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Abstract

Understanding drivers of Arctic and Antarctic sea ice on multidecadal timescales is key to reducing uncertainties in long-
term climate projections. Here we investigate the impact of ocean heat transport (OHT) on sea ice, using pre-industrial
control simulations of 20 models participating in the latest Coupled Model Intercomparison Project (CMIP6). In all models
and in both hemispheres, sea ice extent is negatively correlated with poleward OHT. However, the similarity of the cor-
relations in both hemispheres hides radically different underlying mechanisms. In the northern hemisphere, positive OHT
anomalies primarily result in increased ocean heat convergence along the Atlantic sea ice edge, where most of the ice loss
occurs. Such strong, localised heat fluxes (~ 100 W m~2) also drive increased atmospheric moist-static energy convergence
at higher latitudes, resulting in a pan-Arctic reduction in sea ice thickness. In the southern hemisphere, increased OHT is
released relatively uniformly under the Antarctic ice pack, so that associated sea ice loss is driven by basal melt with no direct
atmospheric role. These results are qualitatively robust across models and strengthen the case for a substantial contribution

of ocean forcing to sea ice uncertainty, and biases relative to observations, in climate models.

Keywords Sea ice - Ocean heat transport - Multidecadal variability - Climate models

1 Introduction

Sea ice plays an important and interactive role in climate
(Budikova 2009; Simpkins et al. 2012), impacts human and
biological activity (Meier et al. 2014; Convey and Peck
2019), and is thus an essential metric of climate change. The
observed decline in Arctic sea ice extent over recent decades
is well documented, with significant attribution to anthro-
pogenic climate change (Notz and Marotzke 2012). Ant-
arctic sea ice has not exhibited a substantial trend over the
same period (IPCC 2021), and the underlying processes are
not fully understood (Parkinson 2019). We rely on coupled
general circulation models (GCMs) to understand the long-
term evolution of climate and inform environmental policy.
Yet, models participating in the latest (sixth) phase of the
Coupled Model Intercomparison Project (CMIP6) simulate
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substantially different Arctic sea ice extents and exhibit
large intermodel spread in projections of its further decline
(SIMIP Community 2020). There also remain large errors in
the simulation of Antarctic sea ice, and most CMIP6 models
have decreasing ice extent under historical forcing (Roach
et al. 2020). To understand (and ideally reduce) uncertainties
and biases against observations, an assessment of the large-
scale drivers of sea ice on decadal and longer timescales is
required.

Factors affecting the multidecadal variability of sea ice
have been investigated using observations and models. Using
historical and paleoproxy records, Miles et al. (2013) show
that Atlantic multidecadal variability (AMV) is strongly
connected to variations in Atlantic sea ice extent, and sug-
gest that this relationship is likely relevent to the rate of
present-day sea ice loss. Further evidence linking AMV and
Arctic sea ice is provided by GCMs, which show stronger
meridional overturning circulation leads to sea ice loss via
increased ocean heat transport (OHT) (Mahajan et al. 2011;
Day et al. 2012). Castruccio et al. (2019) highlight the effect
of AMV-associated shifts in the atmospheric circulation on
pan-Arctic sea ice loss, which occurs regardless of changes
in OHT. In paleoproxy reconstructions of the southern ocean
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over the last two millennia, repetitive El Nifio and persistent
positive phases of the southern annular mode (SAM) cor-
relate with negative anomalies in Antarctic sea ice extent
on multidecadal timescales (Crosta et al. 2021). Some stud-
ies suggest weakening of Southern Ocean convection over
recent decades could account for the observed increasing
Antarctic sea ice trends (Zhang et al. 2019), while the sharp
decrease since 2016 is mediated by upper ocean warming
(Meehl et al. 2019), as a delayed effect in response to posi-
tive SAM (Ferreira et al. 2015; Kostov et al. 2017). Goosse
and Zunz (2014) describe how a positive feedback involving
a reduction of the vertical oceanic heat flux sustains positive
Antarctic sea ice extent anomalies on decadal and longer
timescales in a GCM control simulation. Thus, the ocean
seems to play a key a role in both hemispheres.

Previous work has directly examined the impact of OHT
on sea ice extent, providing extensive evidence of the for-
mer’s influence on the latter. In previous phases of the CMIP,
models simulating larger OHTs into the Arctic tend to also
simulate larger Arctic amplification and smaller sea ice
extent (Mahlstein and Knutti 2011; Nummelin et al. 2017).
Investigations using GCMs have demonstrated anticorre-
lation of sea ice extent with OHT occuring in simulations
with increasing CO, emissions (Bitz et al. 2005; Koenigk
and Brodeau 2014; Singh et al. 2017; Auclair and Trem-
blay 2018). Some studies manually adjust OHT in GCMs to
assess the climate impact: Winton (2003) finds a major sea
ice retreat when artificially doubling OHT despite concur-
rent reductions in atmospheric heat transport (AHT). More
recently, Docquier et al. (2021) run perturbed northern-hem-
isphere sea-surface temperature experiments in a CMIP6
model, finding reductions in sea ice extent proportional with
the perturbation occuring via basal melt. Others have shown
that systems with exotically extensive ice caps (e.g., in the
mid-latitudes, as relevant to studies of prehistoric climates)
owe their stability to OHT convergence (OHTC) prevent-
ing runaway ice expansion (Poulsen and Jacob 2004; Fer-
reira et al. 2011; Rose 2015; Ferreira et al. 2018). Analytic
energy-balance models have shed further theoretical insight,
such as how the spatial structure of OHT places a limit on
sea ice expansion (Rose and Marshall 2009; Rose 2015) and
factors determining how sensitive sea ice is to changes in
OHT (Eisenman 2012; Aylmer et al. 2020).

To better understand what role the ocean might play in
sea ice uncertainties in models, an evaluation of the relation-
ship between the ocean and sea ice in the latest generation
of models is required. Many previous studies analysing the
impact of OHT on sea ice used sensitivity experiments or
relied on rising-emission simulations, and frequently empha-
sis is placed on the Arctic. As such, these describe a forced
response of sea ice to OHT, which is indirect in the case
of global-warming experiments. In this paper, we instead
study the unforced multidecadal variability of both Arctic
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and Antarctic sea ice cover as simulated by CMIP6 models.
The aim is to better understand the extent to which such
variability is driven by OHT, and how consistently this is
exhibited by different models. We focus on large-scale, long-
term mean climate metrics to broadly describe and explain
model behaviour without explaining the detailed causes of
variations in OHT. Practically, this enables a relatively large
sample of models to be analysed, providing an indication of
the robustness of our results.

