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ABSTRACT: The Arctic Beaufort Gyre plays a critical role in climate and marine ecosystems. This study investigates the
response of the liquid freshwater in the Beaufort Gyre to various wind perturbations using numerical simulations. A new
diagnostic called “freshwater renewal” is introduced, which quantifies the amount of freshwater that has entered the Beau-
fort Gyre since a specific point in time. The findings reveal that the process of freshwater renewal is persistently efficient in
the Beaufort Gyre region, occurring irrespective of the gyre’s status. The spatial distribution of freshwater renewal varies,
influenced by factors such as wind forcing and gyre circulation patterns. Cyclonic wind perturbation associated with a nega-
tive Beaufort high sea level pressure anomaly triggers freshwater release from the Beaufort Gyre, with freshwater export
and renewal dependent on wind-perturbation locations and time scales. While some released Beaufort Gyre freshwater
exits the Arctic Ocean through the Davis and Fram Straits, a considerable portion could remain within the Arctic Ocean
for many years under specific conditions. Wind perturbation associated with the positive Arctic Oscillation enhances the
Arctic export of Beaufort Gyre freshwater, mainly through the Fram Strait. The Arctic export of total freshwater and
the Arctic export of the portion originating from the Beaufort Gyre have different time scales and magnitudes. Hence, it is
essential to collectively examine different freshwater components in order to assess the role of Arctic export in the climate
system.
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1. Introduction Arctic freshwater is an important component of the cli-
mate system (Serreze et al. 2006; Carmack et al. 2016;
Weijer et al. 2022), and the Beaufort Gyre functions as the
largest Arctic freshwater reservoir (Proshutinsky et al. 2002,
2015; Timmermans and Toole 2023). Arctic freshwater is ex-
ported to the subpolar North Atlantic on both sides of
Greenland (Fig. 1a; Rudels 1989; Curry et al. 2014; de Steur
et al. 2018; Karpouzoglou et al. 2022), with potential to im-
pact the upper ocean stratification and dense water forma-
tion in the subpolar North Atlantic (Aagaard et al. 1985;
H. Wang et al. 2018; Weijer et al. 2019; Zhang et al. 2021). More-
over, the Arctic export serves as a conduit for essential nutrients
vital to marine ecosystems (Carmack et al. 2016; Azetsu-Scott
et al. 2010). Therefore, it is clear that improving our understand-
ing of the dynamical processes associated with the release of
freshwater from the Beaufort Gyre is of crucial importance. This
importance is underscored by the fact that the Beaufort Gyre
currently retains a substantial amount of excess freshwater
(Proshutinsky et al. 2019; Wang and Danilov 2022; Lin et al.
2023; Timmermans and Toole 2023).

In this study, we employ model simulations to explore the
impact of various wind anomalies on freshwater release from
the Beaufort Gyre. We introduce a new diagnostic called
“freshwater renewal,” which quantifies the amount of fresh-
water that has entered the Beaufort Gyre since a specific
point in time. We find that even when the Beaufort Gyre is
discharging freshwater due to a strong cyclonic wind forcing,
the renewal of freshwater in the Beaufort Gyre remains
highly effective.

In section 2, we describe the model simulations employed
in this study. The main results are provided in section 3,
followed by discussion and summaries in sections 4 and 5,
Corresponding author: Qiang Wang, qiang. wang@awi.de respectively.

The Beaufort Gyre is one of the major features of the Arctic
Ocean (Figs. 1a,c), which is sustained by the anticyclonic atmo-
spheric circulation associated with the Beaufort high sea level
pressure (SLP) (Fig. 1b). It is a large freshwater reservoir,
and its freshwater content (FWC) has experienced a consider-
able increase over the past two decades (McPhee et al. 2009;
Proshutinsky et al. 2009; Giles et al. 2012; Morison et al.
2012; Krishfield et al. 2014; Zhang et al. 2016; Q. Wang et al.
2018; Proshutinsky et al. 2019, 2020). The increase primarily
occurred during two periods: first from 2004 to 2009, associated
with a westward expansion of the gyre (Regan et al. 2019), and
second, from 2014 to 2019, associated with an eastward shrink-
age of the gyre (Wang and Danilov 2022). These two periods
were marked by negative wind curl over the Canada Basin with
large magnitude unprecedented within the last six decades
(Wang and Danilov 2022). It was quantified that the dramatic
decline in Arctic sea ice played a pivotal role in intensifying the
accumulation of freshwater within the Beaufort Gyre (Q. Wang
et al. 2018). This influence stemmed from two key factors: a re-
duction in brine rejection and the modification of the circulation
pathways of freshwater. Notably, the decline in sea ice contrib-
uted to approximately 50% of the freshwater accumulation in
the Beaufort Gyre during the 2000s. Recent hydrography obser-
vations indicated a slight reduction in the Beaufort Gyre FWC
in 2020 and 2021 (Timmermans and Toole 2023).
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FIG. 1. (a) Schematic of the Arctic Ocean freshwater (blue) and Atlantic water (red) circulation. The background
gray color denotes the bottom bathymetry. (b) SLP (hPa) averaged over 1980-2019. (c) Ocean surface geostrophic ve-
locity for 2011-19 estimated from the dynamic ocean topography observed by CryoSat-2 (Armitage et al. 2017) and
simulated in FESOM. In (a), CP stands for Chukchi Plateau and NWR for Northwind Ridge. In (b), the solid blue
lines indicate the Beaufort Gyre region defined in this paper, and the dashed blue lines indicate the Arctic Ocean do-

main used to calculate Arctic FWC.

