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Abstract Coupled ocean-atmosphere models have been utilized to investigate the global climate
response to polar sea ice loss using different approaches to constrain ice concentration and thickness. The
goal of this study is to compare two commonly used methods within a single model framework: ice albedo
reduction, which is energy conserving, and ice-flux nudging, which is not energy conserving. The two
approaches generate virtually identical equilibrium global climate responses to the same seasonal cycle of
sea ice loss. However, while ice-flux nudging is able to control the sea ice state year-round, albedo reduction
is most effective during summer and lessens the effects of climate change in winter due to the
underestimation of sea ice loss. These evaluations have implications for the Polar Amplification Model
Intercomparison Project (PAMIP), which proposes a set of coordinated coupled model experiments but
without a defined protocol on how to constrain sea ice.

Plain Language Summary What does polar amplification mean for global climate? This
question has been addressed by using different arbitrary methods to isolate melting of Arctic and/or
Antarctic sea ice in coupled ocean-atmosphere modeling experiments. However, these experiments
sometimes obtained different answers. It is still unclear whether the divergent results arise from models’
structural differences or from the different methods used to melt sea ice. In this study, two commonly used
approaches (albedo reduction and nudging) are applied to a single climate model to generate the same
seasonal cycle of ice loss and polar amplification. Nearly identical responses are found, including slowing
down the thermohaline circulation in the Atlantic Ocean, weakened westerly winds over high latitudes,
increased precipitation over the west coast of North America associated with a deepened Aleutian Low, and
tropical upper tropospheric warming. However, ice albedo reduction is found to be ineffective in winter,
unlike nudging, which can control sea ice year-round. We therefore recommend nudging to be adopted for
the Polar Amplification Model Intercomparison Project (PAMIP) coupled experiments.

1. Introduction

The warming Arctic and associated melting of the ice cap are among the most prominent features of anthro-
pogenic climate change. Understanding the global consequences of observed and projected Arctic sea ice
loss is an area of active research with many outstanding questions. Empirical studies suggest a connection
between Arctic sea ice loss and cold air outbreaks over Eurasia (e.g., Cohen et al., 2013; Francis & Vavrus,
2012; Kug et al., 2015; Overland et al., 2011), although the direction of causality is under debate
(Blackport et al., 2019; Blackport & Screen, 2019; Collow et al., 2018; Kretschmer et al., 2016; McCusker
et al., 2016; Mori et al., 2014; Mori et al., 2019; Ogawa et al., 2018; Peings, 2019; Perlwitz et al., 2015; Sun
et al., 2016). Modeling studies targeting future sea ice loss (i.e., isolating the sea ice change seen in coupled
model experiments with increasing greenhouse gases) have shown the importance of ocean-atmosphere
coupling, not only for magnifying the extratropical atmospheric response but also for communicating the
response into the tropics and Southern Hemisphere (Deser et al., 2015, 2016; Blackport & Kushner, 2016,
2017, 2018; Tomas et al., 2016; Oudar et al., 2017; Cvijanovic et al., 2017; Smith et al., 2017; Sun et al.,
2018; Wang et al., 2018; Liu & Fedorov, 2019). While models agree on the general characteristics of the atmo-
spheric and oceanic responses to Arctic sea ice loss, such as a weakening of the westerlies on the poleward
flank of the jet stream and a reduction in the strength of the Atlantic meridional overturning circulation
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(AMOC), regional climate responses are less consistent (Hay et al., 2018; Screen et al., 2018). The extent to
which these discrepancies arise from structural differences across models (i.e., model physics and resolution)
or from differences in experimental design (location of sea ice loss and methodology) has not been
documented. Thus, a coordinated experimental protocol is needed to properly compare model simulations
(Smith et al., 2019).