In Sect. 2, we state the CMIP6 models and simulations
used, and briefly describe diagnostic procedures. As a first
step, Sect. 3.1 presents a correlation analysis, which con-
firms that the strong relation between sea ice extent and
OHT remains in CMIP6, while the latitudinal dependence
of the correlations hints at different behaviours of Arctic and
Antarctic sea ice. In Sect. 3.2, using one model, we look in
more detail at the spatial variation in ocean and atmospheric
heat fluxes to clarify the behaviour underlying those correla-
tions. Next, in Sect. 3.3, we demonstrate that our interpreta-
tion is broadly robust across our sample of models using
simple diagnostics characterising the behaviour of each
hemisphere. Finally, in Sect. 4, we summarise and discuss
the implications of our results.

2 Data and methods
2.1 Models and simulations

The CMIP6 pre-industrial (PI) control runs provide a set
of multi-century simulations of unforced climate variabil-
ity suitable for this analysis. All models providing the raw
fields needed to calculate the main diagnostics required
(Sect. 2.2) are included. This gives 20 models from vari-
ous modeling groups, with a range of physical cores and
resolutions. Eleven provide a 500 year time series, one is
shorter (CNRM-CM6-1-HR, 300 year), and the remaining
eight are longer (Table 1). Most models have one PI control
ensemble member. For MPI-ESM1-2-LR and MRI-ESM2-0,
which provide more than one, the longest time series is
used (both having realisation label r = 1). For CanESM5
and CanESM5-CanOE, we use the member with perturbed-
physics label p =2, which uses a different interpolation
procedure in coupling wind stress from the atmosphere to
the ocean. The developers explain that this improves the rep-
resentation of local ocean dynamics but otherwise does not
substantially impact the large-scale climate relative to the
standard configuration with p = 1 (Swart et al. 2019). We use
the first 1000 year of the 2000 year IPSL-CM6A-LR simula-
tion with initialisation label i = 1 (because some sections of
data were missing for some fields). NorCPM1 provides three
500 year realisations, but we only analyse r = 1. For further
details, see the references cited in Table 1.



Different mechanisms of Arctic and Antarctic sea ice response to ocean heat transport

Table 1 Metadata of the CMIP6 models analysed in this study: lengths of PI-control simulations (), physical models and approximate resolu-
tions of the atmosphere, ocean, and sea ice components, and references for full details. In all cases, sea ice is analysed on the ocean grid

Model t (yr) Atmosphere Ocean Sea ice References
ACCESS-CM2 500 MetUM GA7.1 250km  MOMS 1° CICES.1.2 Bi et al. (2020)
ACCESS-ESM1-5 900 MetUM GA1 250km  MOMS 1° CICE 4.1 Ziehn et al. (2020)
CAMS-CSM1-0 500 ECHAM 5 100km  MOM4 1° SIS 1.0 Rong et al. (2018)
CanESMS5 1050 CanAMS 500km  NEMO 34.1 1° LIM 2 Swart et al. (2019)
CanESM5-CanOE 500 CanAMS 500km  NEMO 34.1 1° LIM 2 Swart et al. (2019)
CESM2 1200 CAM6 100km  POP2 1° CICE 5.1 Danabasoglu et al. (2020)
CESM2-FV2 500 CAM6 250 km  POP2 1° CICE 5.1 Danabasoglu et al. (2020)
CESM2-WACCM 500 WACCM6 100km  POP2 1° CICE 5.1 Danabasoglu et al. (2020)
CESM2-WACCM-FV2 500 WACCM6 250 km  POP2 1° CICE 5.1 Danabasoglu et al. (2020)
CNRM-CM6-1-HR 300 ARPEGE 6.3 100km  NEMO 3.6 0.25°  GELATO 6.1 Voldoire et al. (2019)
CNRM-ESM2-1 500 ARPEGE 6.3 150km  NEMO 3.6 1° GELATO 6.1 Séférian et al. (2019)
HadGEM3-GC31-LL 500 MetUM GA7.1 250km  NEMO 3.6 1° CICE 5.1 Menary et al. (2018)
HadGEM3-GC31-MM 500 MetUM GA7.1 100km  NEMO 3.6 0.25° CICES.1 Menary et al. (2018)
IPSL-CM6A-LR 1000 LMDZ 6 250km  NEMO 3.6 1° LIM 3 Boucher et al. (2020)
MPI-ESM-1-2-HAM 780 ECHAM 6.3 250 km MPIOM 1.63 1.5° In ocean model Mauritsen et al. (2019)
MPI-ESM1-2-HR 500 ECHAM 6.3 100 km MPIOM 1.63 0.4° In ocean model Miiller et al. (2018)
MPI-ESM1-2-LR 1000 ECHAM 6.3 250 km MPIOM 1.63 1.5° In ocean model Mauritsen et al. (2019)
MRI-ESM2-0 700 MRI-AGCM3.5 100 km MRI-COM 4.4 0.5° In ocean model Yukimoto et al. (2019)
NorCPM1 500 CAM-OSLO4.1 250 km MICOM 1.1 1° CICE 4 Counillon et al. (2016)
UKESM1-0-LL 1880 MetUM GA7.1 250km  NEMO 3.6 1° CICE 5.1 Sellar et al. (2019)

2.2 Diagnostics

Sea ice Sea ice extent, S;, is calculated directly from the
monthly sea ice concentration, c;, and ocean grid cell area,
a,, fields by summing a, over cells with ¢; > ¢, in each
hemisphere separately, as a function of time. The concen-
tration threshold, c;(, is taken to be 15%. A similar proce-
dure is used for sea ice area, A;, but weighting a, by ¢; and
including all grid cells (i.e., not just those with ¢; > cl?*). For
consistency S; and A; are computed from c; regardless of
whether they are provided as standard output fields, since
the c; data are required for other diagnostics. Note also that
S;and A, are only needed to validate the computation and use
of the ice-edge latitude, ¢;, which serves as our main quan-
tification of ‘sea ice cover’. For this, rather than just using
the cl?* contour, we interpolate c; onto a regular, fixed grid,
then follow the algorithm described by Eisenman (2010).
This determines ¢; as a function of longitude by identify-
ing meridionally adjacent grid cells where the equatorward
cell satisfies ¢; < ¢ and the poleward cell satisfies ¢; > ¢
If land is present in the meridionally-nearest n cells to the
identified pair, it is rejected. In the case of multiple ice edges
for a given longitude, the one nearest the equator is chosen.
This procedure results in a set of ice edges representative
of the thermodynamically-driven evolution of the sea ice
cover, eliminating locations where the ice edge is tempo-
rarily fixed simply because there is no ocean for it to move

into. We interpolate c; onto a 0.5° X 0.5° grid, and use n = 2
which corresponds to about 100 km. Since we are consid-
ering long-term averages, the sensitivity to the choice of
interpolation resolution, the land-checking parameter n, and
selecting nearest the pole instead of the equator in the case
of multiple ice edges, is low.

