must exist, including eddy fluxes (e.g.,
Manucharyan and Spall, 2016; Yang et al., 2016) and the negative
feedback of ice-ocean stress coupling (e.g., Kwok and Morison,
2017; Meneghello et al., 2018b; Wang et al., 2019a, see Section
1.2). The sea surface height gradient between the Canada and
Eurasian basins sustains the oceanic Transpolar Drift Stream.
Averaged over the 2010s, a cyclonic circulation confined to the
Nansen Basin is only marginally recognizable (Figure 2D).
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1.1.2 Changes in Transpolar Drift and
Cyclonic Circulation
The Transpolar Drift Stream, which roughly indicates the location
of the front between Pacific- and Atlantic-derived waters, varies on
interannual and decadal time scales. The Arctic Oscillation has the
strongest impacts on the location of the Transpolar Drift Stream
than other major atmospheric modes (Zhang et al., 2003; Condron
et al., 2009; Wang, 2021). It is the leading mode of the Arctic large-
scale atmospheric circulation and characterized by lower-than-
normal Arctic sea level pressure in its positive phase and by higher-
than-normal Arctic sea level pressure in its negative phase
(Thompson and Wallace, 1998). A strongly positive Arctic
Oscillation can shift the Transpolar Drift Stream from its
climatological location near the Lomonosov Ridge to the Alpha-
Mendeleev Ridge, thus expanding the Eurasian Basin cyclonic
circulation and Atlantic-derived water through the Makarov
Basin and limiting the spatial extent of the anticyclonic
circulation and Pacific-derived water; the location where
Eurasian runoff enters the Arctic basin also moves eastwards
following the Transpolar Drift Stream. This situation happened
in the 1990s as revealed by hydrography observations (Carmack
et al., 1995; Morison et al., 1998; Steele and Boyd, 1998; Ekwurzel
et al., 2001; McLaughlin et al., 2002) and model simulations
(Maslowski et al., 2000), which can be explained by the highest
Arctic Oscillation of the longest duration (from 1989 to the mid
1990s) at least for the past six decades (Figure 3A). Dynamically,
an eastward shift of the Transpolar Drift Stream is a result of the
reduction in the halosteric height (that is, reduction in the liquid
Frontiers in Marine Science | www.frontiersin.org 3
FWC) in the Makarov Basin induced by strongly positive Arctic
Oscillation (Wang et al., 2021b).

Following the weakening of the Arctic Oscillation in the
second half of the 1990s, the ocean condition became similar
to the pre-1990s climatology after 2000, with the Transpolar
Drift Stream moving back to the Lomonosov Ridge as revealed
by hydrography and chemical tracer observations (Steele et al.,
2004; Morison et al., 2006; Alkire et al., 2007). For the
time period after 2000, there were no published observations
indicating abnormal changes in the location of the Transpolar
Drift Stream and water front as observed in the 1990s.
The Arctic Oscillation, however, did induce strong interannual
variability in the upper ocean circulation in the Makarov Basin in
this period as revealed by satellite-observed dynamic
ocean topography (Morison et al., 2021). We note that
“dynamic ocean topography”, a terminology often used in the
satellite-observation community, refers to sea surface height
(relative to the Earth’s geoid) which is often used in the ocean
modeling community.

1.1.3 Changes in Anticyclonic Circulation
The anticyclonic circulation of the Beaufort Gyre, which is a
large freshwater reservoir, has strengthened considerably along
with the increase in its FWC in the 2000s and 2010s. The wind
curl averaged over the Canada Basin is a very good predictor for
changes in the FWC in the Beaufort Gyre region (Figure 3B, see
also Wang et al., 2018a). The wind curl had a record low in 2007
(Figure 3A), consistent with the timing of the rapid increase in
FIGURE 1 | Schematic of Arctic Ocean circulation. The blue arrows denote upper ocean circulation, and red arrows denote Atlantic Water circulation. The background gray
color denotes bottom bathymetry. The magenta dashed line indicates the Arctic boundary for replacing atmospheric forcing in the sensitivity experiments used in Section 3.
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the Beaufort Gyre FWC as observed in both satellite-derived
altimetry data and ocean hydrography (McPhee et al., 2009;
Proshutinsky et al., 2009; Giles et al., 2012; Morison et al., 2012;
Krishfield et al., 2014). The accumulation of freshwater is also
manifested in the deepening of the isohalines in the upper ocean
of the central Canada Basin (Zhang et al., 2016; Wang et al.,
2018a). In the period 2010–2014, the wind curl over the Canada
Basin changed back to a neutral state on average (Figure 3A).
After 2014, the wind curl anomaly over the Canada Basin was
predominantly negative again (Figure 3A). Thus, as expected,
the FWC in the Beaufort Gyre region further increased in this
period (Proshutinsky et al., 2019). In total, from 2003 to 2018,
the observed FWC in the Beaufort Gyre region increased by
6,400km3, a growth of 40% relative to the climatology in the
1970s (Proshutinsky et al., 2019). Observations also indicated
that the sea surface height doming associated with the increase in
the FWC in the Canada Basin caused an intensification of the
anticyclonic surface geostrophic current, a spin-up of the
Beaufort Gyre (McPhee, 2013; Armitage et al., 2017; Armitage
et al., 2020).
Frontiers in Marine Science | www.frontiersin.org 4
The wind forcing over the Canada Basin in the early 21st
century was unusual compared to the prior few decades. The
wind curl over the Canada Basin averaged over 2005–2009 and
2015–2019 was much lower than the long-term mean
(Figures 3A, F, H). However, the sea level pressure anomalies
in these two periods are quite different. The negative wind curl
anomaly in the 2000s was associated with a positive sea level
pressure anomaly over the Canada Basin (Figure 3C), while in
the 2010s the sea level pressure is close to the climatology over
the Canada Basin and lower than the climatology around the
Canada Basin (Figure 3E). Therefore, the sea level pressure over
the Canada Basin alone cannot serve as a predictor for the
evolution of the Beaufort Gyre.

1.1.4 Considering Cyclonic and Anticyclonic
Circulation Modes on an Equal Footing
Recently there were a collection of studies focusing on the
anticyclonic Beaufort Gyre circulation (Proshutinsky et al.,
2020). One reason for the increased attention to the
anticyclonic circulation is the relatively higher concentration of
A B

DC

FIGURE 2 | Mean circulation of atmosphere, sea ice and upper ocean in the Arctic. (A) Annual mean sea level pressure (SLP). (B) Annual mean winds [vectors] and
curl of winds [color]. The SLP and winds are taken from JRA55-do reanalysis (Tsujino et al., 2018) and averaged over the period 2000–2019. (C) Winter (October to
April) sea ice drift for 2010–2019 from the OSI-SAF observation (Lavergne et al., 2010) and FESOM simulation. (D) Annual mean ocean surface geostrophic velocity
for 2011–2019 estimated from the dynamic ocean topography observed by CryoSat2 (Armitage et al., 2016; Armitage et al., 2017) and simulated in FESOM. The
dashed circle close to the North Pole indicates the area where the CryoSat2-derived dynamic ocean topography is not available.
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in situ observations in the western Arctic Ocean, which also
provides a nice testbed for numerical model assessment and
intercomparison (Proshutinsky et al., 2020). In addition, the
unprecedented changes in the Beaufort Gyre region in the last
two decades naturally attracted more attention from the
scientific community. Nevertheless, a few recent studies did
attempt to understand the Arctic upper ocean circulation with
the anticyclonic circulation, Transpolar Drift Stream and
cyclonic circulation on an equal footing. Empirical Orthogonal
Function (EOF) analysis of sea surface height derived from
hydrography and satellite observations reveals that the leading
mode (as EOF1) of the interannual variability corresponds to a
cyclonic mode (sea surface height depression) centered over the
Russian side of the Arctic deep basin (Morison et al., 2021).
When just considering the short period of satellite altimeter
observations (2004–2019), an anticyclonic mode (sea surface
height dome) centered over the Canada Basin appears in the
Frontiers in Marine Science | www.frontiersin.org 5
second EOF and explains a significant part of the total sea surface
height variance (Morison et al., 2021).

