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Quantifying the role of ocean coupling in Arctic amplification
and sea-ice loss over the 21st century
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The enhanced warming of the Arctic, relative to other parts of the Earth, a phenomenon known as Arctic amplification, is one of the
most striking features of climate change, and has important climatic impacts for the entire Northern Hemisphere. Several
mechanisms are believed to be responsible for Arctic amplification; however, a quantitative understanding of their relative
importance is still missing. Here, using ensembles of model integrations, we quantify the contribution of ocean coupling, both its
thermodynamic and dynamic components, to Arctic amplification over the 20th and 21st centuries. We show that ocean coupling
accounts for ~80% of the amplification by 2100. In particular, we show that thermodynamic coupling is responsible for future
amplification and sea-ice loss as it overcomes the effect of dynamic coupling which reduces the amplification and sea-ice loss by
~35%. Our results demonstrate the utility of targeted numerical experiments to quantify the role of specific mechanisms in Arctic

amplification, for better constraining climate projections.
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INTRODUCTION

One of the most robust responses of the climate system to
anthropogenic forcing in climate model projections is Arctic
amplification, the greater warming of the Arctic relative to other
regions on our planet'. Arctic amplification has already been
observed over recent decades?3, and has been attributed in part
to increased greenhouse gases concentrations*®, This well-known
pattern of temperature change not only affects high latitudes'57,
but also the climate at low and mid-latitudes through the
associated Arctic sea-ice loss®~'7 and changes in poleward heat
fluxes'®'°. In spite of the clear signal of Arctic amplification in
recent and coming decades, a quantitative understanding of its
underlying mechanisms remains an active area of research.

Previous studies have argued for the importance of several
processes in warming of the Arctic and the associated sea-ice loss.
For example, on relatively short timescales (intra-seasonal to
decadal timescales), changes in the atmospheric circulation,
amplified by local feedbacks, were argued to contribute to Arctic
amplification and sea-ice loss, mostly during winter, via moisture
and heat transport into the Arctic?®2*. On multi-decadal time-
scales, ocean—-atmosphere-ice coupling, both its thermodynamic
(effects of radiative and turbulent surface heat fluxes) and
dynamic (effects of ocean heat flux convergence, i.e., ocean heat
transport/uptake) components were also argued to play an
important role in amplifying the Arctic temperature response:
increased absorption of solar radiation due to Arctic sea-ice loss
and the positive surface albedo feedback’?>?7, changes in
longwave radiation including the positive lapse rate feedback in
the Arctic and downward fluxes?®-32, changes in atmospheric
circulation and their effect on surface heat fluxes?®?'?3, and
stronger ocean heat transport into the Arctic'®33-3%,

One of the challenges in studying Arctic Amplification
mechanisms is the strong coupling of the climate system
components: this makes it difficult, and in some cases impossible,

to isolate and separately quantify the relative importance of each
of these processes in warming the Arctic. As has been noted by
many studies, not only do these processes affect each other, but
they are also affected by the Arctic amplification itself, making it
difficult to determine the direction of causality, especially when
only linear regression and feedback analyses are performed.

In particular, different effects of ocean heat flux convergence on
Arctic amplification have been suggested in the recent literature.
While several studies suggested that ocean heat flux convergence
acts to increase Arctic amplification'®33-38 others argued that
ocean heat flux convergence acts to slightly oppose it>*>°, or to
have only a minor effect on it*°, or to actually be a response to it*'.
The different reported effects of dynamic ocean coupling on Arctic
amplification stem in part from the different regions, ocean
components and forcings analyzed in the above studies, and in
part from relying on regression and feedback analyses alone.

In order to isolate and quantify the different processes that
affect Arctic amplification, some studies have conducted locking
experiments, where a single process is held fixed and thus cannot
contribute to Arctic Amplification?8374942_|n such studies, the role
of a single process is assessed as the difference between
simulations with the process active and simulations with the
process locked. For instance, a recent cloud-locking study
concluded that the impacts of cloud feedbacks on Arctic warming
due to increased CO, are negligible*?. More directly relevant to
this paper, previous fixed-ocean-heat flux convergence studies
(i.e., studies that contrasted fully coupled with slab-ocean models)
found that, under doubling of CO, concentrations, ocean heat
fluxes (both horizontal and vertical heat transport) act to increase
Arctic amplification374°,

Building on such studies, which were confined to an idealized
forcing scenario (i.e, abrupt CO, doubling), we here use a
hierarchy of ocean coupling experiments'' forced with a realistic
transient forcing: the Historical (20th century) and the
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Representative Concentration Pathway 8.5 (RCP8.5, 21st century)
scenarios. The hierarchy of ocean coupling experiments allows us
to quantify the net role of ocean coupling, and to separate its
thermodynamic and dynamic components, in Arctic amplification
over the 20th and 21st centuries.