The ice-edge latitude diagnosed in this way and zonally
averaged is an effective way of quantifying the sea ice cover,
because it can be easily compared across models and works
naturally when evaluating heat transported across a fixed
latitude (as in Fig. 1). The three metrics, S;, A;, and ¢,, are
strongly related in each model (Online Resource 1, Fig. S1.1
and Table S1.1), and are thus effectively interchangeable,
i.e., conclusions based on ¢; can be applied to S; and/or A,
(with sign reversal).

For sea ice thickness, H;, we take the ‘sivol’ field, which
is the ice volume per unit cell area, and divide by c; to get
the actual floe thickness.! We could not produce H, for
CanESMS5, CanESM5-CanOE, or NorCPM1, because ‘sivol’
was not provided.

Meridional heat transport At the time of analysis, few mod-
els provided northward OHT already diagnosed (CMIP6

! The floe thickness is a standard field, ‘sithick’, provided by most
models, but we were unable to interpolate it for undetermined techni-
cal reasons.
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Fig.1 a Correlation (r) between ACCESS-CM2
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sea ice-edge latitude, ¢;, and

poleward ocean heat transport

(OHT) as a function of latitude
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variable name: ‘hfbasin’). Computing OHT directly from
the ocean current and temperature fields for each model is
impractical due to data volume, non-trivial grid geometries,
and issues with closing heat budgets which may be worsened
by interpolation. Most models provided the net downward
energy flux into the top of the ocean column (‘hfds’). We
thus approximate northward OHT at each latitude ¢ by inte-
grating hfds north of ¢. This neglects heat storage tendency
(also not commonly provided), which on timescales relevant
to this work manifests as a non-zero heat transport at the
south pole of typical magnitude 0.1 PW (Online Resource
1, Fig. S1.2), or less than 1 W m~2 averaged over the world
ocean. For the Southern Hemisphere (SH) analysis, we com-
pute a second version of OHT by starting the integration at
the south pole and proceeding north, which shifts the accu-
mulated error into the Northern Hemisphere (NH).

The turbulent, longwave, and shortwave heat fluxes evalu-
ated at the surface and top of atmosphere are combined to
give the net heat flux into the atmospheric column, which,
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neglecting atmospheric heat storage, gives the column-inte-
grated moist-static energy convergence. Then atmospheric
heat transport (AHT)? follows from integrating in a similar
manner as is done for OHT. Although neglecting the heat
capacity of the atmosphere is a very good approximation,
we compute a second version of AHT, integrating from the
south pole, for consistency with the OHT calculation.

2.3 Time-series analysis

To analyse how sea ice responds to natural variations in
oceanic and atmospheric heat fluxes during the PI control
simulations, we take a simple approach of dividing each time
series into consecutive, non-overlapping Af year averages,
and calculating Pearson correlations, r, between each pair

2 We refer to the net atmospheric moist-static energy transport as
‘heat transport’ for symmetry of terminology with OHT.
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of diagnostics. We use At = 25 year, which is sufficiently
long to study multidecadal variability, and each diagnostic
is approximately uncorrelated (with itself) on this timescale
(Online Resource 1, Fig. S1.3). To give a sense of the sig-
nificance of r, critical values r; of a two-tailed Student’s ¢
test on the null hypothesis that r = 0, at the 95% confidence
level, are computed. Values of r exceeding r,,; in magni-
tude are then significant at the 95% confidence level. These
depend on the time series length: for the shortest (300 year),
most common (500 year), and longest (1880 year) time
series respectively, r..;, = 0.50, 0.38, and 0.19. Computing
critical values in this way assumes that the sets of 25 year
averages for individual diagnostics are uncorrelated. Figure
S1.3 shows that in most cases autocorrelations are insignifi-
cant at a lag of 25 year. The worst case is for ¢;, which is
significant for 5 models in the NH and 9 in the SH. While
this does not affect the correlations between diagnostics in
the next section, it does mean that r,; is a lower bound for
models with significant autocorrelation at 25 year lag.

3 Results
3.1 Correlations between ¢;, OHT, and AHT

Northern hemisphere We start by computing r between ¢;,
OHT, and AHT, as a function of the latitude at which the
heat transports are evaluated. In the NH, 19 of 20 models
show a positive correlation between OHT and ¢; equa-
torward of the ice edge (Fig. 1a, right). This is physically
intuitive (increased heat is associated with less sea ice) and
consistent with previous studies (Sect. 1). All models have
r > r.; for at least one latitude equatorward of their mean
ice edges. In many cases the correlations are strong and do
not vary that much with latitude. There is an abrupt change
in r poleward of the ice edge, occurring roughly at the sea-
sonal minimum ice extent: some » become quite strongly
negative, whereas most (11) drop to an insignificant value.
One model, CNRM-ESM2-1, retains a significantly strong
positive correlation up to the pole. The same 19 of 20 mod-
els have a negative correlation between AHT and ¢, equator-
ward of the ice edge, although there is more variation across
models and fewer retain |r| > r.,;, up to the ice edge (Fig. Ic,
right). Such negative correlations are physically nonintui-
tive, but can be understood as a consequence of Bjerknes
compensation. Essentially, Bjerknes (1964) proposed that if
the top-of-atmosphere fluxes and total heat content are close
to constant, it follows that the total meridional heat trans-
port must be fixed. Consequently, increases in OHT should
be balanced by the equivalent decrease in AHT (and vice
versa). Here, Bjerknes compensation manifests as a negative
correlation between OHT and AHT, present in all models
equatorward of the mean ice edge (Fig. 1d, right). For many

models, AHT and OHT become uncorrelated over sea ice,
which can be attributed to minimal air-sea exchanges nec-
essary for the compensation to occur. As with OHT there
is a sharp change in r(AHT, ¢;) across the ice edge but, in
contrast, all 20 models have significant positive r(AHT, ¢;)
over the permanent ice cover.

