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Abstract The Arctic warming response to greenhouse gas forcing is substantially greater than the rest
of the globe. It has been suggested that this phenomenon, commonly referred to as Arctic amplification,
and its peak in boreal fall and winter result primarily from the lapse-rate feedback, which is associated
with the vertical structure of tropospheric warming, rather than from the sea-ice albedo feedback, which
operates mainly in summer. However, future climate model projections show consistently that an overall
reduction of sea-ice in the Arctic region leads to a gradual weakening of Arctic amplification, thereby
implying a key role for sea-ice albedo feedback. To resolve this apparent contradiction, we conduct a
comprehensive analysis using atmosphere/ocean reanalysis data sets and a variety of climate model
simulations. We show that the Arctic Ocean acts as a heat capacitor, storing anomalous heat resulting
from the sea-ice loss during summer, which then gets released back into the atmosphere during fall and
winter. Strong air-sea heat fluxes in fall/winter in sea-ice retreat regions in conjunction with a stably
stratified lower troposphere lead to a surface-intensified warming/moistening, augmenting longwave
feedback processes to further enhance the warming. The cold-season surface-intensified warming/
moistening is found to virtually disappear if ocean-atmosphere-sea ice interactions are suppressed,
demonstrating the importance of ice insulation effect and ocean heat uptake/release. These results
strongly suggest that the warm-season ocean heat recharge and cold-season heat discharge link and
integrate the warm and cold season feedbacks, and thereby effectively explain the predominance of the
Arctic amplification in fall and winter.

Plain Language Summary The Arctic warms faster than the rest of our planet. Interestingly,
this accelerated warming is most pronounced in boreal fall and winter, when the sea-ice albedo feedback
is not active due to a lack of sunshine, which has led numerous studies to emphasize the role of longwave
feedback processes. Here, we present observational and modeling evidence that the seasonal evolution

of Arctic amplification cannot be explained by a single mechanism such as lapse-rate feedback or sea-ice
albedo feedback. We show that ocean-atmosphere heat exchanges associated with sea-ice reduction are
essential for Arctic amplification and its seasonality. In particular, our analysis shows that the ocean

heat capacitor mechanism links and integrates the warm and cold season feedbacks, thereby explaining
the seasonal evolution of Arctic amplification, and its peak in the cold season. This connected nature of
climate feedback processes in conjunction with insulation effect of sea ice implies a substantial weakening
of Arctic amplification and its seasonal contrast in a future ice-free climate as well as during ice-free states
in the geological past.

1. Introduction

During recent decades, the Arctic has been warming at a much faster rate than the global average. This
warming amplification in the Arctic is one of the most robust features of climate change projections in re-
sponse to greenhouse gas (GHG) forcing (e.g., IPCC, 2013; Manabe & Wetherald, 1975). Yet, as illustrated in
Figure 1a, the Arctic exhibits also the largest intermodel spread in the amplitude of the projected warming,
partly due to an incomplete understanding of the physical processes governing the Arctic climate system.
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Figure 1. Arctic amplification in reanalysis and model simulations. (a) Annual-mean, zonal-mean surface air
temperature change (unit: K) between 1958-1977 and 1998-2017 as a function of latitude for JRA-55 (black), CESM
Large Ensemble Project (blue), and CMIP5 models (red). For model simulations, line denotes the ensemble mean or
multimodel mean change under the historical and RCP8.5 scenarios, with associated shading representing a minimum-
to-maximum range. (b) Distribution of the zonal-mean surface air temperature change (unit: K) as a function of season
and latitude for JRA-55. (c) Same as in (b), but for the ensemble-mean change from the CESM Large Ensemble Project.
(d) Same as in (b), but for the multimodel mean change of 22 CMIP5 models. Solid lines in panels (b-d) represent
incoming mean solar radiation at the top of the atmosphere (TOA, unit: W m™2).
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There is an ongoing debate on the primary cause of Arctic amplification (e.g., Boeke & Taylor, 2018;
Dai et al., 2019; Goosse et al., 2018; Graversen et al., 2008; Holland & Bitz, 2003; Lainé et al., 2016; Lu &
Cai, 2010; Pithan & Mauritsen, 2014; Screen & Simmonds, 2010a; Screen et al., 2012; Stuecker et al., 2018; P.
C. Taylor et al., 2013; Winton, 2006). Based on the fact that sea ice/snow-covered surfaces reflect a substan-
tial amount of incoming solar radiation, the surface albedo feedback has been regarded as the main con-
tributor to Arctic amplification (e.g., Hall, 2004; Holland & Bitz, 2003; Manabe & Wetherald, 1975; Screen &
Simmonds, 2010b). However, in both observations and model simulations, the warming arising from GHG
forcing is greatest in boreal fall (SON) and winter (DJF, hereafter referred to as cold season) during which
the surface albedo feedback is nearly inactive due to the lack of incoming solar radiation (Figures 1b-1d).
Moreover, previous studies showed that Arctic amplification can occur even without surface albedo feed-
back in idealized model simulations (e.g., Alexeev et al., 2005; Cai & Tung, 2012; Graversen & Wang, 2009;
Russotto & Biasutti, 2020). These discrepancies in our basic understanding and in observations/models
have led numerous studies to emphasize the role of either positive local longwave (LW) feedback processes
(e.g., Bintanja et al., 2011; Graversen & Wang, 2009; Lu & Cai, 2009a; Pithan & Mauritsen, 2014; Stuecker
et al., 2018; P. C. Taylor et al., 2015; Vavrus, 2004; Winton, 2006) or enhanced poleward energy transport
from lower latitudes (e.g., Gong et al., 2017; Graversen et al., 2008; Khodri et al., 2001; Lee et al., 2017; Spiel-
hagen et al., 2011). Especially, the lapse-rate feedback associated with the vertical structure of tropospheric
warming has been suggested as the main contributor (Pithan & Mauritsen, 2014; Stuecker et al., 2018).
However, the vertical warming structure that leads to positive lapse-rate feedback in the cold season is in-
tricately connected to sea ice changes (e.g., Boeke et al., 2020; Feldl et al., 2020; Manabe & Stouffer, 1980):
Summer sea-ice loss in response to GHG forcing leads to intensified ocean mixed layer heating, followed
by an early winter increase in surface turbulent heat flux into the atmosphere. In line with this connection,
a recent study (Dai et al., 2019) showed that projected Arctic warming greatly weakens when there is no
sea-ice loss, arguing that Arctic amplification is closely related to ocean heat release associated with sea-ice
loss (e.g., Bintanja & van der Linden, 2013; Boeke & Taylor, 2018; Deser et al., 2010; Kim et al., 2016, 2019;
Screen & Simmonds, 2010a, 2010b; Serreze & Francis, 2006; Serreze et al., 2009; P. C. Taylor et al., 2018).
This apparent disagreement on the physical processes leading to Arctic amplification undermines our con-
fidence in model-projected future climate change in that Arctic climate change could exert a substantial
impact on global climate.