In the aforementioned coupled modeling studies, sea ice has been manipulated in different ways by modify-
ing the surface energy budget. The two most common approaches are (1) albedo reduction, which includes
ice and/or snow parameter adjustments (Bitz et al., 2006; Blackport & Kushner, 2016, 2017; Blackport &
Screen, 2019; Cvijanovic et al., 2017; Graversen & Wang, 2009; Liu et al., 2019; Liu & Fedorov, 2019;
Scinocca et al., 2009; Winton, 2008); and (2) “ghost flux” (Deser et al., 2015; Oudar et al., 2017) or similar
“ice-flux” (McCusker et al., 2017; Sun et al., 2018) nudging schemes, in which an additional surface heat flux
term is added to the sea ice module (the term “ghost flux” refers to the fact that this additional energy is invi-
sible to other components of the model: Deser et al., 2015; Screen et al., 2018). Albedo reduction conserves
energy but is only effective during the sun-lit portion of the year. By contrast, ghost flux and ice-flux nudging
do not conserve energy but are effective in adjusting sea ice year-round. Other methods have also been used
to melt sea ice, such as sea surface temperature (SST) relaxation or abrupt CO, quadrupling at high latitudes
(Stuecker et al., 2018; Yoshimori et al., 2018). However, these approaches introduce additional forcing
perturbations besides sea ice loss and thus target the response to high-latitude warming in general instead
of sea ice loss in particular.

It is still unclear the extent to which the coupled climate response to sea ice loss is sensitive to these different
approaches, since there has been no attempt to compare different approaches within a single modeling fra-
mework. Ghost flux and ice-flux nudging, for instance, have been criticized for not conserving energy. While
this flux is only prescribed to the ice model (Deser et al., 2015; Sun et al., 2018), the artificial flux could exert
an additional influence on the ocean and/or atmosphere, thus making it difficult to determine whether the
response originates solely from sea ice change (Cvijanovic et al., 2017). However, consistent extratropical
atmospheric responses to future Arctic sea ice loss have been found for both ghost flux and albedo reduction
methodologies (Blackport & Kushner, 2016, 2017; Deser et al., 2015; Screen et al., 2018), implying energy
conservation might not be that important. Nevertheless, one cannot rule out the possibility that there could
still be some sensitivity to the method of sea ice melting, especially in remote regions such as the tropics. For
example, the albedo reduction method (Liu & Fedorov, 2019) and the ghost/ice-flux nudging method
(Deser et al., 2015; Tomas et al., 2016; Wang et al., 2018; Sun et al., 2018) yield somewhat different patterns
of tropical SST and precipitation responses. Without further investigations, it is not obvious whether the
different responses are due to the ice-constraining approach or other factors (e.g., model physics, resolution,
and sea ice forcing).

A coordinated set of coupled ocean-atmosphere model experiments has been proposed as part of the Polar
Amplification Model Intercomparison Project (PAMIP) to investigate the global climate response to Arctic
and Antarctic sea ice loss on decadal and centennial timescales (Smith et al., 2019). In these experiments,
polar sea ice will be artificially decreased without altering greenhouse gas (GHG) concentrations so as to dif-
ferentiate its effect on the global climate system from other aspects of anthropogenic climate change.
However, there is as yet no defined protocol on how to constrain sea ice in models, and it is still unclear
which approach(es) should be used in PAMIP.

The goal of this study is to compare two approaches for constraining sea ice using a single coupled model. To
that end, we present a pair of 360-year climate model experiments with approximately the same Arctic and
Antarctic sea ice loss but achieved through albedo reduction and ice-flux nudging, respectively. We examine
the sensitivity of the global atmospheric and oceanic responses to these two methods and evaluate the effec-
tiveness of the different ice-constraining approaches for achieving the desired sea ice state. Lastly, based on
the findings, we provide recommendations on experimental protocol for PAMIP.

