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Abstract Simulating Arctic Ocean mesoscale eddies in ocean circulation models presents a great
challenge because of their small size. This study employs an unstructured-mesh ocean-sea ice model to
conduct a decadal-scale global simulation with a 1-km Arctic. It provides a basinwide overview of Arctic
eddy energetics. Increasing model resolution from 4 to 1 km increases Arctic eddy kinetic energy (EKE) and
total kinetic energy (TKE) by about 40% and 15%, respectively. EKE is the highest along main currents
over topography slopes, where strong conversion from available potential energy to EKE takes place. It is
high in halocline with a maximum typically centered in the depth range of 70-110 m, and in the Atlantic
Water layer of the Eurasian Basin as well. The seasonal variability of EKE along the continental slopes of
southern Canada and eastern Eurasian basins is similar, stronger in fall and weaker in spring.

Plain Language Summary Ocean mesoscale eddies play crucial roles in the ocean, climate, and
ecosystem. While this is presumably also true for Arctic eddies, their dynamics and impacts are far less
understood than for lower latitudes: It is a great challenge to resolve the very small Arctic eddies in
numerical simulations. Just now, owing to the development of new-generation models, it becomes possible
to resolve Arctic eddies in realistic global ocean configurations. The study presents the results from a
first-ever decadal-scale global simulation with the Arctic Ocean at 1-km resolution. An overview of the eddy
kinetic energy and its generation is provided for the Arctic deep basin, with a focus on both spatial and
seasonal variability. The current results fill some knowledge gaps in Arctic eddy energetics, and also help to
identify questions that we will be able to answer with such frontier simulations in the future.

1. Introduction

Mesoscale eddies have been observed at various depths for different basins of the Arctic Ocean (e.g.,
Bashmachnikov et al., 2020; D'Asaro, 1988; Dmitrenko et al., 2008; Manley & Hunkins, 1985; Muench et al.,
2000; Nishino et al., 2011; Kawaguchi et al., 2012; Kozlov et al., 2019; Padman et al., 1990; Pnyushkov et al.,
2018; Timmermans et al., 2008; Woodgate et al., 2001; Zhao et al., 2014, 2016). They might influence the
ocean, climate, and ecosystem in various ways. In the Eurasian Basin, mesoscale eddies can propagate over
long distances, with possible impacts on vertical mixing and ocean stratification over large spatial scales
(Pnyushkov et al., 2018; Woodgate et al., 2001). In the Canada Basin, eddy fluxes, together with the feedback
effect of ocean surface geostrophic currents caused by sea ice, tend to stabilize the Beaufort Gyre and influ-
ence the storage of fresh water (Armitage et al., 2020; Manucharyan & Spall, 2016; Meneghello et al., 2017;
Wang, Marshall, et al. 2019). Furthermore, eddies play an important role in the ventilation of the Arctic
halocline (Pickart et al., 2005; Spall et al., 2008) and transport of biological species from continental shelves
to adjacent deep basins (Watanabe et al., 2014).

Despite the crucial role of eddies, there are still major knowledge gaps in our understanding of their proper-
ties and dynamics in the Arctic Ocean. For example, eddy kinetic energy (EKE) was found to be about one
third of the total kinetic energy (TKE) in the upper 200 m of the Canada Basin based on 127 eddies observed
from ice drift camps (Manley & Hunkins, 1985); however, it remains unknown how representative this value
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is for other Arctic regions. In fact, available eddy observations in the Arctic Ocean are still very sparse. This
calls for eddy-resolving numerical simulations to complement observations for studying Arctic eddies.

In the past, EKE inside the Arctic Ocean has been discussed based on model simulations with 9 km
(Maslowski et al., 2008) and 3-4km (Regan et al., 2020) resolutions. The analysis of Maslowski et al.
(2008) suggested that resolution of the order of a few kilometers is at least needed to fully represent eddy ener-
getics in the Arctic Ocean. Indeed, the typical radius of observed halocline eddies in the probability distribu-
tion shows two peaks centered around 4 and 7 km for Canadian water eddies and a peak centered around 4.5

km for Eurasian water eddies (Zhao et al., 2014). The smallness of eddies makes eddy-resolving simulations a
computationally very challenging task. Considering that simulated variance at scales smaller than 10 times of
the model grid size is typically damped due to numerical dissipation (Soufflet et al., 2016), one might even
need 1-km grid size to resolve the small eddies in the Arctic Ocean. This requires tremendous computational
resources along with scalable models, which can make effective use of these resources.

