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Warmer Atlantic Water intrusion
energizes the Arctic Eurasian Basin
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Climate warming is expected to weaken ocean circulation by suppressing deep-ocean eddy activity at
mid and low latitudes. However, the future evolution of deep-ocean dynamics in the rapidly changing
Arctic remains unclear. Here, we use 1-km-resolution simulations to show that the deep Arctic Ocean
is projected to become substantially more energetic, particularly in the Eurasian Basin, in stark
contrast to global mean trends. This increase in kinetic energy is driven primarily by intensified
mesoscale eddy activity, fueled by enhanced lateral density gradients and available potential energy
resulting from progressing Arctic Atlantification. Deep-ocean eddies account for more than half of the
projected rise in Arctic total kinetic energy. The projected enhancement of eddy activity in both upper
and deep layers implies that Arctic Atlantification could influence the Arctic Ocean and sea ice through
dynamic pathways beyond simply supplying oceanic heat to the Arctic Ocean.

Mesoscale ocean eddies are fundamental components of the climate system,
mediating interactions across a wide range of spatial and temporal scales'.
These energetic vortices, which typically span 10-100 km in diameter and
last weeks to months, contain the majority of the kinetic energy of the ocean
and are ubiquitous features of global circulation™. By redistributing heat,
salt, and tracers both vertically and laterally, eddies influence water mass
transformation, regulate stratification, and shape large-scale ocean circu-
lation patterns*”. They contribute to the ventilation of the thermocline,
modulate the uptake and storage of heat and anthropogenic carbon, and
enhance upper-ocean productivity* ™.

Satellite observations have revealed that surface mesoscale eddy activity
in eddy-rich regions of the global ocean has increased over the past three
decades'. Climate model projections indicate that this trend will continue in
most of these regions under future warming scenarios'”. In contrast to the
upper ocean, eddy activity in the deep ocean is projected to decline due to
reductions in available potential energy associated with enhanced vertical
stratification'”. Despite the intensification of the upper ocean circulation'*",
the increasingly quiescent deep ocean results in a substantial reduction in
the global ocean’s total kinetic energy (TKE)". This underscores the critical
role of mesoscale eddies in modulating the anthropogenic changes in the
ocean’s kinetic energy budget.

The Arctic is experiencing the most rapid climate change on Earth'>"".
In the Arctic, ocean eddies play an important role in modulating sea ice basal
melting, the ocean’s physical environment, and marine ecosystems'”"*.

Although observations remain limited, mesoscale eddies are recognized as a
persistent feature of the Arctic Ocean'’’. Observational and modeling
studies reveal widespread eddy activity in the Arctic Ocean, with notable
spatial and temporal variability**”’. Sea ice cover suppresses eddy growth
and promotes the dissipation of existing eddies at the surface, weakening
surface eddy activity beneath the ice””. Under future warming scenarios,
however, eddy kinetic energy (EKE) in the upper Arctic Ocean is projected
to increase markedly due to sea ice retreat and enhanced baroclinic
instability™.

In the early 21st century, the Arctic Ocean underwent substantial
changes in its Atlantic Water layer, a process referred to as Arctic
Atlantification’ . This phenomenon is characterized by the warming of
the Atlantic Water layer and an upward shoaling of its upper boundary’***.
Arctic Atlantification is projected to intensify under continued climate
warming'’, further contributing to the decline of Arctic sea ice”’. However,
how the progression of Atlantification influences the Arctic Ocean kinetic
energy budget, especially eddy dynamics, under future climate change
remains largely unknown and represents a critical uncertainty in projections
of Arctic changes. In particular, it is unclear whether the deep Arctic Ocean
will become more quiescent, as is expected in lower-latitude oceans in the
future®, or follow an opposite trend. This knowledge gap stems from the
limited ability of current high-resolution climate models to resolve mesos-
cale eddies in the Arctic Ocean, where the baroclinic Rossby radius is
exceptionally small’*”. Typical mesoscale eddies observed in the Arctic
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Ocean have radii of less than 10 km*', and modeling studies suggest that a
horizontal resolution of approximately 1 km is needed to adequately resolve
these features™”.