RESULTS
The role of ocean coupling in Arctic amplification

We start by considering the Arctic amplification (defined, using
the near-surface air temperature, as the difference between the
warming of the Arctic region and the warming of the rest of the
Earth; the warming is assessed relative to the 1980-1999 period,
see Methods) across 38 models of the CMIP5 ensemble (Phase 5 of
the Coupled Model Intercomparison Project*?, Methods) (Fig. 1a).
By the end of this century (i.e, over the 2080-2099 period), all
CMIP5 models (gray bars) simulate an amplification of the Arctic
temperature. CMIP5 models project an Arctic amplification in the
range 3.9—7.2K (£ 10), with a multi-model mean value of 5.56 K
(green line).

To quantify the role of ocean coupling in Arctic amplification
throughout the 20th and 21st centuries, we make use of three
ensembles of model integrations of the Community Earth System
Model (CESM1%4) forced over the 20th and 21st centuries with the
same Historical and RCP8.5 forcings as CMIP5 (Methods). Each
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integration is started from a slightly perturbed atmospheric initial
condition, resulting in distinct transient behaviors under identical
forcing: this allows for the disentangling of the response of the
climate system to external forcing from the internally generated
climate variability. Averaging across the integrations in each
ensemble eliminates much of the internal variability and yields the
forced response®.

The first large ensemble (hereafter referred to as LE) consists of
40 integrations with the fully coupled model, comprising atmo-
sphere, ocean, land, and sea-ice components®. Thus, in LE both
thermodynamic and dynamic ocean coupling can affect the
warming of the Arctic over the 20th and 21st centuries. The
second ensemble, which consists of 20 integrations, is identical to
the LE except for its ocean component: in this second ensemble
(hereafter referred to as SOM LE), the full physics ocean model is
replaced by a slab ocean model (Methods). Note that in the SOM
LE the model does include transient changes in thermodynamic
coupling (i.e., ocean—-atmosphere and ocean-ice heat fluxes) as in
the fully coupled LE; however, the ocean heat flux convergence is
fixed at preindustrial values (such that that LE and SOM LE are
initialized with a very similar preindustrial climatology, see
Supplementary Figs. 1 and 2). Thus, since the sole difference
between the LE and SOM LE is the presence/absence of changes
in mixed-layer ocean heat flux convergence (for simplicity,
hereafter referred to as OHFC), comparing the Arctic response in
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Fig. 1 Arctic amplification and the role of ocean coupling. a The distribution of the projected Arctic amplification (over the last 20 years of

the 21st century) across CMIP5 models (gray bars). Green and red lines show Arctic amplification for the CMIP5 mean and LE mean,
respectively. b Evolution of Arctic amplification for the LE mean (red line), and the contribution from ocean coupling (OCN, purple); shading
shows the range across the ensemble members. The gray band shows the internal variability (20) of Arctic amplification calculated from the
preindustrial control run, and centered around the mean preindustrial value. ¢ Decomposing the contribution of ocean coupling into dynamic
(OHFC, blue) and thermodynamic (SHF, green) coupling. d The occurrence frequency (in percentage) of the projected Arctic amplification
(over the last 20 years of the 21st century) normalized by the global mean sea surface temperature warming (difference between the last 20
years of the 21st and 20th centuries) in LE (red) and SOM LE (blue). The red and blue vertical lines show the response for the ensembles mean.
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the LE and SOM LE allows us to isolate and quantify the role of
dynamic coupling in Arctic amplification over the 20th and 21st
centuries (both the direct effect of OHFC on Arctic amplification,
and its indirect effect via other climate system components).

In the third ensemble (hereafter referred to as NOM LE, which
also consists of 20 integrations) there is no active ocean model,
and the sea surface temperature in the slab ocean model is fixed
at preindustrial values (i.e., both dynamic and thermodynamic
ocean coupling are fixed). Thus, comparing the Arctic response in
LE and NOM LE isolates the role of net ocean coupling (for
simplicity, hereafter referred to as OCN), whereas, comparing the
response in SOM LE and NOM LE isolates the role of
thermodynamic coupling (surface (mixed layer) heat fluxes; for
simplicity, hereafter referred to as SHF). Note that the NOM
experiment is different from the more common atmosphere-only
runs, where both sea surface temperature and sea-ice are
prescribed. Here the sea-ice is active in order to solely isolate
the role of ocean coupling. Lastly, we note that the smaller
ensembile size (of 20 members) in SOM LE and NOM LE is sufficient
to quantify the contribution of internal variability to Arctic
amplification (Methods, Supplementary Fig. 3).