In this paper we present the first Arctic-wide analysis of eddy energetics, exploiting a novel 10-year long
global simulation in which the whole Arctic Ocean is represented with a resolution of 1km. More
specifically, we will investigate the spatial and seasonal variability of the EKE over the Arctic basin.

2. Model Setup

We employ unstructured-grid Finite volumE Sea ice Ocean Model version 2 (FESOM2), which allows the
use of variable resolution without the need for nesting (Danilov et al., 2017). Its predecessor FESOM1
(Wang et al., 2014) has been widely used in Arctic studies with horizontal resolution of about 4 km (e.g.,
Wang et al., 2016, 2020; Wang, Wekerle, Danilov, Koldunov, et al., 2018; Wang, Wekerle, et al., 2019;
Wekerle et al., 2017). The performance of FESOM2 is very similar to its predecessor in terms of the simulated
ocean and sea ice states (Scholz et al., 2019); however, it is computationally much more efficient (up to 5
times speedup, Koldunov, Aizinger, et al., 2019; Scholz et al., 2019), thus allowing to use higher model reso-
lution with the same available computational resources at very high throughput. The model's sea ice com-
ponent is discretized on the same unstructured grid as the ocean component (Danilov et al., 2015). It can
faithfully reproduce sea ice observations, including sea ice linear kinematic features when using high model
resolution (Koldunov, Danilov, et al., 2019; Wang et al., 2016).

The model horizontal resolution is 30 km in the global ocean, except for the Arctic Ocean, where the resolu-
tion is 1 km (call Explkm, Figure S1 in the supporting information). In the vertical, 70 z levels are used. The
model is driven by the atmospheric reanalysis fields from JRAS55-do v.1.4 (Tsujino et al., 2018). It was initi-
alized from PHC3 climatology (Steele et al., 2001) starting from the year 2000 and has been run for 10 years.
Here we analyze the last five model years. To assess the impact of horizontal resolution on the representation
of mesoscale eddies, another simulation was carried out. It is the same as Explkm, except for using a 4-km
resolution inside the Arctic Ocean (called Exp4km).

The TKE is calculated online during the model run as TKE = W?+v%)/2, where u (v) is three-dimensional
zonal (meridional) velocity evolving with time. By separating the velocity to its mean value and anomaly,
u=u+u,v=v+1, TKE can be decomposed to the mean kinetic energy (MKE, energy associated with
the mean current) and the EKE:

TKE = (#* +v%)/2 + (u? +v?)/2 = MKE + EKE (1)

We saved monthly mean velocity and TKE from the model, which are then used to calculate EKE. If annual
mean data were used to compute EKE, it would contain the component associated with seasonal variability
of the mean currents, so we used monthly mean data in the calculation. In this paper we calculate and study
the mean TKE and EKE averaged over the last five model years and the mean seasonality over this period.

3. Results
3.1. Impacts of Model Resolution

As revealed by the snapshots of relative vorticity in the Beaufort Sea, numerous eddies are present in the
1-km simulation (Figure 1a). In contrast, the 4-km simulation is dominated by large meanders rather
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than eddies (Figure 1b). Although some features look like eddies with circular shapes on this coarser mesh,
they are much larger in size than the eddies resolved with 1-km resolution. In the Eurasian Basin, the 4-km
run is only eddy-permitting, as eddies are not so well represented as in the 1-km run (Figures 1c-1f). The
comparison confirms that the grid size of 4 km, which is fine enough to properly resolve mesoscale eddies
in midlatitudes, is insufficient for the Arctic Ocean. This is not surprising, as the first baroclinic Rossby
deformation radius (Nurser & Bacon, 2014) and the radii of observed mesoscale eddies (on the order of a
few kilometers, Zhao et al., 2014) are very small in the Arctic Ocean. An additional 5-year sensitivity experi-
ment at 2-km resolution simulates some well-defined eddies, but fewer than the 1-km run does. Therefore,
we argue that at least a 1-km grid size is required to resolve eddies in the Arctic basin.