2. Model Experiment Design

We build upon an existing set of constrained sea ice simulations (Deser et al., 2015) with the fully
coupled Community Climate System Model Version 4 (CCSM4; Gent et al., 2011). All experiments are
conducted for 360 years with the first 100 years discarded as spin-up, and the radiative forcings are
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fixed at the year 2000. In the control experiment (hereafter “CONTROL”), Arctic and Antarctic sea ice
concentrations and thicknesses approximate late 20th century (1980-1999) conditions simulated by a
five-member ensemble of CCSM4 historical simulations (There is slight constraining on the Arctic sea
ice; see Deser et al., 2015. Whether there is ice constraining or not in the control run should not substan-
tially affect our conclusion, because the climate response is calculated by subtracting the same climatol-
ogy). In the albedo experiment (hereafter “ALBEDO”), ice and snow albedo values are lowered to achieve
a September Arctic sea ice extent that is close to the 2080-2099 climatology of a five-member ensemble of
CCSM4 Representative Concentration Pathway 8.5 (RCP8.5) simulations. This is done by justifying the
tuning parameters for snow (r_snw = —10.0; rsnw_melt_in = 3,000) and ice (r_ice = —4.0), similar to
Blackport and Kushner (2016). It is important to note that the sea ice extent in ALBEDO greatly under-
estimates the sea ice loss in RCP8.5 during the winter months, a point we shall return to in section 3.
Finally, in the ghost flux simulation (denoted “GHOST_F”), an additional seasonally varying downward
energy flux is added to the sea ice module in the Arctic to achieve a seasonal cycle of ice concentration
and thickness that is close to the 2080-2099 climatology of the five-member ensemble of CCSM4
RCP8.5 simulations.

We also conduct a new 360-year simulation (denoted “NUDGE”) in which we use ice flux nudging to achieve
approximately the same seasonal cycle of sea ice concentration and thickness as in ALBEDO. In this way, we
can directly compare the global climate responses in the two experiments, since their sea ice loss is nearly
identical. The ice flux nudging scheme developed for CCSM4 does not directly nudge the sea ice concentra-
tion as in Smith et al. (2017). Instead, it constrains ice volume by modifying the surface energy flux within
the ice model (Knutson, 2003; McCusker et al., 2017; Sun et al., 2018). At each time step, a time-varying flux
is calculated by

Qﬂux _ LiceDice(Cicehice_cice_thice_t) , (1)

Tice

where L;.. is the latent heat of fusion (3.34 x 10° J kg_l), Djce is the density of ice (905 kg m™), Cje is the sea
ice concentration (%), hje is the sea ice thickness (m), Cjc  is the target sea ice concentration, hj  is the
target sea ice thickness, and T, is the relaxation times. This flux is applied to the bottom of the ice, thereby
adjusting the ice concentration and thickness toward the target values. While energy is not conserved, the
water mass budget is conserved, which is desirable because the freshwater flux is important for the
AMOC response (Liu et al., 2019).

A crucial factor for the ice flux nudging scheme is the selection of nudging timescale. When a value of 60
days is used as recommended by PAMIP (Smith et al., 2019), the sea ice area in both hemispheres is over-
estimated compared to the target ALBEDO simulation (supporting information Figure S1). To improve
upon this, three additional simulations were run with nudging timescales of 1, 5, and 10 days. For both
the Arctic and Antarctic, the overestimation of sea ice area lessens when the nudging timescale decreases
(Figure S2) and eventually changes to an underestimation for 1-day nudging. In addition, there is slight
downward drift in sea ice area over the 360-year simulation, especially in the Antarctic, and this drift
appears for both the 1- and 10-day nudging timescales. This is possibly due to the feedback of extratropical
SST warming as a result of sea ice loss. Based on these sensitivity tests, we chose 10 days for the damping
timescale. Similar results are found when the sensitivity tests are evaluated using on sea ice volume instead
of sea ice area (not shown).

The September and March sea ice concentrations and sea ice area for the CONTROL, ALBEDO, and
NUDGE simulations are shown in Figure 1, and the corresponding sea ice thickness distributions are shown
in Figure S3. There is a very close match between ALBEDO and NUDGE sea ice conditions when averaged
over years 101-360: Their annual sea ice area difference is less than 0.1 million km?, which is less than 5% of
the polar sea ice loss relative to CONTROL.

The climate response to polar sea ice loss in each experiment is defined relative to the control simulation:

AALBEDO = ALBEDO-CONTROL, )
ANUDGE = NUDGE-CONTROL, 3)
SUN ET AL. 30f9
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Figure 1. (a) March and September Arctic and Antarctic sea ice concentrations (%) in the CCSM4 CONTROL, ALBEDO, and NUDGE experiments. (b) Monthly
Arctic (left) and Antarctic (right) sea ice area (106 kmz) in the CONTROL (solid black line), ALBEDO (dashed black line), and NUDGE experiments (nudging
timescale of 10 days; dashed blue line). The months March—June are repeated for clarity.