We emphasize that these processes invoked to explain Arctic amplification might not be independent of
each other (e.g., Boeke et al., 2020; Feldl et al., 2017, 2020; Graversen et al., 2014). By analyzing idealized
model simulations, Graversen et al. (2014) and Feldl et al. (2017) have shown that in terms of the annual
mean and zonal mean, the lapse-rate feedback is intricately connected to surface albedo feedback in the
polar regions. Conversely, increased downward LW radiation due to LW feedbacks or enhanced poleward
energy transport from lower latitudes can lead to a cold-season melting or delayed growth of sea ice through
surface warming, which is expected to induce enhanced heat release from the open ocean given the in-
sulation effect of sea ice (e.g., Deser et al., 2010). Therefore, an important question to address is whether
sea-ice reduction and resulting anomalous seasonal ocean heat uptake/release in sea-ice retreat regions are
indeed essential for Arctic amplification and its seasonality. A related question is whether the cold-season
maximum of Arctic amplification can be accounted for by the LW feedbacks (and/or enhanced poleward
energy transport from lower latitudes) alone without heat and moisture release from sea-ice retreat regions.
Addressing these questions would help to resolve the ongoing debate on the primary cause of Arctic ampli-
fication and its peak in the cold season.

2. Materials and Methods
2.1. Data and Model Simulations

As a proxy for observations, we used multiple reanalysis/reconstructed data sets, the Japanese 55-year Rea-
nalysis (JRA-55, Kobayashi et al., 2015), the European Centre for Medium-Range Weather Forecasts’ Ocean
Reanalysis System 5 (ORA-S5, Zuo et al., 2019), and the Hadley Centre Sea Ice and Sea Surface Temperature
(HadISST, Rayner et al., 2003). To determine the primary causes of Arctic amplification and its seasonal-
ity, the observation and reanalysis-based changes are compared with model-simulated changes from the
Community Earth System Model (CESM) Large Ensemble Project (Kay et al., 2015), in which the CESM1
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model with CAMS5.2 as its atmospheric component is integrated with slightly different initial conditions
in the atmospheric state under the historical (up to 2005) and RCP8.5 (2006-2100) emission scenarios of
the Coupled Model Intercomparison Project phase 5 (CMIP5). Model simulation output for 39 ensemble
members is used in this study. Simulated changes from climate models participating in CMIP5 (K. E. Taylor
et al., 2012) are also analyzed to assess the robustness of the CESM-based results. The CMIP5 models ana-
lyzed in this study are listed in Table S1.

Atmosphere-only model simulations from the Facility for Weather and Climate Assessments (FACTS, Mur-
ray et al., 2020) are used to explore whether ocean heat uptake/release in sea-ice retreat regions is a pre-
requisite for amplified cold-season Arctic warming. Two experiments with CAMS5.1 using the Atmospheric
Model Intercomparison Project (AMIP, Gates et al., 1999) boundary conditions are analyzed along with
relevant coupled model simulation (i.e., CESM Large Ensemble Project). In the control AMIP experiment,
CAMS5.1 is integrated with observed time-varying SSTs, sea ice concentrations, and external forcing agents
(RCP6 forcing scenario after 2005) prescribed. The second experiment, referred to as the Clim_Polar AMIP
experiment in this study, is the same as the control experiment, but with climatological sea ice and polar
SSTs prescribed. More specifically, sea ice concentration is set to a repeating seasonal cycle of 1979-1989 in
this counterfactual experiment. In the case of polar SSTs, SST is prescribed in three ways depending on the
1979-1989 climatological sea-ice coverage: SST is set to (1) —1.8°C for grid points where the mean sea-ice
fraction of a given month is 1, (2) the value of 1979-1989 SST climatology of a given month for grid points
where the mean sea-ice fraction for that month is greater than 0 but less than 1, and (3) observed time-var-
ying monthly value for the grid points where the 1979-1989 mean sea-ice fraction is 0 (e.g., the Norwegian
Sea). Hence, any difference in the simulated Arctic climate between the two AMIP experiments can be
attributed primarily to observed changes in sea ice and SST in the Arctic. Each experiment consists of 20
ensemble members. Table S1 summarizes the model experiments analyzed in this study.