Before examining the role of ocean coupling, and its different
components, in Arctic amplification in these three ensembles, we
first ensure that Arctic amplification in the LE is not an outlier
within the CMIP5 models, and that the LE adequately captures the
observed amplification in recent decades. First, the LE mean
shows a projected Arctic amplification similar to the mean CMIP5
(with a value of 6.62 K, as indicated by the red line in Fig. 1a), and
is thus well within the value range of most models (3.9—7.2 K).
Second, the evolution of the Arctic amplification from 1920 to
2017 (as computed from the HadCRUT4* data set, Methods) is
well captured by the LE (the black line falls within the red shading
in Supplementary Fig. 4). The LE, therefore, can be used for our
purpose.

Figure 1b shows the evolution across the 20th and 21st
centuries of the Arctic amplification in LE (red), and the
contribution of net ocean coupling (OCN, purple) to Arctic
amplification, along with the Arctic amplification internal varia-
bility (in gray, illustrated as two standard deviations from the
preindustrial control run, and centered around the mean
preindustrial value, Methods). First, by the end of the 20th century
ocean coupling accounts for most of the initial warming of the
Arctic (compare red and purple lines). As a result, ocean coupling
causes the emergence of Arctic amplification from internal
variability, which occurs around the year 2000 (when the
amplification is first found to be statistically larger than
preindustrial values). The large contribution of ocean coupling
should not be interpreted as the ocean being the source of the
amplification, but rather that ocean-atmosphere and ocean-sea-
ice coupling processes are key for producing the amplification.
Furthermore, the role of ocean coupling in warming the Arctic
includes both the direct effect of ocean coupling on Arctic
amplification, and its indirect effect via other climate system
components (e.g., sea-ice, atmospheric circulation, downward
longwave radiation, etc.). Second, as the warming increases
throughout the 21st century, ocean coupling is again responsible
for most of the amplification: it accounts for ~80% of the
amplification by the end of the 21st century.

Decomposing the effect of ocean coupling to thermodynamic
(SHF, green) and dynamic (OHFC, blue) coupling (Fig. 1c) reveals
that ocean coupling drives the emergence of the amplification via
thermodynamic coupling, whereas dynamic coupling contributes
negatively, and with a smaller amplitude. It is clear that
thermodynamic coupling also drives the amplification throughout
the 21st century (by the end of the 21st century it produces an
amplification of ~10K, relative to the 1980-1999 period), while
dynamic coupling acts to reduce the Arctic amplification (by
reducing the Arctic warming more than the warming of the rest of
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the world); by the end of the 21st century OHFC reduces the Arctic
amplification by ~35%. These opposing roles of thermodynamic
and dynamic ocean coupling are present throughout the Arctic,
but mostly north of Greenland and the Canadian Archipelago,
although the warming effect of net ocean coupling is relatively
uniform in the Arctic region (Supplementary Fig. 5).

In spite of the confidence we have in the LE's ability to
accurately simulate the recent and projected Arctic amplification,
it is conceivable that the mitigating effect of OHFC may be an
artifact of the CESM1 model. We thus next qualitatively assess the
role of OHFC in Arctic amplification in a different model.
Specifically, we compare the Arctic response, relative to pre-
industrial values, to abrupt 4 x CO, forcing in fully coupled and
slab ocean configurations of the NASA Goddard Institute for Space
Studies Model E2.1 (GISS Model E2.1) (Methods, Supplementary
Fig. 6). While quadrupling CO, concentrations is not identical to
the Historical and RCP8.5 forcings used in the LE, we qualitatively
expect a similar role of OHFC in Arctic amplification, as the CO,
concentrations by the end of the 21st century is approximately
quadrupled relative to preindustrial values. Indeed, as in CESM1,
we find that OHFC in GISS Model E2.1 reduces the Arctic
amplification by 56% under 4 x CO, forcing. This suggests that
at least the sign of the effect of OHFC, i.e, a considerable
reduction in Arctic amplification over the 21st century, is not an
artifact of the CESM1 model.

The mitigating effect of OHFC is at odds to the one reported by
previous studies, who conducted similar OHFC-fixed experiments
under abrupt 2 x CO, forcing®”*° and found that OHFC acts to
increase the amplification. This suggests that an abrupt 2 x CO,
forcing might not be strong enough to capture the projected
effects of OHFC in the Arctic. To corroborate this we also quantify
the role of OHFC in Arctic amplification under an abrupt 2 x CO,
forcing in the GISS Model E2.1 (Supplementary Fig. 6). Indeed, in
response to doubling CO, concentrations, OHFC is found to
slightly enhance the Arctic amplification. This emphasizes that in
order to correctly assess the role of OHFC in the Arctic climate it is
imperative to investigate a realistic transient forcing, or, at least,
an idealized forcing of a similar magnitude to one of the future
forcing scenarios (e.g., RCP8.5).