Resolving the mesoscale eddies leads to a more energetic Arctic basin. The total EKE (total TKE) integrated
over the Arctic deep basin (area with topography deeper than 500 m) and averaged over the last five model
years is 40% (15%) higher in Explkm than in Exp4km. It is important to notice that the EKE, as decomposed
in (1), consists of the component associated with meanders when they are present. Therefore, the computed
EKE from Exp4km is still significant, although eddies are not well simulated. The EKE in Exp4km is very
similar to that in a simulation using 3-4-km resolution analyzed by Regan et al. (2020) (The EKE diagnosed
as they did is shown and explained in Figure S2). In the following, we will investigate the spatial and seaso-
nal variation of Arctic EKE in the 1-km resolution simulation.

3.2. Spatial Variation of EKE

The spatial pattern of the TKE vertically integrated over the upper 200 m in the 1-km resolution run is shown
in Figure 2a. The first thing to notice is that the currents along bottom topography slopes are more energetic
than those in the interior ocean. This spatial pattern highlights the point that key features of the Arctic
Ocean circulation are shaped by bottom topography. The Eurasian Basin is characterized by the strong
cyclonic Arctic Circumpolar Boundary Current (ACBC, Aksenov et al., 2011), which splits into two branches
when reaching the Lomonosov Ridge (Woodgate et al., 2001). In the Amerasian Basin, the most outstanding
feature is the energetic Beaufort/Chukchi shelfbreak jet. The central Beaufort Gyre also possesses relatively
high TKE.

Overall, the spatial pattern of the vertically integrated EKE is very similar to the TKE (Figure 2b). This indi-
cates that eddies are most active along the bottom slopes, where the main currents are located. The strength
of EKE decreases from the continental slopes and the Lomonosov Ridge toward the basin interior. Inside the
Amerasian Basin, the Beaufort Gyre has higher EKE than other areas. The EKE is a significant part of the
TKE (Figure 2c). An observational estimate suggests that EKE is about one third of the TKE averaged in
the Canada Basin (Manley & Hunkins, 1985), which is consistently represented by the model. The model
result reveals that the ratio EKE/TKE varies significantly in space, largely in the range of 10-60%. In the
central Eurasian Basin and Beaufort Gyre, the MKE is low and EKE accounts for more than 60% of the
TKE. Integrated over the whole Arctic deep basin, EKE amounts to 36% of the TKE.

The vertical profiles of EKE for a number of selected locations are shown in Figure 2d. There is an EKE max-
imum in the halocline in the Beaufort Gyre and along the Alaskan continental slope, centered at about
70-110 m depth. This is similar to the eddy core depth observed in the Canadian water (Zhao et al., 2014).
Over the continental slope in the eastern Eurasian Basin, the EKE either has a maximum in the Atlantic
Water layer or has similarly large values in both the halocline and the Atlantic Water layer. The latter is
consistent with the observed collocation of eddy activity in the two layers (Pnyushkov et al., 2018;
Woodgate et al., 2001).

As suggested by the vertical profiles of EKE, it is interesting to investigate the EKE in both the halocline and
Atlantic Water layer. Although mesoscale eddies are observed in the Arctic halocline in different basins
(Zhao et al., 2014), it turns out that eddies at the halocline depth are the most energetic along and close to
topography slopes (Figure 3a). On the side of the Eurasian Basin, the EKE at 80 m is the highest in the
West Spitsbergen Current (WSC), which is occupied by warm saline Atlantic Water, not Arctic halocline
water. The simulated mean EKE in WSC is within the range (50-200 cm? s~2) observed by von Appen et al.
(2016). Throughout the Eurasian Basin the EKE at 80 m is relatively high (Figure 3a). In the Amerasian
Basin, the strongest EKE is along the Beaufort/Chukchi shelfbreak jet. On average, the EKE at 80 m depth
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Figure 1. Snapshots of relative vorticity in the two simulations. (a) Beaufort Sea at 100-m depth in the 1-km resolution simulation. (b) The same as (a), but in the
4-km resolution simulation. (c) A region north of Severnaya Zemlya (SZ) and (d) a region north of Laptev Sea (LS) at 500-m depth in the 1-km simulation.