Southern hemisphere The picture in the SH does not mir-
ror that in the NH. There is a large variation in #(OHT, ¢;)
across models between 50°-60°S (Fig. 1a, left), with four
models having significantly negative r(OHT, ¢;). Excluding
MPI-ESM-1-2-HAM, these correlations converge at high
positive values near 65°S—roughly at the mean ice edge.
When considering higher southern latitudes, we must bear
in mind that the area of enclosed ocean reduces to zero as the
Antarctic coastline is approached, such that the correlations
become less meaningful. This is addressed more directly
in the next sections, but for now the left panels of Fig. 1
show the zonal land fraction as a function of latitude (thick
grey line; i.e., the fraction of longitudes occupied by land,
exploiting the 0—1 scale on the vertical axes) to approxi-
mately indicate the location of Antarctica. A similar issue
arises for the NH when approaching 90°N, but the impor-
tant qualitative change in the behaviour of the correlations
already occurs by 80°N. For all models except MPI-ESM-
1-2-HAM, there is at least one latitude equatorward of its
mean ¢; which has »(OHT, ¢;) > r,;. The AHT is signifi-
cantly negatively correlated with ¢, for most models between
50°-65°S (Fig. lc, left). For some, r(AHT, ¢;) becomes
significantly positive at higher latitudes, from about 72°S.
However, the land fraction here is above 0.5, so that AHT
across these latitudes mostly converges over Antarctica. In
contrast, (OHT, ¢,) remains generally positive between ¢,
and the 0.5 land-fraction latitude. Bjerknes compensation is
indicated in the southern hemisphere (Fig. 1d, left), although
less strongly than in the NH and two models (CNRM-CM6-
1-HR and HadGEM3-GC31-MM) do not show the signal
at the lower latitudes of the range plotted. All models have
significantly strong compensation at about 65°S, coincident
with the location of strongest r(OHT, ¢,).

This correlation analysis points toward qualitatively dif-
ferent behaviours of the Arctic and Antarctic sea ice cover.
In both hemispheres, there tends to be less sea ice when
poleward OHT increases just equatorward of the ice edge.
This holds, roughly, with OHT under the Antarctic ice pack,
which suggests that sea ice contracts via increased basal
melting. However, reduced Arctic sea ice cover is associ-
ated with increased AHT over the permanent ice pack, where
there is no consistent relation with OHT across models, i.e.,
direct ocean—ice fluxes do not seem relevant in the NH in
most cases. Possible explanations for the NH correlations
are OHT driving AHT Convergence (AHTC) at higher lati-
tudes, causing melt from above, and/or OHT having a more

@ Springer



J. Aylmer et al.

localised effect by increasing OHTC close to the ice edge.
Such potential mechanisms are not mutually exclusive and
could be exhibited to different degrees across models. To
examine this in a more direct and physical way, we next look
at spatial patterns of changes in ocean and atmospheric heat
fluxes, and key sea ice metrics (concentration, thickness, and
surface temperature).

3.2 Spatial distribution of changes in heat fluxes

We compute the change in various diagnostics between
two 25 year mean states corresponding to the minimum
and maximum mean ¢;. Here we present one model,
HadGEM3-GC31-LL, which is a typical case (i.e., having
about the average value and magnitude of variability of ¢,
in both hemispheres; Fig. 1b). This facilitates presentation
and overall, we find no major differences in the qualitative,
large-scale behaviour when repeating this procedure on the
other models. We are not asserting that HadGEM3-GC31-
LL is the ‘best’ case that other models should be measured
against. This is merely a simplification of presentation and
the reader is directed to Online Resource 2 containing the
analogous plots for all 20 models (which we describe in this
section). Furthermore, in Sect. 3.3, summary statistics of all
models are provided (which also assess the whole time series
rather than just the extrema; Tables 2 and 3).

Northern hemisphere Most of the change in Arctic sea ice
from the period of minimum to the period of maximum ¢,
occurs in the Atlantic sector. Between the two periods, a
concentrated increase in OHTC ~ 60 W m~2 occurs in the
Barents Sea where ¢, retreats by ~ 2°N (Fig. 2¢), coincident
with substantial reductions in sea ice concentration (Fig. 2a)
and thickness (Fig. 2b). Comparable poleward shift in ¢,
also occurs in the Greenland Sea, but with strong localised
OHTC slightly further poleward of the ice edge compared
with the Barents Sea. Between these areas, near Svalbard,
is a patch of decreased OHTC ~ 20 W m~2, and the change
in ¢; is about half that in the Barents Sea. Strong OHTC
also occurs in the Labrador Sea where ¢, retreats by ~ 2°N,
although the change in thickness is less striking than in
the Greenland and Barents Seas. Across the open ocean,
AAHTC (Fig. 2d) is approximately the same magnitude as
AOHTC but of the opposite sign, which implies the top-of-
atmosphere flux does not change much and confirms the
presence of Bjerknes compensation. In the Pacific sector,
sea ice expands by a very small amount in the Bering Sea,
contracts by a similarly small amount in the Sea of Okhotsk,
and in both cases the local AOHTC and AAHTC is small.
In sum, ¢, retreats more wherever OHTC increases more.
In the central Arctic, OHTC and sea ice concentration
barely change between the two time periods, yet the ice
thickness decreases by a substantial ~ 50 cm, similar to the
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reduction near the Atlantic ice edge where OHTC is strong.
Over sea ice, AAHTC indicates the sign of the change in net
downward surface flux as sea ice retreats,”> which increases
over most of the Arctic ice pack. Averaged over sea ice, the
mean change in OHTC is approximately zero while AHTC
increases by a few W m™2 (this is quantified in Sect. 3.3
and Fig. 5). Thus the reduction in ice thickness at high lati-
tudes is attributed primarily to surface rather than basal melt.
This is verified by the surface air temperature (T; Fig. 2e)
and downwelling longwave radiation (F,; Fig. 2f). Both T
and F, increase over most of the Arctic ice pack, skewed
towards the Atlantic sector where OHTC is sufficiently high
to both erode the ice edge and promote surface warming.
Since AHT and OHT are highly anticorrelated between 50°
—70°N (Fig. 1d), the increase in AHTC in the central Arctic
must be primarily driven by oceanic heat loss close to the ice
edge. On the other side of the Arctic, a modest increase in
ice thickness occurs (~ 30 cm) in the Chukchi Sea, coinci-
dent with slightly reduced T, and F,, supporting the notion
that ice thickness changes are surface driven. There is pos-
sibly a dynamical component to the explanation of sea ice
changes in the central Arctic; this is beyond the scope of
our investigation, but we speculate the ice thickness changes
are likely mostly thermodynamically driven because of the
timescales considered and the apparent spatial correlation
of AH; with AF, and AT,. Our interpretation is reminiscent
of Ding et al. (2017), who argue a major role of strengthen-
ing atmospheric circulation on recent summer Arctic sea
ice decline acting, ultimately, via increased downwelling
longwave radiation at high latitudes. It is also consistent
with the work of Olonscheck et al. (2019), in which recent
interannual variability in Arctic sea ice is linked with that
of atmospheric temperature, the latter being partly driven
by ocean heat release. However, this study focuses on the
shorter, interannual timescale: caution should of course be
taken in drawing comparisons of processes across different
timescales.