The effects of dynamic and thermodynamic ocean coupling

We now turn to examine the roles of dynamic and thermodynamic
coupling in affecting the future Arctic response, and start by
recalling that the fixed OHFC in SOM LE comprises both net
vertical oceanic heat uptake (i.e., the global mean OHFC) and
horizontal heat redistribution by ocean heat transport and non-
uniform heat uptake (the difference between OHFC and net heat
uptake). To investigate their different roles in the projected Arctic
amplification (i.e., over the last 20 years of the 21st century), we
normalize the Arctic amplification by the global mean sea surface
temperature response (difference between the 2080-2099 and
1980-1999 periods). The different global mean sea surface
temperature response in LE and SOM LE is due to changes in
the net oceanic heat uptake (global mean mixed-layer vertical
heat transport). Thus, the resulting normalized Arctic amplification
in LE vs. SOM LE accounts only for the impacts of horizontal heat
redistribution by ocean heat transport. This procedure thus allows
us to disentangle the roles of net heat uptake and horizontal heat
redistribution; if, for example, net heat uptake has a major (minor)
effect on the amplification, then the normalization by the global
mean sea surface temperature would have a major (minor) effect
on the difference in Arctic amplification between the LE and
SOM LE.

The Arctic amplification, over the period 2080-2099, normalized
by the global mean surface temperature warming is ~17%
stronger in LE than SOM LE (compare red and blue bars in Fig.
1d): SOM LE mean shows an amplification of 1.9 and LE mean of
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2.3. This result is similar to previous studies who argued that
meridional ocean heat transport contributes to Arctic amplifica-
tion'®33-38 (most of the mixed-layer heating from meridional
ocean heat flux occurs in the North Atlantic, east of Greenland,
rather than in the North Pacific, Supplementary Fig. 7). Since the
total OHFC reduces the amplification by ~35% (Fig. 1b), the
relative minor effect of changes in horizontal heat redistribution
by ocean heat transport is overcome by the changes in net heat
uptake. A similar result can be obtained by redefining the Arctic
amplification as the ratio between the Arctic temperature
response and the rest of the world surface temperature response.
This definition yields a weaker amplification in SOM LE than LE by
~4% (Supplementary Fig. 8a), emphasizing again that the large
effect of the net oceanic heat uptake to reduce the amplification
overcomes the relative minor effect of horizontal heat redistribu-
tion by ocean heat transport to increase the amplification. In other
words, for the same mean surface temperature, the warming of
the Arctic is merely the same for SOM LE and LE (Supplementary
Fig. 8b).

To further examine how much of the oceanic heat uptake effect
takes place in the Arctic we plot (in Supplementary Fig. 9) the
response (differences between the 2080-2099 and 1980-1999
periods) of subsurface Arctic ocean heat content (per unit area) in
the mixed layer (red) and deep ocean (blue, defined from the
bottom of the mixed layer to the bottom of the ocean). By the end
of this century, in the LE mean the deep ocean warms by 7.7 x 10°
Jm~2 (blue line), while the mixed layer warms by 1.1 x 10° Jm~2
(red line). Assuming that changes in deep ocean heat content are
solely due to oceanic heat uptake (i.e, no meridional heat
exchange with lower latitudes in the deep ocean), the latter acts
to reduce the mixed layer warming by ~87%. Thus, heat uptake in
the Arctic plays an important role in reducing the Arctic
amplification.

Next we ask: how does ocean coupling affect Arctic sea-ice loss
and polar amplification of atmospheric temperatures? To answer
this question we start by investigating the heat exchanges
between the atmosphere and the ocean/sea-ice. In particular,
we show in Fig. 2 the contribution of surface heat fluxes to the
projected surface Arctic amplification (i.e,, the difference between
the response of surface heat fluxes over the Arctic region and their
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Fig. 2 Future changes in surface heat fluxes. The difference
between the response of surface heat fluxes (ocean-atmosphere
and sea-ice—-atmosphere heat fluxes) over the Arctic (66°N—90°N),
and over the rest of the Earth, decomposed to shortwave (SW) and
longwave (LW) radiation, and latent (LH) and sensible (SH) heat
components in LE (the fully coupled model, red) and the
contribution from OHFC (blue). The response is defined as the
differences between the 2080-2099 and 1980-1999 periods. The
error bars show one standard deviation across the ensemble
members.
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response over the rest of the Earth; the response is defined as the
differences between the 2080-2099 and 1980-1999 periods). We
here account for the heat fluxes over both ocean and sea-ice,
since ocean thermodynamic and dynamic coupling might affect
the atmosphere-sea-ice fluxes via changes in the sea-ice.

First we focus on the surface heat fluxes components in LE (red
bars). The shortwave radiative flux (SW) acts to increase the
surface warming of the Arctic, which is related to ice-albedo
feedback (as shown below). This warming by SW may result in
enhanced heat fluxes from the surface to the atmosphere, leading
to the Arctic amplification of near-surface air temperature’252”
(red line in Fig. 1b). Indeed, longwave radiative fluxes (LW), and
latent (LH) and sensible (SH) heat fluxes act to reduce the surface
warming of the Arctic in LE as they transfer more heat (and water
vapor) away from the surface to the atmosphere in the 21st
century, relative to the 20th century, resulting in the Arctic
amplification. The spatial patterns of these processes reveal that
the relative minor contribution from latent heating to the
amplification stems from a cancellation over land and ocean
(Supplementary Fig. 10). Note that even after the Arctic becomes
ice-free the contribution of thermodynamic coupling to Arctic
amplification continues to increase, as the surface continues to
warm (Supplementary Fig. 11).