(e, f) The same as (c, d), but in the 4-km simulation. In (a), the black box indicates the Alaskan region (AL) analyzed in the paper, and the regions

shown in (c) and (d) correspond to the two regions in the Eurasian Basin analyzed in the paper. These regions are indicated by black boxes

in the bottom panel, which shows the Arctic bathymetry from IBCAO (Jakobsson et al., 2012).

in the interior of the Amerasian Basin is weaker than in the interior of the Eurasian Basin, except for the
central Beaufort Gyre.

Analysis of our model results shows that the mean conversion from eddy available potential energy to EKE
through baroclinic instability is typically much higher than that from mean kinetic energy within the Arctic
Ocean (not shown). Observations in a few limited regions have suggested the same (Pickart et al., 2005;
Pnyushkov et al., 2018; Spall et al., 2008; Timmermans et al., 2008; Woodgate et al., 2001). Figure 3c shows

the baroclinic conversion BCC = w'b’ (Harrison & Robinson, 1978) integrated over the upper 200 m, where w
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Figure 2. (a) Total kinetic energy (TKE) vertically integrated over the upper 200 m in the 1-km resolution simulation. (b) The same as (a), but for the eddy kinetic
energy (EKE). (c) The ratio between vertically integrated EKE and TKE over the upper 200 m (in %). (d) Vertical profiles of EKE averaged in four chosen
regions (indicated in (b)). Results are based on averages over the last five model years; the same in the following figures. The locations of transects

shown in Figure 4 are indicated by red lines in (b). AL, Alaskan coast; BG, Beaufort Gyre; SZ, Severnaya Zemlya; LS, Laptev Sea.

is vertical velocity, b = —go/po is buoyancy, and p, = 1,027 kg m™>. The prime denotes the anomaly from the
monthly means. Consistent with the spatial pattern of EKE (Figure 3a), the BCC is stronger over the
continental slopes in both basins (Figure 3c), indicating that the majority of the EKE originates from
baroclinic instability of boundary currents. The BCC is also relatively strong along the Lomonosov Ridge,
which explains the relatively strong EKE there.

The Beaufort Gyre in the Canada Basin is a freshwater reservoir sustained by Ekman convergence and
downwelling driven by predominant anticyclonic winds in this region (Proshutinsky et al., 2009).
Increases in available potential energy associated with freshwater accumulation and steepening of isopyc-
nals are counteracted by eddy dissipation (Manucharyan & Spall, 2016). A recent study by Armitage et al.
(2020) suggests enhanced eddy generation in the Beaufort Gyre in response to increased available potential
energy induced by stronger wind power input. Our simulation consistently shows that eddies present in the
Beaufort Gyre can have an origin from baroclinic instability inside the basin as indicated by relatively high
BCC, in addition to eddies propagated to the basin from boundary currents.

The EKE at 500-m depth, representing the Arctic Atlantic Water layer, is lower than that at 80-m depth at
most of the locations (cf. Figures 3a and 3b). An exception is the continental slope north of Severnaya
Zemlya (SZ), where the EKE at 500-m depth is even higher than that in the halocline (see also Figure 2d).
This can be explained by enhanced baroclinic instability after the two branches of Atlantic Water inflow,
the Barents and Fram Strait branches, join together north of the Kara Sea (Dmitrenko et al., 2015), which
causes strong conversion from available potential energy to EKE (Figure 3d). Previous studies showed
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Figure 3. Eddy kinetic energy (EKE) at (a) 80 m and (b) 500 m in the 1-km resolution simulation. The energy conversion between available eddy potential energy
and EKE W'b) integrated over the depth range (c) 0-200 m and (d) 200-500 m. The vertically integrated EKE for these two depth ranges is shown in Figure S3 in

the supporting information.

that the Barents Sea branch of Atlantic Water enhances the seasonal variability of the boundary current in
the Eurasian Basin (Dmitrenko et al., 2009; Lique & Steele, 2012; Wang, Wekerle, Danilov, Wang, et al.,
2018). The results from our eddy-resolving simulations suggest that this branch also increases the
baroclinic instability and the EKE. Along the bottom topography slope north of the Chukchi Borderland,
there is relatively high EKE in the Atlantic Water layer (Figure 3b) and in the lower halocline (not
shown). The eddy generation can be related to the confluence of the Pacific and Atlantic waters and the
complex bottom topography in this region (Woodgate et al., 2007).