2.2. Energy Budget Decomposition

Change in the net downward radiative flux at the top of the atmosphere (TOA) averaged over the Arctic
between two time periods (AN) can be decomposed into imposed radiative forcing (RF) and radiative flux
change (AR) arising from changes in feedback variables such as temperature (T), water vapor (WV), surface
albedo («), and clouds (C), i.e.,

AN = RF + ARy + ARyy + AR, + AR. (1)

The ARy term, which represents the impact of surface and tropospheric temperature changes on TOA LW
radiative flux, can be decomposed into two terms, the Planck response term (ARpy) due to vertically uniform
temperature change, which is set to be the surface air temperature change, and the lapse-rate feedback term
(ARyR) due to vertically nonuniform temperature change (e.g., Pithan & Mauritsen, 2014; Shell et al., 2008;
Soden & Held, 2006; Soden et al., 2008; Stuecker et al., 2018).

Assuming that the heat storage is much smaller for land, snow, and sea ice compared to the ocean, change
in the ocean heat storage and transport (AH) can be approximately written as

AH = ASW, + ASW, + ALW, + ALW, + ASH + ALH, ©)

where SW, LW, SH, and LH are surface shortwave and LW radiative flux, surface sensible and latent heat
flux, respectively, and the subscript d and u denote downward and upward, respectively. The sign conven-
tion in Equations 1 and 2 is such that downward fluxes are positive. Although we do not separate the ocean
heat storage component from the oceanic transport component, previous studies showed or assumed that
model-projected heat transport change in response to GHG forcing is smaller than heat storage change in
the upper Arctic Ocean (e.g., Bintanja & van der Linden, 2013; Boeke & Taylor, 2018; Lainé et al., 2016).
However, it does not mean that the ocean heat transport plays a minor role in Arctic amplification. A recent
study (Beer et al., 2020), for instance, proposed that enhanced vertical heat flux across the halocline in re-
gions with sea ice can lead to increased ocean heat transport into the Arctic, which in turn contributes to
Arctic amplification.
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Assuming that the storage of heat in the atmosphere is negligible on time scales under consideration, the
change in atmospheric energy convergence within the Arctic region due to atmospheric heat transport
(AAEC) can be related to Arctic-mean changes in ocean heat storage and transport and TOA net downward
radiative flux, as follows:

AAEC = AH - AN. (3)

Eliminating AN by using Equations 1 and 3 leads to the following equation:

RF + ARy, + AR,y + ARy + AR, + AR — AH + AAEC = 0. (@)

Using the radiative kernel method (Shell et al., 2008; Soden & Held, 2006; Soden et al., 2008), in which a
radiative kernel represents the change in TOA radiative flux caused by a small perturbation of a given cli-
mate variable x (i.e., OR/0x), the Planck response term (ARpr) can be represented as the product of surface
air temperature change and the temperature kernel (i.e., 0R/0T). Hence, as derived in previous studies (e.g.,
Lu & Cai, 2009a; Pithan & Mauritsen, 2014; Stuecker et al., 2018), the Arctic-mean surface air temperature
change can be approximated as follows:

ATAS = —2p "(RF + AR + ARyy + AR, + AR — AH + AAEC) + ¢, (5)

where the constant Ap;, is defined as OR/0T over the Arctic and € denotes a residual term. Equation 5 indi-
cates that in addition to imposed RF, increases in TOA downward radiative flux induced by feedback pro-
cesses (LR, WV, a, and C), northward energy transport (AEC) or ocean-to-atmosphere heat release (H) lead
to warming in Arctic surface air temperature.

Given that the surface upward LW radiative flux with surface temperature T is go-Ts4 (g denotes the surface
emissivity and o is the Stefan-Boltzmann constant), the following equation can be derived from Equation 2
by replacing the ALW, term by —4&0T’AT, (e.g., Boeke & Taylor, 2018; Lee et al., 2017; Lu & Cai, 2009b):

AT, = !

P (ASW, +ASW, + ALW, ~ AH + ASH + ALH) )
S

where the ALW, term on the right-hand side is the sum of the LW feedbacks (i.e., temperature, water vapor,
and cloud) and imposed RF from a surface perspective. It is noted that AT, may not be identical to ATAS.
This is because increased ocean-to-atmosphere turbulent heat fluxes warm the atmosphere at the expense
of the surface, and vice versa.

3. Results
3.1. Seasonal Variation of Warming and Moistening in the Arctic

Changes in surface air temperature between 1958-1977 and 1998-2017 are computed from JRA-55, the
CESM Large Ensemble Project, and 22 climate models participating in CMIP5. Interensemble spread and
intermodel spread are substantial in the Arctic (Figure 1a and Figure S1), but model-simulated Arctic am-
plification is largely consistent with the reanalysis data set (Figure 1) and the role of external forcings
(mainly GHG forcing) in recent observed Arctic climate change (Figure S2). Additional analysis using a
preindustrial control simulation output suggests that noticeable warming and cooling episodes can occur in
the Arctic as a result of internal variability (Figure S1). However, the reanalysis-based and model-simulated
Arctic warming over the analysis period and its seasonality (Figures 1b-1d) cannot be explained by internal
variability alone (Figure S1).

The spatial distribution of the surface air temperature changes from JRA-55 for August, October, and De-
cember (Figures 2a-2c) indicates that air temperature over the Arctic Ocean exhibits enhanced warming
in October with marked spatial inhomogeneity. However, the warming is almost muted in August during
which we expect the largest immediate effect of the sea-ice albedo feedback because incoming mean so-
lar radiation and sea-ice responses are the strongest. Note that the seasonal warming differences are not
well pronounced over the land regions. These characteristics indicate that an annual-mean, Arctic-mean
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Figure 2. Spatial patterns of temperature and sea ice changes in reanalysis/reconstructed data sets. (a-c) Surface air temperature change (unit: °C, JRA-55)
between 1958-1977 and 1998-2017 for (a) August, (b) October, and (c) December. (d-f) Same as in (a—c), but for sea ice fraction change (unit: %, ORA-S5).
(g-1) Same as in (a—c), but for sea surface temperature change (unit: °C, HadISST). (j-1) Same as in (a—c), but for ocean potential temperature change (unit: °C,

ORA-S5) at a depth of ~5 m.

perspective provides only limited insights into the physical mechanisms responsible for the strongly season-
ally modulated Arctic amplification.