The spatial distributions of the changes in these diagnos-
tics are largely the same when considering the difference
between the maximum and minimum sea ice states in the
other 19 models, with only minor exceptions. All models
show increased OHTC somewhere in the vicinity of the
Atlantic ice edge of several tens of W m™2, and only a few
have similarly high values in the Pacific sector. In CNRM-
ESM2-1, AOHTC reaches 150 W m~2 in the Greenland sea
where the ice edge retreats by about 5°N. CanESMS5 and
CanESMS5-CanOE stand out as having relatively extensive
ice cover in the Denmark Strait, in which OHT converges
nearer the coast of Greenland (i.e., well under sea ice).

3 We plotted the actual net downward surface flux to verify this but
do not include it because it is almost identical to Fig. 2d. This is also
the case in the southern hemisphere.
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HadGEM3-GC31-LL

(a) Sea ice concentration

180°

Aci (%)

AOHTC (W m~2)

AT (°C)

Fig.2 Change in a sea ice concentration, c;, b sea ice thickness, H,,
¢ OHT convergence, d AHT convergence, e surface air temperature,
T,, and f downwelling longwave radiation, F,, between the maximum

High-latitude ice thickness decreases by several tens of cen-
timeters in all models, even in cases with modest variations
in overall sea ice cover (e.g., CESM2 which only has strong
AOHTC in the Labrador sea). As in HadGEM3-GC31-LL,
many models have some areas of increased H;, usually in
the Pacific sector. Reduction in sea ice concentration is
always localised near the ice edge, although in a few mod-
els the sea ice concentration increases by a few percent in
the central Arctic. These results strongly suggest that, on

(b) Sea ice thickness

180°

AH; (cm)

AAHTC (W m~2)

(f) Downwelling longwave flux

180°

o
AFgn (W m™2)

(green) and minimum (black) 25 year mean Arctic sea ice-edge lati-
tude in HadGEM3-GC31-LL. Note that there is at most one ice-edge
point per longitude (see Sect. 2.2)

multidecadal timescales, variations in Arctic sea ice extent
are primarily driven by local OHT convergence causing the
ice edge to retreat in the vicinity. This has a secondary effect
of enhancing AHT into higher latitudes where the ice vol-
ume decreases [explaining the change in sign of r(AHT, ¢;)
across the summer (i.e., perennial) ice edge in Fig. 1c].
Southern hemisphere Like in the Arctic, the largest
reductions in Antarctic sea ice cover between the minimum
and maximum ¢, states occur where the largest increases
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HadGEM3-GC31-LL

(a) Sea ice concentration (b) Sea ice thickness

0°

Ac; (%)

180°

(c) OHTC

)

AOHTC (W m~2)

(e) Surface temperature

0

AT (°C)

Fig.3 As in Fig. 2 but for the southern hemisphere

in OHTC occur: for HadGEM3-GC31-LL, this is primarily
in the Ross Sea (Fig. 3c). The difference compared to the
Arctic is that OHTC increases by several W m™2 at most
longitudes and well under the Antarctic ice pack. Conse-
quently, the associated reduction in sea ice concentration
and thickness (Fig. 3a, b) is relatively spatially uniform—
although the largest reductions in ¢; and H; do occur in
the Ross Sea. There are a few regional exceptions: in the
Amundsen-Bellingshausen Sea, AOHTC is smaller and
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the ice edge does not move much, and decreased OHTC
at about 110°~120°E coincides with slight ice expansion.
Figure 3d shows that AAHTC is approximately the same
magnitude but opposite sign to AOHTC, as seen in the Arc-
tic, but in the Antarctic this is true over sea ice as well as
open ocean. This can be attributed to the lower mean sea ice
concentration (43% in the Antarctic compared to 70% in the
Arctic at maximum sea ice extent in HadGEM3-GC31-LL),
such that air—sea exchanges are significantly less inhibited.
Figure 3e, f show that T, and F,, increase quite uniformly
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Table 2 Northern hemisphere correlations for various diagnostics.
The first two columns list the latitude, ¢, (°N), where the maximum
correlation between OHT and ¢; occurs and the corresponding value.
(a)—(d) list correlations of the stated diagnostic with (left) OHT, and
with (right) ¢,;. (a) OHT convergence averaged over sea ice, h,. (b)