2. Model configuration and method

In this study, we employed the Finite Element Sea ice
Ocean Model (FESOM1.4; Wang et al. 2014; Danilov et al.
2015). It uses unstructured meshes in both its ocean and sea
ice components, allowing for variable horizontal resolution.
The global configuration utilized here has a horizontal resolu-
tion of 4.5 km in the Arctic region and a nominal 1° resolution
for most other areas of the globe. Its vertical spacing is 10 m
in the upper 100 m and gradually coarsened downward, with a
total of 47 z levels.

The simulation was initialized from the Polar Science Cen-
ter Hydrographic Climatology (PHC3) (Steele et al. 2001) and
performed from 1958 to 2021. We used the JRAS55-do atmospheric
forcing fields and river runoff (Tsujino et al. 2018). This model
configuration has been described and evaluated in previous stud-
ies (Q. Wang et al. 2018, 2020; Wang 2021; Wang and Danilov
2022). These studies have shown that the model can reasonably
reproduce observed changes in Arctic sea ice and the FWC.

In addition to the aforementioned historical (control) simu-
lation, we conducted a suite of wind-perturbation simulations.
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FIG. 2. (a) SLP anomaly of the negative-phase Beaufort high forcing. The plot shows the case with the center of the anomaly located at
the center of the Beaufort high climatology, indicated by the blue triangle (used in the BH_center simulation). The green and red triangles
denote the center of the SLP anomaly in the BH_west and BH_east cases, respectively. (b) The SLP anomaly of the positive Arctic Oscilla-
tion forcing. (c) The SLP anomaly when both the negative Beaufort high forcing (the case with central location) and positive Arctic Oscilla-
tion forcing are applied. The wind anomalies corresponding to these SLP anomalies are used in the wind-perturbation experiments.

These simulations closely resemble the control simulation, ex-
cept that wind anomalies were added to the wind forcing in
the calculation of wind stress. The first wind perturbation is
the cyclonic wind forcing associated with a negative anomaly
of the Beaufort high sea level pressure (Fig. 2a). The center
of the wind perturbation aligns with the center of the Beau-
fort high climatology pattern (Fig. 1b).

In reality, wind anomalies causing the release of freshwater
from the Beaufort Gyre region do not always center over the
central Canada Basin. To account for such variations, we carried
out additional simulations with wind perturbations positioned
at different longitudes, either more to the east or to the west
(Fig. 2a), while maintaining the same spatial pattern and magni-
tude. These experiments are labeled BH_center, BH_west, and
BH_east, clearly denoting the wind perturbations used (see Ta-
ble 1). These simulations spanned a duration of 8 years (calen-
dar years 2014-21) starting from the results of the control
simulation at the beginning of 2014.

The Arctic Oscillation (Thompson and Wallace 1998) can
exert a considerable influence on the accumulation and export
of Arctic freshwater (Maslowski et al. 2000; Zhang et al. 2003;
Steele et al. 2004; Lique et al. 2009; Condron et al. 2009; Aksenov
et al. 2010; Jahn et al. 2010; Cornish et al. 2020; Morison et al.
2021). During its positive phase, there is a tendency for Arctic
freshwater to be exported from the central Arctic to the
North Atlantic. Figure 2b shows a wind-perturbation pattern

resembling the positive Arctic Oscillation anomaly. In the ex-
periment named BH_center+ AOp, we initialized the simula-
tion using the results from the third year of the BH_center
experiment and continued it for 5 years (covering the calendar
years 2017-21). This simulation incorporated both the wind
perturbations of the negative Beaufort high anomaly at the
central location and the positive Arctic Oscillation perturba-
tion. The combined wind perturbation used in this experiment
is depicted in Fig. 2c.

To illustrate the impact of downstream conditions in the sub-
polar North Atlantic on the export of Beaufort Gyre freshwater
from the Arctic Ocean, we conducted an additional simulation
referred to as BH_center+SPG. In this simulation, we initiated
from the results of the third year of the BH_center experiment
and ran the model for 3 years (covering the calendar years
2017-19). During these 3 years, we replaced the atmospheric
forcing data outside the Arctic Ocean with data from 2014 to
2016. In 2014-16, there was a notable drop in the dynamical sea
level in the subpolar gyre, resulting in enhanced freshwater ex-
port through the Davis Strait during that period (Wang et al.
2022). In BH_center+SPG, we aimed to reproduce the low sea
level condition of 2014-16 for 2017-19. This simulation was
carried out with the intention of understanding how the ex-
port of freshwater originally located within the Beaufort
Gyre can be influenced by the ocean conditions in the sub-
polar North Atlantic.

TABLE 1. List of experiments.

Name Forcing perturbation Period
control 1958-2021
BH_center Negative Beaufort high anomaly, center 2014-21
BH_west Negative Beaufort high anomaly, west 2014-21
BH_east Negative Beaufort high anomaly, east 2014-21
BH_center+AOp Negative Beaufort high anomaly, center; positive Arctic Oscillation anomaly 2017-21
BH_center+SPG Negative Beaufort high anomaly, center; forcing outside Arctic replaced 2017-19
BHp Positive Beaufort high anomaly, center 2014-21
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FIG. 3. (a) FWC (m) at the beginning of 2014. (b) FWC in 2021. (c) The initial FWC-tracer content (m), which was set
to be equal to the FWC inside the Beaufort Gyre region. (d) The FWC-tracer content in 2021.