AGHOST_F = GHOST_F-CONTROL. 4)

The March and September polar sea ice loss in AALBEDO, ANUDGE, and their difference are shown in
Figure S4.

The statistical significance is evaluated using a two-sided Student's ¢ test, and the number of degrees of free-
dom is calculated by taking into account the serial correlation (Zwiers & von Storch, 1995).

3. Results

The annual-mean global SST responses in AALBEDO (left), ANUDGE (middle), and their difference (right)
are shown in Figures 2a-2c. Overall, these two experiments generate very similar responses, with a pattern
correlation above 0.99 and root-mean-square (RMS) difference of 0.04 °C. SSTs increase everywhere
except directly east of northern Japan and along the northern flank of the Gulf Stream, with maximum
warming (1-2 °C) in regions of sea ice loss. The tropical oceans warm by 0.4-0.6 °C, with a maximum
along the equator especially in central and eastern Pacific. The magnitudes of AMOC weakening are also
comparable (Figure S5), and the structures of the AMOC response are almost identical for two
approaches (Figure S6).

The precipitation response is also very similar between the two experiments (Figures 2d and 2e; pattern cor-
relation of 0.88 and RMS difference of 0.06 mm day™"). Diminished sea ice enhances precipitation locally,
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Figure 2. Annual (a, b, ¢) SST (°C), (d, e, f) precipitation (mm day_l), and (g, h, i) sea-level pressure (hPa) responses in (left) AALBEDO, (middle) ANUDGE, and
their difference (right). The red contour lines in the middle panel show the climatological precipitation (6, 8, and 10 mm day71 isopleths) for context. Stippling
denotes the 95% confidence level based on a two-sided Student's ¢ test.

with slightly larger magnitude in the Antarctic compared to the Arctic. In the tropical Pacific, there are two
zonally oriented bands of enhanced precipitation on either side of the equator across much of the basin,
flanked on their poleward sides by negative precipitation anomalies. This implies an equatorward shift
and intensification of the climatological ITCZ (contours). Precipitation also increases near the equator
over the Atlantic. There are some differences in the small-scale features and magnitudes of the tropical
precipitation response in AALBEDO and ANUDGE, but these are mostly statistically insignificant
(Figure 2f). When zonally averaged, the responses are nearly identical at each latitude (not shown).

The sea-level pressure responses are also very similar in the two experiments (Figures 2g and 2h; pattern cor-
relation of 0.97 and RMS difference of 0.08 hPa), with negative anomalies over eastern North America and
positive anomalies over northern Eurasia, which is a robust feature across models (Hay et al., 2018; Screen
et al., 2018). There is also a pronounced deepening of the Aleutian Low, and the associated counterclockwise
circulation transports warm moist air on its eastern side leading to an increase in precipitation along the
western United States and Canada (Figures 2d and 2e). This circulation change is largely due to teleconnec-
tions driven by tropical SST warming (Tomas et al., 2016) but may also partly result from the direct sea ice
forcing (e.g., Deser et al., 2016; Sun et al., 2015) and extratropical SST warming (Blackport & Kushner, 2018).
Sea-level pressure increases over Antarctica and decreases in the Southern Hemisphere midlatitudes, in
agreement with other similar studies (e.g., Ayres & Screen, 2019; England et al., 2018).

Figure 3 shows the annual zonal-mean temperature and zonal wind responses in AALBEDO (left),
ANUDGE (middle), and their difference (right) as a function of pressure and latitude, superimposed on
the climatology (contours). Again, the features are broadly similar in the two experiments, and the
differences are small and statistically insignificant. The temperature response is nearly symmetric about
the equator, with strong polar amplification near the surface and in the tropical upper troposphere. It

SUN ET AL.