The vertical transect along 152°W depicts the EKE structure across the Alaskan continental slope
(Figure 4a). Strong EKE extends from the upper slope toward the Beaufort Sea and its value decreases with
depth and distance from the shelf. The energy conversion term BCC has the largest value at the upper slope
(Figure 4b), collocated with the strongest EKE. The spatial structure of the EKE and BCC indicates that
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Figure 4. Vertical transects of (left) eddy kinetic energy (EKE) and (right) the baroclinic energy conversion (W): (a, b) along 152°W off the Alaskan coast;
(c, d) north of Severnaya Zemlya; (e, f) north of Laptev Sea. The locations of the transects are indicated by red curves in Figure 2b. Color scales are

different for different transects.

eddies are formed from the instability of the shelfbreak jet as suggested by observations (Pickart et al., 2005;
Spall et al., 2008; von Appen & Pickart, 2012). The magnitude of mean BCC in this transect is about 6 x 10~
m” s (varying in the range of 2x 10™® to 2 x 1077 m* s~ seasonally), consistent with the values suggested
by observations (Spall et al., 2008; von Appen & Pickart, 2012). High EKE occupies a larger lateral extent
than BCC, indicating that eddies are shed off from the shelf break toward the deep basin.

The vertical profile of EKE near SZ implies that eddies are active over the continental slope north of SZ, with
increasing EKE from the halocline to the Atlantic Water layer (Figure 4c, the location shown in Figure 2b).
The energy conversion term BCC is strong over the slope (Figure 4d), revealing the origin of eddy formation
associated with the baroclinic instability of the Atlantic Water boundary current. The cyclonic boundary cur-
rent also advects eddies downstream (Dmitrenko et al., 2008). In a transect downstream in the Laptev Sea
sector, a core of high EKE in the Atlantic Water layer detached from the continental slope is not associated
with high-energy conversion to EKE (Figures 4e and 4f), implying that some eddies are advected here by the
boundary current. At this transect, strong EKE and BCC are also present at the halocline depth (Figures 4e
and 4f). The map of BCC in Figure 3c reveals that energy conversion to EKE in the halocline over the con-
tinental slope in the Laptev Sea sector is higher than both the upstream and downstream slope regions.
Strong local eddy formation and advection of eddies from upstream regions together can explain why rich
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Figure 5. (a) Seasonal variability of vertically integrated eddy kinetic energy (EKE) averaged in chosen regions.
The integration is over the depth range of 0-200 m for solid curves and 200-500 m for dashed curves. The regions are
indicated in Figure 2b. (b) The same as (a) but for the energy conversion term w'b’. In (a) the log10 scale is used.

eddies are present over the continental slope in the Laptev Sea sector in observations (Dmitrenko et al., 2008;
Pnyushkov et al., 2018; Woodgate et al., 2001).

3.3. Seasonality of EKE

The EKE averaged over the upper 200 m reveals clear seasonal changes over the continental slopes off the
Alaskan coast (Figure 5a). It has a maximum in fall and a minimum in late spring, consistent with the sea-
sonal variability of the baroclinic energy conversion (Figure 5b). von Appen and Pickart (2012) compared the
configurations of shelfbreak current between observed Pacific Summer Water and Pacific Winter Water at
152°W. They found that energy conversion to EKE is significantly stronger with warm water (particularly
the Alaskan Coastal Water present in late summer and fall) than with Pacific Winter Water (present in
spring). The simulated seasonal variation in the BCC is consistent with the finding of von Appen and
Pickart (2012).

