
Climate Dynamics (2023) 61:5217–5232
https://doi.org/10.1007/s00382-023-06848-x

warming itself, entangling the cause and effect of AA in a 
fully coupled system. Further, they cannot fully explain the 
spatial patterns and seasonality of AA, which occurs mainly 
over areas with large sea-ice loss during the cold season 
(Dai et al. 2019). Therefore, the key mechanisms underlying 
AA are still debated (Previdi et al. 2021; Taylor et al. 2022).

Early studies (Serreze and Francis 2006; Serreze et al. 
2009) linked AA to summer sea-ice loss. More recent stud-
ies suggest that enhanced oceanic heating of the atmosphere 
from October-March due to sea-ice loss during the cold 
season produces AA (Deser et al. 2010; Kumar et al. 2010; 
Screen and Simmonds 2010a; Boeke and Taylor 2018; Dai 
et al. 2019; Chung et al. 2021; Jenkins & Dai 2021). Dur-
ing the warm season, sea-ice melting exposes water surfaces 
that absorb and store solar radiation in the upper ocean. 
As air temperatures decrease in autumn and winter, open 
water surfaces release energy to heat the air through upward 
LW radiation, sensible and latent heat fluxes. Sea-ice loss 
increases warm-season oceanic absorption of solar radia-
tion and cold-season oceanic heating of Arctic air, leading to 

1  Introduction

Arctic surface temperature warms faster than the global 
mean in observations and climate models under rising 
greenhouse gases – a phenomenon known as Arctic ampli-
fication (AA; Serreze et al. 2009; Barnes and Polvani 2015; 
Dai et al. 2019; Hahn et al. 2021; Previdi et al. 2021; Taylor 
et al. 2022). Previous studies cite increased poleward energy 
transport (Cai 2005; Soldatenko 2021), enhanced down-
ward longwave (LW) radiation (Burt et al. 2016; Gong et al. 
2017), and positive climate feedbacks (Bintanja et al. 2011; 
Pithan and Mauritsen 2014; Goosse et al. 2018; Stuecker 
et al. 2018; Previdi et al. 2020) as the primary causes of 
AA. However, many of these processes depend on Arctic 
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Abstract
The Arctic warms much faster than other places under increasing greenhouse gases, a phenomenon known as Arctic 
amplification (AA). Arctic positive lapse-rate feedback (LRF) and oceanic heating induced by sea-ice loss have been 
considered as major causes of Arctic warming and AA, and Arctic high atmospheric stability has been considered as a 
key factor for the occurrence of the bottom-heavy warming profile and thus positive LRF in the Arctic. Here we analyze 
model simulations with and without large AA and sea-ice loss and long-term changes in ERA5 reanalysis data to exam-
ine the relationships among Arctic sea-ice loss, stability, LRF, Arctic warming, and AA. Results show that the Arctic 
bottom-heavy warming profile and the resultant positive LRF are produced primarily by increased oceanic heating of the 
air due to sea-ice loss in Arctic winter, rather than high atmospheric stability. Without the oceanic heating induced by 
sea-ice loss, most Arctic climate feedbacks weaken greatly, and all other processes can only produce slightly enhanced 
surface warming and thus weak positive LRF under stable Arctic air. A non-convective Arctic environment allows the 
oceanic heating to warm near-surface air more than the upper levels, resulting in large positive LRF that roughly doubles 
the surface warming compared with the case without the LRF. We conclude that enhanced cold-season oceanic heating 
due to sea-ice loss is the primary cause of Arctic large positive LRF, which in turn allows the surface heating to produce 
more Arctic warming and large AA.
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large AA in the cold season (Screen and Simmonds 2010b; 
Boeke and Taylor 2018; Dai et al. 2019). This positive sea 
ice-induced feedback (named sea-ice feedback here, illus-
trated in Fig.  1) differs from the conventional ice-albedo 
feedback, which does not include the warm-season oce-
anic storing of the absorbed solar radiation and cold-season 
release of oceanic heat due to the reduced insulation effect 
of the retreating sea-ice layer. Also note that the increased 
cold-season ocean heat release does not collocate exactly 
with the enhanced warm-season shortwave absorption as 
the cold-season and warm-season sea-ice loss occurs over 
different regions (Dai et al. 2019). This suggests that the 
increased cold-season heat release does not come directly 
from the increased warm-season absorption of solar radia-
tion, although the latter appears to be an important energy 
source of the former as we show below. Dai et al. (2019) 
further showed that no large AA could occur without sea-
ice loss. Previdi et al. (2020) showed that noticeable AA 
started to appear a few months after the CO2 quadrupling 

(apparently on January 1st) as Arctic sea-ice loss becomes 
evident, even though they stated that Arctic amplification 
occurs before significant sea-ice loss. Thus, enhanced oce-
anic heating from sea-ice loss seems to be necessary for 
large AA to occur through the sea-ice feedback (Dai et al. 
2019; Chung et al. 2021).