Second, OHFC reduces all surface heat fluxes components (blue
bars). The tendency of OHFC to reduce the surface warming effect
of SW flux (by ~35%), not only suggests that OHFC might also
affect the melting of Arctic sea-ice (as shown below), but also that
the reduced SW flux supports the OHFC tendency to reduce Arctic
amplification: less warming of the surface, via both oceanic heat
uptake and the reduced SW flux, might result in less heat
transport from the surface to the atmosphere. Indeed, OHFC also
reduces the LW, LH, and SH fluxes, thus acting to oppose Arctic
amplification of near-surface air temperature; OHFC reduces the
LW, LH, and SH fluxes by ~25, ~90, and ~35%, respectively (as for
the thermodynamic coupling, the effect of dynamic coupling to
decrease the amplification continues even after the Arctic
becomes ice-free, Supplementary Fig. 11). The reduction in LW,
LH, and SH fluxes by OHFC suggests that OHFC might affect the
atmospheric temperature response to anthropogenic emissions
(as shown below). We next examine the impacts of OHFC and SHF
on Arctic sea-ice loss and atmospheric temperature.

Recall that the LE not only adequately captures the observed
Arctic amplification, but also the recent observed Arctic sea-ice
changes: the LE was shown to accurately simulate the climato-
logical seasonal cycle of Arctic sea-ice extent and its variability,
including the spatial distribution of Arctic sea-ice thickness, and
the changes in Arctic sea-ice extent over recent decades*®~°, The
evolution of the observed September Arctic sea-ice extent
(estimated from the NSIDC data set>', Methods) is well captured
by the LE (the black line falls within the red shading in
Supplementary Fig. 12). This confirms our confidence in using
the LE for quantifying the role of ocean coupling in Arctic sea-
ice loss.

To examine the effects of ocean coupling on Arctic sea-ice we
start by comparing the evolution of September Arctic sea-ice
extent in the LE (red) and the contribution for the time evolution
from net oceanic coupling (OCN, purple), thermodynamic
coupling (SHF, green), and dynamic coupling (OHFC, blue), along
with its internal variability (gray) (Fig. 3). First, not surprisingly,
ocean coupling accounts for nearly all changes in Arctic sea-ice
(purple line sits on top of the red line). Thus, ocean coupling is
responsible for the emergence of sea-ice loss from the internal
variability, which occurs around the year 2000 (the emergence of
the red and purple lines from the gray region), and the melting of
sea-ice throughout the 21st century.

Second, similar to the evolution of Arctic amplification (Fig. 1c),
decomposing the effects of ocean coupling into thermodynamic
and dynamic coupling reveals that thermodynamic coupling is
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Fig. 3 Evolution of September Arctic sea-ice extent. Time series,
relative to the 1980-1999 period, of September Arctic sea-ice extent
for the LE mean (red line), the contribution from ocean coupling
(OCN, purple line), and decomposing the ocean coupling contribu-
tion into dynamic (OHFC, blue) and thermodynamic (SHF, green)
components; shading shows the range across the ensemble
members. The gray band shows the internal variability (20) of Arctic
sea-ice extent calculated from the preindustrial control run, and
centered around the mean preindustrial values, relative to the
1980-1999 period.

responsible for both the emergence of sea-ice loss from the
internal variability, and the melting of sea-ice throughout the 21st
century: by 2030 SHF results in sea-ice loss of 7.25x 10%km?,
relative to sea-ice loss of 4.6x 10°km? in LE mean. Dynamic
coupling, on the other hand, has a minor effect on the emergence
of sea-ice loss, and acts to substantially delay the melting of Arctic
sea-ice in the 21st century: by 2030 OHFC reduces the sea-ice loss
by ~35%, thus delaying ice-free conditions by 15 years (defined as
the five consecutive years of sea-ice extent <10°km?'). The
reduced melting of Arctic sea-ice by OHFC decreases the
additional surface warming by SW radiation (via the ice-albedo
feedback), and thus also reduces the heat transfer between the
surface and atmosphere and the resulting Arctic amplification (Fig.
2). Lastly, the contribution from dynamic coupling shows an
interesting evolution that peaks around 2020-2030. One possible
explanation for this behavior is that it stems from the tendency of
dynamic coupling to damp the sea-ice changes. Assuming that
%IE — _G(OHFC), where SIE is the sea-ice extent and G is the
contribution of dynamic coupling to Arctic sea-ice changes, then
one would expect the dynamic coupling contribution (G) to peak
when the sea-ice changes are largest. Indeed the rate of sea-ice
change and the contribution of dynamic coupling exhibit similar
evolutions, peaking around the 2020-2030 period (Supplementary
Fig. 13).