In this study, we use a global multi-resolution sea ice-ocean model,
configured with 1 km eddy-rich resolution in the Arctic Ocean, to investi-
gate the response of deep Arctic Ocean dynamics to future climate warming
under the high-emission Shared Socioeconomic Pathway 5-8.5 (SSP5-8.5)
scenario”. Our results show that EKE in the deep Eurasian Basin increases in
a warming world, in contrast to the decline in deep-ocean eddy activity at
lower latitudes. This intensification is primarily driven by enhanced bar-
oclinic instability associated with Arctic Atlantification, which increases
available potential energy and strengthens energy conversion processes.

Results

Increasing kinetic energy in the deep ocean

This study employs simulations with kilometer scale horizontal resolutions.
First, a global model simulation with an eddy-permitting medium hor-
izontal resolution of 4.5-km in the Arctic Ocean was conducted, spanning
from the historical period to the end of the 21st century (see “Methods”).
The future projection was based on the high-emission SSP5-8.5 scenario.
Then eddy-resolving simulations with a finer 1 km horizontal resolution
were initialized using transient results from the medium-resolution run,
focusing on two specific time slices. These slices represent the present-day
climate (2012-2015) and a future warming scenario (2092-2095), respec-
tively. The 1 km resolution allows us to resolve mesoscale eddies across most
of the Arctic Ocean, with the exception of shallow shelf seas”®. This high-
resolution setup enables a detailed examination of both the spatial dis-
tribution and temporal evolution of mesoscale activities under climate
change.

To assess how the ocean dynamics will evolve in a changing climate, we
examine the kinetic energy in two ocean layers: the upper layer (0-100 m)
and the deep layer (100-1000 m). We focus our analysis on the upper
1000 m because we find that future kinetic energy changes are pronounced
in this depth range as we show below. During the present-day period
(2012-2015), the Atlantic Water layer in the Eurasian Basin resides between
approximately 100 m and 1000 m depths®, as indicated by the vertical

locations of 0 °C temperature (Supplementary Fig. 1a). The upper boundary
of the Atlantic Water layer has started to shoal since the last decade’*, and
this tendency is projected to continue in the future'®. By the late 21st century,
the annual mean temperature in the upper ocean is projected to rise above
0°C, and the warm Atlantic Water layer also extends beyond 1000 m depth
(Supplementary Fig. 1). Therefore, the deep layer in our analysis approx-
imates the present-day depth range of the Atlantic Water layer in the
Eurasian Basin.

Under the future warming scenario, the model projects an increase in
TKE in the deep layer of the Arctic Ocean, attributed to increases in both
mean kinetic energy (MKE) and EKE (Fig. 1). The increase in kinetic energy
is widespread across the Arctic, but its magnitude exhibits pronounced
spatial heterogeneity. Intensification of both mean circulation and eddy
activity is particularly evident along major ocean currents that follow bot-
tom bathymetric features, including the Atlantic Water Boundary Current
(AWBC) along the Eurasian continental slope, the Atlantic Water return
current along the Lomonosov Ridge, and the shelfbreak current in the
western Arctic. Compared to MKE, EKE contributes more substantially to
the projected TKE increase in most regions of the Arctic (Fig. le, f). The
strongest enhancement of EKE is projected in the Eurasian Basin (Fig,1c, f).
As found in previous studies™, eddy activity and mean circulation in the
upper layer of the Arctic Ocean are also projected to intensify (Supple-
mentary Fig. 2).

Globally, the mean EKE in the deep ocean is projected to decline®,
although an increase is expected near the surface'”. In contrast, our high-
resolution simulations project an increase in EKE over both upper and deep
layers of the Arctic Ocean (Fig. 1 and Supplementary Fig. 2), highlighting the
Arctic as a regional exception compared to most mid- and low-latitude
eddy-rich regions.