Model studies also demonstrate that the Arctic Oscillation
can influence the strength and spatial extent of the cyclonic
ocean circulation, which further impacts the location of the
Transpolar Drift Stream and the spatial extent of the
anticyclonic circulation (Wang et al., 2021b). The strength of
the Beaufort High mainly influences the anticyclonic circulation,
and it can influence the location of the Transpolar Drift Stream
only when the Arctic Oscillation has been strongly positive for a
long time so that the Transpolar Drift Stream has been shifted
close to the Alpha-Mendeleev Ridge (Wang et al., 2021b). The
cyclonic and anticyclonic ocean circulations are not isolated
from each other by the Transpolar Drift Stream, but possibly
interconnected through mesoscale eddies as suggested by both
observations and idealized model simulations (Timmermans
et al., 2008; Spall, 2020).
A B

D E

F G H

C

FIGURE 3 | Atmospheric circulation conditions in the 2000s and 2010s. (A) Normalized Arctic Oscillation index (red) and wind curl averaged over the Canada Basin
(CB, blue). Annual means are shown with bars and five years running means are shown with solid lines. (B) Normalized wind curl averaged over the CB (blue) and
the inversed derivative of freshwater content (FWC) in the CB, indicating that the wind curl is a good indicator of CB FWC changes. (C–E) Sea level pressure (SLP)
anomaly relative to the 1980–2019 mean for (C) 2005–2009, (D) 2010–2014 and (E) 2015–2019. (F–H) Wind curl anomaly in the three corresponding periods. The
two periods with green background in (A) correspond to (C, F) and (E, H) respectively. In both the periods, the CB is featured with large negative wind curl (A),
although the SLP anomalies are very different. The wind curl in (A) is averaged in the region denoted by the magenta box in (E).
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1.2 Impact of Sea Ice on the Upper
Ocean Circulation
When understanding the wind-driven circulation in the Arctic
Ocean, the impact of sea ice should be considered. Sea icemediates
momentum transfer from the atmosphere to the ocean due to its
seasonally strong internal stress (Hibler, 1979; Martin et al., 2014).
As sea ice declines, the response of the upper ocean circulation to
winds can be strengthened due to enhancement in ocean surface
stress (Davis et al., 2014; Wang et al., 2021c). Through dedicated
numerical simulations it was found that the sea ice decline in the
2000s dramatically modified the ocean surface stress so that more
surface freshwater was shifted toward the converging Beaufort
Gyre region, thus contemporarily reducing the amount of
freshwater in the Eurasian and Makarov basins (Wang et al.,
2019b). The rapid freshwater accumulation in the Beaufort Gyre
region in the 2000s can be attributed to both sea ice meltwater and
other freshwater components thatweremademore available to the
Beaufort Gyre by sea ice decline (Wang et al., 2018a), including
Mackenzie River runoff and Pacific Water (Proshutinsky et al.,
2019). That is, Arctic sea ice decline has amplified the effect of wind
forcing on freshwater distribution and upper ocean circulation,
which is clearly demonstrated by using numerical simulations in
Wang (2021).Wang (2021) shows that, in comparison to the sea ice
condition in the 1980s, the sea ice condition in the 2010s increases
the response of theArcticOcean toArcticOscillation and Beaufort
High wind perturbations by up to 50% for integrated FWC and up
to about 100% for upper ocean velocity regionally. The nature that
the Arctic FWC and upper ocean circulation are dynamically
driven by winds implies their predictability (Marshall et al., 2017;
Johnson et al., 2018; Cornish et al., 2020). However, because Arctic
sea ice is in a rapid decline, a quantitative prediction ofArctic FWC
will very possibly fail without considering the changes in sea ice
(Wang et al., 2018a).

Another important aspect of the dynamic impact of sea ice on
the Arctic Ocean is its stabilization effect on the Beaufort Gyre.
Previously transport by mesoscale eddies was thought to be the
main process that stabilizes the Beaufort Gyre FWC and
circulation (Manucharyan and Spall, 2016; Yang et al., 2016;
Armitage et al., 2020). Recent studies suggested that the status of
the Beaufort Gyre FWC and circulation should be viewed as a
result of three-way balance: wind stress, eddy flux and the so-
called ice-ocean governor (Meneghello et al., 2018a; Doddridge
et al., 2019; Wang et al., 2019a; Meneghello et al., 2020). The
ocean surface stress that drives the Ekman convergence of
surface freshwater in the Beaufort Gyre region depends on the
velocity difference between sea ice and surface ocean. A decrease
(an increase) in FWC in the Beaufort Gyre results in a decrease
(an increase) in the anticyclonic ocean surface geostrophic
current, which induces an anticyclonic (a cyclonic) anomaly in
the ocean surface stress; The latter functions to stabilize the
Beaufort Gyre, as its effect is to oppose the further decrease
(increase) of the Beaufort Gyre FWC. This negative feedback
relies on large sea ice internal stress in wintertime (Kwok and
Morison, 2017) and is dubbed ice-ocean governor (Meneghello
et al., 2018a). Its stabilization effect on the Beaufort Gyre was
clearly demonstrated using observations (Dewey et al., 2018;
Frontiers in Marine Science | www.frontiersin.org 6
Meneghello et al., 2018b; Zhong et al., 2018) and realistic Arctic
Ocean modeling (Wang et al., 2019a).

1.3 Atlantic Water Layer in the
Arctic Ocean
Below the Arctic halocline the modified Atlantic Water circulates
cyclonically in the intermediate depth range along topography
slopes (Woodgate et al., 2001; Karcher and Oberhuber, 2002;
Schauer et al., 2002; Gerdes et al., 2003). The focus of this paper is
on the upper Arctic Ocean, but the halocline changes in the
eastern Eurasian Basin are closely linked to the changes in the
underlying Atlantic Water layer in the process of Arctic
Atlantification. Therefore, we briefly allude to Atlantic Water
inflow related to our topic here. See Timmermans and Marshall
(2020) for a recent comprehensive review on Arctic Ocean
circulation dynamics including the Atlantic Water layer.

Warm, saline Atlantic Water enters the Arctic Ocean through
both the Barents Sea Opening and Fram Strait (Figure 1). The
ocean heat transport through the Barents Sea Opening is higher,
but most of the ocean heat in this branch is lost to the
atmosphere within the Barents Sea in the climate condition of
the 20th century (Smedsrud et al., 2013), while this situation will
change with time in a future warming climate (Årthun and
Eldevik, 2016; Shu et al., 2021). In the 2000s and 2010s, a
warming trend together with an increase in volume transport
in the West Spitzbergen Current (WSC) was found in
observations (Beszczynska-Moeller et al., 2012; von Appen
et al., 2016; Wang et al., 2020, also see Figure S2) and model
simulations (Wang et al., 2020). Different mechanisms could
drive the Atlantic Water inflow, including wind-driven mixing
interior to the Arctic that draws water in and winds exterior to
the Arctic that drive water into the Arctic following bathymetry
contours (Timmermans and Marshall, 2020). Ascertaining what
drives the Atlantic Water inflow remains to be a subject of active
research, but model simulations have proved that Arctic sea ice
decline has caused an enhanced ocean heat transport through
Fram Strait and considerably contributed to the warming of the
Atlantic Water layer in the eastern Eurasian Basin (Wang
et al., 2020).

The Atlantic Water heat can relatively easily reach sea ice and
produce ice-free areas around Svalbard in winter (Ivanov et al.,
2016; Athanase et al., 2020). However, along the cyclonic
circulation pathway of Atlantic Water towards the eastern
Eurasian Basin and Amerasian Basin, the halocline thickens
and strengthens, thus insulating the mixed layer and sea ice
from the warm Atlantic Water layer (Rudels et al., 1996).
Observations reveal that the halocline in the eastern Eurasian
Basin has experienced remarkable changes in the early 21st
century, becoming weaker along with an uplift of the
underlying Atlantic Water layer (Polyakov et al., 2018;
Polyakov et al., 2020b). It is unclear if this phenomenon
of Atlantification in the eastern Eurasian Basin represents a
typical trend under climate change, or a decadal variability
that was possibly enhanced by climate change. At least the
analysis of paleoceanographic records has indicated that the
aforementioned ocean warming in the Fram Strait in the early
May 2022 | Volume 9 | Article 863204
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21st century is unprecedented for the past 800 years (Tesi
et al., 2021).

Changes in Arctic sea surface height and the associated
barotropic geostrophic circulation can influence the Atlantic
Water layer circulation located beneath the halocline on
different time scales as illustrated by model simulations (Lique
et al., 2015; Hinrichs et al., 2021). Observations of chemical
tracers indicate that both the strong cyclonic surface circulation
in the mid-1990s associated with the strongly positive Arctic
Oscillation and the strengthened anticyclonic Beaufort Gyre
circulation in the past two decades left an imprint on the
Atlantic Water layer circulation (e.g., Karcher et al., 2012;
Smith et al., 2021). Therefore, observing and understanding the
upper ocean circulation are also crucial for interpreting the ocean
circulation changes at depth.