The Canada Basin is populated with anticyclonic eddies, many of which are suggested to be formed through
baroclinic instability of the shelfbreak jet (Manley & Hunkins, 1985; Timmermans et al., 2008; Zhao &
Timmermans, 2015; Zhao et al., 2014). We do find that anticyclones dominate in the halocline of the
Canada Basin in our simulation (not shown), consistent with the aforementioned observations and previous
numerical simulations (Chao & Shaw, 1996; Spall et al., 2008). At the initial stage of eddy formation, the
meander is characterized by a dipole pair with a shallow cyclone and an anticyclone below it, whereas the
shallow cyclone decays faster due to surface drag exerted by sea ice, resulting in the predominance of antic-
yclones (Chao & Shaw, 1996). Does the seasonal sea ice cover also determine the seasonal variability of the
EKE in the upper ocean? The seasonal variability of EKE over the Alaskan continental slope shows higher
values in fall and winter when sea ice cover is high (Figure 5a). This implies that sea ice does not significantly
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modify the seasonality of EKE, which is mainly determined by the seasonality of BCC (Figures 5a and 5b).
The exact impact of sea ice on EKE in different seasons and regions needs dedicated studies in future work,
for example, by comparing different sources and sinks of EKE.

The seasonality of the EKE and BCC in the halocline of the eastern Eurasian Basin is very similar to that
of the Alaskan coast (Figure 5). It is consistent with the seasonal changes of the shelf water. In fall and
winter, the shelf water becomes cold and dense, which strengthens the ACBC and its instability after joining
it. In the Atlantic Water layer, the EKE shows a seasonality similar to that in the halocline, but with a smaller
magnitude. The seasonal changes of the EKE and BCC in the Beaufort Gyre are much weaker than at the
slope regions.

4. Conclusions

This paper presents results from a decadal-scale frontier simulation with a global multiresolution ocean-sea
ice model resolving the Arctic Ocean with 1-km resolution. By comparing the simulated relative vorticity
and EKE with those on a 4-km resolution mesh, we conclude that at least 1-km resolution is needed in order
to represent mesoscale dynamics. Using even higher resolution could further improve the eddy representa-
tion, as dynamics may still be partly damped unless grid size is as fine as one tenth of scales to resolve
(Soufflet et al., 2016). We note that much higher resolution is needed to resolve eddies over the Arctic
continental shelf where the deformation radius is extremely small (in places less than 1 km, Nurser &
Bacon, 2014).

The 1-km simulation allowed us for the first time to obtain the spatial distribution of EKE over the whole
Arctic deep basin. We identified key regions where eddies are formed and EKE is high and found that typi-
cally baroclinic instability associated with topography-steered currents is the main source of energy conver-
sion to EKE inside the Arctic Ocean. In fact, EKE is the highest along the main currents over topography
slopes, including the Eurasian and Amerasian continental slopes and the Lomonosov Ridge. The Barents
Sea branch of Atlantic Water strengthens the instability of the boundary current and thus the EKE in the
eastern Eurasian Basin. The EKE associated with the Beaufort/Chukchi shelfbreak jet was found to be
not only the highest in the western Arctic but also higher than in other Arctic slope regions. We also found
that EKE is significantly high in both the Arctic halocline and the Atlantic Water layer of the Eurasian Basin.
The EKE in the interior of the Eurasian Basin and the Beaufort Gyre is high, but lower than that in slope
regions. EKE constitutes a significant part (36% averaged over the deep basin) of the TKE, but their ratio var-
ies considerably in space. The EKE at the halocline depth shows very similar seasonality over the Eurasian
and Alaskan continental slopes, with maximum in fall and minimum in spring, which is linked to the sea-
sonal changes of the boundary current instability. Our analysis provides the first Arctic-wide overview of
eddy energetics.

The reported simulation belongs to an ongoing effort in developing, improving, and applying eddy-resolving
Arctic Ocean simulations. In this first simulation not all diagnostics required for closed-budget energy ana-
lysis were saved from the model. Such analysis on regional scales will be conducted in future work.
Employing 1 km and finer resolutions makes it possible to study dynamics of small eddies around sea ice
leads and in marginal ice zones. In our simulations we have already observed eddy formation in the mixed
layer under sea ice leads, but finer grid scales might be needed to better simulate such dynamics. Our multi-
resolution approach allows us to simulate an eddying Arctic at kilometer or subkilometer resolution in a glo-
bal setup. Better resolving the Arctic Ocean while keeping its linkage to the rest of the ocean helps to
improve the understanding of the role of the Arctic Ocean in the global climate. Such emerging topics will
be subjects of future work.

Data Availability Statement
The model data are available at https://doi.org/10.5281/zenodo.3761756.
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