The spatial pattern of surface air temperature change is compared to that for sea-ice coverage change from
ORA-S5 (Figures 2d-2f). Whereas sea-ice retreat regions do not show amplified warming in August, the
amplified warming occurs most distinctly in sea-ice retreat regions in October and December. In contrast,
the corresponding changes in SST (Figures 2g-2i) and ocean potential temperature at a depth of ~5 m (Fig-
ures 2j-21) indicate that the largest ocean warming occurs in August, especially, in sea-ice retreat regions.
In terms of seasonal evolution and phase relationships, the CESM ensemble-mean changes presented in
Figure S3 are remarkably similar to the observation and reanalysis data sets.

To better understand the physical processes associated with the enhanced cold-season warming of the sur-
face air, we examine the vertical profile of domain-averaged (70°N-90°N) atmospheric temperature and
moisture changes. The cold-season atmospheric temperature change from JRA-55 is characterized by a sur-
face-intensified warming structure, which is in stark contrast to warming maxima in the free troposphere
in the summer season (Figure 3a). Previous studies have linked the surface-intensified warming structure
to restricted mixing due to a stably stratified Arctic lower troposphere (e.g., Bintanja et al., 2011), whereas
the warming maxima in the free troposphere have been attributed to enhanced poleward energy transport
from lower latitudes (e.g., Chung & Réisdnen, 2011; Graversen et al., 2008; Screen et al., 2012). The cor-
responding fractional change in specific humidity also exhibits a similar seasonal contrast in the vertical
structure (Figure 3d). More specifically, whereas the cold season is characterized by enhanced moistening
near the surface, the largest fractional increase is observed in the upper troposphere in the summer season.
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Figure 3. Temperature and humidity changes in the Arctic in response to greenhouse gas (GHG) forcing. (a—c) Arctic-mean (70°N-90°N) air temperature
change (unit: °C) between 1958-1977 and 1998-2017 as a function of season and pressure for (a) JRA-55, (b) CESM Large Ensemble Project, and (c) CMIP5
models. (d-f) Same as in (a-c), but for fractional change in Arctic-mean specific humidity. (g-i) Arctic-mean ocean potential temperature change (unit: °C) as
a function of season and depth for (g) ORA-S5, (h) CESM Large Ensemble Project, and (i) CMIP5 models. Note that the center and right columns denote the
ensemble-mean and multimodel mean changes, respectively.

The ORA-S5 upper ocean (~50 m) potential temperature change averaged over the Arctic Ocean indicates
that the largest increase in subsurface water temperatures occurs in late summer (Figure 3g), preceding
the warming and moistening peak in the lowermost part of the Arctic atmosphere in fall to winter. This
phase relationship appears to imply that the surface intensified warming/moistening structure is linked
to anomalous ocean heat uptake and release (Manabe & Stouffer, 1980) in conjunction with the insulation
effect of sea ice (e.g., Deser et al., 2010). Weaker but noticeable warming is also found in the deeper ocean,
which appears to arise partly from increased solar heating of surface waters due to reduced sea ice coverage
(Timmermans et al., 2018).

The corresponding ensemble-mean changes from the CESM Large Ensemble Project (Figures 3b, 3e, and
3h) and multimodel mean changes from CMIP5 models (Figures 3c, 3f, and 3i) show broadly similar sea-
sonal variations as found in the reanalysis data sets. This consistency seems to indicate that ocean-atmos-
phere heat exchange processes are depicted in a similar way between JRA-55 and climate models.

3.2. Primary Factors Governing the Seasonal Evolution of Arctic Warming

An energy budget decomposition method (refer to Materials and Methods) is used to identify the main
contributors to the enhanced cold-season warming. Figure 4a presents the seasonal evolution of reanaly-
sis-based and model-simulated domain-averaged (70°N-90°N) surface air temperature change (solid lines)
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Figure 4. Phase relations between surface warming and flux changes in the Arctic. Seasonal evolution of Arctic-mean (70°N-90°N) changes between
1958-1977 and 1998-2017: (a) Surface air temperature (solid lines) and surface temperature (dashed line, unit: K), (b) Atmospheric energy convergence (unit: W
m™?), (c) Ocean heat storage and transport (unit: W m™>), (d) Top-of-atmosphere longwave (LW) radiative flux (unit: W m~2) due to lapse-rate change, (¢) Cloud
radiative effect (unit: W m™2) at the TOA, and (f) Downward LW radiative flux at the surface for total-sky (solid lines) and clear-sky (dashed lines) conditions.
Lines in blue and associated shading denote, respectively, the ensemble mean and minimum-to-maximum range of the CESM Large Ensemble Project. Lines in
red and associated shading denote, respectively, the multimodel mean and intermodel range (minimum to maximum) of 22 CMIP5 models. Flux changes are
defined as positive in the downward direction.