1.4 Paper Outline
Previous studies based on observations and model simulations
have significantly improved our understanding of the ocean
dynamics in the Arctic Ocean as described above. However,
considering the major changes in the large-scale circulation of
the upper Arctic Ocean during 2000-2019, the previous studies
mostly focused on part of the period or part of the Arctic basin.
In this paper we will provide a synthesized view of these changes
based on numerical simulations with support of satellite-derived
dynamic ocean topography and observed FWC estimates. We
will consider interannual, pentadal and decadal time scales with
the cyclonic and anticyclonic ocean circulations on an equal
footing. The focal aspect will be quantifying how strongly Arctic
sea ice decline influences the wind-driven large-scale circulation
in the Arctic and the Arctic Atlantification in the eastern
Eurasian Basin.

We note that this paper does not cover all aspects of the Arctic
Ocean dynamics. Recently some other Arctic Ocean topics have
also been reviewed, including ocean circulation dynamics in
general (Timmermans and Marshall, 2020), freshwater in the
2010s (Solomon et al., 2021), ocean heat transports in relation to
Arctic sea ice (Docquier and Koenigk, 2021; Smedsrud et al.,
2022), and Arctic Atlantification and Borealization (Polyakov
et al., 2020a; Ingvaldsen et al., 2021).

In Section 2, we present a few idealized wind-perturbation
numerical simulations to demonstrate how the ocean responds
to Arctic Oscillation and Beaufort High forcing. The results
underpin the explanation of the wind-driven circulation changes
presented in Section 3. In Section 3 we disentangle the individual
role of winds and sea ice decline in driving the upper Arctic
Ocean changes. Discussions and summaries are provided in
Section 4 and 5, respectively.
2 ARCTIC OCEAN RESPONSE TO
IDEALIZED WIND PERTURBATIONS

2.1 Experimental Setup
To underpin the discussion in the next section, results from three
wind-perturbation numerical simulations will be presented here
Frontiers in Marine Science | www.frontiersin.org 7
to demonstrate how the Arctic Ocean circulation responds to
different wind forcing. The employed model is the global Finite
Element Sea-ice Ocean Model (FESOM, Wang et al., 2014;
Danilov et al., 2015; Wang et al., 2018b) with 4.5 km
horizontal resolution in the Arctic Ocean. First, the model was
spun up for 20 years starting from the PHC3 hydrography
climatology (Steele et al., 2001). The wind forcing used to drive
the model is the normal year (1-year repeating) version of the
Coordinated Ocean-ice Reference Experiments Phase II
(CORE2) atmospheric forcing (Large and Yeager, 2009). Then
four simulations were conducted for 5 years each, using either
the same wind forcing as during the spin-up (as a control run) or
modified winds with some idealized perturbations added to this
forcing (wind-perturbation experiments). All these experiments
started from the same ocean and sea ice conditions obtained
from the spinup simulation.

The winds in the three wind-perturbation experiments were
perturbed with wind anomalies representing the cases of the
positive Beaufort High anomaly, positive phase of the Arctic
Oscillation and their combination, respectively (Table 1).
Figures 4A–C show the corresponding wind anomalies and
associated sea level pressure anomalies. The Beaufort High
perturbation (Figure 4A) is the same as that used by Marshall
et al. (2017) andWang et al. (2019a), and its magnitude is similar
to the anomaly of the Beaufort High in 2007, when it was
abnormally high. The magnitude of the Arctic Oscillation
perturbation (Figure 4B) is similar to that of the first EOF of
the Northern Hemisphere sea level pressure, the Arctic
Oscillation pattern. Note that for the purpose to explore the
effect of the wind perturbations, other atmospheric forcing fields
and the ocean-ice model configurations were kept the same in all
the simulations.

2.2 Results
The difference of the model results between the wind-
perturbation experiments and the control run reveals the
response of the ocean to the wind perturbations. The positive
Beaufort High forcing causes the Beaufort Gyre to accumulate
freshwater, with some minor reduction in the FWC around the
Beaufort Gyre (Figure 4D). Therefore, the total FWC integrated
over the Arctic Ocean is increased. The doming of the sea
surface height resembles the spatial pattern of the FWC
anomaly, resulting in a spin-up of the anticyclonic Beaufort
Gyre (Figure 4G).
TABLE 1 | List of simulations used in Section 2.

Experiment
name

Wind forcing

Control CORE2 (normal year)
BHp CORE2 + positive Beaufort High
AOp CORE2 + positive Arctic Oscillation
AOp+BHp CORE2 + positive Arctic Oscillation and positive Beaufort

High
The configurations of the three wind-perturbation experiments are the same as the control
simulation except for additional wind perturbations. The applied wind perturbations are
shown in Figures 4A–C.
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With the positive-phase Arctic Oscillation forcing, the
Makarov Basin and part of the Eurasian Basin are drained, but
the surrounding regions, including the Beaufort Sea, have some
freshwater gain (Figure 4E). The magnitudes of the FWC
increase in these surrounding regions are relatively small, so
the total FWC integrated over the Arctic Ocean is reduced under
positive Arctic Oscillation (not shown). In accordance with the
drop of the FWC in the Makarov and Eurasian basins, the sea
Frontiers in Marine Science | www.frontiersin.org 8
surface height depression leads to a cyclonic circulation anomaly
centered over the Makarov Basin (Figure 4H). The effect of the
positive Arctic Oscillation demonstrated here is consistent with
established understanding based on observations and models
(Maslowski et al., 2000; Zhang et al., 2003; Steele et al., 2004;
Condron et al., 2009; Morison et al., 2021). We note that the
increase of the sea surface height over the Eurasian continental
shelf is unproportionally large when considering the FWC
A B

D E F

G IH

J K L

C

FIGURE 4 | Idealized wind perturbation experiments showing the response of freshwater content (FWC, m), sea surface height (SSH) and upper ocean circulation to winds.
(A–C) Sea level pressure [SLP, (color)] and winds [vectors] anomalies representing idealized forcing used in wind perturbation experiments: (A) positive Beaufort High (BH),
(B) positive Arctic Oscillation (AO), and (C) positive AO plus positive BH. (D–F) The corresponding FWC anomalies in the last model year. (G–I) The corresponding SSH
anomalies [color] and upper 150 m velocity anomalies [vectors]. The anomalies are calculated as the difference between the wind perturbation experiments and the control
simulation. (J–L) The corresponding Pacific Water (PW) passive tracer concentration [color] and ocean velocity [vectors] averaged over the upper 150 m in the last model year;
The control simulation is shown in Figure S3 for reference.
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anomaly (cf. Figures 4E, H). This indicates that the change of the
sea surface height over the shallow shelf is more determined by
mass change (reflected in bottom pressure change), rather than
the halosteric effect which plays a major role in the deep basin
area. In this paper our focus is on the ocean dynamics in the deep
basin area.

In the third experiment both the positive Beaufort High and
positive-phase Arctic Oscillation perturbations are enforced,
which is motivated by the atmospheric conditions in the
second half of the 2000s and 2010s (Figure 3A). In these
periods, the Arctic Oscillation was positive in some of the
years, though on average not as strong as in the period from
1989 to the mid 1990s. In this experiment, the changes in FWC
and sea surface height are roughly the sum of the two cases when
only one of the forcing is applied (Figures 4F, I). In particular,
the inflation of the Beaufort Gyre is slightly stronger, but
spatially confined on its northwest side, compared with the
case when positive Arctic Oscillation forcing is absent
(Figures 4D, G). On the other hand, it is also clear that the
ocean convergence driven by the positive Beaufort High forcing
has a stronger impact on the Beaufort Gyre. That is, the positive
Arctic Oscillation alone could facilitate the accumulation of
freshwater in the Beaufort Gyre by discharging freshwater
from the Makarov Basin, but an efficient spin-up of the
Beaufort Gyre needs ocean convergence in the Canada Basin.