The projected increases in TKE, MKE and EKE over a large depth
range under the future warming scenario are more clearly illustrated in the
time-depth plots of kinetic energy shown in Fig. 2a-c. In the eddy-
permitting simulation with a horizontal resolution of 4.5-km, TKE in the
Eurasian Basin exhibits a long-term increasing trend throughout the 21st
century, primarily attributed to an increase in EKE. At eddy-resolving
resolution of 1 km, the projected intensification in TKE by the end of the

Fig. 1 | Intensification of deep Arctic Ocean
kinetic energy in a warming world. Spatial pattern
of vertically integrated (a) total kinetic energy
(TKE), (b) mean kinetic energy (MKE) and (c) eddy
kinetic energy (EKE) in the deep Arctic Ocean
(100-1000 m) averaged over the time period of
2012-2015. d-f Same as (a—c), but for the time
period of 2092-2095. The blue dashed line in (f)
depicts the Eurasian Basin region used for
mechanistic understanding.
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Fig. 2 | Increase in kinetic energy across the Eurasian Basin water column
dominated by enhanced eddy kinetic energy (EKE). Time-depth plots of hor-
izontally integrated (a) total kinetic energy (TKE), (b) mean kinetic energy (MKE)
and (c) EKE over the Eurasian Basin. The background displays results from the 4.5-
km resolution simulation, while the 1-km resolution simulation results are overlaid

2080 2100 EKE MKE TKE

as small squares for the two time slices of 2012-2015 and 2092-2095. Blue triangles
indicate the start and end points of each time slice. Future changes in horizontally
and vertically integrated kinetic energy between 2012-2015 and 2092-2095 in (d)
the upper layer (0-100 m), (e) the deep layer (100-1000 m) and (f) entire upper
1000 m depth.

century is substantially greater, mainly due to a stronger enhancement of
EKE. This highlights the importance of resolving mesoscale processes in
accurately capturing the Arctic Ocean’s kinetic energy response to climate
warming. While the increase in EKE diminishes with depth, it remains
substantial in the upper 1000 m and is still discernible below (Fig. 2a—c).
In both the upper layer and the deep layer of the Eurasian Basin, the
projected increase in TKE is primarily due to the increase in EKE (Fig. 2d-{).
In the deep layer of the Eurasian Basin, approximately 75% of the TKE
increase between the periods 2012-2015 and 2092-2095 can be attributed to
enhanced EKE. This dominant contribution of EKE indicates that the
projected TKE increase is primarily driven by intensified mesoscale
dynamics, rather than by a strengthening of the mean flow. A similar relative
contribution of EKE to TKE is found when considering the whole Arctic
Basin, defined as the basin area with bottom bathymetry deeper than 200 m

(Supplementary Fig. 3). The TKE in the whole Arctic Basin is projected to
increase by approximately 140%. Of this total increase, around 80% is
attributable to enhanced EKE, with about 60% specifically resulting from
increased EKE in the deep layer. The most notable increase in deep-layer
EKE is found in the Eurasian and Makarov Basins (Fig. 1c, f).

Enhanced baroclinic instability associated with Atlantic Water
Mesoscale eddies are primarily generated by baroclinic and barotropic
instabilities'>"’. Accordingly, EKE is sustained through two principal energy
conversion pathways: from eddy available potential energy (EAPE) via
baroclinic instability (Cgapg—gxe)> and from MKE via barotropic instability
(Cvixe—rxE)> as defined in Egs. (4) and (5). We analyzed these energy
conversion rates (Fig. 3) to identify the dominant mechanisms behind the
markedly enhanced EKE found in the deep Arctic Ocean.
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Fig. 3 | Enhanced mesoscale eddy activity mainly due to increased baroclinic
instability. Spatial patterns of energy conversion rates (a) from eddy available
potential energy (EAPE) to eddy kinetic energy (EKE) and (b) from mean kinetic
energy (MKE) to EKE for the period 2012-2015. The vertical integration is over the
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e Changes of energy conversion rates between the two time periods integrated over
the Eurasian Basin.

The vertically integrated energy conversion rate from EAPE to EKE
(Ceape—Exe) is positive throughout the deep layer of the Arctic Ocean and
exhibits a spatial pattern closely aligned with that of EKE, with enhanced
values along bottom bathymetric slopes (Fig. 3a). This conversion rate is
intensified across the basin under the future scenario, with the strongest
amplification occurring in regions where historical values are already rela-
tively high, particularly along the Eurasian continental slope (Fig. 3c). The
energy conversion rate between MKE and EKE (Cyikg—xg) is also larger
along bottom bathymetric slopes, but remains much weaker in magnitude
than Cgapg_gxg (Fig. 3a, b). Moreover, Cyixg—gxg exhibits both positive
and negative values (Fig. 3b, d), indicating a spatially variable regime where
eddies can either extract energy from or feed energy back into the mean flow.
In particular, negative values of Cyxg_gxg indicate an inverse barotropic
energy transfer, whereby kinetic energy is transferred from mesoscale eddies
to the mean flow, contributing to the strengthening of the mean circulation.
Such inverse energy transfer has also been observed in boundary currents
and regions with strong topographic constraints in other parts of the global
ocean**. This term is projected to intensify within the core of the AWBC
along the Eurasian continental slope, while weakening over broader areas of
the basin interior (Fig. 3b, d). Therefore, the future increase in Cgapg . gxE iS
the primary driver of the projected enhancement in mesoscale activities in
the deep Eurasian Basin.