between 1958-1977 and 1998-2017, with shading denoting a minimum-to-maximum range of simulated
change. In agreement with JRA-55 (solid line in brown), both the CESM ensemble mean (solid line in blue)
and CMIP5 multimodel mean (solid line in red) exhibit the largest warming in fall and not in summer. Cor-
responding changes in surface temperature (dashed lines) exhibit a nearly identical seasonal evolution. Fig-
ure 4b shows that changes in the atmospheric energy convergence over the Arctic (AAEC) are positive for a
subset of ensemble members and climate models, but the model-simulated forced changes imply decreased
northward energy transport in the cold season. Even though there is a noticeable discrepancy in magnitude,
JRA-55 also indicates reduced poleward energy transport in the cold season. Therefore, although poleward
moisture transport is projected to increase in response to GHG forcing (e.g., Bintanja & Selten, 2014), it is
questionable whether externally forced warming enhancement in the cold season can be attributed mainly
to anomalous poleward atmospheric energy transport, partly because atmospheric dry static energy trans-
port to the Arctic is projected to decrease and thereby compensate moisture transport changes (e.g., Hwang
et al., 2011).
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In contrast, both JRA-55 and climate model simulations exhibit a seasonal evolution of ocean heat storage/
transport change, which is similar to that for temperature change (Figure 4c). A decomposition of the ocean
heat storage/transport term (Figure S4), in conjunction with the phase relationships shown in Figure 3,
implies that most of the summer energy surplus due to sea ice reduction is sequestered in the upper Arctic
Ocean and then a large fraction of the accumulated heat is released back into the atmosphere, mainly in
the form of turbulent heat fluxes (and LW radiative flux for CESM), contributing to the enhanced cold-sea-
son surface warming (e.g., Boeke & Taylor, 2018; Dai et al., 2019; Manabe & Stouffer, 1980; P. C. Taylor
et al., 2018). This suggests that the apparent seasonal phase inconsistency between TOA radiative flux and
temperature changes is mainly due to the seasonally paced ocean heat uptake/release process associated
with sea-ice reduction.

The downward LW radiative flux changes at the TOA due to atmospheric lapse-rate changes are estimated
by employing the radiative kernel method (Shell et al., 2008; Soden & Held, 2006; Soden et al., 2008). The
estimated radiative flux changes are then averaged over the domain 70°N-90°N (Figure 4d). The resulting
TOA radiative flux changes due to the lapse-rate feedback (ARy) exhibit positive values in the cold season,
which is in line with a surface-intensified warming structure. On the other hand, the summer season ex-
hibits near-zero or slightly negative values. Although opposing characteristics of the lapse-rate feedback
between the Arctic (positive) and tropics (negative) have been suggested as the primary cause of annu-
al-mean Arctic amplification (Pithan & Mauritsen, 2014; Stuecker et al., 2018), Equation 5 indicates that the
cold-season ocean-to-atmosphere heat release, which is mainly in the form of surface turbulent heat fluxes
(Figure S4), accounts for a large portion (~40%-90%) of the enhanced cold-season near-surface warming
from a TOA perspective.

Cloud changes could also contribute to the enhanced cold-season warming by reducing outgoing LW radi-
ative flux at the TOA. Thus, we analyzed changes in cloud radiative effect (CRE), which is defined as the
difference between TOA net downward radiative flux for average atmospheric conditions and cloud-free
conditions. Although a quantitative discrepancy exists between the cloud feedback and CRE change due
to the masking effects of clouds on noncloud feedback terms (Kay & Gettelman, 2009; Soden et al., 2004),
the CRE change has been used as a proxy for the cloud feedback (e.g., Shell et al., 2008; Soden et al., 2008).
Figure 4e shows that the seasonal evolution of warming is partly related to cloud changes. However, com-
parisons with Figures 4c and 4d imply that cloud changes are unlikely to be the primary contributor, from a
TOA perspective, to the enhanced cold-season warming, in agreement with earlier studies based on model
simulations (e.g., Middlemas et al., 2020; Pithan & Mauritsen, 2014; Stuecker et al., 2018). From a TOA
perspective, the contribution of water vapor feedback to enhanced cold-season warming is also markedly
smaller than the ocean heat storage and transport term (not shown), because the enhanced moistening is
confined in the lower troposphere (e.g., Figure 3e).

In the Arctic, radiative flux changes at the TOA may not be directly translated into surface temperature
change (e.g., Boeke & Taylor, 2018; Pithan & Mauritsen, 2014). Therefore, we also examine the seasonal evo-
lution of surface warming from a surface energy budget perspective. According to Equation 6, the enhanced
cold-season surface warming can be induced by increased ocean heat discharge as well as increased down-
ward LW flux at the surface. However, as shown in Figure S4, increased ocean heat discharge is accompa-
nied by increased ocean-to-atmosphere turbulent heat fluxes that act to cool the surface. Therefore, as noted
in previous studies (e.g., Boeke & Taylor, 2018; Lee et al., 2017; Lu & Cai, 2009b), increased downward LW
flux at the surface is the main contributor from a surface energy budget perspective (Figure 4f). A compar-
ison of clear-sky LW flux change (dashed lines) with total-sky case (solid lines) implies a cloud-induced
enhancement of downward LW radiative flux at the surface for JRA-55 (Figure 4f).

Figure 4 indicates a consistency between JRA-55 and model simulations in the seasonal evolution of the
physical processes linked to the enhanced cold-season Arctic warming. However, nonnegligible quantita-
tive discrepancies exist in these processes in the fall season, which can arise not only from model deficiency
but also from potential errors of reanalysis-based fluxes (e.g., P. C. Taylor et al., 2018). Given these uncer-
tainties, observation-based benchmarks are needed to more adequately constrain the physical processes
depicted in climate models.