The impact of the wind forcing on the upper ocean
circulation is illustrated with a dye tracer injected in the Bering
Strait representing Pacific Water and the velocity averaged over
the upper 150 m (Figures 4J–L). In comparison with the control
simulation (Figure S3), the positive Beaufort High forcing
mainly strengthens the anticyclonic Beaufort Gyre circulation
without significant effect on the location of the Transpolar Drift
Stream (Figure 4J). The positive Arctic Oscillation forcing can
shift the Transpolar Drift Stream and the front between Pacific-
and Atlantic-derived waters from the Lomonosov Ridge to the
Alpha-Mendeleev Ridge, thus expanding the cyclonic circulation
to the Makarov Basin and reducing the spatial extent of the
anticyclonic circulation (Figure 4K). Although the exact location
of the Transpolar Drift Stream depends on the magnitude and
duration of the Arctic Oscillation forcing, the ocean response
revealed here clearly represents the ocean changes under positive
Arctic Oscillation as observed in the 1990s (Carmack et al., 1995;
Morison et al., 1998; Steele and Boyd, 1998; McLaughlin et al.,
2002). The responses of the Pacific Water circulation and spatial
distribution to the Beaufort High and Arctic Oscillation forcing
presented here are also consistent with other model simulations
(Aksenov et al., 2016; Hu et al., 2019). In the presence of both the
positive Beaufort High and Arctic Oscillation, the location of the
Transpolar Drift Stream is the result of the competition between
the two atmospheric modes (Figure 4L).

We note that the applied wind perturbations also lead
to changes in sea ice thickness (that is, solid freshwater),
sea ice concentration and drift (Figure S4). Both the ocean
circulation and sea ice state respond to the wind perturbations
as a coupled system with interaction between them,
which is investigated in Wang et al. (2021a) and not the focus
of the current study. The results shown in this section will serve
Frontiers in Marine Science | www.frontiersin.org 9
as a reference when understanding the role of winds in impacting
the upper Arctic Ocean changes during 2000–2019 in the
next section.
3 CIRCULATION CHANGES IN THE EARLY
21ST CENTURY

3.1 Experimental Setup
In this section a historical (hindcast) model simulation and two
sensitivity experiments (Table 2), synthesized with some related
observations, will be used to explain the upper Arctic Ocean
changes in the 2000s and 2010s. FESOM on the same model grid
as used in the last section is employed here. The historical
simulation was driven by the JRA55-do v.1.4 atmospheric data
sets (Tsujino et al., 2018) from1958 to 2019. Todisentangle the role
of Arctic sea ice decline, we conducted a sensitivity experiment in
which the historical thermal forcing fields (near-surface air
temperature, shortwave and longwave radiation fluxes) over the
Arctic Ocean were replaced with climatological forcing. The one-
year-long climatological thermal forcingwas obtained by averaging
the JRA55-do data from1970 to 1999 for each time step (3-hourly).
This experiment used the same historical winds as in the historical
simulation, and is called wind_vari run hereafter. In the other
sensitivity experiment, the thermal forcing was the same as in the
historical simulation, but winds were kept the same every year. We
followed the recommendationofStewart et al. (2020) touse theone-
year-long winds compiled from 1stMay 1990 to 30th April 1991 of
JRA55-do, which represent a neutral state of the atmospheric
circulation from a global perspective. This experiment is called
thermal_vari simulation. Both the sensitivity simulations were
conducted from 2001 to 2019 starting from the end state of the
historical simulation in 2000. The Arctic domain over which the
atmospheric forcing was replaced in the sensitivity simulations is
indicated by the magenta lines in Figure 1. These simulations are
similar to those used in Wang et al. (2018a; 2019b; 2020), but with
the simulations extended to 2019 to cover the full length of the past
two decades.

The historical simulation has a reasonable performance in
reproducing the observed mean sea ice drift, concentration and
thickness (Figure 2C and Figures S5, 6), mean upper ocean
circulation (Figure 2D), the pentadal changes in sea surface height
(Figures 6D–I), the variation of the liquid FWC(Figure 7), the trend
andvariability ofArctic sea ice volume (Figure8A) and the trendand
variability of AtlanticWater temperature in Fram Strait (Figure S2).
Despite some noticeable model biases, the simulation can serve as a
T

E

H
W
T

T
th
ABLE 2 | List of simulations used in Section 3.

xperiment name Forcing

istorical JRA55-do
ind_vari Repeat-year thermal forcing used inside the Arctic
hermal_vari Repeat-year winds used inside the Arctic
he two sensitivity experiments are the same as the historical run except that either the
ermal forcing or wind forcing inside the Arctic is replaced by repeat-year forcing. See the

text for details of the repeat-year forcing components.
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basis for discussing theArcticOcean changes in the past twodecades.
Wewillfirst use the historical simulation to illustrate the upper ocean
circulation changes in relation to winds, and then use the sensitivity
simulations todemonstrate the extremely important roleofArctic sea
ice decline in setting the changes in the upper Arctic Ocean
circulation and in enhancing the Arctic Atlantification of the
eastern Eurasian Basin.

3.2 Circulation Changes in Relation to
Wind Forcing
3.2.1 EOF Analysis of Annual Sea Surface Height
To investigate the variability of the upper ocean circulation in the
Arctic Ocean, we performed an EOF analysis of the annual sea
surface height in the Arctic Ocean for the period 2004–2019
Frontiers in Marine Science | www.frontiersin.org 10
following that by Morison et al. (2021) for satellite-derived
dynamic ocean topography for the same period. Although the
period is too short for analyzing the Arctic Ocean variability
representing the long-term climatology condition, this analysis
allows us to identify major circulation modes and the amount of
variance they explain in the period considered. Here we will first
show the results from the historical simulation. In Section 3.3 we
will explore how sea ice decline influences the circulation modes
revealed by the EOF analysis.

The leading EOF (EOF1) of the annual sea surface height in the
Arctic Ocean for 2004–2019 from the historical simulation shows
negative values in the Makarov and Eurasian basins and positive
values in the surrounding area including continental shelves and the
Beaufort Sea (Figure 5A). This mode resembles the spatial pattern
A

B

D

E

FC

FIGURE 5 | EOFs and principal components of annual sea surface height (SSH). (A, B) The first two SSH EOFs and (C) their corresponding principal components
for the 2004–2019 period of the historical simulation. (D–F) The same as (A–C), but for the wind_vari simulation.
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of the ocean response to the positive Arctic Oscillation perturbation
in the idealized simulation (Figure 4H), and explains 45% of the
total variance. However, there is a clear difference in the spatial
patterns between EOF1 (Figure 5A) and the ocean response to the
positive Arctic Oscillation perturbation (Figure 4H) in the Eurasian
Basin. EOF2 shows positive values in the Beaufort Gyre region and
negative values in the eastern Eurasian Basin and over the Siberian
shelf (Figure 5B). It explains 21% of the total variance. The strongly
positive values in the Beaufort Gyre region in EOF2 indicate that
this mode largely represents the ocean changes driven by the
Beaufort High (see Figure 4G). However, the negative values over
the wide Siberian shelf in EOF2 do not represent the ocean response
to the Beaufort High forcing (as shown by the wind-perturbation
experiments in Section 2).

Our result is consistent with the EOF analysis based on satellite-
derived dynamic ocean topography described by Morison et al.
(2021) for the physical interpretation of the two modes. First, the
major variability of the Arctic upper ocean circulation on the
Frontiers in Marine Science | www.frontiersin.org 11
interannual time scale is driven by the Arctic Oscillation and
manifested by a mode of cyclonic circulation centered over the
Russian side of the deep basin. Second, the variability driven by the
Beaufort High is also important but less prominent in terms of
explained variance. Despite the major consistency, there are some
differences in the details of the EOFs and the corresponding
principal component time series (Figure 5C) between our model
simulation and the satellite-derived dynamic ocean topography
described by Morison et al. (2021). This could be attributed to
model biases and the smaller spatial and temporal data coverage
used in observational analysis (only for the deep basin area and
springtime) as well. There are also differences in details between the
EOFs and the spatial patterns of the ocean response to Arctic
Oscillation and Beaufort High forcing obtained using wind-
perturbation experiments (cf. Figures 4G, H, 5A, B). This implies
that the EOF analysis does not fully separate the impacts of other
wind variability or distinguish the effect of sea ice changes. The latter
is our focus in Section 3.3.
A B

D E F

G IH

C

FIGURE 6 | Changes of Arctic freshwater content (FWC, m), sea surface height (SSH) and upper ocean circulation in different periods. Changes in FWC in the
FESOM historical simulation: (A) between 2004 and 2009, (B) between 2009 and 2014, and (C) between 2014 and 2019. (D–F) The same as (A–C) respectively,
but for SSH [color] and upper 150 m velocity [vectors]. Satellite-derived changes in SSH (Envisat and CryoSat2, Armitage et al., 2016) are shown in (G–I) for the
corresponding periods.
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A B

