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ABSTRACT: The Arctic Ocean is warming at over twice the rate of the global average, a phenomenon closely linked to
enhanced ocean heat transport into the Arctic. The Fram Strait and the Barents Sea Opening play a particularly important
role serving as conduits to increased ocean heat transport (OHT) into the Arctic, partially linked to the overturning circula-
tion at the two straits. Here, we analyze the overturning at these Arctic gateways in the Community Earth System Model,
version 2, Large Ensemble over years 1920-2100. In particular, we examine the climatological overturning, determine how
it changes under climate forcing, and quantify its contribution to the ocean heat transport. We find that during the twenti-
eth century, the overturning is characterized by a net inflow (outflow) at high (low) densities into (out of) the Arctic Ocean.
However, beginning in the early twenty-first century, the inflow through both the Fram Strait and the Barents Sea Opening
shifts to much lower densities associated with the warming of the inflow, while the outflow maintains its original density un-
til 2070. The lightening of the inflow leads to a sign change in the density-space overturning through the straits in high den-
sity classes. Both the Fram Strait inflow and outflow strengthen over the twenty-first century, enhancing the overturning.
This overturning pattern change strengthens OHT by 0.05 PW between the 1920-30 and 2090-2100 periods, accounting for
more than half of the total OHT increase over that period.

SIGNIFICANCE STATEMENT: The Arctic Ocean is warming over twice as fast as the rest of the world. This phe-
nomenon is closely associated with an increase in the ocean heat transport (OHT) into the Arctic. The Fram Strait and
the Barents Sea Opening play a particularly important role in increasing this heat input into the Arctic, partially linked to
the overturning circulation at the two straits. Here, we analyze the overturning at these two Arctic gateways in 100 simula-
tions from the same global climate model from 1920 to 2100. We find that during the twentieth century, the overturning is
associated with inflow at high densities and outflow at lighter densities. However, over the course of the twenty-first cen-
tury, the inflow through the two straits lightens greatly, while the outflowing water remains heavy until the later part of
the century. This leads to a sign change in the overturning, and the pattern change significantly enhances OHT.
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1. Introduction changes in ocean heat transport (OHT) through the Fram Strait
(FS) and the Barents Sea Opening (BSO) (Onarheim et al. 2015;
Arthun et al. 2012; Arthun and Eldevik 2016; Polyakov et al.
2017, 2020; Auclair and Tremblay 2018; Stroeve and Notz 2018;
Wang et al. 2020; Chemke et al. 2021; Shu et al. 2022; Oldenburg
et al. 2024; a map of the region is provided in Fig. 1). This OHT
is expected to increase substantially in the future due to both
warming of waters flowing into the Arctic Ocean and changes in
i 7 the ocean circulation occurring at FS and BSO (e.g., Oldenburg
2017 Onarhelrr.l et al. 2018; Stroeve .and. Notz 2018; Previdi o 5 2018, 2024; van der Linden et al. 2019). OHT at a particular
et al. 2021), which has had a devz.;lstatmg tmp act on local eco- 1 cation s intrinsically linked to the local overturning (e.g., Ferrari
systems (e.g., Johanpessen and Miles 2011; Vincent et .al. 2011;  4nd Ferreira 2011). While subpolar overturning in depth space is
Fu et al. 2020; Grémillet and Descamps 2023). The Arctic Ocean  tyiically associated largely with subpolar gyre circulations (e.g.,
warming and the associated sea ice loss are closely linked to  graneo 2006; Li and Born 2019), it is not clear whether this is the
case in FS and BSO, particularly in density space.
Recent studies have suggested that the Arctic Ocean rather
than the Nordic seas or the Labrador Sea may be the northern

» Supplemental information related to this paper is available  terminys of the mean Atlantic meridional overturning circulation
at the Journals Online website: https://doi.org/10.1175/JCLI-D-24-

0735.s1.

The Arctic has experienced much more rapid warming than
the rest of the globe over the last few decades (e.g., Serreze
et al. 2009; Marshall et al. 2014, 2015; Pithan and Mauritsen
2014; Huang et al. 2017; Chylek et al. 2022; Rantanen et al.
2022), a phenomenon referred to as Arctic amplification. This
is associated with the dramatic sea ice decline that has oc-
curred over the past few decades (e.g., Onarheim and Arthun
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FIG. 1. Map of the region indicating the locations of the sections at FS and BSO. The white regions
indicate approximate extent of the annual-mean sea ice cover. Source: WHOI Graphics.

(AMOC) (Bitz et al. 2006; Bretones et al. 2022; Zhang and
Thomas 2021), indicating a potentially important role for the
time-mean overturning at FS and BSO as a conduit for the over-
turning farther south, i.e., in the North Atlantic. However, it is
not clear how the FS and BSO overturning will change in the fu-
ture and how important it is in driving changes in OHT into the
Arctic Ocean at these gateways. It is also not clear what role the
surface-forced water mass transformation (WMT) plays in driving
these overturning changes, as opposed to internal mixing or diffu-
sion, or broader circulation variability in the Arctic or the subpo-
lar North Atlantic. Previous studies have suggested a potential
role for enhanced subduction (driven by increased surface forc-
ing) in driving a future increase in the Arctic overturning under
extreme carbon dioxide (CO,) forcing (Lique and Thomas 2018),
though it is not clear whether it will be the case under weaker
forcing. Thus, the goal of this study is to investigate these issues us-
ing a single-model large ensemble, namely, the Community Earth
System Model, version 2, Large Ensemble (CESM2-LENS) sim-
ulations. Like many other coupled models, CESM2-LENS has
many biases, including at FS, BSO, and the Arctic (Figs. S1 and
S4-S9 in the online supplemental material). Nevertheless, its
solutions have been extensively analyzed to study various high-
latitude processes, including those of the Arctic amplification
(e.g., Derepentigny et al. 2020; Kay 2022; Davy and Griewank
2023; Oldenburg et al. 2024; Arnheim et al. 2025). Therefore,
despite its biases, it is important that we improve our under-
standing of processes that impact the Arctic climate in these
simulations.