To further elucidate the projected increase in EKE within the Eurasian
Basin, we compared energy conversion rates between the periods
2012-2015 and 2092-2095. Under the future scenario, Cgapg_.gxg in the
Eurasian Basin increases by approximately 61% (Fig. 3e and Supplementary
Fig. 4). At the same time, the negative Cyxg—.pxg is projected to increase in
magnitude by nearly threefold. Despite this, the increase in Cgapr gk
dominates the energy budget (Fig. 3e), supporting the enhancement of eddy
activity in the deep layer. These results highlight the leading role of inten-
sified baroclinic instability, particularly associated with the Atlantic Water
in the Eurasian Basin, in driving the projected increase in deep ocean EKE.

EKE in the upper layer also increases primarily due to enhanced bar-
oclinic instability (Fig. 3e and Supplementary Fig. 4). Li et al. found that
changes in upper-layer eddy activity are mainly driven by stronger eddy
growth and reduced dissipation associated with sea-ice decline, and in the
Amerasian Basin they are further enhanced by increased potential energy

due to greater freshwater storage. The maximum density stratification
effectively separates the modes of baroclinic instability in the upper and deep
layers, thereby confining the influence of surface friction to the surface
layer’*. In the Eurasian Basin, the maximum density stratification, located
within the top 50 m, is projected to further increase (Supplementary Fig. 5),
associated with enhanced salinity stratification (Supplementary Fig. 1),
reinforcing the separation of instability modes between layers. This supports
our focus on the deep layer as the primary domain for explaining future
increases in eddy activity there.

Energy supplied by Arctic Atlantification

Given the marked increase in baroclinic energy conversion in the Eurasian
Basin, it is crucial to understand the mechanisms that sustain this process.
Changes in both vertical stratification and horizontal density gradients are
known to influence baroclinic energy conversion processes***’. In particular,
the Mean Available Potential Energy (MAPE) associated with the large-
scale density field can be transferred to EAPE through baroclinic instability
and subsequently converted into EKE. To understand how large-scale
oceanic changes drive the intensification of eddy activity in the deep Eur-
asian Basin, this section examines the temporal evolution of MAPE and its
conversion to EAPE, as detailed in Egs. (6) and (8) in “Methods.”

With the progression of Arctic Atlantification, temperatures in the
Eurasian Basin are projected to rise under future warming scenarios'**
(Fig. 4a, b and Supplementary Fig. 6a, b). A pronounced warming trend is
evident throughout the upper 1000 m of the water column. This warming is
attributed not only to increasing temperature of the inflowing Atlantic
Water but also to the enhanced inflow through both the Fram Strait and the
Barents Sea Opening (Supplementary Fig. 7). Concurrently, salinity in the
deep layer is projected to decline slightly (Fig. 4c, d and Supplementary
Fig. 6¢, d). This freshening results from increased surface freshwater flux
along the Atlantic Water current before reaching the Arctic Basin and a
weakening of the Atlantic Meridional Overturning Circulation, which
reduces poleward salt transport'®”. The subsurface density decreases
accordingly, accompanied by steepening of the isopycnals and an intensi-
fication of the lateral density gradient, particularly along the continental
slope (Fig. 4e, f and Supplementary Fig. 6e, ). We isolate the effects of
warming and freshening by recomputing future density while substituting
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Fig. 4 | Arctic Atlantification supplies energy for eddy generation. Vertical
transects of temperature in (a) 2015 and (b) 2095. ¢, d Same as (a, b), but for salinity.
e,fSame as (a, b), but for potential density. g, h Same as (a, b), but for conversion rate
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from mean available potential energy (MAPE) to eddy available potential energy
(EAPE) (Cypape—Eeapr)- The solid yellow line in the top-left inset indicates the
location of the transect in the western Eurasian Basin.

either temperature or salinity with present-day values. Both changes
strengthen the lateral density gradient near the continental slope, with
warming contributing more than freshening (Supplementary Fig. 8).