We next examine the regional impacts of ocean coupling on
Arctic sea-ice loss. Figure 4 shows the normalized September
Arctic sea-ice response (difference between sea-ice concentrations
over the 2020-2040 period and the 1980-1999 period, normalized
by the 1980-1999 period) in the mean LE (panel a) and the
contribution from OCN (panel b), SHF (panel c), and OHFC (panel
d). We choose the 2020-2040 period, rather the last two decades
of the 21st century, since there are very low concentrations of sea-
ice by the end of the current century, and the effects of SHF and
OHFC on Arctic sea-ice are largest over the 2020-2040 period. In
addition, we examine the normalized sea-ice response in order to
account for the different reference sea-ice states (i.e,, the sea-ice in
the 1980-1999 period) in NOM LE, SOM LE, and LE.
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In LE most of the melting occurs over the Beaufort sea, the
Eastern Arctic seas, and along East Greenland. This melting pattern
is largely due to the ocean coupling, and in particular due to
thermodynamic coupling. The positive values in Fig. 4d illustrate
how OHFC reduces the melting of Arctic sea-ice, notably north of
Greenland and the Canadian Archipelago. The opposite effects of
SHF and OHFC north of Greenland and the Canadian Archipelago
explain the weaker melting over these regions, in comparison to
the melting over the Beaufort sea, the Eastern Arctic seas, and
along East Greenland seen in the LE mean.

Interestingly, over the same period, the near-surface air
temperature response exhibits a relatively uniform warming over
the Arctic, which also stems from thermodynamic coupling
(Supplementary Fig. 14). The different patterns of near-surface
air temperature warming and sea-ice loss suggest that regions
where most melting is projected to occur (i.e., over the Beaufort
sea, the Eastern Arctic seas, and along East Greenland) might be
more sensitive to surface warming. In addition, while ocean
coupling plays an important role in future September temperature
and sea-ice, September sea level pressure, which is associated
with a cyclonic flow over the Arctic, is only weakly affected by
ocean coupling, due to the cancellation of thermodynamic and
dynamic components (Supplementary Fig. 15).

Lastly, we examine the effect of ocean coupling on atmospheric
temperature. Figure 5 shows the response (differences between
the 2080-2099 and 1980-1999 periods) of Northern Hemisphere
zonal mean atmospheric temperature in the mean LE (panel a)
and the contribution from OCN (panel b), SHF (panel ¢), and OHFC
(panel d). A global warming pattern of upper tropical tropospheric
warming and polar amplification is evident in LE. Ocean coupling
accounts for most of this warming pattern, which is a product of
thermodynamic coupling. On the other hand, OHFC also acts to
reduce the warming of the entire atmosphere, especially over the
Arctic: OHFC reduces the warming by 40—45% over the Arctic
region. This is consistent with the effect of OHFC to reduce the LW,
LH, and SH fluxes from the surface to the atmosphere, and thus
Arctic amplification.

DISCUSSION

Motivated by the desire to explain Arctic amplification, many
previous studies have proposed different mechanisms to elucidate
the processes responsible for it. In particular, both thermodynamic
and dynamic ocean coupling have been shown to affect the Arctic
climate, but their effects have not been separately quantified to
date under a realistic forcing. This has led, for example, to different
reported effects of ocean heat transport/uptake on Arctic
amplification. Here, using a hierarchy of ocean configurations,
run over the 20th and 21st centuries, we have quantified the role
of ocean coupling, both its thermodynamic and dynamic
components, in the Arctic climate response to anthropogenic
emissions.

We have shown that, mostly via thermodynamic coupling,
ocean coupling accounts for 80% of the Arctic amplification, and
nearly all of the sea-ice loss over the 21st century. In addition,
thermodynamic coupling is responsible for the emergence of
Arctic amplification and sea-ice loss from internal variability. On
the other hand, dynamic coupling (the effects of ocean heat flux
convergence, i.e, ocean heat transport/uptake) has a smaller
effect on the Arctic amplification and sea-ice loss over the 20th
century, and acts to reduce the Arctic response by ~35% over the
21st century. This mitigating effect of ocean heat flux convergence
stems from net oceanic heat uptake, which overcomes the relative
minor effect of meridional heat redistribution to increase the
Arctic amplification. The key role of ocean coupling in the Arctic
does not mean that the ocean is solely responsible for the
amplification, as other processes (e.g., local radiative feedbacks,
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Fig. 4 Regional effects of ocean coupling on September Arctic extent. Response of September Arctic sea-ice concentration (%, differences
between the 2020-2040 and 1980-1999 periods normalized by the 1980-1999 period), in a the LE mean, and the contribution from b net

ocean coupling, ¢ thermodynamic coupling, and d dynamic coupling. The small black dots show where the differences are statistically
insignificant at the 95% confidence level.
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Fig. 5 The effects of ocean coupling on Northern Hemisphere atmospheric temperature. Response (differences between the 2080-2099
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atmospheric circulation, etc.) might affect the warming via ocean
coupling processes.