It is possible that surface-forced WMT within the Arctic and
the Nordic seas could be a major driver of overturning changes
at FS and BSO, given the importance of WMT in driving subpo-
lar overturning in the North Atlantic (e.g., Marsh 2000; Isachsen
et al. 2007; Grist et al. 2009; Langehaug et al. 2012; Oldenburg
et al. 2021, 2022; Josey et al. 2009). Since changes in overturning
at FS and BSO are linked to OHT into the Arctic, which is a sig-
nificant component of the Arctic Ocean heat budget, it is essential

that we improve our understanding of the overturning and its
changes under climate forcing.

To accomplish our goals, we first document the time-mean
overturning at FS and BSO as well as how it changes under
climate forcing using CESM2-LENS. We then seek to under-
stand how the overturning differs when viewed in density ver-
sus depth space and how important the overturning is for
OHT into the Arctic. Finally, we summarize and discuss our
findings, particularly considering the potential role of WMT
in the Arctic Ocean in driving the changes in the overturning.

2. Community Earth System Model, version 2
Model description

For this analysis, we use simulations from the standard
(nominal 1° horizontal) resolution CESM2 (Danabasoglu et al.
2020). In particular, we use the 100-member CESM2-LENS
(Rodgers et al. 2021), in which each ensemble member is first
run with historical forcings for the 1850-2014 period and then
with the shared socioeconomic pathway (SSP) 3-7.0 forcing
for the 2015-2100 period, following the Coupled Model Inter-
comparison Project phase 6 (CMIP6) protocols (Eyring et al.
2016). Further details of CESM2-LENS can be found in
Rodgers et al. (2021). As in Oldenburg et al. (2024), we choose
to use CESM2-LENS, a single-model large ensemble, in our
analyses because LENS gives us the ability to separate externally
forced variability from internal model variability while avoiding
the confounding model-to-model spread present in a multimodel
ensemble (e.g., Deser et al. 2012; Arthun et al. 2019; Deser et al.
2020). We estimate the forced response in the simulations by
computing the average evolution across all ensemble members.
The model internal variability can then be quantified by comput-
ing the ensemble spread (e.g., Deser et al. 2012, 2020).

In this paper, we use monthly mean output from the CESM2
ocean component which is a level-coordinate model based on
the Parallel Ocean Program, version 2 (POP2; Smith et al. 2010;
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FIG. 2. (a) Overturning streamfunction across FS and BSO from CESM2-LENS in density space averaged over
three different time periods. Solid lines represent the ensemble-mean values, and shading represents one standard de-
viation across the ensemble members. (b) Time series plot showing the evolution of the ensemble- and annual-mean

overturning in density space.

Danabasoglu et al. 2012). For our calculation of the overturning
streamfunctions and OHT components, we use the Eulerian-
mean (resolved) velocity (parameterized eddy-induced veloc-
ities are small and are neglected in this analysis), potential
temperature, and salinity fields. For the surface-forced WMT
calculation, we use sea surface temperature and salinity as well
as net sea surface heat and freshwater fluxes.

3. Overturning at the Fram Strait and the Barents
Sea Opening

To analyze the overturning at FS and BSO, we first calculate
the overturning streamfunctions (o, #) and ¥z, f) in density
and depth space, respectively, at the two sections as follows:

Wa, 1) = —JZL u(x, o, t);%do’dx, 1)
X Z

Wz, t)=—J j W(x, 2, HdZ dx, ?)
X1 YZmax

where o = p — 1000 is the (year-to-year varying) monthly
mean potential density referenced to 2000 m; x is the horizon-
tal spatial coordinate along the sections (e.g., longitude for a
zonal section); z represents the vertical coordinate, positive
upward; o’ is a dummy variable used for integration; ¢ is the
time; v(x, o’, t) and v(x, z’, ) are the monthly mean velocities
perpendicular to the sections at each grid point in density and
depth coordinates, respectively (positive indicating flow into
the Arctic); omax and zmax represent the maximum density
and depth bins at location x, respectively; and x; and x, repre-
sent the horizontal boundaries of the sections. Because the
two sections are intrinsically linked—some of the northward-
flowing water through BSO recirculates southward across
FS—they must be considered together when analyzing the
overturning. Hence, we focus on one streamfunction which
accounts for the overturning across both sections (except in

Fig. S1a, where we separate them to allow for a comparison
to Tsubouchi et al. 2024). The horizontal boundaries for the
streamfunction (x; and x,) are located at the western edge of
FS and the southeastern edge of BSO, respectively (Fig. 1).

It is generally more appropriate to analyze overturning in
subpolar regions in density space rather than depth space be-
cause it allows us to more easily determine links between
overturning changes and changes in surface density forcing
(Pickart and Spall 2007; Straneo 2006). Furthermore, much of
the previous work analyzing overturning in FS and BSO (e.g.,
Zhang and Thomas 2021; Tsubouchi et al. 2024; Arthun et al.
2025), including the limited available observational analyses
(Tsubouchi et al. 2024; Arthun et al. 2025), has been done in
density coordinates. Hence, in this paper, we focus on the
overturning in density space. However, because overturning
in depth space is easier to visualize, we also include it in the
supplemental material, alongside the density-space overturn-
ing remapped to depth space (Fig. S2).

To determine the section-perpendicular velocities in Egs. (1)
and (2), we use the Physical Analysis of the Gridded Ocean
(PAGO) package introduced in Deshayes et al. (2014). The re-
sulting streamfunction is then annually averaged. It is important
to note that these streamfunctions do not include contributions
from submonthly transient or parameterized eddy overturning.
To include the submonthly transient contributions, the stream-
functions would need to be calculated using output data with a
much higher temporal resolution (i.e., during running of the
model) rather than using monthly model output. The parameter-
ized eddy component could be calculated using the parameterized
eddy velocities, but this would also exclude important submonthly
components. Both of these contributions are assumed to be small
and are hence neglected in this study.