Arctic sea-ice loss is caused by surface heating or warm-
ing; thus, any process that enhances surface warming may 
contribute to sea-ice loss and thus AA indirectly. These 
include the positive water vapor feedback, cold-season 
positive cloud feedback, and Arctic positive lapse feedback 
(LRF) that amplify Arctic warming and thus enhance sea-
ice loss, thereby contributing to AA. This indirect effect 
through sea-ice loss differs from the direct warming effect 
by the feedbacks. For example, the water vapor feedback 
is stronger in the tropics than the Arctic; thus, its direct 
warming effect contributes negatively to AA (Pithan and 
Mauritsen 2014). However, this warming effect in the Arc-
tic enhances sea-ice loss, thereby indirectly contributing 

Fig. 1  A schematic illustrating 
the positivesea-ice feedbackthat 
is largely responsible for Arctic 
amplification (AA). Sea-ice 
retreat exposes dark water 
surfaces that absorb more solar 
radiation (SW) during the warm 
season (the ice-albedo feedback) 
and release more upward long-
wave radiation (LW), sensible 
(SH) and latent heat (LH) fluxes 
(the reduced insulation effect) to 
heat the frigid Arctic air in the 
cold season, thus causing more 
warming and sea-ice loss. The 
increased warm-season absorp-
tion of solar radiation by the 
ocean does not cause significant 
surface warming during the warm 
season and it only accounts for 
a fraction of the local increased 
cold-season heat release over 
areas with large sea-ice loss. The 
cold-season sea-ice loss and its 
resultant oceanic heat release 
play a crucial role in causing 
enhanced surface warming (i.e., 
AA) and large positive lapse-rate 
feedback. The sea-ice feedback 
occurs mainly around the ice 
margins and it includes the warm-
season sea-ice albedo feedback, 
the storing of the absorbed SW 
radiation by the ocean, and the 
cold-season release of oceanic 
heat due to the reduced insulation 
effect of the retreating sea ice; 
thus it differs from the conven-
tional ice-albedo feedback
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to Arctic warming and AA through the sea-ice feedback 
described above. More clouds are found to form over open 
water surfaces in autumn in the Arctic (Kay and Gettelman 
2009) and the largest cloud increases are seen over areas 
with large sea-ice loss (Jenkins et al. 2023), which can lead 
to positive cloud feedback during the cold season (Jenkins 
& Dai 2021, 2022) that can enhance Arctic warming and 
sea-ice loss. The northern high latitudes experience greater 
warming near the surface than the mid-to-upper troposphere 
under increased GHGs during the cold season (Screen and 
Simmonds 2010a; Dai and Song 2020; Taylor et al. 2022). 
This bottom-heavy warming profile reduces the top-of-the-
atmosphere (TOA) LW cooling, thus allowing the surface 
to warm more under a given GHG increase (Bintanja et 
al. 2011; Hahn et al. 2021), leading to a positive LRF. In 
contrast, tropical convection transports energy and mois-
ture from the lower to mid-upper troposphere, where latent 
heating from condensation enhances warming aloft (Dai et 
al. 2001; Miyawaki et al. 2020; Wang and Huang 2021). 
This leads to an upper-heavy warming profile that increases 
outgoing LW radiation and thus weakens the GHG-induced 
warming; thus, the LRF produces slight cooling in low lati-
tudes but strong warming in northern high-latitudes (Pithan 
and Mauritsen 2014). Because of this, Arctic positive LRF 
has been considered as a major contributor to AA.