50f9



AAAAAAAAAAAAAA
'AND SPACESCIENCE

Geophysical Research Letters 10.1029/2019GL085788

P ’
\
o WY

C) ANUDGE-AALBEDO K
Z

30N 60N 90N 90S 60S 30S O 30N 60N 90N

90S 60S 308
| [ [

[ I [ D |

0.1 0.2 0.3 0.4 0.5 0.7 0.9

T
0O 30N 60N 90N 90S 60S 30S O 30N 60N 90N 90S 60S 30S O 30N 60N 90N
[
0

-0.7 -0.5 -0.4 -0.3 -0.2 -0.1

Figure 3. Annual zonal-mean (a, b, ¢) air temperature (°C) and (d, e, f) zonal wind (m s_l) responses in (left) AALBEDO, (middle) ANUDGE, and their difference
(right) as a function of pressure and latitude. The black contour lines denote the climatological values with an interval of 10°C for temperature and 10 m s~ for
zonal wind. Stippling denotes the 95% confidence level based on a two-sided Student's ¢ test.

resembles the overall response to an increase in GHG, but with much-reduced amplitude: hence, the term
“mini-global warming” (Deser et al., 2015). The extratropical stratosphere cools slightly (similar to Sun
et al., 2018) with nearly the same magnitude in both AALBEDO and ANUDGE. Consistent with the
temperature responses and thermal wind considerations, the zonal wind is reduced in the latitude bands
45-80°N and 40-70°S, with maxima at 60°N/S near 300 hPa, and increased in the subtropical lower
stratosphere in both hemispheres.

We also examine the seasonality by averaging the responses over extended boreal winter (October-March)
and summer (April-September) seasons, as shown in Figures S7-S10. Deepening of the Aleutian Low and
increased precipitation over the western coast of North America occur mainly in the boreal winter.
Weakening of the westerly winds near 60°N and 60°S is largest in the corresponding winter season of each
hemisphere, consistent with seasonality of the polar warming. But more importantly, the differences
between AALBEDO and ANUDGE are small and mostly statistically insignificant in either season.

As mentioned above, our ALBEDO simulations (and those of Blackport & Kushner, 2016, 2017) underesti-
mate winter sea ice loss relative to RCP8.5. This is highlighted in Figure 4a, which compares the monthly sea
ice area loss in AGHOST_F (red bars), in which the sea ice is nudged to the 2080-2099 state of the CCSM4
RCP8.5 simulations, with AALBEDO (blue bars) and ANUDGE (orange bars). The seasonal cycles of ice
area loss are very similar in AALBEDO and ANUDGE, by design. However, they underestimate ice area loss
in RCP8.5 in all months except September. In boreal winter (e.g., November, December, and January), the
loss of Arctic ice is underestimated by as much as ~50%. While matching September sea ice as done here
is arbitrary and one may choose larger albedo reduction to better match other seasons, the ineffectiveness
of constraining sea ice in winter appears to be a common issue in previous studies using the
albedo approach.

The underestimation of sea ice loss in AALBEDO compared to RCP8.5 can substantially affect the magni-
tudes of the local and remote responses. Figure 4b shows the monthly Arctic surface energy flux response
(sum of sensible, latent, and longwave fluxes averaged over climatological March sea ice extent in
CONTROL), where positive values denote upward flux anomalies. The energy entering the atmosphere is
substantially underestimated in AALBEDO and ANUDGE compared to AGHOST_F, especially in winter
when the peak flux response occurs. As a result, warming of the Arctic lower troposphere is substantially less
in AALBEDO and ANUDGE compared to AGHOST_F (not shown, but see Deser et al., 2015 for
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Figure 4. (a) Monthly Arctic sea ice area anomaly (106 kmz; note inverted
scale) in AGHOST_F (red), AALBEDO (blue), and ANUDGE (orange)
experiments. The months March-June are repeated for clarity. Error bars
denote +/— one standard deviation. (b) Net surface heat flux response (sum
of the turbulent and longwave radiative flux components, positive upward;
w m_z) to polar sea ice loss in AGHOST_F (red), AALBEDO (blue), and
ANUDGE (orange). In (a) and (b), the months March-June are repeated for
clarity. (c) The zonal-mean zonal wind response at 700 hPa averaged over
October-March (m s_l) in AGHOST_F (red), AALBEDO (blue), and
ANUDGE (orange). Note that the seasonal cycle of Arctic sea ice area
anomaly in AGhost_F is very similar to the ice loss in 2080-2099 relative to
1980-1999 in CCSM4 under historical and RCP8.5 radiative forcing.

temperature response in AGHOST_F). It is therefore not surprising that
the decrease in zonal-mean zonal wind at 700 hPa during winter
(October-March) over the latitude band 50-70°N is substantially smaller
in AALBEDO and ANUDGE compared to AGHOST_F (Figure 4c). The
magnitude of AMOC weakening is also underestimated in AALBEDO
experiments (Figure S5).