When analyzing the overturning, we focus on the overturn-
ing averaged over three time periods: 1920-30, 2010-20, and
2090-2100 (Figs. 2a,c). We choose these periods because they
provide insight into the initial, intermediate, and final states
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FIG. 3. Ensemble-mean volume flux through FS and BSO in density space averaged over (a) 1920-30, (b) 2010-20, and (c) 2090-2100.
Positive values indicate flow into the Arctic. Note that the x axes indicate distance from the western end of FS along the sections (see
Fig. 1 for the section locations). The saturated values in (a) and (b) include an additional contour indicating values with magnitudes above

0.3 Sv. (d) Total volume transports across the two sectors.

of the overturning changes. The ensemble-mean overturning
in density space is initially dominated by a negative cell, indi-
cating flow into the Arctic at higher densities and flow out of
the Arctic at lower densities, and the absolute peak is concen-
trated at high densities (Figs. 2a,b), reaching a minimum of
—1.1Sv (1 Sv=10°m®s™!) at o, = 36.7 kg m~> when aver-
aged over years 1920-30. However, starting at the beginning of
the twenty-first century, a positive overturning cell emerges at
the highest densities, i.e., at o, = 37.1 kg m>. Over the course
of the twenty-first century, this positive cell strengthens and ex-
pands to cover a much wider density range, while the negative
overturning cell continues to weaken and shifts to much lower
densities (Figs. 2a,b). By years 2090-2100, the positive overturn-
ing cell peaks at 36.5 kg m >, where it reaches 2.4 Sv, while the
negative cell reaches a minimum of —0.8 Sv at 35.4 kg m >
(Fig. 2a). Meanwhile, another weak negative overturning cell
appears at very high densities (¢ = 37.1 kg m>) and a weak
positive cell at very low densities.

To gain further insight into what drives the overturning pat-
tern changes, it is helpful to look at the time evolution of the
full volume flux field (i.e., a representation of the flow) at the
two straits. The volume flux through FS and BSO in density
space for the same three time periods shown in Fig. 2a is

presented in Fig. 3. During the twentieth century, both the in-
flow and outflow at FS and BSO are concentrated at very high
densities (Fig. 3a). The strongest inflow and outflow both occur
at FS at o, = 37.05 kg m > and are located in the eastern and
central parts of the section, respectively, though FS outflow is
split into two cells, with an additional weaker, broader cell at
lower densities, which spans 35.6 kg m > < o, < 36.97 kg m .
This flow structure, together with the overturning profile shown
in Fig. 2a, indicates that FS-BSO recirculation (i.e., water that
flows into the Arctic through BSO before flowing southward
through FS) is largely adiabatic but involves some amount of
transformation of dense inflow (through both sections) into
lighter outflow through the Fram Strait. This overturning cell,
involving the transformation of warm, salty Atlantic Water into
less dense, cold, fresh Polar Water, has been analyzed in pre-
vious studies (Haine 2021). In the early twenty-first century
(Fig. 3b), the inflow at both sections starts to shift to slightly
lower densities, while the dense outflow through FS strength-
ens and still mainly occurs at high densities, indicating the
presence of positive WMT (light to dense) in the Arctic acting
on this water mass before it flows out through FS (in line with
Fig. 2a). The light-density outflow at FS gradually becomes
lighter over this period (Fig. 3b).

Brought to you by MBL/WHOI Library | Unauthenticated | Downloaded 08/14/26 11:53 AM UTC



1 AUGUST 2026

By the last decade of the simulations, the net outflow
through the two sections has strengthened greatly (from 3.4 Sv
over 1920-30 to 5.2 Sv over 2090-2100; Fig. 3d) and spread to
lower densities (Fig. 3c). The net inflow strengthens as well
(from 3.5 Sv over 1920-30 to 4.9 Sv over 2090-2100; Fig. 3d)
and shifts to much lower densities, becoming centered around o,
= 36.4 kg m ™ (Fig. 3c). Interestingly, a very dense inflowing wa-
ter mass (o, = 37.1 kg m™>) appears deep within FS (Fig. 3c).
As the inflow in the two straits shifts to lighter densities over
time, the flow at heavier densities (0, > 36.7 kg m ™) becomes
dominated by outflow (Fig. 3), yielding the formation of the posi-
tive overturning cell seen in Figs. 3a and 3b. The strengthening
of the inflow and outflow through FS also plays a significant
role in driving a stronger overturning during the latter half
of the twenty-first century (Figs. 2a,b). The appearance of
this strong positive overturning cell, where the FS outflow is
much denser than the inflow through either FS or BSO (Fig. 3c),
indicates either a stronger positive WMT in the Arctic acting to
densify the recirculating water before it flows southward through
FS or a new, denser water mass originating from elsewhere in
the Arctic starting to flow out through FS. The very light outflow
through FS, on the other hand, indicates a lightening of a portion
of the recirculating water (driven by negative WMT) or outflow
also originating from either the Bering Strait or somewhere else
within the Arctic. In BSO, there is no substantial change in the
flow patterns or the strength of the flow during the simulations.
Instead, the inflowing water masses there simply become much
less dense (Figs. 3a—). The flow changes can also be viewed in
depth space in Fig. S3.

More insight about what can explain this overturning change
can be determined by decomposing the overturning streamfunc-
tion from the end of the simulation (2080-2100 in this case) into
components to isolate the impacts of the density and velocity
field changes on the overturning (Fig. 4). Here, separate over-
turning circulations over years 2080-2100 are calculated to un-
derstand whether the strengthened inflow and outflow or a
redistribution of volume fluxes along isopycnals leads to the
overturning pattern change seen in the late twenty-first century.
We can see that the strengthening of the overturning can be at-
tributed to the enhanced volume transports (blue curve), while
the redistribution of the volume fluxes on different isopycnals
changes the overturning sign and shifts the negative overturning
to lower densities (green curve). Neither contribution viewed in
isolation leads to the overturning change that we see here
(black curve). Furthermore, the sum of the two does not yield
the full streamfunction (Fig. 4); hence, the overturning change
seen here requires a strengthened inflow and outflow as well as
a simultaneous redistribution of these fluxes along different
isopycnals.

The origin of this densest inflowing water mass, which emerges
near the end of the twenty-first century, can be investigated by
analyzing the deep circulation changes within the Nordic seas as
well as the model output ideal age of the water, indicating the
number of years since the water parcel has interacted with the
sea surface. This age can also be estimated using transient tracers
(Wefing et al. 2021). Here, the volume fluxes are averaged over
isopycnals corresponding to the deepest isopycnals in FS to allow
for a visualization of the Norwegian Sea circulation (Fig. 5). The
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volume flux fields indicate a reversal of the circulation in the
Norwegian Sea during the late twenty-first century, carrying
old, very dense water northward through FS (Fig. 5d). This
dense water had previously remained within the Nordic seas
and did not flow into FS (Figs. 5c,d). This reversal may be due
to changing density gradients in FS (not shown).