However, in a fully coupled system, near-surface and 
lower-tropospheric air temperatures strongly influence 
downward and upward LW radiation, LRF, and atmospheric 
meridional energy transport (Jenkins & Dai 2021), making 
it difficult to separate the cause and effect between Arctic 
warming (or AA) and these individual processes, including 
LRF. For example, the calculated LRF strongly depends on 
surface air temperature (SAT) change, which can be pro-
duced by other factors besides LRF, such as heating from 
the ocean. Thus, such calculated LRF may include contribu-
tions or effects from other processes that can enhance sur-
face warming relative to upper levels. In other words, the 
large positive LRF in the Arctic may be considered partly as 
a result of the enhanced Arctic surface warming caused by 
oceanic heating and other processes, rather than a pure con-
tributor to Arctic warming. On the other hand, the existence 
of the positive LRF under a bottom-heavy warming profile 
caused by the surface heating would allow the heating to 
produce larger surface warming than the case without the 
LRF. This illustrates the complex cause-and-effect relation-
ship between Arctic LRF and Arctic warming or AA.

Early studies attributed the Arctic bottom-heavy warm-
ing profile to Arctic high atmospheric stability, which was 
thought to confine GHG-induced warming near the surface 
(e.g., Manabe and Wetherald 1975; Hansen et al. 1984). 
However, recent studies show that sea-ice loss, ocean-
to-atmosphere energy fluxes and the resultant surface 

warming, rather than the degree of atmospheric stability, 
largely shape Arctic LRF under a non-convective environ-
ment (Feldl et al. 2020; Boeke et al. 2021; Jenkins & Dai 
2021). Nevertheless, the role of stability and sea-ice loss is 
still debated. For example, Feldl et al. (2020) considered 
sea-ice loss as the primary cause of Arctic LRF through sur-
face albedo feedback, while Boeke et al. (2021) proposed 
a multiple-process perspective where the mechanisms 
responsible for the nonuniform warming profile determine 
LRF but they did not investigate these mechanisms. Both 
studies derived their conclusions mainly based on spatial 
and inter-model relationships among LRF, stability, sea-ice 
loss, and surface warming in fully coupled CMIP5 models, 
in which it is difficult to disentangle the cause and effect 
between LRF and Arctic warming. It should be emphasized 
that the conventional ice-albedo feedback works only in 
Arctic warm season when Arctic LRF is weak (Jenkins & 
Dai 2021), and it does not include the reduced insulation 
effect of the retreating cold-season sea ice that is largely 
responsible for AA (Dai et al. 2019). Jenkins & Dai (2021), 
who did not examine atmospheric stability, suggested that 
Arctic positive LRF is likely a result, rather than a cause, 
of AA based on brief analyses of their spatial patterns and 
seasonality. However, a thorough analysis of the relation-
ship among Arctic warming, sea-ice loss, stability, and LRF 
is still lacking. In particular, the processes or mechanisms 
that are largely responsible for the occurrence of Arctic 
positive LRF is unclear. Further, the contribution of Arctic 
LRF to Arctic surface warming (and thus AA) has not been 
fully quantified. Motivated by these outstanding issues, here 
we analyze model simulations and ERA5 data to examine 
the relationship between winter Arctic warming and LRF, 
and their associations with Arctic stability, sea-ice loss, and 
oceanic heating. We provide new evidence to show that the 
Arctic bottom-heavy warming profile and the associated 
positive LRF are largely a result of the enhanced oceanic 
heating produced by sea-ice loss under a non-convective 
environment, and that the existence of the positive LRF 
in turn allows the oceanic heating to warm Arctic surface 
air twice as faster as the case without the LRF. Our results 
further confirm the crucial role of sea-ice loss in causing 
AA and help disentangle the complex relationships among 
Arctic warming, sea-ice loss, oceanic heat release, bottom-
heavy warming profile, LRF, and stability.

2  Data and method

2.1  Model simulations and reanalysis data

We analyzed a 150-year preindustrial control run (CTL) 
with atmospheric CO2 fixed at 284.7ppmv, a 1%CO2 run 
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data assimilated (Wang et al. 2019; Renfrew et al. 2021). 
Other known issues of ERA5 include some deficiencies in 
its representation of surface energy fluxes especially over 
regions with sea-ice loss (Graham et al. 2019) and biases 
in cloud properties (too many clouds over sea ice with 
too little seasonal variation; Yeo et al. 2022). The ERA5 
30-year averaged data include externally-forced changes 
and internally-generated multidecadal variations, although 
the former likely dominates for Arctic averages since the 
long-term warming trend is a robust signal over the Arctic 
(England et al. 2021). Because of the various biases, ERA5 
should not be considered as the truth for the real world; nev-
ertheless, it is much more representative of the real world 
than any model simulation.