In agreement with previous studies (e.g., Boeke & Taylor, 2018; Dai et al., 2019; Lee et al., 2017; Lu &
Cai, 2009b; Pithan & Mauritsen, 2014; Stuecker et al., 2018), Figure 4 indicates that ocean heat storage/release
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Figure 5. Relations between ocean-to-atmosphere heat release and LW feedbacks. (a—c) Spatial distribution of the ensemble-mean ocean heat storage and
transport change (unit: W m™2) between 1958-1977 and 19982017 from the CESM Large Ensemble Project for (a) August, (b) October, and (c) December. (d—f)
Same as in (a—c), but for top-of-atmosphere LW radiative flux change (unit: W m2) due to lapse-rate change. (g-i) Same as in (a—c), but for change in downward
LW radiative flux at the surface (unit: W m™2). Flux changes are defined as positive in the downward direction.

and lapse-rate feedback (from a TOA perspective) as well as downward LW radiative flux at the surface
(from a surface perspective) are the primary factors to the amplified cold-season warming. Therefore, their
spatial patterns are further analyzed for the CESM ensemble mean (the CMIP5 multimodel mean changes
presented in Figure S5 and the JRA-55 changes presented in Figure S6 are qualitatively consistent with
the CESM ensemble mean changes). Figure 5 clearly shows that a large fraction (~65%) of the heat ac-
cumulated in the upper ocean during summer is released into the overlying atmosphere in sea-ice retreat
regions during the cold season (Figures 5a-5c). For August, changes in downward LW radiative flux at the
TOA due to the lapse-rate changes do not bear any spatial resemblance to the ocean heat uptake/release
changes (Figure 5d). In contrast, during the cold season, distinctly positive values (but smaller in magnitude
than the ocean heat storage/release term) are found over sea-ice retreat regions where ocean-to-atmosphere
heat/moisture release is substantial (Figures 5e and 5f). Changes in surface downward LW radiative flux
exhibit similar spatiotemporal features (Figures 5g—5i). These characteristics imply that the contribution of
the lapse-rate feedback (from a TOA perspective) and surface downward LW radiative flux (from a surface
perspective) to the enhanced cold-season warming is unlikely to be independent of ocean-to-atmosphere
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heat and moisture fluxes (Boeke et al., 2020; Feldl et al., 2017, 2020; Graversen et al., 2014; Manabe &
Stouffer, 1980). However, it is important to emphasize that they are spatially less confined and can act also
in the central Arctic and not only in the sea-ice retreat regions.

3.3. Relationship Between Ocean Heat Uptake/Release and LW Feedbacks

The enhanced surface warming in fall and winter may arise mainly from LW feedbacks with ocean heat/
moisture release playing a subsidiary role. In contrast, Graversen et al. (2014) showed in a climate model
that locking the annual-mean surface albedo feedback leads to a weakening of the positive annual-mean
lapse-rate feedback in the polar regions. In addition, Feldl et al. (2017) showed that reducing the ice albedo
to eliminate the surface albedo feedback in an aquaplanet model results in a sign change of the annu-
al-mean, zonal-mean polar lapse-rate feedback from positive to negative. These studies therefore imply the
connected nature of climate feedbacks in the Arctic, at least, in terms of the annual mean. To assess the role
of sea-ice reduction and ocean heat capacitor mechanism in modulating cold-season local LW feedbacks
in the Arctic, model-simulated changes between 1979-1998 and 2007-2016 are compared between coupled
simulations from the CESM Large Ensemble Project and two atmosphere-only runs with CAM5.1 from
FACTS (Murray et al., 2020).

In terms of ensemble-mean change, both the control AMIP and coupled experiments simulate amplified
warming in the Arctic (Figure 6a) with a similar seasonal evolution of Arctic-mean (70°N-90°N) surface air
temperature change that peaks in October (Figure 6b). In these two experiments, the simulated warming
is substantially greater over the Arctic Ocean than over the surrounding land regions (Figure 6e), with
maxima located in marginal sea ice regions (Figure 6f). In contrast, the simulated Arctic warming is dis-
tinctly weaker in the Clim_Polar AMIP experiment integrated with climatological sea ice and polar SSTs,
especially, in marginal sea ice regions (Figures 6a, 6b, 6¢, and 6f). Given that the two AMIP experiments
are identical in their representation of RF and SSTs except for sea ice and polar SSTs, these discrepancies
suggest that the seasonal variation of sea-ice and SST changes is essential for the enhanced cold-season
warming. Interestingly, the observed SST variability prescribed in the control AMIP experiment exhibits a
similar seasonal evolution of SST change to the CESM ensemble-mean change (Figure S7).

The seasonal variation of Arctic-mean (70°N-90°N) atmospheric temperature change is also analyzed (Fig-
ure S8). Despite a substantial discrepancy in experimental design, the ensemble-mean temperature changes
exhibit a similar vertical structure in summer. In particular, the warming in the free troposphere is roughly
comparable in magnitude for all months, implying negligible impacts of sea ice and SST changes. Howev-
er, the Clim_Polar AMIP experiment fails to capture the cold-season surface-intensified warming seen in
JRA-55 and coupled model simulations (Figures 3a-3c). In addition, the cold-season lower tropospheric
moistening is distinctly weaker in the Clim_Polar AMIP experiment than in the other two (Figure S9). Con-
sidering that the two AMIP experiments exhibit nearly identical vertical profiles of temperature change in
the tropics and mid-latitudes (not shown) and the imposed RF is similar between the AMIP and coupled ex-
periments, these discrepancies indicate that sea-ice reduction and the resulting anomalous seasonal ocean
heat storage and release are the primary contributor to the surface-intensified vertical structure of atmos-
pheric warming/moistening in the cold season with surface turbulent heat fluxes connecting the amplified
surface warming to the lower troposphere (e.g., Bintanja & Selten, 2014; Bintanja & van der Linden, 2013;
Boeke & Taylor, 2018; Dai et al., 2019; Kim et al., 2019; Manabe & Stouffer, 1980) seen in both reanalysis and
coupled model simulations.