4. Overturning-driven ocean heat transport into
the Arctic

To calculate OHT into the Arctic driven by the overturning
at the two sections, we use a modified version of the method
outlined in Oldenburg et al. (2018) and Ferrari and Ferreira
(2011) among others, done in density space rather than in
depth or temperature space:

qummwmmwmgkaxrwm

OH%J)—%QI

o do
2
©)
We also similarly calculate the gyre component as follows:
7 v(x, o, )0(x, o, Dh(x, o, 1)
OHTgyre = p,C JJ Jo dodx ,
“4)

where py = 1027.5 kg m ™2 is the reference seawater density;
p = 4186 ] kg~ ! °C™! is the seawater heat capacity; v and 6
are the monthly mean section-normal velocity and potential
temperature, respectively; A(x, o, ) = dz represents the iso-
pycnal thickness at each month; z is the vertical coordinate,
positive upward; o and o, are the minimum and maximum
densities, respectively; |-| indicates the horizontal mean (com-
puted along the two sectors) of a variable calculated along
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FIG. 5. Ensemble-mean ideal age (colors) and volume fluxes (arrows) over years (left) 2010-20 and (right)
2090-2100 averaged over the isopycnals where the strongest outflow (top) through FS occurs and (bottom) over

the deepest isopycnals in FS.

constant density at each monthly mean time step; and dots in-
dicate the deviations from the horizontal mean. This term is
referred to as the gyre component, as in Ferrari and Ferreira
(2011), although we acknowledge that this is not a gyre term
in the traditional sense, where the role of gyre circulation is
analyzed in depth space.

Because of the variable isopycnal thickness and grid cell width
across the sectors, the horizontal means must be weighted, as in
Lee et al. (2007):

Jv(x, a, Hh(x, o, t)dx

Pl(o, 1) =

; (&)
Ih(x, o, t)dx

f o(x, o, Dh(x, o, H)dx
[6l(o, t) = . (6)

Jh(x, a, t)dx

When volume/mass fluxes across a transect do not satisfy con-
tinuity, OHTs are commonly referenced to the mean temper-
ature of the domain of interest (i.e., the Arctic Ocean in this
case; Lee et al. 2004). Because the Arctic Ocean mean tem-
perature remains close to 0°C throughout the simulations, we
simply use 0°C as our reference temperature. The Arctic
Ocean mean temperature is initially equal to 0.3°C over years
1920-30 and reaches 0.45°C by years 2090-2100. Using the ac-
tual monthly Arctic Ocean mean temperature does not signifi-
cantly change the results (not shown). Though this calculation
is typically done in depth or temperature space, here we cal-
culate these components in density space because we are in-
terested in the density-space overturning’s contribution to
OHT. It is important to note that the overturning and gyre
circulations are coupled in the higher latitudes (e.g., Yeager
2015). However, the present calculation is still useful, as it al-
lows us to establish the importance of the density-space over-
turning in driving OHT into the Arctic.
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Though the OHT,,c(f) term discussed here is more com-
monly referred to as the isopycnal-mean term, it can also be writ-
ten (and calculated) using the overturning streamfunction rather
than the horizontal-mean velocity, similar to Ferrari and Ferreira
(2011), but in density coordinates:

ﬂ(0', fdo .

o 9

OHT, () = pcpf Wo. 1)

The sum of these two components is equal to the total OHT
through the two sections:

OHT,

moc

(1) + OHT,_ (1) = OHT(z). )

gyre

To determine whether forced changes in OHT,,,. are primar-
ily linked to temperature or circulation changes, we further

OLDENBURG ET AL.

4707

(2024) and others. These components can be derived from
OHT,, as follows:

ol(o, 1) = [ol(0) + ol (0, 1), )

{lvl(o, ) X [6l(, 1) X |hl(o, )}

= {l(@) + o[ (0, 0} X {[6](0) + 6] (o, )} X {[hl(0) + |l (0, D)},
= [(@)¥6l(0) X [hl(a) + [v](0) X [6](0) X |A[ (o 1)

mean

isopycnal_thickness_change—driven

+ [l(0)46]' (0. 1) X [hl(0) + [l(0) X 16]' (0 0) X |A[ (0. 1)

temperature —driven

temperature —thickness_covariance

+ ol (0. 0) X [0l(0) X [hl(0) + o[ (0.0) X [6(a) X |A[ (0 1)

circulation—driven

circulation—thickness_covariance
+ [ (0. 1) X 16]' (0. 1) X [hl(0) + [vl (0. 0) X |6]' (0 )*{hl (0 0).

nonlinear

decompose the OHT,,,. anomalies into contributions from (10)
circulation-driven, temperature-driven, and isopycnal thickness
change—driven and nonlinear changes similarly to Oldenburgetal.  Hence, the components can be written as:
y 7 [v(0) X [6](0) X |A[(a,1)
OHT,,..(1) = pocp” . dodx
0'2 g
isopycnal_thickness_change_driven
7 [ul(a) X 16 (0.1) X [hl(0) 7 [ul(a) X 16]'(0.2) X |A[(0.1)
+ pOCPJL do dodx + pocpJJ; do dodx
2 2
temperature-driven temperature-thickness_covariance
o ([ X D) X TRl Ll (@) X 10le) X (o0
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where the overbar refers to the time mean of a quantity and
the prime refers to a deviation from the baseline time-mean
value, which we define as the average over the 1920-80 period
during which OHT remains nearly constant. Both the hori-
zontal and time averages are weighted with the isopycnal
thicknesses, as in Lee et al. (2007). The temperature-driven
component as defined here is not the same as a passive tracer,
hence why we refer to it as the temperature-driven term
rather than as a “passive” component.

The partitioning of OHT through the two straits into its
overturning and gyre components is presented in Fig. 6a. The
OHT,,,. initially accounts for more than half (~55%) of the

total OHT through the sections, with OHT,y,. contributing
45% (Fig. 6a). As OHT increases, overturning continues to
be the dominant component (50%-63%) of the total until the
final few years of the simulations. The OHT,,, thus plays an im-
portant role in the increased OHT into the Arctic, contributing
more than half of the OHT increase between the 1920-30 and
2090-2100 periods.