AHT convergence averaged over sea ice, h,. (¢) Downwelling long-
wave radiation averaged over sea ice, fy,. (d) Surface air temperature
averaged over ¢;—90°N, T,. Values in bold are statistically significant
at the 95% confidence level. Cells are shaded on a red (+1) through
white (0) to blue (—1) color scale as a visual aid

max r(OHT, ¢;) (a) ho (®) ha (©) fan (d) Ty
Model FOHT re; TOHT To; FOHT re; TOHT Ty,
ACCESS-CM2 +0.28 +0.63 +0.42 +0.72 +0.71
ACCESS-ESM1-5 +0.58 +0.63 +0.72
CAMS-CSM1-0 +0.07 +0.40 +0.52 +0.50
CanESM5 +0.32 +0.46 +0.50 +0.62
CanESM5-CanOE +0.16  +0.35 +0.52  +0.55
CESM2 +045 | 40.73 +0.58 | +0.86
CESM2-FV2 69 +0.59 —0.18 +0.41 +0.15 +0.61
CESM2-WACCM +0.38 40831  +0.30 | +0.68
CESM2-WACCM-FV2 +0.00 +0.63 +0.33

CNRM-CM6-1-HR
CNRM-ESM2-1
HadGEM3-GC31-LL
HadGEM3-GC31-MM
IPSL-CM6A-LR

MPL-ESM-1-2-HAM 50 -~ +0.69
MPI-ESM1-2-HR 70 4090
MPI-ESM1-2-LR 51 4+0.77 —-0.29
MRI-ESM2-0 69 | +0.72 +0.52
NorCPM1 51 40.59 +0.43
UKESM1-0-LL 57 4089 |  +0.30

+0.36

+0.40 +0.65  +0.66

+0.36
+0.44

+0.64 +0.63

+0.71

+0.73

+0.36 +0.29

+0.75

+0.27  40.61 +0.60  +0.77
—0.46 +0.48  +0.77 +0.58  +0.66
—0.05 +0.08 | +0.65 +0.36 | +0.70
—0.20 —0.08 = +0.47 +0.19 = +0.49
+0.12 +0.55  +0.69 +0.56  +0.76

over sea ice, with the largest increases roughly coinciding
with the largest increases in OHTC. Over Antarctica, T,
Fg4,, and AHTC do not change that much. Thus the increased
surface warming and downwelling longwave radiation are
an effect of OHTC but are not attributed to the loss of ice
thickness or concentration, because the net surface flux
(roughly, AHTC) decreases (which, by itself, would have a
surface cooling effect). Figure 3c clearly shows heat being
transported under sea ice as the latter retreats, and explains
why r(OHT, ¢,) is largest with OHT evaluated near to the
ice edge (Fig. 1a).

All other models show the same basic features as
HadGEM3-GC31-LL. Between their minimum and maxi-
mum ¢; states, OHTC broadly increases under the Antarc-
tic ice pack, AAHTC is roughly the same but with oppo-
site sign, and T increases most wherever OHTC is largest.
Although the increase in OHTC is fairly spatially uniform
(compared to the NH), roughly half of models have the larg-
est AOHTC in the Ross Sea, while for the others it occurs
in the Weddell Sea. CNRM-CM6-1-HR, with the largest
variation in Antarctic sea ice extent, exhibits strong AOHTC
~ 40 W m~2 in the Weddell Sea where the ice edge retreats
by ~ 8°. NorCPM1 is slightly unusual in that most of its
strong increase in OHTC is concentrated closer to the ice
edge in the Amundsen Sea, Ross Sea, and East Antarctica,
such that the behaviour looks more like that in the NH. Its
mean sea ice concentration (42%) is comparable to that in
HadGEM3-GC31-LL. However, there is still clearly non-
zero OHTC increase under the ice, particularly in the Wed-
dell Sea (~ 10 W m~2). CESM2-WACCM-FV2 has the
smallest variation in Antarctic sea ice extent, and it has

small changes in both OHTC and AHTC even though the
ice concentration and thickness vary by similar amounts to
HadGEM3-GC31-LL. This is possibly indicative of a higher
intrinsic sensitivity in this model.

3.3 Heat fluxes averaged over sea ice

In the previous section, we showed the changes in various
heat fluxes in HaddGEM3-GC31-LL as the system moved
from the minimum to maximum sea ice cover during the
PI control simulation. This is useful for illustration but
only shows the extrema—is our interpretation valid for the
whole time series? To check this, we require diagnostics
that quantify the inferred mechanisms. Specifically, we
suggested that most of the positive anomalies in OHT are
lost near the ice edge in the NH, while most converges
under sea ice in the SH. Concurrently, AHTC increases
(decreases) over sea ice in the NH (SH). Let &, (h,) be
OHTC (AHTC) averaged under (over) the ice pack. For 4,
this is computed by simply averaging the hfds field over
grid cells where ¢; > ¢. A similar procedure is done for
h,, but including the net flux into the atmospheric col-
umn and interpolating c; onto the atmospheric grid (see
Sect. 2.2). Since c; varies with time, the averages h, and
h, themselves follow changes in sea ice. These also con-
veniently eliminate land-covered points from AHTC and
zonal asymmetries. The annual series of 4, and £, are then
converted to series of 25 year averages in the same way as
the previous diagnostics, and correlations between those
and ¢, are computed.
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Table 3 As in Table 2 but for the southern hemisphere, and here ¢; and ¢, are in °S

max r(OHT, ¢;) @ ho (b) ha (©) fan (@) Ty
Model do r TOHT T TOHT re; TOHT re; TOHT Té;
ACCESS-CM2 +0.61 +0.73
ACCESS-ESM1-5 —0.47 —0.49 +0.26 +0.11
CAMS-CSM1-0 —0.10 +0.02 —0.38 —0.47 +0.50 +0.58
CanESM5 +0.22 +0.43
CanESM5-CanOE +0.19  +0.32
CESM2 —0.13 —0.48 +0.46 +0.71
CESM2-FV2 +0.26 +0.13 +0.20
CESM2-WACCM +0.04 —0.17 —0.55 —0.42 +0.40 +0.62
CESM2-WACCM-FV2 +0.24 —0.29 —0.53 +0.17 +0.24
CNRM-CM6-1-HR
CNRM-ESM2-1 +0.70 +0.64 +0.44
HadGEM3-GC31-LL +0.54 +0.71
HadGEM3-GC31-MM +0.69
IPSL-CM6A-LR —0.51 —0.45 +0.17 +0.57 y
MPI-ESM-1-2-HAM +0.34 +0.08 —0.18 +0.20 —0.01 +0.15 Y +0.56
MPI-ESM1-2-HR 64 +0.71 —0.40 —0.35 +0.58 +0.72
MPI-ESM1-2-LR +0.58 +0.35 —0.42 —0.19 —0.07 —0.05 Y
MRI-ESM2-0 —0.52 —0.01 +0.23
NorCPM1 —0.55 +0.56  +0.53
UKESM1-0-LL +0.73