2.2  Lapse rate feedback calculations

As the surface and troposphere warm, the Earth emits more 
LW radiation to space, thus creating a negative temperature 
feedback (TF), which is often partitioned into two compo-
nents: a LW cooling under a hypothetical vertically-uniform 
warming profile (the Planck feedback or PLF) and a residual 
component due to a vertically nonuniform warming profile 
(the LRF). Using the TOA (or tropopause) radiative flux as 
the measure of the forcing created by these feedbacks, this 
partitioning can be expressed locally as

RT =

po∫

pTOA

KT (p) ∗ ∆Ta (p) dp =

po∫

pTOA

KT (p) ∗ [∆Tc + (∆Ta (p) − ∆Tc)] dp

=

po∫

pTOA

KT (p) ∗ ∆Tcdp +

po∫

pTOA

KT (p) ∗ (∆Ta (p) − ∆Tc) dp = RPL + RLR � (1)

where po and pTOA are the surface and tropopause pressure; 
ΔRT, ΔRPL, and ΔRLR are the TOA forcing (positive down-
ward) due to the total TF, PLF and LRF, respectively; KT(p) 
(in W m− 2 K− 1 hPa− 1) is the air temperature radiative kernel 
estimated by perturbing the temperature of a layer centered 
at level p by 1 K while keeping all other variables fixed to 
estimate the TOA flux change (Soden et al. 2008; Jenkins & 
Dai 2021, 2022); ΔTa(p) is the temperature change at level 
p; and ΔTc represents a hypothetical uniform warming pro-
file. As in Jenkins and Dai (2022), here we used the KT(p) 
derived based on ERA-Interim reanalysis (Huang et al. 
2017) for estimating the feedbacks in ERA5, and the KT(p) 
from Pendergrass et al. (2018) for the CESM1 feedbacks as 
in Jenkins & Dai (2021). The estimated TOA forcing from 
the temperature feedbacks is insensitive to the choice of the 
kernels (Jenkins and Dai 2022). The TF-induced ΔRT and 
PLF-induced ΔRPL will always be negative since any warm-
ing increases outgoing LW radiation. However, the sign 
and magnitude of the nonuniform warming-induced ΔRLR 

and a FixedIce run (both with 1%/year CO2 increase for 235 
years) with the Community Earth System Model version 
1 (CESM1; Hurrell et al. 2013) on 2.5° longitude × ∼2.0° 
latitude grids and 26 vertical levels for the atmosphere, and 
∼1.0° longitude × 0.5° latitude grids for sea ice and oceans. 
These simulations were used and described in Dai et al. 
(2019), Dai and Song (2020), Jenkins & Dai (2021), and 
Dai (2022). We focus on winter (December-January-Feb-
ruary or DJF) when AA and Arctic positive LRF are most 
pronounced (Dai et al. 2019; Jenkins & Dai 2021) for the 
analyzed changes averaged over years 131–150 (around the 
time of quadrupling of preindustrial CO2) relative to CTL 
climatology, when the CO2-forced changes dominate over 
internal variations in the 20-year averages. The FixedIce 
run is the same as the 1%CO2 run except that fixed sea-
ice cover (SIC) derived from the CTL climatology is used 
north of 30oN only in the coupler of the model for deter-
mining the ice and water fractions used as the weighting 
factors for calculating oceanic grid-box mean values of all 
surface exchange fluxes. In FixedIce, sea ice and all other 
ice-related, atmospheric, and oceanic processes are allowed 
to evolve dynamically as in the standard CESM1, but the 
altered fluxes from the coupler affect the internal sea-ice 
evolution, resulting in smaller sea-ice loss and Arctic warm-
ing. The atmosphere and ocean do not “see” any changes 
or variations (besides the mean seasonal cycle) in SIC in 
FixedIce, even though its internal SIC varies and decreases 
slightly. The use of the CTL SIC in the coupler does not vio-
late any physical laws or produce any abrupt or unrealistic 
changes (Deng and Dai 2022).