The time evolution of the overturning OHT component
can be further understood by analyzing the volume flux and
temperature integrated and averaged, respectively, horizon-
tally over the two sections in density space (Figs. 6¢,d). (We
note that the horizontal along an isopycnal surface is not hori-
zontal in depth coordinate due to the isopycnal tilt.) Initially,
in the horizontal-mean sense, water flows into the Arctic at
the highest densities and out of the Arctic at lower densities
(Fig. 6¢). However, over time, as the inflow of warm, salty
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FIG. 6. (a) Time series of OHT through FS and BSO decomposed into overturning (blue) and gyre (green) compo-
nents in density space. Lines represent ensemble-mean values, and shading represents one standard deviation of the
annual-mean values across the ensemble members. The 95% confidence intervals can be estimated by doubling
the standard deviations. Time evolution (as a function of density) of (b) the overturning component of OHT through
the sections, (c) the ensemble- and annual-mean volume flux integrated along FS and BSO sections, (d) the ensemble-
and annual-mean potential temperature, and (e) isopycnal thickness averaged along the corresponding sections.

water shifts to lighter densities during the twenty-first century,
the highest densities are dominated by cooler outflowing wa-
ter. The light, fresh outflow (35 < o, < 36.6) strengthens and
becomes even lighter, covering the range 33.7 < o, < 35.3 by
2090-2100 (Fig. 6¢).

Throughout the simulations, the heavier water in the
horizontal-mean sense is the warmest, and these dense
water masses warm further over time (Fig. 6d). As the dense

water in BSO rapidly lightens and warms alongside the FS water
flowing into the Arctic, we see strong warming in the middensity
range (35 < o, < 36.8). The largest warming occurs in the
southeastern part of BSO, which reaches potential tempera-
tures above 10°C over years 2090-2100 at its lightest density
classes, i.e., in the upper 25 m (not shown). This warming of BSO
causes strong warming within the Barents Sea, which reaches
2.5°C averaged over the upper 50 m over years 2090-2100, which

Brought to you by MBL/WHOI Library | Unauthenticated | Downloaded 08/14/26 11:53 AM UTC



1 AUGUST 2026

represents a warming of 3°C relative to the 1920-30 average.
OHT that results from this combination of the temperature
change and the shift in the horizontal-mean flow pattern can be
seen in Fig. 6b. Here, inflow (outflow) warmer (cooler) than 0°C
yields positive OHT, while outflow (inflow) warmer (cooler)
than 0°C contributes negatively to the OHT. The decline in the
overturning component after 2070 is due to the strengthening of
horizontally integrated outflow shifting to lighter isopycnals, car-
rying increasingly warm water, leading to a negative contribution
to the OHT (Figs. 6¢,d).

The partitioning of the overturning component of OHT into
its isopycnal thickness change—driven, circulation-driven,
temperature-driven, circulation—thickness covariance, temperature—
thickness covariance, and nonlinear counterparts is shown in
Fig. 7a. The increase in OHT},, is driven predominantly by
changes in the nonlinear contributions, i.e., simultaneous
same-sign changes in circulation, potential temperature, and iso-
pycnal thickness (Figs. 7a,g), which primarily result from the
strengthening and warming of the denser inflow and to a lesser
extent the strengthening and cooling of the lighter outflow
(Figs. 6¢,d). The isopycnal thickness change—driven compo-
nent plays a much smaller but still significant role, as a result
of a thickening of the isopycnals around 37 kg m > (Figs. 7a,f
and 8&c).

Further insight for the circulation-driven, temperature-
driven, and nonlinear and isopycnal thickness change—driven
OHT changes can be gained by analyzing the horizontal-
mean temperature, horizontally integrated volume fluxes, and
horizontal-mean isopycnal thickness (both computed in den-
sity space; Figs. 6¢c—e; anomalies in Figs. 8a—c). Circulation-
driven and temperature-driven changes both act to decrease
OHT,,. starting at about year 2000 but over different density
ranges (Figs. 7a,b,d). For the temperature-driven component,
the horizontal-mean potential temperature changes such that
the mean outflow layer (35.5 kg m > < o, = 36.5 kg m ™),
i.e., the layer where the horizontal-mean flow [V] is out of
the Arctic, becomes warmer, while the mean inflow layer
(02 > 36.8) stays at essentially the same temperature (Figs. 6¢,d
and 8a,b). Hence, the temperature-driven contribution becomes
increasingly negative over time, before starting to weaken again
around 2070 as anomalies at high densities disappear as water
lightens (Fig. 7b). Though the light water masses within BSO are
very warm, the warming at these light densities is tempered by
the presence of very cold, freshwater masses within FS at the
same densities, and hence, the warmest temperatures occur at
higher densities (0, > 35.5). The temperature—thickness covari-
ance term initially becomes slightly positive as a result of nega-
tive isopycnal thickness anomalies at high densities (o, > 37.2)
occurring alongside cooling there. These high-density OHT
anomalies strengthen as they shift to lower densities due to stron-
ger [v] and cooling occurring there. The negative contributions
are largely compensated by weaker negative contributions at
lower densities (Fig. 7c). This term then rapidly becomes
negative as warming of light outflowing water (35.5 kg m >
= o, = 36.5 kg m™?) occurs alongside a thickening of those
isopycnals (Figs. 7c and 8b,c). Regarding the circulation-
driven contribution, inflow through the two straits shifts to
much lighter densities (Fig. 6¢) and, therefore, acts on colder
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time-mean potential temperatures (i.e., |6]; Fig. 6d), while
outflow continues to occur predominantly at heavier densi-
ties where temperatures are warmer (Figs. 6c,d). These two
pattern changes lead to a more negative circulation-driven
OHT contribution before it starts to weaken again at around
2075 (Fig. 7d). The circulation-thickness covariance term, on
the other hand, contributes positively to the OHT until about
2075 due to a thickening of the isopycnals where horizontal-
mean inflow initially strengthens (o, < 36.95) and a thinning
of isopycnals where horizontal-mean outflow strengthens
(02 > 36.9; Figs. 8a,c). However, after 2075, the thickening
of the isopycnals becomes concentrated primarily where the
outflow is strengthening, leading to a negative circulation—
thickness covariance contribution to the OHT (Figs. 7a,e
and 8a,c). Regarding the isopycnal thickness change—driven
term, the thicker isopycnals around 37 kg m™> act on the positive
|v], increasing this term’s contribution to the OHT,y, anomaly
(Figs. 6c and 7b). The decomposition shown here can be seen in
depth space in Fig. S12.