The MAPE is projected to increase by 74% in the deep Eurasian Basin
under the future warming condition (Fig. 5f). The conversion rate from
MAPE to EAPE (Cyape—gapg) is also projected to rise (Fig. 4g, h and
Supplementary Fig. 6g, h). When integrated over the deep layer of the
Eurasian Basin, this conversion rate increases by more than 5 times in the
warming scenario considered (Fig. 5b). Even when the contribution of
vertical stratification is excluded from the calculation (by multiplying ver-
tical stratification to equation 8), the value still increases by nearly 5 times
(Fig. 5d). This indicates the dominant role of the lateral density gradient and
mesoscale eddy density flux in enhancing the energy conversion, although
the weakened vertical stratification in the upper portion of the deep layer
(Supplementary Fig. 5) contributes slightly. The excess EAPE under the
warming scenario is subsequently converted into EKE (Supplementary
Figs. 9 and 10), leading to a substantial intensification of eddy activities in
the deep ocean layer.

In the upper layer, without changes in vertical stratification, the con-
version rate from MAPE to EAPE would increase by about a factor of four
under the warming scenario (Fig. 5¢). However, vertical stratification in the
upper layer is projected to strengthen markedly (Supplementary Fig. 5).
Because the conversion rate depends oppositely on the lateral density gra-
dient and vertical stratification (Eq. (8)), the enhanced stratification offsets
part of the increase driven by the strengthened lateral density gradient,
reducing the net increase to less than a factor of three (Fig. 5a). This imposes
a constraint on the intensification of EKE in the surface layer, partially
offsetting the effect of reduced surface friction. Thus, while stratification

changes have only a minor influence on EKE in the deep layer, their impact
in the upper layer is non-negligible.

Discussion

Using a global ocean-sea ice model with 1 km horizontal resolution in the
Arctic, we demonstrate that continued Arctic Atlantification under future
climate warming substantially energizes the deep Arctic Ocean, particularly
the Eurasian Basin, primarily by intensifying eddy activity. The Eurasian
Basin displays enhanced eddy activity throughout depth, standing in
opposition to the global-mean trend of increased stratification and declining
EKE in the deep ocean reported before'’. Comparing our two sets of model
simulations indicates that eddy-resolving resolution is required to fully
capture the magnitude of the increase in eddy activity, although the overall
tendency is also evident in eddy-permitting simulations.

An increase in deep-ocean EKE is discernible across the Arctic
Ocean, with the strongest enhancement in the Eurasian and Makarov
Basins, where Arctic Atlantification exerts the greatest influence. Atlan-
tification increases the reservoir of mean available potential energy and
promotes its conversion into EKE. The TKE in the Arctic Basin is pro-
jected to rise by 140% by the late 21st century, with approximately 80% of
this increase attributable to intensified EKE, including 60% arising from
EKE in the deep ocean layer experiencing strengthened Atlantification. It
is important to note that these quantitative results are based on the SSP5-
8.5 scenario and should therefore be viewed as an upper-bound estimate
of potential future changes.

Ocean eddies have been suggested to play an important role in driving
and modulating a range of key processes in the Arctic Ocean. An intensi-
fication of eddy activity has the potential to enhance the lateral transport of
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water masses and momentum from boundary currents into the basin
interior’*”’, and to strengthen vertical heat flux'"*’. Our simulations show a
substantial increase in upward eddy heat flux in the Eurasian Basin in the
future warming scenario (Supplementary Fig. 12). Arctic Atlantification is
projected to intensify under climate warming, with strong Arctic Ocean
warming driven by increasing transport of oceanic heat through the Fram
Strait and Barents Sea Opening'*”’. Surplus ocean heat can contribute to sea
ice decline in much of the Arctic region’"”. Eddies could exacerbate sea ice
basal melting by vertically transporting ocean heat and laterally advecting
sea ice and warm water'”***". The simulated increase in vertical eddy heat
flux (Supplementary Fig. 12) suggests that these eddy-driven processes are
likely to intensify in the future. Further studies are needed to better quantify
the role of enhanced eddy activity throughout the upper and deep layers in
future Arctic sea ice decline.