For comparison, we also analyzed the long-term changes 
between two 30-year periods (i.e., 1990–2019 minus 1950–
1979) in Arctic SIC, air temperature, and other fields using 
the ECMWF Reanalysis v5 (ERA5, Hersbach et al. 2020). 
ERA5 is the newest and likely most advanced atmospheric 
reanalysis. It used observation-based analysis data for sea 
surface temperatures (SST) and SIC as the lower boundary 
conditions (Hirahara et al. 2016) and assimilated available 
satellite, radiosonde and aircraft observations of the atmo-
sphere and surface pressure, air temperature and humidity 
observations over the Arctic and other regions (Lawrence 
et al. 2019). Thus, ERA5 has made use of many observa-
tions (including those for SIC) over the Arctic in generating 
its output. Recent evaluations (Graham et al. 2019; Wang 
et al. 2019; Yeo et al. 2022) showed overall good perfor-
mance over the Arctic by ERA5, including its SAT and SIC 
variations and changes (Dai and Deng 2021). ERA5 also 
simulates Arctic downward and net LW radiative fluxes well 
for both winter and summer (Graham et al. 2019). Never-
theless, some systematic biases have been noticed in ERA5 
data for Arctic SAT and SIC, especially around the marginal 
ice zones likely due to insufficient resolution of the SIC 
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warming amount of ∆Tsc , which represents a hypothetical 
warming amount without the LRF that would result in the 
same TOA longwave radiative cooling as in Eq.  (1). The 
difference between the ∆Tc  from the model simulation (and 
used in Eq. 1) and ∆Tsc  represents the warming contribu-
tion from the LRF in the model simulation. This provides us 
a method to quantify the warming contribution by the LRF 
feedback.

3  Results

Figure 2a shows that Arctic winter warming is much larger 
near the surface than aloft in the CESM1 1%CO2 run, while 
this warming difference is much weaker in FixedIce, despite 
that they started from the same atmospheric stability, which 
is measured using the maximum temperature inversion 
between 929  hPa and the surface (black line in Figs.  2a 
and 3). Further, in the 1%CO2 run, the surface warming 
enhancement is larger over areas with significant (≥ 15%) 
sea-ice loss than over areas with little (< 15%) sea-ice loss, 
whereas the inversion is the opposite, i.e., weaker over areas 
with significant sea-ice loss than over areas with little sea-
ice loss (Fig. 2b). Such a relationship is also seen in ERA5 
long-term changes from 1950–1979 to 1990–2019 (Fig. 2d), 
which show stronger enhancement of surface warming over 
areas with significant sea-ice loss than over areas with little 
sea-ice loss, whereas the inversion is the opposite. Thus, 
stronger stratification does not lead to stronger bottom-
heavy warming or stronger positive LRF, which is consis-
tent with Boeke et al. (2021), who showed that Arctic LRF 
does not depend on the degree of stability in CMIP5 mod-
els. Due to advection, the enhanced surface warming will 
spread out to nearby areas as noticed previously (Serreze 
et al. 2009); thus, part of the warming enhancement over 
areas with little sea-ice loss in the 1%CO2 run likely comes 
from the strong warming over areas with significant sea-ice 
loss (Fig. 3a). Such a “contamination” is absent in FixedIce, 
as its warming is relatively uniform horizontally (Fig. 3c). 
Thus, the warming profile from FixedIce (Fig. 2a) provides 
a cleaner representation of the impact of atmospheric stabil-
ity on the CO2-induced warming under the condition with-
out increased oceanic heating due to sea-ice loss.

The enhanced surface warming results in a strong posi-
tive LRF in the 1%CO2 run, while the LRF is only weakly 
positive in FixedIce (red and blue bars in Fig. 2c). Because 
the only difference between these two runs is that the effect 
of sea-ice loss on surface fluxes is allowed in the 1% CO2 
run but absent in FixedIce, we can conclude that the strong 
Arctic positive LRF is a result of the sea-ice loss through its 
impact on surface fluxes, which is mainly through increased 
oceanic heat release over newly exposed water surfaces as 

depends on the choice of ΔTc. In most studies, ΔTc is set 
to near-surface warming, producing a positive LRF in the 
Arctic and a negative LRF in the tropics (Pithan and Mau-
ritsen 2014). To illustrate the impact of this choice, here we 
also calculated the ΔRLR and the corresponding ΔRPL for a 
case where ΔTc is set to the warming in the upper tropo-
sphere (i.e., at 313 hPa). The purpose of this exercise is to 
show that the sign and magnitude of the estimated TOA LW 
forcing resulting from the nonuniform warming depend on 
the choice of the hypothetical uniform warming profile (i.e., 
ΔTc).