DC

FIGURE 7 | Observed and simulated liquid freshwater content (FWC, 103 km3) anomalies in the Arctic Ocean. FWC anomaly in the (A) Arctic deep basin [sum of
Amerasian Basin (AB) and Eurasian Basin (EB)], (B) AB, (C) EB, and (D) Beaufort Gyre region in the FESOM historical simulation and observations (Rabe et al., 2014;
Proshutinsky et al., 2019). Hydrography-observation uncertainties are indicated with error bars. In (A–C) a reference salinity of 35 was used in the observational
estimates (Rabe et al., 2014). This different reference salinity influences the absolute value of FWC, but has minor impacts on the FWC anomaly (not shown).
A

B C

FIGURE 8 | Arctic sea ice decline increases ocean surface stress. (A) Arctic sea ice volume anomaly in different FESOM simulations and in PIOMAS estimate
(Schweiger et al., 2011). (B) Difference of ocean surface stress between the historical simulation and wind_vari simulation (the former minus latter) averaged over
2001-2019. The color patch shows the difference of the surface stress magnitude while the arrows indicate the vector difference of the surface stress. (C) The same
as (B), but for surface Ekman transport.
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3.2.2 Pentadal to Decadal Changes
In the following we will look into the pentadal changes in FWC
and upper ocean circulation for the three periods shown in
Figures 3C–H. From 2004 to 2009, the Canada Basin
accumulated a large amount of freshwater (Figures 6A, 7D), as
also observed in altimetry data and hydrography (McPhee et al.,
2009; Proshutinsky et al., 2009; Giles et al., 2012; Morison et al.,
2012; Krishfield et al., 2014), in line with the negative wind curl
anomaly over the Canada Basin averaged over this period
(Figure 3F). The accumulation occurred mainly from 2006
to 2008 (Figure 7D), consistent with the abnormally negative
wind curl in 2007 (Figure 3A). The total FWC in the Arctic deep
basin area had the largest increase in the period of 2004–2009
for the past two decades (Figure 7A). It can be mainly attributed
to the freshwater accumulation in the Amerasian Basin
(Figures 7B, C).

The accumulation of freshwater in the Beaufort Gyre region
in the period of 2004–2009 corresponds to the spin-up of the
Beaufort Gyre as shown by the model results (Figure 6D) and
the satellite-observed dynamic ocean topography (Figure 6G,
Armitage et al., 2016). Both the model and observation show a
negative difference of sea surface height (cyclonic circulation
anomaly) between 2009 and 2004 in the Makarov and Eurasian
basins near the Siberian shelf, as a result of FWC reduction in
this area (Figure 6A). The magnitude of the sea surface height
increase in the Canada Basin is underestimated in the model
compared to satellite observations (Figure 6D, G). The
simulated total FWC increase in the Beaufort Gyre region is
also underestimated compared to the estimate from hydrography
observations, but it is still within the uncertainty range of
observations (Figure 7D).

In the second period from 2009 to 2014, both the Beaufort
High and Arctic Oscillation are close to neutral states on
average, although strong interannual variability exists
(Figure 3A). There is a positive sea level pressure (negative
wind curl) anomaly centered over the outer shelf of the East
Siberian Sea (Figure 3D, G), which does not characterize either
of the two major modes considered here. With the Beaufort
High relaxed to the neutral state, the FWC in the Beaufort Gyre
region tended to level off (Figures 6B, 7D), and the strongest
interannual change occurred in 2013 following the very
positive wind curl anomaly in 2012 (Figure 3A). The FWC
increased in the Makarov Basin and over the outer shelf of the
East Siberian Sea (Figure 6B), consistent with the mean
negative wind curl mentioned above. The observation shows
a FWC growth in the Amerasian Basin in this period, but this is
not simulated in the model (Figure 7B). One possible reason
could be that the model has too low sensitivity to this
wind forcing anomaly as indicated by the underestimation of
the sea surface height doming in the Makarov Basin (cf.
Figures 6E, H).

In the period 2014–2019, the unusual sea level pressure pattern
led to negative wind curl anomalies in the southern part of the
Canada Basin (Figures 3E, H). Consistent with the wind forcing,
the Beaufort Gyre continued to inflate as shown by both the
observation and model simulation (Figures 7D and 6C).
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In comparison with the situation in the period 2004–2009, the
spin-up of the Beaufort Gyre was more confined to the southern
Canada Basin in the period 2014–2019 (compare Figures 6D, G
with Figures 6F, I), consistent with the location of the negative
wind curl anomalies (Figures 3F, H). The expansion of the
Beaufort Gyre in the 2000s was associated with a westward
movement of the Beaufort Gyre center (Regan et al., 2019),
while the increase of the sea surface height in the southern
Canada Basin in the period 2014–2019 was associated with an
eastward relaxation of the Beaufort Gyre (Wang, 2021). The Arctic
Oscillation is predominantly positive in this period (Figure 3A),
but the wind curl is close to neutral in the Makarov Basin
(Figure 3H), which could be because other atmospheric
variability masks the Arctic Oscillation averaged over this
period. Nevertheless, the sea level pressure anomaly pattern
implies that the Ekman transport anomaly is directed from the
Makarov Basin toward the Beaufort Gyre region (Figure 3E), so
the flushing of the Makarov Basin feeds the Canada Basin. The
satellite observation indicates a weak sea level drop mainly in the
Makarov Basin close to the Siberian shelf break (Figure 6I). The
model reproduced this drop, but with a larger area extending to
the basin interior (Figure 6F). The model simulation and the
satellite observation agree that the cyclonic circulation anomaly is
not large enough to shift the Transpolar Drift Stream to be close to
the Mendeleev Ridge as exampled by the extreme case in the
idealized experiment (Figures 4K, L).

The model simulation and observations consistently show
that the upper ocean circulation in the deep basin area varies
with wind forcing on interannual to decadal time scales.
However, as we will show below, winds alone are far from
being sufficient for explaining the observed ocean changes.

3.3 Impact of Sea Ice Decline on
Circulation Changes
We will compare the sensitivity experiments with the historical
simulation to demonstrate the individual impact of sea ice
decline and winds on the upper Arctic Ocean changes in the
early 21st century.

The historical simulation reasonably reproduces the sea ice
decline as compared with the PIOMAS sea ice volume (Figure 8A,
Schweiger et al., 2011). In the wind_vari simulation, the trend of
the Arctic sea ice is eliminated, albeit wind-driven variability
remains (Figure 8A). The historical simulation has thinner, less
compact and more mobile sea ice than the wind_vari simulation
(Figure S7). As a result, the ocean surface stress is larger in the
historical simulation nearly everywhere in the Arctic basin
(Figure 8B). The ocean-ice stress depends on both the sea ice
drift and ocean surface velocity, while the ocean surface velocity
changes with sea surface height which can be influenced by the
ocean surface stress. With such a feedback, it is not surprising that
the direction of the ocean surface stress difference between the two
simulations does not follow their sea ice drift difference (Figure 8B
vs. Figure S7). Averaged over the period 2001–2019, the
associated Ekman transport difference between the two
simulations (historical minus wind_vari) is directed from the
Eurasian continental shelf towards the Eurasian Basin and from
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the Lomonosov Ridge towards the Makarov Basin (Figure 8C).
We will see below that this dynamic impact of the sea ice decline is
crucial for determining the FWC spatial distribution, salinity and
depth of the halocline, and the upper ocean circulation.

The Arctic surface freshwater flux had a significant upward
trend in the past two decades, with sea ice melting accounting for
about 40% of the trend (Figure 9A). Integrated over the last 20
years, sea ice meltwater accounts for about 70% of the total
anomalous surface freshwater (Figure 9B). In the wind_vari
simulation, the anomalous sea ice meltwater is eliminated, while
other surface freshwater budget terms remain nearly the same as
in the historical simulation (Evaporation could be influenced by
sea ice coverage, but we found that its change is much smaller
than the overall trend of other freshwater fluxes). Therefore, the
difference in the surface freshwater flux between the historical
and wind_vari simulations is mainly due to the difference in the
sea ice thermodynamic growth rate, which is shown in
Figure 9C. Positive values indicate that the historical
simulation has larger surface freshwater flux into the ocean
over most of the area inside the Arctic Ocean.