Lateral transport and energy backscatter also act to weaken the density
gradients that drive EKE growth and to enhance dissipation, thereby lim-
iting eddy activity intensification™ . Beyond their physical significance,
eddies also shape biogeochemical processes by modulating primary pro-
ductivity and vertical carbon export through multiple mechanisms™*. For
instance, they facilitate the transport of biomass from the extensive shelf

region into the deep central basin'®. Consequently, a sustained increase in
EKE under future climate conditions not only substantially energizes the
Eurasian and Makarov Basins, but may be also poised to strengthen the
coupling between large-scale circulation changes and ecosystem responses.
Therefore, Arctic Atlantification may exert a stronger influence on the
Arctic climate and marine ecosystems than previously recognized, parti-
cularly through enhancing kinetic energy. Future dedicated studies are
required to assess these implications.

Methods

Model simulations

The model data used in this study are derived from simulations conducted
with the Finite-volume Sea ice Ocean Model version 2 (FESOM?2), which
solves the ocean primitive equations on unstructured triangular meshes®.
FESOM2 employs a finite volume discretization on prismatic meshes,
allowing for variable horizontal resolution without requiring nested grids.
Its sea ice component, the Finite-Element Sea Ice Model (FESIM), operates
on the same unstructured mesh as the ocean component’’. The model
performs well in simulating the global ocean, with improved computational
efficiency than its previous version® . It can reasonably reproduce
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observed Arctic Ocean changes when forced by reanalysis atmospheric
forcing™.

The simulations employed in this study have been described in detail in
previous work™. A brief summary is provided here for completeness. Two
model configurations were used. The high-resolution setup features a
horizontal resolution of 1 km within the Arctic Ocean and 30 km outside
this region. It includes 70 unevenly spaced vertical levels, with 5 m vertical
spacing in the upper 100 m, gradually increasing with depth. This fine
resolution allows for an adequate representation of the mesoscale eddy
activity field in the Arctic Ocean, with the exception of continental shelf
regions’. Due to its high computational cost, it remains challenging to run
century-long simulations. The second configuration is a medium-resolution
simulation with a horizontal resolution of 4.5-km in the Arctic Ocean. This
setup is computationally more efficient, enabling longer simulations.

The 4.5-km resolution simulation spans the period from 1958 to 2100
and is initialized using the Polar Science Center Hydrographic Climatology
dataset (PHC3.0)*. Atmospheric forcing and river runoff inputs are derived
from the CMIP6 outputs of the coupled climate model AWI-CM1°"%,
covering the historical period from 1958 to 2014 and the future high-
emission SSP5-8.5 scenario from 2015 to 2100”. We choose SSP5-8.5
because our aim is to elucidate the dynamical mechanisms driving future
changes in the deep Arctic Ocean, and this high-emission scenario provides
a relatively large signal-to-noise ratio (i.e., stronger forced trends compared
with internal variability). An equivalent high-emission pathway has also
been used in previous studies of global deep-ocean eddy activity'”, enabling
more direct intercomparison.

Ocean and sea ice outputs from the 4.5-km resolution simulation at the
ends of 2009 and 2089 were interpolated onto the 1-km resolution mesh.
Using these interpolated fields as initial conditions, two 1-km resolution
simulations were conducted using the same atmospheric forcing as in the
4.5-km resolution setup, each covering a 6-year period: 2010-2015 and
2090-2095. For each simulation slice, the first two years were considered as
spin-up, while the remaining four years were used for analysis. These two
high-resolution slice simulations represent present and future climates,
respectively.

Ocean kinetic energy
The TKE and its two components are calculated as follows:

TKE =/1p0(ﬁ+¥) av (1)
V2

MKE =/%p0(ﬁz+vz) dv )
14

EKE =/lp0(m)dV:/Fpo(ﬁ+ﬁ)—lpo(ﬁz-i-vz) av,
v2 mp 2
3)

where py is the constant reference density, [vdV indicates the volume

integral over the ocean domain. u and v are the zonal and meridional
velocities, 72 and 7 are the squares of the annual mean velocities. To
illustrate the spatial distribution of kinetic energy, we also computed the
vertically integrated values at each horizontal location.