The last wind-perturbation experiment, called BHp, is the
same as BH_center, but the applied wind perturbation is an-
ticyclonic, with directions opposite to those in BH_center.
Different from all other wind-perturbation experiments,
BHp represents a scenario of freshwater accumulation in
the Beaufort Gyre. With this additional experiment, we will
be able to compare the process of Beaufort Gyre freshwater
renewal between the scenarios of freshwater release and
accumulation.

In line with prior research, we define a vertically integrated
FWC within a water column as follows:

0
FWC = J (s
D

— S)/S..dz, 1)

ref ref

where S represents the salinity, S, is the reference salinity,
which is set to the mean salinity of the Arctic Ocean (34.8), and
D signifies the depth of the 34.8 isohaline. By integrating the ver-

tically integrated FWC over a specific area, one can obtain the
volumetric FWC.

To track the freshwater originally located within the Beaufort
Gyre, a passive tracer was introduced in our model simulations.
Specifically, at each model grid point located above the 34.8 isoha-
line within the Beaufort Gyre at the beginning of 2014, we as-
signed the value ¢ = (Syet — S)/Set to this passive trace; otherwise,
it was set to zero. Essentially, at the beginning of 2014, this passive
tracer precisely represents the quantitative measure of the FWC
present within the Beaufort Gyre. By employing this FWC-tracer,
one objective is to discern how the specific freshwater initially sit-
uated within the Beaufort Gyre is affected by imposed wind per-
turbations. The difference between the FWC and the amount of
the FWC-tracer in the Beaufort Gyre represents the renewed
freshwater in the gyre since the start of the simulations.

3. Results
a. Control simulation

In comparison with 2014, more freshwater is concentrated in
the central Canada Basin in 2021 (Figs. 3a,b). The reduction in
the FWC across the Chukchi Abyssal Plain and Chukchi Plateau
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FIG. 4. The annual-mean FWC-tracer content (m) in the simulation BH_center in different model years. The sequence of plots illustrates
the evolution of the freshwater originally located in the Beaufort Gyre region under the forcing of cyclonic wind anomalies. The SLP asso-

ciated with this wind forcing is depicted in Fig. 2a.

in this period reflects the eastward contraction of the Beaufort
Gyre, consistent with previous model results and satellite obser-
vations (Wang and Danilov 2022; Lin et al. 2023).

Figure 3c presents the distribution of the FWC-tracer at the
beginning of 2014, which, as per our definition, mirrors the
FWC at that specific time as shown in Fig. 3a. By 2021, a pro-
portion of the FWC-tracer has been released from the Beau-
fort Gyre, dispersed within the broader Arctic Ocean beyond
the Beaufort Gyre region, or exported through the Arctic
gateways (Fig. 3d). The reduction in the FWC-tracer content
across the Chukchi Abyssal Plain and Chukchi Plateau in this
period is consistent with the reduction in the FWC in these re-
gions (Figs. 3b,d). However, the reduction in the FWC-tracer
content clearly exceeds the reduction in the FWC. In the central
Canada Basin, where the FWC increased in this period, the
FWC-tracer content rather decreased (Figs. 3b,d). The above
facts suggest that the renewal of freshwater in the Beaufort
Gyre region is a general process, irrespective of the gyre’s status,
whether it is accumulating or releasing freshwater. In the follow-
ing, we will explore whether and how different wind perturba-
tions can influence the renewal process.

b. Freshwater release from the Beaufort Gyre

The sequence of the FWC-tracer in different model years in
the BH_center experiment is shown in Fig. 4. The FWC-tracer is
released from the Beaufort Gyre region through both of its
northern and western boundaries during the first few years and

mainly through its northern boundary during the last few years.
With time, the FWC-tracer remaining in the Beaufort Gyre re-
gion becomes mainly confined to the eastern Canada Basin, and
the released FWC-tracer shifts closer to the Canadian Arctic
Archipelago and Greenland. It takes about 4 years for the FWC-
tracer to reach the Fram Strait and about 5 years to reach the
Baffin Bay in this experiment (judged with FWC-tracer content
of being at least 1 m in Fig. 4). As shown in section 3d, these
time scales can be influenced by the applied wind forcing.

The FWC-tracer remaining in the Beaufort Gyre region is no-
ticeably less in the BH_center experiment than in the control
simulation (cf. Figs. 5a and 3d). The difference in the FWC-
tracer between the two simulations, caused by the cyclonic
Beaufort high wind perturbation, is predominantly centered
over the southern-central Canada Basin (Fig. 5b). The FWC-
tracer that is additionally released by the applied wind perturba-
tion gets accumulated to the north of the Canadian Arctic
Archipelago and Greenland, with subsequent export occurring
on both sides of Greenland. The pattern of the changes in the
FWC induced by the applied wind perturbation differs, exhibit-
ing a negative anomaly in the Canada Basin and a positive
anomaly in the Eurasian Basin (Fig. 5¢). Examining the time se-
ries of changes in the FWC-tracer and FWC within the Beaufort
Gyre region, it becomes evident that they initially decrease at
different rates. However, their overall reduction within the
Beaufort Gyre is found to be similar by the end of the simula-
tions, as indicated by the blue lines in Fig. 6a.
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FIG. 5. (a) The FWC-tracer content (m) in the simulation BH_center in the last model year. (b) The difference in the FWC-tracer con-
tent between the BH_center run and the control run in the last model year. (c) The difference in the FWC (m) between the BH._center
run and the control run in the last model year. The other rows are the same as the top row, but for (d)—(f) the BH_west run, (g)—(i) the
BH_east run, and (j)—(1) the BH_center+AOp run.
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FIG. 6. Anomalies of the FWC and FWC-tracer content in the (left) Beaufort Gyre region and (right) Arctic Ocean.
The anomalies are calculated as the difference between the wind-perturbation simulations and the control simulation.
FWC is shown with solid lines, and the FWC-tracer content is shown with dashed lines. (a),(b) The impact of cyclonic
wind forcing with different locations over the Canada Basin. (c),(d) The impact of positive Arctic Oscillation wind
forcing. Note that the y-axis ranges are different in the two rows.