Northern hemisphere The correlations r(h,, ¢;) and r(h,, ¢,)
in the NH (Table 2a, b) largely confirm what is suggested
by Fig. 1 and are consistent with our discussion in Sect. 3.2.
All models have r(h,, ¢;) > 0, although for two (CanESM5-
CanOE and CNRM-CM6-1-HR) it is statistically insignifi-
cant. The correlation of ¢; with £, varies across models: four
have strong positive r(%,, ¢;), and a few (notably all CESM
models) have strong negative r(h,, ¢;). The ones with strong
positive r(h,, ¢;) are those which have more extensive ice in
the Denmark Strait/Labrador Sea area (both CanESM mod-
els) or have larger overall variations (CNRM-ESM2-1), such
that &, captures the direct effect of OHTC. In contrast, all but
two models have statistically significant positive r(h,, ¢;).
Most have r(OHT, &) > 0, suggesting that the increase in
AHTC over sea ice is at least partly ocean driven, but many
are relatively weak (Table 2b). The reduced correlation
between OHT and %, could be attributed to the reduction in
AHT as OHT increases, such that there are two competing
influences on h,: (i) the overall decrease in heat available
from AHT and (ii) the increase in heat available from ocean
heat loss near the ice edge. In Table 2¢ we include correla-
tions with f;,, the downwelling longwave flux averaged over
sea ice, computing fy, in an analogous procedure to £,,. All
models have significant positive r(fy,, ¢;), and most have
significant positive r(OHT,f,) (Table 2c). This supports
the atmosphere acting as a ‘bridge’ connecting incoming
OHT to the top ice surface. From a more general perspec-
tive, surface warming is associated with both loss of sea ice
and increased OHT (Table 2d). Studies have already shown
a relation between global mean surface temperature and sea
ice extent in both hemispheres (e.g., Rosenblum and Eisen-
man 2017). Given the correlations between OHT, T, and
¢;, our results imply a potential role of OHT in explaining
model differences in such relationships.

@ Springer

Southern hemisphere Thirteen models exhibit strong (> 0.7)
positive correlation of ¢; with &, and correspondingly strong
negative correlation with £, confirming again the descrip-
tion in Sect. 3.2 (Table 3). Some models do not fit this,
including all CESM models: CESM2 is the only model
to show a significant (although weak) negative r(h,, ¢;)
despite having significantly positive r(OHT, ¢;), while the
other CESM models show statistically-insignificant r(%,, ¢;).
These models have among the smallest variance in %, and
¢;, so the signal-to-noise ratio could be too small to draw
a meaningful interpretation in these cases (or the Antarc-
tic sea ice sensitivity to OHT is relatively small). CAMS-
CSM1-0 has practically no correlation between /4, and ¢;,
despite strong positive r(OHT, ¢,) > 0.75 up to the Antarctic
coast. However, this model has cancelling regions of positive
and negative OHTC under ice in the Weddell Sea (Online
Resource 2, Fig. S2.6) and h, averages over both regions.
Similar reasoning explains the small r(h,, ¢;) and r(h,, ¢;)
in MPI-ESM-1-2-HAM (Online Resource 2, Fig. S2.28),
which also has the smallest mean Antarctic sea ice extent
(Fig. 1b). The fact that Bjerknes compensation is maintained
over much of the Antarctic sea ice pack (Fig. 1d, left), sug-
gests that the negative correlation between ¢; and /2, mostly
reflects heat loss from the ocean into the atmosphere via
leads. There could be a negative feedback such that the
resulting AHT divergence offsets the effect of OHT conver-
gence, however it is difficult to ascertain this in the present
analysis.

Comparing Tables 2 and 3, columns (a)—(b), emphasises
the broad hemispheric asymmetry in the response of ¢; to
h, and h,. To illustrate this further, we compute A¢; as the
difference between the maximum and minimum ¢; (from
the 25 year averages), and AD as the difference in diagnostic
D between the same times at which max(¢;) and min(¢;)
occur—exactly as was done for Figs. 2 and 3. While A¢,
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Fig.4 Maximum increase in 25 year mean ice-edge latitude, Ag,,
plotted against the corresponding change in poleward (left) OHT
and (right) AHT. Heat transports are here evaluated at 65°N/S. Red
points are Northern Hemisphere (NH) and blue points are Southern
Hemisphere (SH). Ordinary least-squares regression lines are added
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could loosely be interpreted as a ‘signed standard devia-
tion’, our aim with this is just to concisely summarise the
general qualitative conclusions. This metric is conducive to
this end, as it gives single data points per model, eliminates
differences in mean states, and retains the sign of the rela-
tionship between variables. Figure 4 shows that models with
larger increases in ¢; are associated with larger increases
(decreases) in poleward OHT (AHT) in both hemispheres
(matching individual model descriptions). Figure 5 shows
that 2, does not change much between the maximum and
minimum sea ice states across models in the NH, but that
h, increases by a few W m~2 in the SH. In all models, £,
increases from the minimum to maximum ¢, in the NH,
but decreases in the SH. The analysis in Sect. 3.2 suggests
that, in the SH, 5, decreases in response to Bjerknes com-
pensation (which does not occur in the NH because the ice
concentration is too high). It is worth noting the non-zero
intercepts of the fitted linear relations between A¢; and the

other diagnostics in Figs. 4 and 5. This indicates that the
variability of ¢; cannot be wholly attributed to anomalies in
heat transports.

4 Discussion and conclusions

In this paper, we analysed the response of Arctic and Antarc-
tic sea ice extent to natural fluctuations in OHT occurring in
the PI-control simulations of 20 CMIP6 models. A summary
of our key findings is as follows:

1. Arctic and Antarctic sea ice extent contracts with
increased poleward OHT, with significant correlation
in all models.

2. Due to Bjerknes compensation, anomalous AHT towards
the polar regions is counter-intuitively associated with
larger sea ice cover.
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AOHT Ag;

Fig.6 Schematic summary of the mechanisms of OHT influence on
the sea ice edge (¢;) inferred from CMIP6 PI-control analysis

3. In the northern hemisphere, for most models:

(a) the direct effect of OHT is concentrated conver-
gence and melting at the ice edge in the Atlantic
sector;

(b) there is no substantial role of OHT convergence in
the central Arctic;

(c) a secondary Arctic-wide ice thinning occurs,
mediated by increased high-latitude AHT con-
vergence.