We conducted additional analysis to further understand what processes are driving these differences be-
tween the Clim_Polar AMIP and the control AMIP/coupled simulations. The ensemble-mean changes in
ocean heat storage/transport and surface downward LW radiative flux for the control AMIP experiment are
largely consistent with coupled model simulations in that marked increases in ocean-to-atmosphere heat
release and surface downward LW radiative flux are found in sea-ice retreat regions (Figure S10). Unfortu-
nately, due to a data availability issue, similar analysis cannot be conducted for the Clim_Polar AMIP ex-
periment. To circumvent this challenge, changes in surface downward LW radiative flux are indirectly com-
pared between the two AMIP simulations by examining changes in surface air temperature and fractional
changes in specific humidity at 1,000 hPa. If sea-ice reduction and resulting ocean heat uptake/release play
a minor role in the cold-season increase in surface downward LW radiative flux, differences between the
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Figure 6. Contributions of Arctic sea-ice and sea surface temperature (SST) changes to amplified warming in the Arctic. (a) Latitudinal distribution of the
annual-mean, zonal-mean surface air temperature change between 1979-1988 and 2007-2016 in two atmosphere-only simulations with CAM5.1 (control and
Clim_Polar) and coupled model simulation (CESM Large Ensemble Project), with lines and associated shading representing the ensemble mean and minimum-
to-maximum range. While CAM5.1 is integrated with observed SSTs and sea ice for the control Atmospheric Model Intercomparison Project (AMIP) simulation,
climatological sea ice and polar SSTs are used to force CAMS5.1 for Clim_Polar. (b) Seasonal evolution of Arctic-mean (70°N-90°N) surface air temperature
change. (c) Same as in (b), but for top-of-atmosphere downward LW radiative flux change due to lapse-rate change. (d) Same as in (b), but for surface turbulent
heat flux change. (e) Spatial distribution of the annual-mean surface air temperature change for (left) control AMIP, (center) Clim_Polar AMIP, and (right)
coupled model simulations. (f) Same as in (e), but for surface air temperature change for October. (g) Same as in (e), but for top-of-atmosphere downward LW
radiative flux change due to lapse-rate change for October. (h) Same as in (e), but for surface turbulent heat flux change for October.

two AMIP simulations are unlikely to be substantial. However, the cold-season increases in surface air tem-
perature and humidity in sea-ice retreat regions seen in the control AMIP experiment are not captured in
the Clim_Polar AMIP experiment (Figures S11 and S12), demonstrating the influence of sea-ice reduction
and ocean heat uptake/release on cold-season downward LW radiative flux at the surface. Furthermore, the
ensemble-mean TOA LW flux change associated with the lapse-rate change is markedly dampened in the
Clim_Polar AMIP experiment (Figures 6¢ and 6g), supporting the argument that the lapse-rate feedback is
tied to sea ice reduction and related sea-ice feedbacks (Boeke et al., 2020; Feldl et al., 2017, 2020; Graversen
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et al., 2014). This dampening is especially pronounced in sea-ice retreat regions where a substantial amount
of heat is released from the ocean into the atmosphere mainly in the form of surface turbulent heat fluxes
in the control AMIP and coupled model simulations (Figures 6d and 6h).

It is noted that the SSTs at lower latitudes are not kept fixed in the Clim_Polar AMIP experiment, which acts
to increase the meridional temperature gradient and thus poleward energy transport from lower latitudes.
In addition, land surface temperatures are not constrained in both AMIP simulations, which may also affect
poleward energy transport. Considering that surface turbulent heat fluxes are governed by temperature
and humidity differences between the surface and atmosphere, wind speed, surface roughness, and surface
radiative fluxes (e.g., P. C. Taylor et al., 2018), these confounding factors could affect the characteristics of
ocean-atmosphere heat exchanges. However, the marked contrast between the Clim_Polar AMIP and the
control AMIP/coupled simulations demonstrates that ocean-atmosphere heat exchanges and their modula-
tion by sea ice regulate the cold-season LW feedbacks with surface turbulent heat flux response representing
a mechanism to communicate the surface-based warming to the atmosphere.

The sea-ice insulation effect along with the close relationships between cold-season LW feedbacks and
ocean heat/moisture release imply that Arctic amplification will substantially weaken in a much warmer
climate because the sea-ice albedo feedback and insulation effect of sea ice (Deser et al., 2010; Screen &
Simmonds, 2010a) are virtually inactive in a nearly ice-free condition. To evaluate the validity of this hy-
pothesis, using a subset of CMIP5 models, we computed the ratio of Arctic-mean (70°N-90°N) surface air
temperature change to the corresponding global-mean change with a 60-year sliding window over the peri-
od 1951-2250 (Figure S13). The time series for the multimodel mean for the annual mean (Figure S13d) and
October-November-December (OND) mean (Figure S13f) show a greatly weakened Arctic amplification in
the 23rd century, in which the Arctic Ocean becomes nearly ice-free in all seasons in most of the models
(Figures S13a—S13c), compared to the current climate. In contrast, the ratio for June-July-August (JJA)
mean rarely changes over time (Figure S13e), except for the GISS-E2-R model.

The multimodel mean temperature change normalized by the corresponding global-mean change is also
computed for the period 1951-2010 and 2191-2250 (Figure 7). Compared to the period 1951-2010, the spa-
tial maps for the period 2191-2250 clearly indicate a pronounced weakening of the warming amplification
over the Arctic Ocean for the annual-mean and OND mean cases. The normalized temperature change for
the latter period is still greater than 1 over the Arctic, but the magnitude of the warming amplification does
not differ distinctly from that for the mid-latitude land regions. Furthermore, the pronounced seasonal
contrast disappears in the latter period (Figures 7e vs. 7f in comparison to Figures 7b vs. 7c). This state
dependency of Arctic amplification is also evident for the seasonal evolution of changes in surface air tem-
perature, ocean heat storage/transport, TOA downward LW radiative flux due to the lapse-rate feedback,
and surface downward LW radiative flux with the distinct cold-season peak evident in the current climate
disappearing in the nearly ice-free climate (Figure S14). Although previous studies showed that enhanced
northward energy transport can induce Arctic amplification even without surface albedo feedback in ide-
alized model simulations (e.g., Alexeev et al., 2005; Cai & Tung, 2012; Graversen & Wang, 2009; Russotto &
Biasutti, 2020), the marked contrast between the current climate and a much warmer climate highlights the
role of the sea-ice albedo and insulation feedbacks and the ocean heat capacitor mechanism that connects
the warm and cold season feedbacks.