Here, EKE is defined using Reynolds decomposition. Under this
definition, EKE captures not only coherent eddies, but also the variability
associated with meanders and jets. It is therefore often used as a metric of
eddy activity, since meanders and jets are an inherent part of mesoscale
variability' "**". We adopt this definition within the Lorenz Energy Cycle
framework, which allows changes in EKE to be explained in terms of cor-
respondingly defined energy transfer terms®.

Energy conversion to EKE
To elucidate the main energy sources of enhanced deep Arctic Ocean EKE,
we analyzed the energy conversion rates from eddy available potential

energy (EAPE) to EKE and from MKE to EKE"*"*;

CrapE—EKE = — /V gpwdv (4)

CMKE—ERE = — / Po (W Vi + v - VV) v, (5)
v

where g is the gravitational acceleration, w' and p’ represent the temporal
deviations from the mean vertical velocity w and the mean density p
respectively, definedasw' = w — wand p’ = p — p. The energy conversion
rate from component A to component B is denoted by C, g, and a negative
value of C,_,p indicates an effective energy conversion from B to A.
Accordingly, Ceapr ek and Cyvxe—gxg represent the baroclinic energy
conversion rate from EAPE to EKE, and barotropic energy conversion rate
from MKE to EKE, respectively.

Mean available potential energy and conversion

Mean available potential energy describes the potential energy available
associated with the departure of the time-mean density from the stable state,
defined as follows*"":

lg_
Pyiape = _/Vinép* av, (6)
0

where the time-mean density anomaly p" is

P =P Prps ?)

no denotes the vertical gradient of the time-mean and area-mean
background potential density. Following von Storch et al.”, the reference
density p,.ris defined as the area-averaged, time-mean density at each model
level, so the density anomalies reflect horizontal deviations at each depth
level, which are associated with baroclinic instability.

The conversion rate from MAPE to EAPE is given by:

R
CMaPE—EAPE = / A -V,pdv, (8)
v g

where p'u’ is the eddy density flux and V,p is the horizontal density
gradient. Cyiape—.eapr describes the transfer of potential energy from the
large-scale mean state to density perturbations. A positive value of
Cmape—apg indicates that mesoscale eddies are gaining available potential
energy by extracting it from the background stratification maintained by the
mean flow. All variables are defined on the model grid, and time averaging is
performed over the analysis period. The area-mean calculations of #, and
Pres are based on the Arctic domain. The model outputs required for the
calculation of Egs. (7) and (8) are available for 2015 and 2095.

Uncertainties and limitations

The reliability of our climate projection depends on the quality of the
atmospheric forcing and the model’s capacity to represent essential ocean
dynamics. While the model configurations employed here enable high-
resolution representation of Arctic Ocean mesoscale processes, the inherent
uncertainties and limitations should be considered when interpreting the
results.

The atmospheric forcing used in this study is derived from the
CMIP6 simulations of the coupled model AWI-CM1. In the
SSP585 scenario, AWI-CM1 projects a global-mean surface warming of
approximately 4K in the 2090s above the 2000-2015 level, very similar to the
multi-model-mean result of CMIP6 models®. Previous evaluation of the
simulations used in this study shows that they successfully reproduce the
satellite-observed decline trend in Arctic sea ice extent in the historical
period, and the simulated timing of an emerging seasonally ice-free Arctic in
September in the 2050s is consistent with the CMIP6 multi-model-mean
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result”. The model has a reasonable representation of temperature, salinity,
and stratification for the historical period, but model biases are clearly
present (Supplementary Fig. 11), indicating potential uncertainty in future
projections. As FESOM2 biases in simulated Arctic Ocean temperature and
salinity were found to be smaller when it is driven by atmospheric reanalysis
fields*, the model biases in the current simulations should be mainly due to
the atmospheric forcing biases stemming from the AWI-CM1
CMIP6 simulations.