5. Surface-forced water mass transformation

To determine whether the overturning changes seen in FS
are linked to changes in surface density forcing, we perform a
surface-forced WMT analysis. WMT is defined as the density
flux into the surface ocean resulting from surface buoyancy
forcing due to sea surface heat and freshwater fluxes. It allows
us to link surface flux changes to changes in overturning (e.g.,
Langehaug et al. 2012). WMT can be calculated from surface
heat and freshwater fluxes following the method outlined in
Walin (1982), Tziperman (1986), Speer and Tziperman (1992),
Langehaug et al. (2012), Groeskamp et al. (2019), and Yeager
et al. (2021), among others. We first calculate the surface density
flux, D(x, y, t):

_alx, y, N0y(x, y, 1)

Cw

D(x,y, t) =

Solx, ¥,
~ Bty 00D v, (3)

- So(x, ¥, b

where the first and second terms on the right-hand side are
the heat and freshwater flux components, respectively; a(x, y, f)
is the thermal expansion coefficient (°C™'); Qy; is the net sur-
face heat flux into the ocean (W m™?); ¢, is the specific heat
capacity of seawater (J kg~! °C™!); B(x, v, 1) is the haline con-
traction coefficient (kg g~ '); Sy is the surface absolute salinity
(g kg™ '); and QO is the net surface freshwater flux (kg m ™ 2s™1).
The net surface heat flux is the sum of the contributions from
latent and sensible heat fluxes, net shortwave and longwave ra-
diative fluxes, and heat fluxes from sea ice and snowmelt as
well as runoff, while the net surface freshwater flux consists of
the precipitation, evaporation, sea ice melt and formation, and
runoff fluxes. These variables are all taken from monthly mean
model output data.

The resulting surface-forced WMT (Sv) for each density
class is computed via the integration of D(x, y, f) over all sur-
face areas for each density bin:

Brought

to you by MBL/WHOI Library | Unauthenticated | Downloaded 08/14/26 11:53 AM UTC



4710 JOURNAL OF CLIMATE VOLUME 39

Fram/BSO OHT,,,,. anomalies
0.08
a) nonlinear
0.06
0.04
OHT,,,
0.02 Isopycnal thickness-driven
2 0.00 temperature-driven
A circulation-driven
-0.02 temperature-thickness covariance
circulation-thickness covariance
-0.04
-0.06
~0.08 1950 2000 2050 2100
Temperature-driven OHT component Temperature-thickness covariance OHT
34.01—b) <)
34.5
- 35.0
2355 | | 0.008
<
$'36.0
36.5
0.004
37.0 | o E——
1950 2000 2050 210C 1950 2000 2050 210C
Circulation-driven OHT component Circulation-thickness covariance OHT
3.0/ 9 ) 0.000PW
34.5
~ 35.0
z ~0.004
éﬁ 35.5
§' 36.0
36.5 —0.008
37.0 e ; —| —
1950 2000 2050 210¢ 1950 2000 2050 2100
Isopycnal thickness change driven OHT component Nonlinear OHT component
340 D 2
34.5
&> 35.0
g
2 355
° 36.0
36.5
3704+ —— —
1950 2000 2050 2100 1950 2000 2050 2100
Time (years) Time (years)

FIG. 7. (a) Time series of the overturning OHT component anomalies decomposed into isopycnal thick-
ness change—driven, circulation-driven, temperature-driven, and nonlinear components. Time evolution
(as a function of density) of FS and BSO overturning OHT anomalies decomposed into its (b) temperature-
driven, (c) temperature—thickness covariance, (d) circulation-driven, (e) circulation—thickness covariance,
(f) isopycnal thickness change—driven, and (g) nonlinear contributions for the 19202100 period. Anomalies
are computed relative to the 1920-80 period.
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FIG. 8. Time anomalies of the (a) horizontal-mean volume flux, (b) potential temperature, and (c) isopycnal thickness.
Anomalies are computed relative to the 1920-80 period.

WMT (o) = i j JMU D(x, y, 1)dA, (14)

where Ao is the density bin width, which varies depending on
the density class, and dA is the surface area associated with
the density increment. We calculate this WMT for two differ-
ent regions—the Nordic seas and the Atlantic—Arctic sector
(both defined in Fig. 8). We choose these two regions because
the inflow through FS originates in the Nordic seas, while the
outflow originates in the Arctic and hence should be impacted
by the water mass transformation occurring there. Note that
this calculation neglects internal mixing, which is also an im-
portant driver for overturning in the Nordic seas and Arctic
(Evans et al. 2023).

The total model Nordic seas WMT declines greatly over
the course of the twenty-first century, initially peaking at
7.1 Sv over years 2010-20 before dropping to 4.7 Sv over years
2090-2100 (Fig. 9a). The density at which WMT peaks also
declines rapidly, from o, = 36.4 over years 2010-20 to o, =
35.8 over years 2090-2100. On the other hand, the Atlantic—
Arctic WMT does not change substantially in magnitude but
also experiences a similar shift to lower densities (Fig. 9b).

Most of the Arctic surface-forced WMT occurs in the Barents
Sea (Figs. 9d-f), with very little WMT occurring in the central
and Pacific sectors of the Arctic.

Though there is a limited amount of surface-forced WMT
in the Arctic (~2 Sv; Fig. 9b), there is little correspondence
between this WMT and the overturning in FS and BSO
(Figs. 9b and 10b). Given that the initial overturning involves in-
flow of dense water and outflow of lighter water, we would expect
to see largely negative (dense-to-light) WMT within the Arctic.
While there is some outcropping of water within the same den-
sity class where the overturning occurs during short periods of
1920-30 (36 = o, = 37.1, Figs. 10a,b), this surface water does
not appear to be driving the overturning. The densest outcropping
water appears within the Barents-Kara Seas (Figs. 10c—), where
it experiences overwhelmingly positive WMT (Figs. 9d-f). By the
end of the simulations, virtually no water within the density clas-
ses where the positive overturning cell occurs (36 = o, = 37.05)
outcrops within the Arctic (Figs. 10a,b). Hence, these overturning
cells must be fed by water transformed at depth via internal mix-
ing deeper within the Arctic flowing out through FS, rather than
surface waters. Also note that the density range for the densest
inflow (0, = ~37.1 kg m™>) emerging near the end of the
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FIG. 9. Surface WMT from CESM2 ocean model output integrated over the (a) Nordic seas and (b) Atlantic—Arctic sectors averaged
over the three time periods. (c) Overturning in FS and BSO averaged over the same time periods. Lines indicate ensemble-mean values,
while shading represents one standard deviation across the ensemble members. The 95% confidence intervals can be estimated by dou-
bling the standard deviations. Surface density fluxes D(x, y, f) (colors) and winter mean surface density referenced to 2000 m (contours)
averaged over (d) 1920-30, (e) 2010-20, and (f) 2090-2100. The cyan lines represent the boundaries of the Atlantic—Arctic region, and the
magenta lines represent the southern boundaries of the Nordic seas region (with FS and BSO being the northern boundaries).

twenty-first century does not exist at the surface anywhere in the
Nordic seas.