When the imposed cyclonic wind perturbation is shifted west-
ward (in BH_west), the release of the FWC-tracer is attenuated
in the eastern Canada Basin while becoming more pronounced
in the western Canada Basin (cf. Figs. 5a,d). In this case, the
overall release of the FWC-tracer from the Beaufort Gyre
region is reduced as indicated by the spatial patterns of the
anomalies (Figs. 5b,e), as well as their respective time series
(red dashed line and blue dashed line in Fig. 6a). As ex-
pected, the reduction in the FWC also follows the westward
shift of the wind forcing (Figs. 5c,f), and the overall reduction
in the Beaufort Gyre FWC is weakened (red solid line and
blue solid line in Fig. 6a).

Qualitatively, shifting the cyclonic wind perturbation east-
ward (in BH_east) yields contrasting spatial changes in the
FWC-tracer and FWC when compared to shifting the wind
perturbation westward (cf. Figs. Sh,i with Figs. 5e,f). How-
ever, the overall release of both the FWC-tracer and the
FWC from the Beaufort Gyre region is the weakest when the
wind perturbation is shifted eastward (cf. orange lines with
other lines in Fig. 6a). In this particular case, the reduction in
the FWC-tracer within the Beaufort Gyre region by the wind
perturbation is largely offset by the increase in the FWC-
tracer in the Makarov Basin (Fig. Sh). Consequently, the total
amount of FWC-tracer in the Arctic Ocean does not exhibit a
significant change (orange dashed line in Fig. 6b).

In all three wind-perturbation cases, it is evident that the in-
duced reduction in the FWC-tracer within the Arctic Ocean is less

pronounced than the reduction in the FWC (Fig. 6b). Even after
eight model years, a substantial portion of the FWC-tracer re-
leased from the Beaufort Gyre remains inside the Arctic Ocean.
Specifically, in the BH_center and BH_west experiments, it pre-
dominantly lingers north of the Canadian Arctic Archipelago and
Greenland, while in the BH_east experiment, it is primarily re-
tained within the Makarov Basin (Figs. 5b,e,h). Quantitatively,
comparing the dashed lines in Figs. 6a and 6b, it can be calculated
that approximately 75% (BH_center), 50% (BH_west), or 85%
(BH_east) of the FWC-tracer released by the wind perturbations
remains inside the Arctic Ocean at the end of the simulations. It is
important to note that the induced reduction in the FWC within
the Arctic Ocean is also milder than that within the Beaufort
Gyre region due to the fact that these cyclonic wind perturbations
lead to an increase in the FWC in certain Arctic areas outside the
Beaufort Gyre (Figs. Sc.f,i).

In the BH_center+ AOp experiment, the imposed positive
Arctic Oscillation perturbation leads to a notable increase in the
release of the FWC-tracer from the Beaufort Gyre region. This
effect is particularly pronounced in the northwestern Canada
Basin (cf. Fig. 5j with Fig. 5a). The released FWC-tracer due to
the positive Arctic Oscillation perturbation is pushed toward
Greenland and Canadian Arctic Archipelago, with a fraction
of it exported from the Arctic Ocean, particularly through
the Fram Strait (cf. Fig. 5k with Fig. 5b). Furthermore, the
positive Arctic Oscillation perturbation reduces the FWC in
the Makarov Basin and part of the Eurasian Basin (Fig. 51).
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FIG. 7. (a) Renewed FWC (m) in the Beaufort Gyre region in the last model year (2021) in the control simulation. The renewed FWC is
defined as the difference between the FWC and the FWC-tracer content. (b)-(e) The renewed FWC in the last model year in different
wind-perturbation experiments. (f)-(i) The difference in the renewed FWC between the wind-perturbation experiments and the control

simulation (i.e., the middle column minus the left one).

In comparison with BH_center, the release of the FWC-tracer
from the Beaufort Gyre region is enhanced by approximately
40% in BH_center+AOp (dashed lines in Fig. 6¢), while the re-
duction in the FWC is slightly weakened (solid line in Fig. 6c).
The slight weakening of the reduction is primarily observed
in the southern and eastern peripheries of the Canada Basin
(cf. Figs. 51,c). In the presence of the positive Arctic Oscillation
perturbation, only about 30% of the FWC-tracer released from
the Beaufort Gyre region by the wind perturbations remains
within the Arctic Ocean at the end of the simulation (cf. the
dashed violet lines in Figs. 6¢,d). This fraction is much smaller
than in the BH_center experiment, where approximately 75%
of the FWC-tracer released by the wind perturbation was re-
tained within the Arctic Ocean, as mentioned earlier. The posi-
tive Arctic Oscillation perturbation has a strong impact on
reducing the total FWC of the Arctic Ocean, although its effect
on the FWC within the Beaufort Gyre region remains relatively
modest (cf. the solid violet lines in Figs. 6¢,d).

c. Freshwater renewal in the Beaufort Gyre

The difference between the FWC and the FWC-tracer in the
Beaufort Gyre region serves as a quantification of the renewed
freshwater. Figure 7a depicts the renewed freshwater in the
Beaufort Gyre region in 2021 as derived from the control simu-
lation. Freshwater renewal is observed throughout the Beaufort
Gyre region; however, it is not uniform in its efficiency. The
most pronounced renewal is observed in the western Beaufort
Gyre, which aligns with the primary pathway through which
Pacific water and Mackenzie River runoff enters the Arctic deep
basin (Spall et al. 2018; Lin et al. 2021), as depicted by the spatial
pattern of the Beaufort Gyre circulation in Fig. 1c. Additionally,
relatively high levels of renewal are detected along the periphery
of the gyre, following the anticyclonic gyre circulation. In
contrast, the central-south Beaufort Gyre exhibits the weakest
renewal.