The 4.5-km resolution simulation was performed continuously with a
long spinup, while the 1-km resolution simulations were restarted from the
corresponding years of the 4.5-km resolution simulation, reducing the
required spin-up time. A two-year re-spinup is still relatively short, but
represents a practical choice given computational constraints. In Fig. 2, EKE
in the high-resolution simulations clearly stands out from the medium-
resolution background, indicating that mesoscale dynamics spin up rapidly
and reach a distinct energetic state within two years. Nevertheless, the short
re-spinup may still lead to some underestimation of EKE in the 1-km high-
resolution simulations. In addition, while eddy activity spins up rapidly, the
large-scale properties of the Atlantic Water layer at depth likely require
longer timescales to equilibrate. The evolution of the Atlantic Water layer is
influenced by the cumulative effects of eddies, such as vertical eddy heat flux
(Supplementary Fig. 12). Therefore, long-term 1-km resolution simulations
are required to fully assess the feedbacks between large-scale and mesoscale
processes in their equilibrium states. Furthermore, the ocean-sea ice model
was driven by prescribed atmospheric forcing without coupling to an active
atmospheric model. Although this strategy allows us to perform projections
with very high resolutions, it might lead to a conservative estimate of EKE in
the upper layer because kinetic energy transferred from ocean to atmo-
sphere does not give feedback in this case’'. Moreover, the slice simulation in
the future period (2092-2095) may, by chance, correspond to a relatively
energetic phase associated with internal variability, potentially leading to a
slight overestimation of the projected changes, as this period is used to
represent end-of-century conditions. However, the overall conclusions
remain robust, as the time-depth plots of kinetic energy show a clear upward
trend (Fig. 2).

Long-term mean velocity is commonly used to compute MKE in
practice'""*¥’. Here, to minimize the contribution of interannual and dec-
adal variability to EKE, we use annual-mean velocity for the Reynolds
decomposition. However, the resulting MKE still contains some eddy
contributions (Fig. le). This implies that we should not shorten the aver-
aging period further. A slightly modified Reynolds decomposition was
applied to remove seasonal variability from EKE’”. Their method, however,
does not strictly enforce the identity TEK=MKE+EKE. While the associated
residual is reported to be small for their specific application, it is not guar-
anteed to remain small in other settings and would need to be evaluated case
by case. This is particularly relevant for Lorenz Energy Cycle diagnostics: the
energy conversion terms should be consistent with the adopted MKE and
EKE definition. If the decomposition is not energy-conserving, analogous
residuals may also affect conversion rates, and the magnitude of these
impacts is unknown. Any definition involves trade-offs. We therefore adopt
annual means, consistent with previous Arctic Ocean studies”’. The EKE
definition here represents kinetic energy associated with all temporal
variability relative to the mean flow and does not uniquely isolate coherent
mesoscale eddies. Variability on timescales shorter than one year is included
in EKE and may therefore lead to a quantitative overestimate. However, as
noted above, using a shorter averaging window would instead under-
estimate EKE. Our choice thus represents a pragmatic compromise between
averaging periods that are too long and too short. Importantly, our central
result is robust: energy conversions toward EKE across the stages of the
Lorenz Energy Cycle are projected to increase substantially in the future,
providing a theoretical basis for the simulated increase in eddy activity under
climate warming. Therefore, our main conclusion is not sensitive to the
specific EKE definition.

We compute kinetic energy and energy conversion rates for two layers
with fixed depths. With the layer thickness held constant, changes in layer-

integrated EKE directly reflect changes in eddy activity because the analyzed
ocean volume is unchanged. We find that EKE increases in the deep layer,
most strongly in the Eurasian Basin. Our goal is to explain this identified
change. The deep layer in the Eurasian Basin is occupied mainly by Atlantic
Water in both considered scenarios, which simplifies the interpretation. In
the future climate, the Atlantic Water layer is projected to become thicker
than the fixed deep layer (100-1000 m); consequently, volume-integrated
EKE increase for the full Atlantic Water layer would be larger than those
estimated for the fixed layer. This does not, however, alter our interpretation
of the mechanisms driving the dynamical changes in the deep Arctic Ocean.
Because the Atlantic Water layer lies deeper in the western Arctic, the deep-
layer changes there should not be attributed only to Atlantification. How-
ever, the deep-layer energization is weaker in the western Arctic than in the
Eurasian Basin, the starting location of Arctic Atlantification, which sup-
ports our main conclusion that Atlantification plays an important role in the
projected deep-ocean changes.

Data availability

The model data used to produce the paper figures are available at https://doi.
org/10.5281/zenodo.15685929™.
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