6. Discussion and conclusions

In this paper, we analyzed the overturning at the Fram Strait
(FS) and the Barents Sea Opening (BSO) in both density
and depth spaces using a 100-member single-model ensemble
(CESM2-LENS), enabling us to further our understanding of
overturning changes under historical and projected climate
forcing in a model widely used for studies of Arctic amplifica-
tion. Computing the overturning component of the ocean
heat transport (OHT) has allowed us to determine the im-
portance of its changes in driving changes in OHT into the
Arctic. We also elucidated whether circulation or tempera-
ture changes are more important for the overturning-driven
OHT increase seen under anthropogenic forcing.

Our results show that during much of the twentieth century,
the overturning in density space at FS and BSO is negative,
indicating flow into the Arctic at high densities (with warmer
temperatures) and outflow at lower densities (with colder
temperatures). However, the overturning structure substan-
tially changes over the course of the twenty-first century. As a
result of inflow through FS and BSO rapidly shifting to lighter
densities, a positive overturning cell forms at high densities,
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while the negative overturning cell shifts to lighter densities.
The strengthening of both the inflow and outflow through FS
during the twenty-first century also contributes to the higher
magnitude of the overturning toward the end of the simula-
tions. A weak negative overturning cell also appears at very
high densities during the last decade of the simulations, linked
to a very dense water mass flowing northward through the
deepest part of FS. It is unclear what drives this very dense in-
flow, though the water mass appears to originate deep within
the Norwegian Sea. Specifically, this dense water mass was
found in the Nordic seas but had not reached FS in earlier
periods.

There is a caveat to our analysis. First, it is based on a sin-
gle model which exhibits significant biases in the Arctic. In
particular, OHT through FS is too small relative to limited
observations, with values equal to 0.01 £ 0.01 PW over years
1997-2008 as opposed to 0.04 = 0.01 PW for observations
(Oldenburg et al. 2024), likely in part due to the low (~1°)
ocean model resolution (Docquier et al. 2019). Temperature and
salinity biases within the strait are also quite large (Figs. S6-S9;
see also Heuzé et al. 2023). Moreover, the overturning
streamfunctions as well as the density fields in FS and BSO
are substantially biased compared to observations (Figs. S1
and S4). However, FS and BSO do start to show overturning
patterns more similar to observations later in the simulations



1 AuGusT 2026

Fraction of time water parcels of particular densities outcrop

OLDENBURG ET AL.

4713

Fram/BSO MOC

31
N "
3213 2090-2100
331N\ X— L
E 34 \
en
<
s' 35 ; T
: ; 2010-2020
36 » - ‘ -
37 | 1
0.00 0.02 0.04 0.06 0.08 0.10 0.12 -1 0 1 2 3
Time fraction MOC (Sv)
1920-1930 Maximum outcropping density over years 2010-2020 2090-2100
- hal =

37.2
36.8
36.4
36.0
35.6 kg m*?
35.2
34.8
34.4
34.0

FIG. 10. (a) Fraction of time during which water parcels of a particular density class outcrop somewhere within the Arctic in the three
time periods of interest. (b) As in Fig. 2a, but with an extended vertical axis to allow for comparison to (a). Maps show the maximum out-
crop density at each grid point during (c) 1920-30, (d) 2010-20, and (e) 2090-2100.

(e.g., 2070-76; Fig. S1), though it is distributed along lighter
isopycnals and includes a negative overturning cell not pre-
sent in Tsubouchi et al. (2024) (Fig. S1). The Fram Strait also
more closely resembles observations from Tsubouchi et al.
(2024) later in the twenty-first century, though the deep FS
remains too warm and the temperature inversion in the east-
ern FS, which is not present in observations, remains too
strong, even by 2070-76 (and beyond; Fig. S7). Hence, the
near-surface zonal temperature gradient is too weak com-
pared to observations. In BSO, warming in the southeastern
part does lead to a more representative temperature com-
pared to Tsubouchi et al. (2024), though the eastern BSO is
still too cool, even by 2070-76 (Fig. S7). Furthermore, deep
FS does not show warming over the early twenty-first cen-
tury as found in observations as in Karam et al. (2024), indi-
cating a major bias there as well (Fig. S13).

Though similar overturning circulation and FS circulation
changes under climate forcing are found in CESM1-LENS
(Figs. S10 and S11), it is not clear whether this will be robust
across other models. However, given extensive use of CESM2-
LENS for studies of Arctic amplification, it is still valuable to
understand physical mechanisms driving the high-latitude over-
turning in this model. While it would be valuable to also analyze
high-resolution CESM simulations (e.g., Xu et al. 2024), we be-
lieve an analysis of high-resolution versus low-resolution models
would be best suited for another study.

Br

When considered in density space, the overturning plays an
essential role in driving OHT into the Arctic, accounting for
55% of the total heat transport through FS and BSO during
the twentieth century. It also plays an important role in the in-
crease in OHT that occurs during the twenty-first century,
contributing almost exactly half to the enhanced OHT. The
other half is driven by the gyre circulation. This strengthened
overturning-driven OHT is entirely due to nonlinear changes,
i.e., covarying potential temperature and circulation, rather
than separate potential temperature- or circulation-driven
changes which act to decrease OHT into the Arctic over the
twenty-first century. Indeed, because the horizontal-mean
(in density space) potential temperature leads to a warming
of the mean outflow layer (defined based on 1920-80) with-
out significantly changing the potential temperature of the
mean inflow layer, the temperature-driven OHT declines
over time. The circulation-driven changes also act to coun-
teract the OHT increase because the inflow starts to occur
at much lower densities during the twenty-first century,
where the horizontal-mean temperature is colder, while the
outflow starts to occur at high densities, where the water is
warmer.