3.3.1 EOF Analysis of Annual Sea Surface Height
Interestingly, the EOFs of the Arctic annual sea surface height for
2004–2019 from the wind_vari simulation are very different from
those obtained from the historical simulation (Figure 5).
Although EOF1 also shows anomalies opposite between the
shallow shelf and deep basin area, it does not show a contrast
between theMakarov Basin and Beaufort Sea as in the EOF1 of the
historical simulation (cf. Figures 5A, D). EOF2 from the
wind_vari simulation shows a positive anomaly in the Canada
Basin, but it does not well resemble the Beaufort Gyre pattern as
obtained from the historical simulation (cf. Figures 5B, E).
Therefore, our aforementioned conclusion that EOF1 mainly
represents the Arctic Oscillation driven circulation and EOF2
mainly represents the Beaufort Gyre driven circulation is only
validwhen sea ice decline amplifies these circulations.Without sea
ice decline, for the considered period, the first two EOFs do not
well distinguish the ocean circulation modes driven by the major
atmospheric modes considered here from other ocean variability,
although these EOFs contain the signals induced by the major
atmosphericmodes. The latter is indicated by visible correlation of
the corresponding principal component time series between the
two simulations, especially for EOF1 (cf. Figures 5C, F).

By using historical hydrography observations, Morison et al.
(2021) showed that the EOF2 for the period before 1990 has a
dipole pattern with similar magnitudes in the Eurasian Basin and
Amerasian Basin, while the active center over the Canada Basin
became more prominent than that in the Eurasian Basin in the
21st century. Comparing our two simulations reveals that the
increase in the variability in the Canada Basin was fostered by sea
ice decline.

3.3.2 Pentadal to Decadal Changes
In the following we will revisit the three periods analyzed in
Section 3.2, but for both the historical and wind_vari
simulations. In all the periods, the spatial patterns of the FWC
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changes are similar between the two simulations, but the
magnitudes are very different (Figure 10). When sea ice
decline is eliminated in the wind_vari simulation, the
accumulation of freshwater in the Beaufort Gyre between 2004
and 2009 is only about half that in the historical simulation
(Figures 10A, D). The difference between the two simulations
(Figure 10G) represents the effect of sea ice decline, consisting of
both supplying sea ice meltwater and convergence of other
freshwater components (Wang et al., 2018a). The FWC drop
in the Makarov and eastern Eurasian basins induced by the sea
ice decline (Figure 10G) clearly indicates that sea ice decline not
only supplies meltwater, but also modifies ocean surface stress so
that surface freshwater is flushed out from these areas.

From 2009 to 2014, the FWC in the Beaufort Gyre region
stabilized with a very small decrease in the historical simulation
(Figure 10B) and in observations as well (Figure 7D). In
contrast, when eliminating sea ice decline in wind_vari, the
FWC has a clear drop in the Canada Basin in this period
(Figure 10E). Relative to the condition in the period 2004–
2009, the wind curl over the Canada Basin is higher (less
negative) in the period 2009–2014 (Figure 3A), which should
allow the Beaufort Gyre to deflate. The stabilization of the
Beaufort Gyre in this period is thus sustained by sea ice
meltwater. The sea ice decline also has an effect to decrease
FWC in the Eurasian Basin and increase FWC in the Makarov
Basin (Figure 10H). The FWC drop in the Eurasian Basin
cannot be explained by the increase of surface freshwater flux
(Figure 9C), so it should be due to water mass spatial
redistribution associated with modification of ocean surface
stress by sea ice decline (Figures 8B, C).

In the period 2014–2019, the wind_vari simulation also
simulates a FWC rise in the southern Canada Basin
(Figure 10F) as a response to the negative wind curl anomaly
(Figure 3H). However, the rise is much lower than in the
historical simulation (Figure 10C). The sea ice decline induces
a dipole pattern in the FWC change (Figure 10I), indicating
enhanced flushing of freshwater from the western Canada Basin
towards the Beaufort Gyre, an effect on Beaufort Gyre inflation in
addition to meltwater supply. Similar to other periods, the sea ice
decline has an overall effect to reduce FWC in the Eurasian Basin.

The total change of the FWC over the three periods considered
above in the historical simulation is shown in Figure 11A. It is
characterized by the large rise in the Canada Basin and the drop in
the eastern Eurasian Basin and along the shelf break of the East
Siberian Sea. Without sea ice decline, the magnitude of the FWC
rise in the Canada Basin is much lower (Figure 11B), less than one
third of that in the historical simulation. And the FWC drop in
the eastern Eurasian Basin is also absent. In the thermal_vari
simulation, in which the sea ice decline resembles the historical
simulation (Figure 8A), the spatial pattern of the FWC change
has even less similarity to the historical simulation (cf.
Figures 11A, C). In this simulation, the wind forcing as
indicated by the associated sea level pressure anomaly in
Figure 11D was repeatedly applied, so the FWC change reflects
the joint effect of sea ice decline and this particular wind forcing.
That is, with an arbitrary wind forcing different from the historical
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FIGURE 9 | Arctic sea ice decline increases ocean surface freshwater flux. (A) Arctic surface freshwater flux in the historical simulation: total [blue], the component
associated with sea ice thermodynamic growth rate [orange], and the sum of all other components [black]. Their anomalies relative to the 1980s mean are shown.
Their trends (cm/year/decade) over the last 20 years are indicated in the legend. (B) The accumulated Arctic surface freshwater anomaly in the historical simulation
for different components, that is, the accumulative sum of the time series shown in (A). Integrated over the last 20 years, sea ice meltwater accounts for about 70%
of the total anomalous surface freshwater. (C) Difference of ocean surface freshwater flux between the historical simulation and wind_vari simulation averaged over
2001–2019, which is mainly due to the difference in sea ice thermodynamic growth rate. Positive values denote freshwater source for the ocean.
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one, the same sea ice decline may not produce decadal FWC
changes as large as the observed. Therefore, it is the sea ice decline
and the particular Arctic winds in the early 21st century that
jointly set the upper ocean changes in terms of FWC and surface
geostrophic currents.

Although other components of the surface freshwater flux (river
runoff plus net precipitation) also increased in the last decade
(Figures 9A, B), their contribution to the overall FWC and
circulation changes is relatively small, because the wind_vari
simulation, which retained the increase of these freshwater
components, only produced small FWC changes (Figure 11B).

3.3.3 Comment on Ice-Ocean Governor
A comment on the role of ice-ocean governor (Dewey et al., 2018;
Meneghello et al., 2018b; Zhong et al., 2018; Doddridge et al., 2019;
Wang et al., 2019a) for the Beaufort Gyre is due here. It was found
that the Ekman pumping velocity averaged over the whole Beaufort
Gyre region is nearly the same between the historical simulation and
Frontiers in Marine Science | www.frontiersin.org 16
the simulation with sea ice decline eliminated (Wang et al., 2018a).
First, this leads to the conclusion that the sea ice decline enhances the
inflation of the Beaufort Gyre by increasing the availability of
freshwater (both meltwater and other freshwater components),
not mainly by increasing Ekman downwelling inside the Beaufort
Gyre region (Wang et al., 2018a). Second, this nicely proves the
presenceof the ice-oceangovernor.Theweakerand thinner sea ice in
thehistorical simulationhas faster anticyclonicdrift over theCanada
Basin than in thewind_vari simulation,whichpotentially can induce
stronger Ekmandownwelling. The fact that theEkmandownwelling
in the historical simulation is not significantly stronger can only be
explained by the strengthened surface geostrophic current, that is,
the effect of the ice-ocean governor. In another word, the ice-ocean
governor did limit the accumulation of freshwater in the Beaufort
Gyrewhen sea icedecline tended to inflate it. The contributionof the
ice-ocean governor could be quantified using specific techniques
with additional numerical simulations [for example, the method
usedbyWanget al. (2019b)],which isbeyond the scopeof thispaper.
A B
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FIGURE 10 | Separated impacts of winds and sea ice decline on freshwater content (FWC, m) on pentadal time scales. (A–C) Changes of FWC in the historical
simulation: (A) between 2004 and 2009, (B) between 2009 and 2014, and (C) between 2014 and 2019. (D–F) The same as (A–C), but for the wind_vari simulation.
(G–I) The changes due to sea ice decline in the corresponding period, which are calculated as the difference between the historical simulation (first row) and
wind_vari simulation (second row).
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The presence of the ice-ocean governor was also demonstrated in
freshwater-perturbation simulations by Wang et al. (2021c). They
doubled and tripled river runoff in the Arctic Ocean without
changing wind forcing in model simulations and found that the
Ekman downwelling over the Canada Basin weakens. The increase
in surface freshwater flux causes a spin-up of the anticyclonic
Beaufort Gyre circulation because the Canada Basin can
accumulate more additional freshwater than other area, which
thus weakens the Ekman downwelling through the ice-
ocean governor.