Imposing the cyclonic Beaufort high wind perturbation effec-
tively alters freshwater renewal (BH_center; Figs. 7b.f). This
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change is characterized by enhanced renewal near the North-
wind Ridge and Chukchi Plateau, along with weakened renewal
in the western, northern, and eastern peripheries of the gyre
(Fig. 7f). The cyclonic wind perturbation deflates the Beaufort
Gyre and weakens the anticyclonic Beaufort Gyre circulation,
thus allowing for more Pacific water to enter the gyre at a more
eastern location (Aksenov et al. 2016; Hu et al. 2019), leading to
the enhanced renewal near the Northwind Ridge and Chukchi
Plateau. When integrated over the Beaufort Gyre region, the to-
tal freshwater renewal does not exhibit a notable change at the
end of the simulation compared to the control simulation (blue
and black lines in Fig. 8a). However, during the first half of the
simulations, the freshwater renewal in BH_center is weaker
than that in the control simulation. This difference can be attrib-
uted to the rapid response of freshwater release in the periphery
of the gyre and the relatively slow eastward shift of the main re-
newal location. The latter process depends on the strength of
the anticyclonic gyre circulation, which weakens over time after
the cyclonic wind anomaly is enforced.

Shifting the cyclonic wind perturbation westward (in
BH_west) similarly enhances freshwater renewal over the North-
wind Ridge and Chukchi Plateau while weakening it in the pe-
riphery of the gyre (Figs. 7c,g). However, when compared to the
BH_center case, the magnitude of the impact on freshwater re-
newal is smaller (cf. Figs. 7f,g). Due to the compensation of the
positive and negative anomalies, the total Beaufort Gyre renewal
in BH_west also remains largely similar to that in the control
simulation (Fig. 8a).

Shifting the cyclonic wind perturbation eastward (in BH_east)
results in reduced freshwater renewal in most of the Beaufort
Gyre area (Figs. 7d,h). The spindown of the Beaufort Gyre is
less pronounced in this experiment than in other cases, as indi-
cated by the smaller and more uniform change in the FWC
(Fig. 5i). Consequently, the pathway of Pacific water entering
the deep basin, thus the location of the strong renewal, is not
shifted eastward. As a result, the overall freshwater renewal in
the Beaufort Gyre region is the weakest in this experiment
(orange line in Fig. 8a).

Imposing the positive Arctic Oscillation wind perturbation in
BH_center+ AOp effectively strengthens freshwater renewal in

the Beaufort Gyre region (cf. Figs. 7e,i with Figs. 7b,f). This per-
turbation reduces the FWC-tracer content but results in a slight
increase in the FWC within the Beaufort Gyre region (Fig. 6c),
consequently reinforcing the renewal process. At the end of the
simulations, the freshwater renewal in BH_center+AQp is ap-
proximately 20% larger than in the control and BH_center sim-
ulations, reflecting the enhanced renewal brought about by the
positive Arctic Oscillation wind perturbation.

Our results demonstrate that wind perturbations can influence
freshwater renewal within the Beaufort Gyre region, in terms of
its spatial distribution and/or the overall efficiency. Regardless
of the specific impacts of various wind perturbations, freshwater
renewal consistently occurs efficiently. To quantitatively illus-
trate this efficiency, it is worth noting that in all the cases exam-
ined above, the amount of renewed freshwater exceeds the total
freshwater released from the Beaufort Gyre region (cf. Figs. 8a,b).

d. Export of Beaufort Gyre freshwater from the
Arctic Ocean

Section 3b indicates that a large portion of the FWC-tracer re-
leased from the Beaufort Gyre region remains within the Arctic
Ocean by the end of the simulations. In this section, we proceed
to quantify the export fluxes of the FWC-tracer through the two
primary export gateways, namely, the Davis and Fram Straits.

Figure 9a shows the changes in the transport of the FWC-
tracer (dashed lines) and changes in the transport of freshwater
(solid lines) through the Davis Strait. The behaviors of the two
transport types differ substantially. In BH_center experiment
(blue lines), the impact of the wind perturbation on FWC-tracer
transport is noticeable only starting from the fourth model year.
In contrast, freshwater export through the Davis Strait experien-
ces a rapid enhancement already in the first model year, in line
with expectation for the applied cyclonic wind perturbation over
the Canada Basin. As a result, the increased freshwater export
in the first few years does not contain freshwater that was origi-
nally present within the Beaufort Gyre at the beginning of the
simulation. In the fourth and fifth model years, the FWC-tracer
export through the Davis Strait is slightly reduced. Concurrently,
more FWC-tracer is advected toward the Fram Strait, as indi-
cated by the enhanced FWC-tracer export in the Fram Strait
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FIG. 9. Anomalies of exports through (left) the Davis Strait and (right) the Fram Strait relative to the control simu-
lation. The anomalies are calculated as the difference between the perturbation simulations and the control simula-
tion. Both the freshwater export (solid) and FWC-tracer export (dashed) are shown. (a),(b) The impact of cyclonic
wind forcing with different locations over the Canada Basin. (c),(d) The impact of positive Arctic Oscillation forcing.
(e),(f) The impact of the dynamic sea level in the North Atlantic subpolar gyre. Positive values indicate larger export.