The effect of net oceanic heat uptake to reduce the global
surface warming was discussed in earlier studies who emphasized
the role of oceanic mixing in delaying global warming®%*3. For
example, under an abrupt increase of CO, the climate sensitivity
was found to be larger in slab ocean configurations than in a fully
coupled configurations, due to the role of ocean heat uptake?®>3,
Thus, the continuously increasing forcing in coming decades
suggests that the role of net oceanic heat uptake to reduce the
Arctic amplification is expected to continue to increase. Further-
more, since the effect of dynamic coupling on Arctic amplification
is less sensitive to surface warming than the effect of thermo-
dynamic coupling (Fig. 1c and Supplementary Fig. 16), under
emission scenarios weaker than the RCP8.5, the different roles of
thermodynamic and dynamic ocean coupling in Arctic amplifica-
tion are expected to become more comparable.

It is important to note that while we have here examined the
role of ocean coupling in the Arctic temperature and sea-ice
response to anthropogenic emissions, ocean coupling also affects
the Arctic atmospheric circulation response. Examining the
projected annual mean sea level pressure changes by the end
of this century reveals that, unlike the minor role of ocean
coupling by mid-21st century (Supplementary Fig. 15), net ocean
coupling contributes to the increase in sea level pressure over the
North Atlantic, and to the decrease over the Eastern Arctic seas, a
pattern that enhances a westerly flow over the Arctic (Supple-
mentary Fig. 17). This pattern of sea level pressure occurs because
dynamic coupling acts to increase the sea level pressure, mostly
around Greenland, whereas the thermodynamic coupling acts to
reduce it over the Arctic.

Finally, the important role of dynamic coupling—which
significantly reduces the projected Arctic amplification and sea-
ice loss—and thermodynamic coupling—which is responsible for
the recent and projected changes in the Arctic—prompt further
investigation and monitoring of the Arctic oceanic circulation,
heat content, and air-sea heat fluxes. In addition, our results
suggest that new locking experiments with other processes (e.g.,
atmospheric circulation, downward longwave radiation, etc.) that
have a large effect on the Arctic response to anthropogenic
emissions should be carried out, as this method is central to
quantifying the relative importance of different mechanisms
causing Arctic amplification. A careful quantification of the relative
importance of various mechanisms in the Arctic climate’s response
to anthropogenic emissions will not only deepen our under-
standing on human-caused climate change signals, but will also
help better constrain climate projections.

METHODS

Arctic amplification and sea-ice extent

Arctic amplification is defined as the difference between the warming of
the annual mean near-surface air temperature over the Arctic (averaged
over 66°N—90°N) and the warming over the rest of the Earth. The warming
is assessed relative to the 1980-1999 period. Averaging the Arctic
temperature over 75°N—90°N yields similar results. This definition of Arctic
amplification, based on differences rather than ratios, is chosen in order to
avoid dividing by zero in years when the planet as a whole has not
warmed; it also allows us to describe the entire evolution of Arctic
Amplification over both the 20th and 21 centuries. In addition, defining the
Arctic amplification using temperature differences has important implica-
tions for the atmospheric and oceanic circulations, which are driven by the
meridional temperature gradients. Arctic sea-ice extent is computed by
summing the area of all grid cells in the Northern Hemisphere with more
than 15% sea-ice concentrations.
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CMIP5 models

We use monthly data from 38 models that participate in the Coupled
Model Intercomparison Project Phase 5** (CMIP5), and select only the
rilpl” member between 1850-2099 with the Historical and
RCP8.5 scenarios (Supplementary Table 1), in order to weigh all models
equally.

CESM1 large ensembles
Ocean coupling can be investigated via the mixed-layer heat equation,