3.4 Impact of Sea Ice Decline on
Arctic Atlantification
Another important change in the upper Arctic Ocean in the early
21st century is the weakening of the halocline and the shoaling of
the lower halocline boundary in the eastern Eurasian Basin found
from the analysis of hydrography observations (Polyakov et al.,
2017; Polyakov et al., 2018; Polyakov et al., 2020a; Polyakov et al.,
2020b). The concern about this phenomenon, Arctic
Atlantification, is due to its potential role in accelerating sea
Frontiers in Marine Science | www.frontiersin.org 17
ice decline through reducing the insulation between the warm
Atlantic Water layer and sea ice. The main driver of this
phenomenon needs a better understanding.

In Figures 12A–I, the changes of FWC, mean salinity in the
upper 150m and the depth of the 0°C isotherm (the lower halocline
boundary) between 2000 and 2019 are shown for both the
historical and wind_vari simulations and their differences. For
the whole two decades from 2000 to 2019, the FWC in the eastern
EurasianBasin is slightly reduced (Figure 12A). In the period from
2000 to2004,which is not investigated above, there is an increase in
the FWC in the eastern Eurasian Basin and the impact of sea ice
decline is relatively small (FigureS8).Without sea icedecline, there
would have been a strong increase in the FWC in the Eurasian
Basin over the past two decades (Figure 12B). The sea ice decline
reduces theFWCin theEurasianBasin (Figure12C) and this effect
slightly overweighs the otherwise FWC increase in the eastern
Eurasian Basin (Figure 12B), leading to the FWC reduction
there (Figure 12A).

The impact of the sea ice decline on the upper ocean salinity
in the eastern Eurasian Basin is consistent with its impact on the
A B

DC

FIGURE 11 | The unusual winds and sea ice decline jointly drove the freshwater content change in the early 21st century. (A) Change in freshwater content (FWC,
m) from 2004 to 2019 in the historical simulation. (B) The same as (A), but in the wind_vari simulation. (C) The same as (A), but for the thermal_vari simulation. (D)
The annual mean sea level pressure (SLP) anomaly in the repeat-year forcing relative to the 1980–2019 mean SLP of the reanalysis data; Winds from this forcing are
used in the thermal_vari simulation. This figure shows that the spatial pattern of Arctic Ocean FWC will become very different without either of the two controlling
factors (unusual winds and sea ice decline).
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FWC. That is, the sea ice decline is responsible for the
salinification in the halocline, the halocline weakening in the
eastern Eurasian Basin (Figure 12F). The depth of the boundary
between the halocline and the Atlantic Water layer in the eastern
Eurasian Basin has little change in the wind_vari simulation
(Figure 12H), but it shallows for about 30-40 m due to sea ice
decline (Figures 12G, I). The shoaling of the boundary is similar
to the observed changes in this region (Polyakov et al., 2020b).
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The sea ice decline enhances the Ekman transport directing from
the Eurasian Basin toward the Amerasian Basin on average
(Figure 8C), which flushes surface freshwater out of the
Eurasian Basin, thus increasing the halocline salinity and
causing the uplift of the lower halocline boundary in the
Eurasian Basin (Figures 12F, I).

Budget analysis has shown that the eastward shift of the surface
freshwater from the eastern Eurasian Basin in the last decades was
A
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FIGURE 12 | Sea ice decline considerably contributed to Arctic Atlantification. (A) Change of freshwater content (FWC, m) from 2000 to 2019 in the historical simulation.
(B) The same as (A), but in the wind_vari simulation. (C) FWC change due to sea ice decline in this period, which is calculated as the difference between the historical
simulation and wind_vari simulation. (D–F) The same as (A–C), but for salinity averaged over the upper 150 m. (G–I) The same as (A–C), but for the depth of the 0°C
isotherm. (J) Time-depth plot (Hovmöller diagram) of monthly ocean temperature in the eastern Eurasian Basin between 80°E and 143°E where bottom topography is
deeper than 500 m in the historical simulation. (K) The same as (J), but for the wind_vari simulation.
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accompanied by an increase in the concentration of saline Atlantic
Water, being the main reason for the increase in halocline salinity
in the Eurasian Basin (Wang et al., 2019b). It was also found that
only about 20% of the increased Atlantic Water concentration
above the 34.8 isohaline in the Eurasian Basin can be attributed to
the Fram Strait branch (Wang et al., 2019b). Therefore, although
sea ice decline can increase vertical mixing (e.g., Rainville and
Woodgate, 2009; Polyakov et al., 2020b; Rippeth and Fine, 2022),
thus increasing halocline salinity through mixing saline Atlantic
Water upwards, this process is not the major contribution to the
salinificationof thehalocline in theEurasianBasin. In addition, the
positive salinity anomaly in the Barents Sea induced by sea ice
decline could contribute to the positive salinity anomaly in the
eastern Eurasian Basin too, but the larger salinity anomaly
associated with sea ice decline in the eastern Eurasian Basin than
in the upstream Barents Sea implies that this contribution is
small (Figure 12F).

There were upward trends in the temperature and poleward
volume transport of the Atlantic Water in the Fram Strait in the
past two decades (Figure S2). It was found that the Arctic sea ice
decline has contributed to these trends possibly through
modifying the Nordic Seas circulation (Wang et al., 2020), thus
considerably intensifying the Atlantic Water layer warming in
the eastern Eurasian Basin (cf. Figures 12G, K). The warming of
the Atlantic Water layer with an uplifted upper boundary also
has impacts on the downstream region, especially at the Chukchi
Plateau (Figure 12I).

Our above analysis demonstrates that the Arctic
Atlantification in the eastern Eurasian Basin in the past two
decades is largely a consequence of Arctic sea ice decline. Using a
set of numerical simulations with different atmospheric warming
levels prescribed, it was shown that a further sea ice decline in a
future warming climate can potentially cause even stronger
salinification of the upper ocean and uplift of the Atlantic
Water layer in the Eurasian Basin (Wang et al., 2021c).
However, the future stratification in the Arctic Ocean also
depends on how different freshwater sources will change.

The analysis in Figure 12 also provides insights for the
Canada Basin in contrast to the Eurasian Basin. Without sea
ice decline, the salinity in the upper 150 m increases in the
Canada Basin and decreases in the Eurasian Basin (Figure 12E).
This can be explained by the weak but positive sea level pressure
anomaly in the central Arctic basin averaged over the past 20
years (Figure S9). The sea level pressure anomaly roughly
resembles a negative Arctic Oscillation pattern, which tends to
shift the surface freshwater circulation pathway from the
Amerasian Basin towards the Eurasian Basin (Wang et al.,
2021b). The sea ice decline completely changes this tendency.
It considerably reduces the upper ocean salinity and deepens the
halocline in the Canada Basin, and has an opposite effect in the
Eurasian Basin (Figures 12F, I).

At the end we need to comment on the thermal_vari
experiment with respect to the Atlantification in the Eurasian
Basin. In this experiment, saline anomaly was absent inmost parts
of the eastern Eurasian Basin as implied by the plot of the FWC
anomaly (Figure 11C). The repeat-year wind forcing used in this
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experiment does not represent the climatology as indicated by the
sea level pressure anomaly (Figure 11D). The thermal_vari result
shows that the sea ice decline together with an arbitrary wind
forcing may not reproduce the observed halocline changes in the
eastern Eurasian Basin. On the other hand, although the sea level
pressure anomaly over the Eurasian Basin averaged over the last
two decades is positive (Figure S9) and causes a strong freshening
in the Eurasian Basin (in the wind_vari experiment, Figure 12E),
adding the sea ice decline in the model can reverse the trend,
leading to salinification in the halocline of the eastern Eurasian
Basin (in thehistorical run,Figure12D). This indicates that the sea
ice decline is themain driver for the observedAtlantification in the
eastern Eurasian Basin.
4 DISCUSSION

It is not clear whether the unusual winds in the 2000s and 2010s
are due to natural variability or climate change, but sea ice
decline is at least partially forced by increasing greenhouse gas
concentration. Therefore, the unprecedented spin-up of the
Beaufort Gyre, the Arctic Atlantification in the eastern
Eurasian Basin, and the fact that the Beaufort Gyre variability
could explain a significant part of the total variance of the upper
Arctic Ocean circulation (as EOF2) in the past two decades, were
very likely the consequence of climate change.