4. Discussion and Summary

To enhance our understanding of the underlying mechanisms for Arctic amplification and its seasonality,
we have analyzed the seasonal variation of Arctic warming in conjunction with that for TOA and surface
energy budgets and ocean temperatures using observations/reanalysis data sets and a variety of climate
model simulations. Our analysis indicates that the seasonal evolution of Arctic amplification cannot be
attributed to a single mechanism (e.g., lapse-rate feedback or sea-ice albedo feedback). We suggest that the
ocean heat recharge and discharge mechanism associated with sea-ice reduction links the warm and cold
season feedbacks to each other, thereby explaining the seasonal evolution of amplified warming in the Arc-
tic, and its peak in fall and winter. Figure 8 summarizes schematically the processes by which anomalous
seasonal ocean heat uptake and release contributes to cold-season Arctic amplification: Initial warming in
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Figure 7. Dependence of Arctic amplification on base climate. (a-c) Spatial distribution of the multimodel mean

of the surface air temperature change between 1951-1970 and 1991-2010 (current climate) normalized by the
corresponding global-mean change for (a) Annual mean, (b) June-July-August mean, and (c) October-November-
December mean. (d-f) Same as in (a-c), but for temperature change between 2191-2210 and 2231-2250 (nearly ice-free
climate).

the atmosphere induced by GHG forcing leads to summer melting of sea ice and anomalous uptake of heat
in the upper ocean. This process is further enhanced by the summer season positive sea-ice albedo feedback.
In the subsequent months the thermal reservoir discharges, which leads to the reduction of the climatolog-
ical sea-ice coverage, and intensification of the air-sea fluxes in association with the insulation effect of sea
ice (e.g., Deser et al., 2010). This process is stretched out for several more months as the climatological build-
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up of sea-ice insulates the upper ocean heat content (e.g., Dai et al., 2019;
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Deser et al., 2010). A stable condition in the cold-season Arctic lower
troposphere causes a large fraction of the heat and moisture transferred
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Figure 8. A schematic diagram illustrating the contribution of anomalous
seasonal ocean heat uptake/release to fall/winter Arctic amplification.

The upper ocean stores heat resulting from GHG-induced sea-ice loss
during summer, and the accumulated heat is then released back into

the atmosphere during fall and winter. Due to a stable condition in the
lowermost part of the atmosphere during the cold season, a large fraction
of the heat and moisture released from sea-ice retreat regions is trapped in
that layer. The surface-intensified warming and moistening in turn acts to
further promote LW feedback processes, including the lapse-rate feedback,

to enhance the warming.
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month

warming. Yet, our analysis based on the FACTS AMIP simulations (Mur-
ray et al., 2020) indicates that local LW feedbacks are intricately linked
to ocean-to-atmosphere heat and moisture fluxes, in line with previous
studies (Boeke et al., 2020; Feldl et al., 2017, 2020; Graversen et al., 2014).
As a result, their impacts are likely to substantially weaken if ocean-at-
mosphere-sea ice interactions are suppressed or muted, which seems to
explain why model-projected warming substantially weakens when there
is no sea-ice loss (e.g., Dai et al., 2019).

The freshening of the Arctic Ocean due to sea ice melting is likely to in-
crease stratification, which makes the summer heat storage and subse-
quent heat release in fall and winter more effective. As a large amount
of freshwater resulting from sea ice melting tends to accumulate within
the Beaufort Gyre (e.g., Armitage et al., 2020), changes in this wind-driv-
en ocean circulation may affect the characteristics of the ocean heat ca-
pacitor mechanism. In addition, given that observed sea-ice loss is part-
ly due to the internal variability of the Arctic atmospheric circulation
and oceanic heat transport into the Arctic Ocean (e.g., Ding et al., 2017;
Zhang, 2015), the extent to which sea-ice loss and the ocean heat capaci-
tor mechanism contribute to Arctic amplification might be affected by fu-
ture changes in these factors. Nonetheless, our analysis clearly indicates
that sea ice reduction and ocean heat uptake/release are essential ele-
ments for the seasonal evolution of Arctic amplification and its peak in
the cold season. Given that changes in the Arctic may have far-reaching
global impacts, it is of great importance to assess and improve the fidelity
of these processes depicted in climate models based on accurate, long-term observations.
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Data Availability Statement

JRA-55 reanalysis data can be downloaded from the JMA Data Dissemination System (https://jra.kishou.go.
jp/JRA-55/index_en.html#download). ECMWF ORA-S5 data can be obtained from the University of Ham-
burg Integrated Climate Data Center (http://icdc.cen.uni-hamburg.de/). HadISST data can be downloaded
from the Met Office Hadley Centre (https://www.metoffice.gov.uk/hadobs/hadisst/). The CESM Large En-
semble Project simulation output is available at http://www.cesm.ucar.edu/projects/community-projects/
LENS/data-sets.html. The CMIP5 model output analyzed in this study can be downloaded from the Earth
System Grid Federation server (https://esgf-node.llnl.gov/search/cmip5/). The FACTS CAM5.1 AMIP sim-
ulation output is available at https://www.esrl.noaa.gov/psd/repository/alias/factsdocs.
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