Note that different y-axis ranges are used.

beginning in the fourth year (dashed blue line in Fig. 9b). To-
ward the end of the simulation, in the last 3 years, the export of
the FWC-tracer through the Davis Strait (dashed blue line in
Fig. 9a) is increased, while the freshwater export through the
Davis Strait (solid blue line in Fig. 9a) decreases to the point
where it falls below the FWC-tracer export. This implies that
during this period, the export of freshwater originating from
sources other than the original Beaufort Gyre content is eventu-
ally reduced. Furthermore, the exports of freshwater and the
FWC-tracer through the Fram Strait are very similar in the last
four model years (blue lines in Fig. 9b), indicating that the en-
hanced freshwater export in the Fram Strait predominantly orig-
inates from the Beaufort Gyre region.

Shifting the location of the cyclonic wind perturbation has a
notable influence on both the exports of the FWC-tracer and

freshwater in the two gateways (Figs. 9a,b). When the wind per-
turbation is shifted westward (in BH_west), the increase in fresh-
water export through the Davis Strait is reduced in the first few
model years, and it even becomes negative starting from
the fifth year (solid red line in Fig. 9a). In contrast, the export of
the FWC-tracer in the Davis Strait is enhanced already from the
fourth model year in this experiment (dashed red line in Fig. 9a).
This stronger export of the FWC-tracer is consistent with the
lower FWC-tracer content in the Arctic Ocean in this experi-
ment compared to BH_center (Fig. 6b). The changes in freshwa-
ter export and FWC-tracer export are not consistent throughout
this simulation for both the gateways.

Shifting the location of the cyclonic wind perturbation east-
ward (in BH_east) results in a significant enhancement of
freshwater export through the Davis Strait in all years.
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However, this enhancement is partially offset by a reduction
in the freshwater export through the Fram Strait (solid orange
lines in Figs. 9a,b). This compensation suggests a shift in the
export of freshwater between the two gateways. The effect of
this wind perturbation on freshwater exports, with its center
closer to the Canadian Arctic Archipelago, qualitatively resem-
bles that of the negative Arctic dipole anomaly (Wang et al.
2023), which has one of its active centers close to the Canadian
Arctic Archipelago and north Greenland (Wu et al. 2006). Nota-
bly, the changes in the FWC-tracer exports are the smallest in
BH_east.

The addition of the positive Arctic Oscillation wind perturba-
tion has a profound impact on freshwater exports in the two
gateways (in BH_center+AOp; solid violet lines in Figs. 9c,d).
Specifically, it substantially increases freshwater export in the
Fram Strait and reduces freshwater export in the Davis Strait
(after a small adjustment in the first 2 years), as found in previ-
ous studies (Steele et al. 2004; Wang et al. 2021). While the
FWC-tracer export is not altered much in the Davis Strait, it ex-
periences a considerable increase in the Fram Strait (dashed vio-
let lines in Figs. 9c,d). The increase in the Fram Strait freshwater
export can primarily be attributed to the freshwater originating
from the Beaufort Gyre, as indicated by the FWC-tracer flux.
This is consistent with the substantial reduction in the FWC-
tracer content in the Arctic Ocean in this simulation (Fig. 6d).

In the BH_center+SPG experiment, the sea level in the sub-
polar gyre (60°~15°W, 53°-64°N) in 2017-19 is reduced compared
to that in the control simulation and observations (Fig. 10). Con-
sequently, compared with BH_center, freshwater export in
the Davis Strait experiences a substantial increase, while
freshwater export in the Fram Strait is reduced (solid green
lines in Figs. 9¢,f). The changes in the FWC-tracer export
have the same sign as in the freshwater export, with in-
creases in the Davis Strait and decreases in the Fram Strait
(dashed green lines in Figs. 9¢,f) compared with BH_center.
The magnitudes of the change (about 150 km?® yr™') in the
FWC-tracer export induced by the sea level change in the
subpolar gyre are much smaller than those of the changes in
freshwater export, but they are on the same order as the
changes in the FWC-tracer export induced by the cyclonic
Beaufort high wind perturbations shown in Figs. 9a and 9b.

4. Discussion

Our experiments described above reveal that freshwater re-
newal occurs in the Beaufort Gyre region when the Beaufort
Gyre releases freshwater under the cyclonic wind forcing anoma-
lies. An additional experiment (BHp) driven by an anticyclonic
wind perturbation complements the understanding and shows
that freshwater renewal is a general process occurring in any
wind conditions (Fig. 11). Under the anticyclonic wind perturba-
tion, more FWC-tracer accumulates around the Chukchi Plateau
(Fig. 11a) in comparison with the control simulation. As ex-
pected, the FWC increases in the Beaufort Gyre region under
the anticyclonic wind perturbation (Fig. 11b). The accumulation
of freshwater leads to pronounced freshwater renewal in the
Beaufort Gyre region (Fig. 11c), more than in other simulations
nearly at all places of the Beaufort Gyre region. Due to the
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FIG. 10. Sea surface height (SSH) anomaly in the North Atlantic
subpolar gyre in satellite observations (Pujol et al. 2016), the
FESOM control simulation, and the BH_center+SPG perturba-
tion experiment. In this perturbation experiment, the atmospheric
forcing outside the Arctic was replaced by that from 2014 to 2016 in
order to retain the low sea level in the subpolar gyre. The purpose is
to demonstrate the impact of the sea level south of Greenland on
the routing of the freshwater export as shown in Figs. 9¢ and 9f.