Winds can influence ocean salinity through influencing sea ice
thermodynamics. On average, sea ice is transported from the
Siberian shelf toward the Fram Strait (Figure 2C). An offshore
wind anomaly can enhance the export of sea ice from the shelf to
thedeepbasin. In thewinter season, this can increase sea ice growth
over the shelf, thus increasing brine rejection and ocean salinity
over the shelf. An onshore wind anomaly has an opposite impact.
The Arctic Dipole Anomaly drives strong variability in sea ice
export from the Siberian shelf (Wu et al., 2006; Wang et al., 2009),
so it can influence the ocean salinity over the shelf and in the deep
basin area that the shelf water flows through (Wang, 2021).
Therefore, although the most prominent decadal changes and
strongest interannual variability of the Arctic upper ocean
circulation in the past two decades are associated with the Arctic
Oscillation and the Beaufort High, some of the Arctic upper ocean
variability could be attributed to the Dipole Anomaly, which can
effectively change sea ice thermodynamics besides its dynamic
impact on the ocean. However, it was found that the impact of the
Dipole Anomaly on the freshwater spatial pattern in the Arctic
Ocean has weakened in the 2010s compared to the last century
(Wang, 2021), possibly due to weaker sea ice thermodynamic
response to offshore/onshore winds with warmer atmosphere.

Changes in ocean inflow from the North Pacific and North
Atlantic could also influence the upper ocean circulation in the
Arctic Ocean (Spall, 2020; Karami et al., 2021;Wang et al., 2021b).
For example, stronger Pacific Water inflow through the Bering
Strait can increase the sea surfaceheight along the continental slope
of the Canada Basin so that the ocean circulation towards the
Canadian Arctic Archipelago and Fram Strait is strengthened
(Spall, 2020; Wang et al., 2021b). Because the strength of the
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Pacific Water inflow is determined by winds both inside and
outside the Arctic (Danielson et al., 2014; Peralta-Ferriz and
Woodgate, 2017; Zhang et al., 2020), some regional variability in
Arctic upper ocean circulation could be induced by the wind
variability over the North Pacific. Observations indicate an
increase in Pacific Water inflow through the Bering Strait over
the last decades (Woodgate, 2018), but our historical simulation
did not simulate such a trend (not shown). Therefore, the potential
impact of the increasing Pacific Water inflow is absent in our
simulations. To our knowledge, the issue of lacking the observed
upward trend in Pacific Water inflow is common in numerical
models, the reason for which remains a research topic. We also
found that Arctic sea ice decline does not significantly change the
Pacific Water inflow by comparing our historical and wind_vari
simulations (not shown).

The Arctic Oscillation index had an upward trend in the past
and will continue increasing with climate warming (Fyfe et al.,
1999; Shindell et al., 1999), while the wind curl over the Canada
Basin had a downward trend in the past (Figure 3A). If the wind
curl over the Canada Basin continues decreasing in the future,
the Arctic upper ocean circulation will very possibly be featured
with both stronger cyclonic circulation and stronger anticyclonic
circulation than today as depicted in Figures 4I, L. In this
regime, the variability of the Transpolar Drift Stream might
become more vulnerable to both the atmospheric modes as the
anticyclonic and cyclonic ocean circulations are in close
proximity. The possible future development of the wind curl
over the Canada Basin remains to be studied. It was shown that
the Beaufort High itself exhibited a weakening due to increased
cyclone activity in a warming Arctic in the past (Moore et al.,
2018; Kenigson and Timmermans, 2021).

In a future warming climate, the surface freshwater flux over
the Arctic Ocean will continue to increase due to the
strengthening of the hydrologic cycle, although the
contribution from sea ice melting will decrease at some stage
along with the reduction in remaining sea ice volume (Carmack
et al., 2016; Shu et al., 2018). The future increase in ocean surface
freshwater flux could strongly influence the Arctic upper ocean
stratification and circulation (Pemberton and Nilsson, 2016;
Nummelin et al., 2017; Wang et al., 2021c).

To better predict future changes of the Arctic Ocean, a good
model representation of all the related processes is required.
Despite a reasonable model performance, model biases relative to
observations do exist in the simulation employed in this paper.
Model biases in Arctic Ocean simulations in state-of-the-art
models (e.g., Jahn et al., 2012; Aksenov et al., 2016; Ilicak et al.,
2016; Wang et al., 2016; Khosravi et al., 2022) suggest a need for
concerted efforts in future development of numerical models,
which are important tools for understanding and predicting the
ocean and climate.
5 SUMMARY

In this paper we reviewed the major changes in the large-scale
circulation in the upper Arctic Ocean in the 2000s and 2010s and
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demonstrated that the Arctic sea ice decline and the unusual
winds together caused the observed changes on different time
scales in the upper Arctic Ocean. We also showed that the sea ice
decline was the main driver for the Arctic Atlantification in the
eastern Eurasian Basin in the last two decades. Our synthesis was
based on dedicated historical and sensitivity model simulations
with the support of observations.

We addressed the following key points:

• Arctic sea ice decline strongly influences the ocean through
both increasing surface freshwater flux (via melting, or
reduction in net sea ice thermodynamic growth rate) and
modifying water mass spatial distribution (via mediating
ocean surface stress, Wang et al., 2018a; Wang et al.,
2019b). Without these effects of Arctic sea ice decline,
changes of the Arctic Ocean in the past two decades would
not have been as prominent as what have really happened. In
comparison with the impact of sea ice retreat, the increase in
the river runoff and net precipitation over the last decade did
not have large impact on the Arctic freshwater content (FWC)
and upper ocean circulation.

• One outstanding change in the upper Arctic Ocean
circulation in the 2000s and 2010s is the unprecedented
spin-up of the anticyclonic Beaufort Gyre associated with
the accumulation of liquid freshwater in the Canada Basin
(Proshutinsky et al., 2019). The wind curl over the Canada
Basin was unusually low on average in the second half of both
the 2000s and 2010s (the two periods indicated with green
background in Figure 3A), which was the dynamic driver of
freshwater accumulation in these periods. However, without
sea ice decline, the increase of FWC in the Canada Basin in
these two periods would have been much lower, and there
would have been a strong FWC drop between these two
periods (2009 to 2014). Therefore, the strengthened
anticyclonic circulation in the Canada Basin in the last two
decades was induced jointly by the unusual winds and sea
ice decline.

• Arctic Atlantification, indicated by theweakening and thinning
of thehalocline togetherwith thewarmingof theAtlanticWater
layer, emerged in the eastern Eurasian Basin (Polyakov et al.,
2020a). Our historical simulation reproduced this
phenomenon. When sea ice decline was eliminated in the
numerical simulation, Arctic Atlantification became only
marginally visible in the eastern Eurasian Basin. Although sea
ice meltwater tends to freshen the upper ocean throughout the
deep basin area including the Eurasian Basin, the overall effect
of sea ice decline on the eastern Eurasian Basin is rather to
increase the upper ocean salinity, indicating that the dynamic
effect of sea ice decline dominates. The warming of the Atlantic
Water layer in the eastern Eurasian Basin is accompanied by
intensified ocean heat inflow at Fram Strait, which is associated
with Arctic sea ice decline (Wang et al., 2020).

• On the interannual time scale, the upper Arctic Ocean
circulation has a leading mode centered over the Russian
side of the deep basin driven by the Arctic Oscillation, and a
second mode with a dominating active center over the Canada
Basin driven by the Beaufort High variability, as revealed by
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the first two EOFs of the Arctic annual sea surface height from
2004 to 2019. This agrees with the analysis of satellite
observations described in Morison et al. (2021), despite
some discrepancy in the details of the EOF patterns.

• Our sensitivity simulation reveals that the first two EOFs of
Arctic sea surface height can well represent the ocean
variability driven by the two major atmospheric modes
because sea ice decline considerably amplifies the ocean
response to wind variability, especially to the Beaufort High
variability. Without sea ice decline, the first two EOFs cannot
distinguish the ocean variability driven by the major
atmospheric modes from other ocean variability as clearly
as in reality. Therefore, sea ice decline is also an important
controlling factor for the magnitude and spatial extent of the
wind-driven ocean variability on the interannual time scale.
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