When viewed in depth space, the overturning aligns very
well with the density-space overturning mapped back to depth
space (Fig. S2). The overturning is initially largely negative
before becoming predominantly positive and strengthening
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FIG. 11. The ensemble-mean ideal age in (top) density coordinates and (bottom) depth coordinates at FS averaged over (a),(b) 1920-30,
(c),(d) 2010-20, and (e),(f) 2090-2100. White contours indicate the volume flux (Sv) with a contour interval of 0.01 Sv. Solid (dashed) lines in-
dicate positive (negative) values. Note that distance in x axes is from the western end of FS along the section. Corresponding longitudes for

the section are also noted.

greatly over the course of the twenty-first century, linked to a
change in the flow pattern in FS, where inflow becomes more
concentrated at shallower depths while outflow moves to
deeper parts. As the densest water mass begins to flow north-
ward deep within the strait, the strong deep outflow shoals,
causing the positive overturning cell to shoal as well.

Our analysis of the surface-forced WMT indicated a lack of
connection between the Arctic Ocean surface-forced WMT
and the overturning at FS and BSO, with a small poleward
shift in the Barents Sea surface density forcing and a weaken-
ing of the Nordic seas WMT, aligned with recent studies (e.g.,
Arthun et al. 2025). In particular, over years 1920-30, the
overturning streamfunction pattern requires negative WMT
in the Arctic, which would drive a lightening of the inflowing
water through the straits before it recirculates southward through
FS. However, WMT in the Arctic Ocean is actually positive at all
densities heavier than 35 kg m ™2, indicating a lack of connectivity
between FS outflow and the surface forcing. Indeed, much of the
initial outflow below 150 m (o, > 36.63 kg m~>) is made up of
somewhat older water (with ages greater than 45 years) flowing
from within the Arctic (Figs. 11a,b), rather than very young recir-
culating water flowing into the Arctic from BSO. We also do
not see a significant increase in the downstream WMT as the

inflowing water through the BSO warms, which we would
have expected to find based on previous studies (Shu et al.
2022). Furthermore, the restructuring of the overturning can-
not be attributed to changes in WMT, as the enhanced out-
flow includes much older water (ideal age of 100-400 years)
from deep within the Arctic (Figs. 11c-f), rather than water
that was recently exposed to surface forcing. This increased
outflow is associated with circulation changes within the
Arctic Ocean. Indications of a circulation change can be seen
by analyzing the time evolution of the ideal ages and volume
flux fields in the Arctic at different depths (Fig. 12), which
show that older water from deeper within the Arctic starts
to be flushed out through the deeper part of FS (i.e., below
1000 m) during the twenty-first century. The time evolution
of the volume flux fields indicates a strengthening of the cir-
culation north of Greenland over time (Fig. 12). In particular,
there is a large strengthening in the middepths (~1100 m) of
the southward flow north of FS extending into the northern-
most parts of the Arctic over the course of the twenty-first cen-
tury, seemingly flushing out much of the older water stored
within the Arctic (Figs. 12a—d). Though analyzing the circulation
change in Fig. 12 along isopycnals rather than at two depths
would be more consistent with our density-space analysis, it is
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FIG. 12. The ensemble-mean ideal age (colors) and volume flux field (arrows) at a depth of (top) 527 m and (bottom) 1573 m averaged
over (a),(d) 1920-30, (b),(e) 201020, and (c),(f) 2090-2100.

much more straightforward to visualize the flushing out of
older water through FS in depth space. This is because due
to the greenhouse gas (GHG) forcing, the distribution of
the currents along isopycnals varies substantially throughout
the simulations, meaning that we must choose a different

isopycnal depending on the time period. Hence, we choose
to simply show two depths and remain consistent across
time periods.

It could also be that the changes in overturning (and the
flow through FS) are linked to large-scale overturning in the

Fram/BSO overturning vs. AMOC changes over years 2090-2100 relative to 1920-1930
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FI1G. 13. Scatterplot of the changes in the AMOC index plotted against changes in the strength of the (a) positive
and (b) negative overturning cells in FS and BSO over years 2090-2100 relative to 1920-30 for each ensemble mem-
ber. The AMOC index is defined as the maximum value of AMOC in density space that occurs north of 40°N at any
density class. The strength of the positive and negative overturning cells in FS and BSO are calculated by determining
the maximum and minimum values of the overturning streamfunction, respectively, at any density class.
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North Atlantic, as it has been suggested that the Arctic may be
the northern terminus of AMOC (Zhang and Thomas 2021).
However, using the maximum density-coordinate AMOC trans-
port north of 40°N as our AMOC index, we calculated the corre-
lations between changes in the overturning cells in FS and BSO
and this AMOC index across ensemble members (Fig. 13), re-
vealing no significant correlations between changes in AMOC
and changes in the high-latitude overturning strength. The
correlation here is equal to 0.05, with a p value of 0.57. If we
consider 2010-20 relative to 2090-2100 rather than 1920-30,
we do receive a small but significant correlation (correlation
= 0.3, p value = 0.002) between the increase in the strength
of the maximum Fram/BSO MOC and the AMOC index.
However, this correlation quickly decreases when other time
periods are considered. The lack of correlation here does not
contradict the idea that high-latitude overturning contributes
to AMOC but simply indicates that there is no evidence of a
connection between a weakening of AMOC and a strength-
ening of the overturning at FS and BSO.

Our results robustly project a dramatic change in the over-
turning pattern in FS and BSO over the course of the twenty-
first century in a model widely used for analyses of Arctic
amplification as well as other Arctic-related studies, driven
primarily by the rapid warming and lightening of the inflow
through FS during that period. Our work also emphasizes the
important role that the overturning plays in driving OHT into
the Arctic. Furthermore, our results show a lack of connectiv-
ity of the high-latitude overturning with either the basin-scale
AMOC changes or the Arctic Ocean surface-forced WMT, in-
dicating that these overturning changes may be more closely
linked to circulation changes within the Arctic Ocean. More
extensive observations at FS and BSO will be necessary to de-
termine whether these modeled processes are reflected in
reality.
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