accumulation of freshwater originally located inside the Beaufort
Gyre into the area of the Chukchi Plateau as indicated by the
FWC-tracer anomaly (Fig. 11a), the freshwater renewal is rela-
tively low in this central area (Fig. 11c). Compared to the control
simulation, freshwater renewal in BHp is enhanced everywhere
in the Beaufort Gyre region (Fig. 11d). The enhancement is more
pronounced in the eastern and southern parts of the gyre, consis-
tent with the anticyclonic pathway of freshwater circulation.

The freshwater renewal studied in this paper should not be
confused with “ventilation.” Ventilation usually refers to pro-
cesses that transfer waters that have recently been in contact
with the atmosphere (sometimes called young waters) into the
ocean interior, such as wind-driven subduction of surface water
or intrusion of near-surface water through Barrow Canyon into
the halocline (Timmermans et al. 2014, 2017, 2018; Spall et al.
2018; MacKinnon et al. 2021). Freshwater renewal rather refers
to the addition of freshwater into the Beaufort Gyre since a
specified time. The renewed freshwater could be supplied by
ventilation processes, while it can also be added directly to the
gyre surface (e.g., ice meltwater) or advected laterally into the
Beaufort Gyre through the gyre’s northern and eastern bound-
aries. It does not distinguish young and old waters relative to the
time of their contact with the atmosphere. To study ventilation
processes, using additional tracers (such as age tracer or tracers
representing specific water masses) in model simulations would
be helpful. Further studies are also needed to better understand
relative contributions of different sources to the freshwater re-
newal of the Beaufort Gyre.

The results obtained in this study are subject to model uncer-
tainty. Although the model configuration used in this study can
reasonably reproduce the observed changes in Arctic sea ice
and the FWC (Q. Wang et al. 2018, 2020; Wang 2021; Wang and
Danilov 2022), its resolution cannot fully resolve mesoscale ed-
dies and thus the impacts of eddies on freshwater transport. Fur-
thermore, the most efficient freshwater renewal in the control
simulation is at the Chukchi Abyssal Plain, west of the Chukchi
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FIG. 11. (a) The difference in the FWC-tracer content (m) between the BHp run and the control run in the last
model year. (b) The difference in the FWC (m) between the BHp run and the control run in the last model year.
(c) Renewed FWC in the Beaufort Gyre region in the last model year in the BHp run. (d) The difference in the
renewed FWC between the BHp run and the control run.

Plateau (Fig. 7a), while observations indicate that Pacific water
and Mackenzie River water very possibly traverse the Chukchi
Plateau (Boury et al. 2020; Lin et al. 2021). This discrepancy could
be due to the overestimated size of the Beaufort Gyre on the
western side in the simulation (Fig. 1c). These model deficiencies
can influence the quantitative results. Moreover, the quantitative
results are also subject to the simulation period used in this study.
If the FWC-tracer is initialized in a different year, a different
amount of the initial FWC-tracer may lead to quantitative differ-
ences in the response of the FWC-tracer to wind perturbations.
Hence, it is essential to view this study primarily as a process-
oriented investigation using model resolution affordable so far,
aiming to understand the intricacies of some of the dynamics in-
volved. For this purpose, the applied wind perturbations are ideal-
ized, which simplifies the interpretation of the simulation results.
The FWC is defined relative to the chosen reference salinity
[Eq. (1)]. Using a different reference salinity can lead to different
mean values of the FWC, but our tests show that the variability of
the FWC is not very sensitive to the reference salinity. Further-
more, the chosen reference salinity is close to the mean salinity of
the Arctic Ocean, so the FWC reflects the amount of freshwater
relative to the mean state of the Arctic Ocean. This reference
salinity was also used in observations (Proshutinsky et al. 2019)
and other model studies. Using the same value allows for direct
intercomparisons. We introduced an FWC-tracer using the same

reference salinity in this paper. The consistent definition provides
the possibility to explore the processes of freshwater export and
renewal.

5. Conclusions

This paper explores the release and renewal of Beaufort Gyre
freshwater under various wind-perturbation scenarios (Table 1).
We introduced an FWC-tracer to represent freshwater originally
located within the Beaufort Gyre region at the beginning of
the wind-perturbation experiments. The results are summarized
below.

¢ Applying a cyclonic wind perturbation over the Canada Basin
(associated with a negative anomaly of the Beaufort high sea
level pressure) leads to a notable reduction in the FWC and
FWC-tracer in the Beaufort Gyre. The FWC-tracer released
from the Beaufort Gyre accumulates north of the Canadian
Arctic Archipelago and Greenland, with export on both sides
of Greenland. Shifting the cyclonic wind perturbation westward
or eastward reduces its efficiency in releasing FWC-tracer and
freshwater from the Beaufort Gyre. In these wind-perturbation
cases, a significant portion of the FWC-tracer released from the
Beaufort Gyre still remains inside the Arctic Ocean after eight
model years.
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¢ Adding an additional positive Arctic Oscillation perturbation

increases the release of the FWC-tracer from the Beaufort

Gyre by approximately 40%, mainly through the impact in the

northwestern Canada Basin. The positive Arctic Oscillation

perturbation also considerably reduces both the FWC-tracer
and FWC in the Arctic Ocean. In the presence of the positive

Arctic Oscillation perturbation, only about 30% of the FWC-

tracer released from the Beaufort Gyre region by the applied

wind perturbation remains within the Arctic Ocean by the end
of the simulation, a smaller fraction compared to the case

when it is absent (75%).