4. In the southern hemisphere, for most models:

(a) the effect of OHT is relatively-uniform conver-
gence and consequent melting under the entire
Antarctic ice pack;

(b) AHT does not have a direct impact on the ice
cover, but transports some ocean heat release away
from the ice pack.

The difference between Arctic and Antarctic sea ice behav-
iours is summarised by Figs. 4 and 5. Figure 4, similarly
to Mahlstein and Knutti (2011) for CMIP3 in the NH,
emphasises point (1), extending it to the SH and the latest
generation of models. Meanwhile, Fig. 5 shows our main
novel result: that OHT takes different ‘pathways’ in each
hemisphere (see Fig. 6). From Fig. 4a we can also infer
that Arctic sea ice is about twice as sensitive to poleward
OHT than Antarctic sea ice, although there are caveats in
this statement—it depends on the choice of reference lati-
tude, and the cross-model behaviour does not necessarily
reflect individual model behaviours. Regardless, the change
of slope between hemispheres in Fig. 4a likely reflects the
difference in mechanism, since local OHTC along the ice
edge in the North Atlantic is several times larger than OHTC
under the Antarctic ice pack (Figs. 2, 3). In an idealised
energy-balance model, Aylmer et al. (2020) show that OHTC
concentrated near the sea ice edge is about twice as effective
at shrinking the ice cover as the equivalent OHTC averaged
over the ice pack, mimicking the behaviour of the compre-
hensive GCMs shown here.
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Our study adds to the growing evidence that OHT is a
key player in the long-term evolution of sea ice extent, and
our results are generally consistent with previous work. In
particular, the effect of OHT being concentrated near the
ice edge in the Atlantic sector has been noted in individual
model sensitivity studies (see Sect. 1). Our analysis shows
this relationship exists within simulated unforced climate
variability. Furthermore, we provide evidence for the robust-
ness of this relationship across models.

We acknowledge that our study has limitations. Although
using PI-control simulations means that our results are not
dependent on a forced response, a disadvantage is that some
models have quite small magnitudes of internal variability,
which hides the signal of the effect of OHT on sea ice behind
noise. Analysing a large sample of GCMs comes at the cost
of it being impractical to analyse every detail of the simula-
tions. For example, we did not consider ice dynamics. This
could be relevant to both Arctic sea ice (e.g., as in Castruc-
cio et al. 2019, who suggest a dynamic response of Arctic
sea ice to atmospheric circulation changes) and Antarctic
sea ice (e.g., Sun and Eisenman 2021, showing improved
comparison of simulated to observed trends after manually
correcting Antarctic sea ice drift in CESM). The thermo-
dynamic interpretations we have put forward are not called
into question by this, but the role of dynamics would make a
worthwhile future study as this could point to a specific area
of model improvement for sea ice simulation.

How can we be sure that the identified mechanisms are
based on a robust physical link in which OHT drives the
diagnosed changes in sea ice? Specifically, in the NH it could
be argued that negative anomalies in sea ice cover allow
increased upward air—sea heat fluxes due to newly exposed
ocean which, in turn, is compensated for by increased OHT.
If this were the case, we would expect a lag in the OHT
response relative to the sea ice change because of the long
timescales associated with ocean heat content and circula-
tion adjustments. However, this alternative interpretation
is not supported by the lagged correlation between OHT
and ¢;, for which the maximum occurs at zero or slightly
negative (ocean leads sea ice) lag in most models (Online
Resource 1, Fig. S1.4 and Table S1.2). This suggests that
the sea ice state at some time-averaging period is primarily
influenced by OHT at the same period, consistent with our
interpretation in Sect. 3.2, whereas the alternative would be
indicated by sea ice leading OHT.

Why does OHT continue under and through sea ice in the
SH but is lost nearer the ice edge in the NH? Our study does
not provide the tools to rigorously answer this, but an expla-
nation could be presumed based on current understanding
of the Arctic and Southern Oceans in today’s climate. In the
central Arctic, sea ice is thick and high in concentration, pre-
venting ocean—atmosphere exchanges, and the upper ocean
is stably stratified, preventing heat release from Atlantic
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inflow (Carmack et al. 2015). This probably explains why
OHTC—roughly the air-sea flux—does not change in the
central Arctic in the PI-control simulations. In the Southern
Ocean, the mean sea ice concentration is relatively low, such
that ocean heat loss is less restricted. Whatever the reasons,
the fact that robustly-different behaviours are exhibited in the
NH and SH indicates different approaches for tackling Arctic
and Antarctic sea ice uncertainties. For example, CMIP6
models also exhibit wide spread in simulations of the Atlan-
tic meridional overturning circulation (AMOC; Todd et al.
2020), which strongly contributes to OHT in the NH (Forget
and Ferreira 2019). Although our study does not identify
specific processes such as AMOC causing OHT variability,
we do find that most changes in Arctic sea ice occur in the
Atlantic sector, suggesting a plausible link between AMOC
and sea ice uncertainties.

While some studies have assessed the role of OHT in
future sea ice loss (Sect. 1), to our knowledge none have
investigated quantitatively the relevance to intermodel
spread or applied such analyses to plausible emission sce-
nario simulations. Mahlstein and Knutti (2011) show signifi-
cant anticorrelation between Arctic sea ice extent and OHT
across CMIP3 historical simulations—indirectly, Fig. 5 sug-
gests this is the case for CMIP6. In CMIP5 models, Burgard
and Notz (2017) find that future Arctic Ocean warming is
primarily driven by increased OHT in about half of models,
and by the net downward atmospheric flux in the other half.
While the influence of OHT on sea ice in the context of natu-
ral variability is not necessarily the same as under forcing,
this could indicate different mechanisms or a reduced impor-
tance of OHT under future climate change. Assessing the
relevance of the different hemisphere mechanisms to forced
climate responses is thus a worthwhile follow-up study.

In light of persistent intermodel spread and extensive evi-
dence for the impact of OHT on sea ice, a multi-model inves-
tigation into OHT changes and how it might affect projected
rates of sea ice loss could help constrain future estimates
by identifying sources of uncertainty and possible areas for
model improvement.
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