4. Implications for Coordinated Experiments
in PAMIP

Although PAMIP involves a coordinated set of coupled modeling experi-
ments to investigate the response to sea ice loss, there are no formal
recommendations on a common experimental protocol to be used for con-
straining sea ice. To fill this void, we have compared two methodologies
using long (360 year) simulations with CCSM4, taking care to ensure that
the sea ice loss in both hemispheres is nearly identical in the two
approaches. Our results reveal that the two techniques result in virtually
the same global atmospheric and oceanic responses, including (1) polar
amplification and locally enhanced precipitation, (2) weakening of the
AMOC, (3) equatorward displacement of the Pacific ITCZ, (4) deepening
of the Aleutian Low and increased precipitation over the western United
States and Canada, (5) “mini-global warming” signature in tropospheric
temperatures, and (6) zonal wind deceleration near 60°N/S. All of these
features are consistent with most previous coupled modeling studies on
this topic (Deser et al., 2015, 2016; Tomas et al., 2016; Blackport &
Kushner, 2016, 2017; Oudar et al., 2017; Wang et al., 2017; Sun et al,,
2018; Hay et al., 2018; Blackport & Screen, 2019). Note that our findings
are distinct from those of Cvijanovic et al. (2017) who found increased
geopotential height over the North Pacific and decreased precipitation
over the west coast of the United States in response to Arctic sea ice loss.
They speculated that the disparity between their results and previous stu-
dies is due to the method used to constrain sea ice. Our results suggest that
the disparity is more likely due to the inadequacy of the slab-ocean model
configuration used in Cvijanovic et al. (2017) rather than the ice-
constraining methodology.

Despite the consistency in response patterns, the ALBEDO experiment
has been found to underestimate winter sea ice loss, and thus its local
and remote impacts. This leads us to make some suggestions based on
the effectiveness of the ice-constraining approaches to be used in the
PAMIP coupled experiments. We acknowledge that all sea ice-
constraining approaches are idealized, since sea ice loss is just one compo-
nent of the response to increased GHG and is always tied to other changes.
As a result, all sea ice-constraining approaches are imperfect (Smith et al.,
2019). For example, in the ice-flux nudging experiments, sea ice has too
little variability at interannual timescales compared to the albedo method
(Figure S11) as does the associated interannual SST variability
(Figure S12). In addition, the ice-flux nudging appears to have difficulty

matching the sea ice in winter when the target sea ice becomes very thin (e.g., in the highly sensitive model
such as Geophysical Fluid Dynamics Laboratory Coupled Model Version 3; Sun et al., 2018). Nevertheless,
for the purpose of model intercomparison, a recommended experimental protocol will benefit the PAMIP
community and enable better coordination among the model institutes performing the experiments.

Based on our findings, we recommend using the ghost flux or ice-flux nudging approaches in the PAMIP
coupled experiments. These approaches are effective at constraining polar sea ice year-round and do not
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appear to produce spurious responses. They can be compared directly to the atmosphere-only model
experiments to isolate the role of ocean-atmosphere coupling (e.g., Deser et al., 2015, 2016) and can be
more closely compared with other PAMIP coupled experiments because the ice forcing is approximately
identical. We also emphasize that to properly constrain polar sea ice, both concentration and thickness
need to be considered, and the global freshwater water budget needs to be conserved. These are vital
for understanding the ocean response (e.g., AMOC and associated SST and sea surface salinity) to past
and future sea ice loss.

If the model infrastructure is too complex to adopt ice nudging, albedo reduction can also provide useful
information. However, one must bear in mind that this approach underestimates winter sea ice loss, and
thus its local and remote effects especially in winter (which are driven by the concurrent winter ice loss:
Sun et al., 2015; Blackport & Screen, 2019). A further consequence is that comparison with other PAMIP
experiments will be more qualitative in nature. However, the pattern scaling approach developed by
Blackport and Kushner (2017) and Hay et al. (2018) might be able to account for some of the sea ice differ-
ences, but with potential limitations due to its assumption of linearity.
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