Freshwater renewal in the Beaufort Gyre occurs universally,

being distributed throughout the Beaufort Gyre but more sub-

stantial in the western part, which aligns with the primary

Pacific water and Mackenzie River runoff pathway in the

model. Applying the cyclonic wind perturbation over the

Canada Basin enhances freshwater renewal near the North-

wind Ridge but weakens it in the gyre’s periphery, so the

total freshwater renewal remains relatively unchanged.

e When the cyclonic wind perturbation is shifted westward,
the impact of the wind perturbation on freshwater renewal
remains similar in pattern while being smaller in magni-
tude. In this case, the total freshwater renewal in the gyre is
also similar to the control simulation. In contrast, shifting
the wind perturbation eastward reduces the overall renewal.
Applying an additional positive Arctic Oscillation pertur-
bation strengthens freshwater renewal, resulting in approx-
imately 20% more renewal by the end of the simulation.
Overall, wind perturbations can influence freshwater re-
newal in the Beaufort Gyre region, affecting its spatial dis-
tribution and/or overall efficiency. Importantly, regardless
of the specific impacts of different cyclonic wind perturba-
tions, freshwater renewal consistently occurs efficiently, with
the amount of renewed freshwater surpassing the total re-
leased freshwater from the Beaufort Gyre region.

e When the Beaufort Gyre gathers freshwater under a strong
anticyclonic wind perturbation, accumulation of new water
occurs across the entire gyre, but the central region of the
gyre has a relatively lower renewal rate than the surround-
ing areas because freshwater originally located inside the
gyre accumulates into this central region.

e We further investigated the export of Beaufort Gyre fresh-
water from the Arctic Ocean via the Davis and Fram Straits.
When applying the cyclonic wind perturbation over the
Canada Basin, freshwater export through the Davis Strait in-
creases rapidly, while FWC-tracer export shows a delayed
rise, suggesting that freshwater from sources other than the
original Beaufort Gyre content gets exported first. In the last
few model years, when the anomaly of FWC-tracer export
through the Davis Strait is high, the anomaly of freshwater
export through the Davis Strait actually drops below that of
the FWC-tracer export. Exports of freshwater and FWC-
tracer through the Fram Strait are similar in the second half
of the simulation period, indicating that freshwater export
predominantly originated from the Beaufort Gyre.

Shifting the cyclonic wind perturbation westward reduces the

increase in freshwater export through both straits and enhan-

ces FWC-tracer export in some of the model years (compared
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to the case when the perturbation is not shifted). Shifting the
wind perturbation eastward significantly enhances freshwater
export through the Davis Strait while offsetting it with re-
duced freshwater export through the Fram Strait, resembling
the effect of a negative Arctic dipole anomaly. The changes
in FWC-tracer exports in the two gateways induced by the
wind perturbations are the smallest when the wind perturba-
tion is shifted eastward. The addition of the positive Arctic
Oscillation wind perturbation substantially increases fresh-
water export in the Fram Strait and reduces it in the Davis
Strait. In this case, the FWC-tracer export remains similar
in the Davis Strait but experiences a significant increase in
the Fram Strait. Last, we address that both the exports of
freshwater and FWC-tracer can be strongly influenced by
dynamic sea level south of Greenland. Reduced dynamic
sea level in the subpolar gyre leads to increased freshwater
and FWC-tracer exports through the Davis Strait and de-
creased exports through the Fram Strait.

We discovered that freshwater renewal in the Beaufort Gyre
region is a consistently efficient process, regardless of whether
the gyre is in a phase of releasing or accumulating freshwater.
However, this renewal process exhibits spatial variability, which
can be influenced by wind forcing associated with various atmo-
spheric modes. The precise location of the maximum and the
magnitude of the renewal are subject to the interplay of wind
forcing and gyre circulation patterns.

The Beaufort Gyre stands as the largest freshwater reservoir
within the Arctic Ocean, making its status and potential freshwa-
ter release a matter of significant climate concern. This study re-
veals that it takes 3—4 years for the freshwater from the Beaufort
Gyre region to reach the Davis and Fram Straits. A cyclonic
wind anomaly, such as during a negative phase of the Beaufort
high anomaly, can lead to the release of freshwater from the
Beaufort Gyre. However, in certain conditions, only a relatively
small portion of the released freshwater finds its way to the
North Atlantic within an 8-yr period, with the majority remain-
ing within the Arctic Ocean. During the initial years after impos-
ing a cyclonic wind anomaly in the Canada Basin, the increased
freshwater exports through the two gateways primarily consist of
freshwater not originating from the Beaufort Gyre. Depending
on specific wind conditions, it is possible that the overall freshwa-
ter export may decrease to levels lower than usual when the
freshwater originating from the Beaufort Gyre region eventually
reaches the Arctic gateways. Our findings suggest the importance
of considering both the freshwater in the Beaufort Gyre and
other freshwater sources when assessing the role of Arctic export
in the climate system. It is also necessary to account for overall
wind and thermal forcing conditions in the Arctic and North
Atlantic as well when seeking to understand and predict changes
in Arctic freshwater exports through the two gateways.
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