.
pcph% = SHF -+ OHFC, )

where, p is the sea-water density, ¢, is the ocean specific heat capacity, h is
the mixed layer depth, T is the mixed-layer temperature, SHF represents
the net heat flux (radiative and turbulent) into the ocean (e,
thermodynamic coupling), and OHFC the ocean heat flux convergence
(VX (T), dynamic coupling). Note that SHF comprises both
ocean-atmosphere heat fluxes and ocean-ice heat fluxes. To study the
role of ocean coupling in the Arctic amplification over the 20th and 21st
centuries we use three ensembles of model simulations that isolate the
roles of the different components in Eq. (1). These are carried out with the
state-of-the-art Community Earth System Model (CESM1%%), which
comprises atmosphere, ocean, land, and sea-ice components with about
1° horizontal resolution. The first ensemble uses the full CESM1
configuration (LE), and consists of 40 members running from 1920-2099
under the same Historical (through 2005) and the RCP8.5 (through 2099)
forcing as for the CMIP5 models. In this ensemble both changes in
thermodynamic and dynamic coupling can affect the climate’s transient
response to external forcing. The first member in the ensemble is initialized
from a preindustrial control run, and the other members branch off the
first member at year 1920, with a minor change in air temperature
(O(107)K)*, which, due to the chaotic nature of the system, leads to
distinct transient behaviors across the members. The spread across the
members allows one to compute the system'’s forced response to external
forcing, since by averaging across the different members one almost
eliminates the internal variability.

The second ensemble consists of 20 simulations integrated from
1920-2099 under the same Historical and RCP8.5 forcing, and has the
exact same model configuration as the first ensemble, except for the full-
physics ocean component which is replaced with a slab ocean model (SOM
LE). As in the LE, the first member in SOM LE is initialized from the SOM
preindustrial run, and the other members branch off the first member at
year 1920. The slab ocean includes changes in ocean-atmosphere and
ocean-sea-ice thermodynamic coupling, but not in dynamic coupling: the
OHFC in the slab ocean model, is fixed at preindustrial values. Thus, taking
the difference between the transient behavior in the mean LE and SOM LE
allows one to isolate and quantify the role of OHFC in the climate’s
transient response: the sole difference between the two ensembiles is the
presence/absence of changes in both horizontal heat transport and
oceanic heat uptake. Note that not only OHFC is fixed at preindustrial
values but also the mixed layer depth. Thus, the difference between the
mean LE and SOM LE also accounts for vertical heat transport processes
within the mixed-layer, i.e, changes in the mixed-layer heat capacity due
to turbulent mixing. A smaller number of members in the SOM LE is
sufficient for capturing the variability since the lack of changes in OHFC
reduces the internal variability in this slab ocean configuration. While Arctic
amplification variability in the LE is nearly the same (captures 99% of the
variability) for an ensemble size larger than 13 members, in the SOM LE,
the variability is nearly the same for an ensemble size larger than 7
members (Supplementary Fig. 3).

The third ensemble also consists of 20 simulations integrated over the
20th and 21st centuries under the same Historical and RCP8.5 forcing. It
uses the same slab ocean model as in SOM LE, only here the sea surface
temperature is fixed at preindustrial values (i.e., both oceanic dynamic and
thermodynamic coupling are fixed). Thus, as there is no active ocean
model in this ensemble (NOM LE), comparing the transient behavior in the
LE and NOM LE allows one to isolate and quantify the role of net ocean
coupling (both oceanic dynamic and thermodynamic) in the climate’s
transient response. In addition, taking the difference between the mean
SOM LE and NOM LE isolates the role of thermodynamic coupling (SHF; the
impacts of ocean-atmosphere and ocean-ice heat fluxes on the mixed-
layer temperature). Similar to the LE, in the NOM LE, the variability of Arctic
amplification is nearly the same for an ensemble size larger than 14
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members (Supplementary Fig. 3), and thus the NOM LE ensemble size is
sufficiently large for capturing the variability.

Finally, it is important to initialize all ensembles from the same
preindustrial climatology in order to ensure that their different transient
behaviors are only due to changes in ocean processes, and not due to
different background states. Thus, the monthly OHFC and annual mixed-
layer depth used in SOM LE, and the sea surface temperature used in NOM
LE are computed using the OHFC, mixed layer depth, and sea surface
temperature climatology from 1100 years of the preindustrial run of the
fully coupled model**, to ensure the same preindustrial climatology
(Supplementary Figs. 1 and 2). The preindustrial run with the fully coupled
CESM1 configuration is 1800-years long with constant 1850 forcings, and
thus all time-dependence is due only to the internal climate variability*®.

Observations

The observed surface air temperature (1880-2017) is taken from the
HadCRUT4* data set, which uses a combination of satellite and in-situ
measurements to produce monthly means of global surface temperature over
land and ocean. The observed sea-ice extent is taken from the National Snow
and Ice Data Center (NSIDC?'), which uses satellite-based multichannel
passive-microwave data to produce monthly mean of sea-ice extent.

GISS ModelE

We also compare the Arctic response to anthropogenic emissions in the fully
coupled and slab ocean configurations of the NASA Goddard Institute for
Space Studies ModelE E2.1°°. In particular, we examine the response (last 40
years of 150-year and 60-year fully coupled and slab ocean runs, respectively),
relative to preindustrial values, in each of these configurations to quadrupling
and doubling of CO, concentrations. We use the abrupt 4 x CO, experiment
in order to qualitatively validate the CESM1 results, and the abrupt 2 x CO,
experiment to validate the results of previous studies.
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