2.3  Potential warming contributions

To compare the potential contributions by each feedback to 
Arctic and global surface warming, we followed the method 
of Pithan and Mauritsen (2014) to calculate the potential 
warming contribution (∆Tsp ) by a given climate feedback: 
∆Tsp = − R

−
λPL

, where ΔR is the TOA radiative flux per-
turbation caused by the climate feedback and −

λPL
 is the 

global-mean Planck feedback parameter. In this calcula-
tion, it is implicitly assumed that the TOA flux anomaly 
causes an equilibrium uniform warming (i.e., LRF=0) so 
that the increased longwave radiative cooling through the 
Planck feedback would balance the TOA flux. Clearly, this 
does not apply to transient warming, which is influenced 
by many other factors, such as how much of the TOA flux 
change is used to raise the surface temperature. For exam-
ple, the ΔR caused by Arctic surface albedo feedback may 
be used to melt sea ice (i.e., converted into latent energy) 
or be absorbed by the upper ocean (with small temperature 
increases), rather than being used to raise surface tempera-
ture. Thus, one should not consider the estimated ∆Tsp  as a 
real contribution to transient surface warming; it only rep-
resents a potential warming or cooling contribution after 
reaching a new equilibrium state under the assumption of 
LRF=0 for comparison purposes. The only exception is for 
the TF, PLF and LRF; in which cases, the TOA fluxes are 
indeed based on the surface temperature changes as shown 
in Eq.  (1) and thus the estimated ∆Tsp  does represent a 
contribution to the surface temperature change. Neverthe-
less, such potential warming (or cooling) amounts have 
been widely used for comparing the relatively strength of 
the feedbacks over the Arctic and other regions (e.g., Pithan 
and Mauritsen 2014; Stuecker et al. 2018; Feldl et al. 2020; 
Previdi et al. 2020; Hahn et al. 2021), so that their different 
contributions (to regional energy balance, which may not be 
the same as to regional surface warming) can be compared 
quantitatively.

Similarly, we also calculated a surface warming amount 
∆Tsc  that would balance the ΔRT through the Planck feed-
back only in Eq.  (1), i.e., through a vertically uniform 
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LRF is collocated not with the strongest stability, but with 
the largest surface warming and oceanic heating. This is also 
true for the ERA5 long-term changes (Fig.  4). We found 
much stronger spatial correlations of LRF with surface 
warming (r = 0.97) and oceanic heating (r = 0.71) than LRF’s 
correlations with stability (r = 0.11) over the Arctic Ocean in 
the 1%CO2 run (Fig.  3a-b). In particular, over areas with 
the largest sea-ice loss, such as the Greenland Sea, Barents-
Kara Seas (BKS) and the Bering Sea, oceanic heat release 
is largest (Fig. 3b) as sea-ice retreat exposes warm ocean 
water surfaces to heat the near-surface air directly. Such a 
surface-heating-induced warming weakens with height as it 
moves farther away from the heating source in the stable 
Arctic atmosphere, which prevents rapid vertical mixing 
through convection. This leads to large surface warming, 

we show below. Further, Fig. 2c shows that the ΔRLR due 
to the nonuniform warming would become negative while 
the ΔRPL would have a smaller negative value if we set the 
hypothetical uniform warming amount ΔTc to the warming 
amount in the upper troposphere at 313 hPa, even though 
the net temperature feedback is the same for both cases. 
This demonstrates that the sign and magnitude of the TOA 
radiative forcing due to the nonuniform warming depends 
on how one chooses the hypothetic uniform warming profile 
used to calculate the Planck feedback.

In both the 1%CO2 and FixedIce runs, surface warming 
and LRF are only weakly correlated spatially with the initial 
stability (r = 0.11–0.36; Fig. 3a,c), and the correlations with 
the stability are also weak for the ERA5 long-term changes 
(r = 0.09–0.25; Fig. 4a). Figure 3a-b show that the largest 

Fig. 2  (a) Arctic (67°-90°N) mean DJF temperature profiles (bottom 
x-axis) for years 1–80 of the CESM1 CTL run (black) and years 131–
150 of the CESM1 1%CO2 (red solid) and FixedIce (cyan solid) runs, 
and their changes (top x-axis, dashed lines). (b) Similar to (a) but for 
the initial profiles from CTL (solid) and their changes (dashed) aver-
aged over oceanic areas with sea-ice loss greater than or equal to 15% 
(red) or less than 15% (cyan) in the 1%CO2 run. (c) Arctic mean DJF 
TOA flux changes (positive downward) for years 131–150 relative to 
the CTL climatology due to the lapse rate, Planck and total tempera-
ture feedbacks for the two cases using surface warming (denoted as 

dTas, red and blue bars) or atmospheric warming at 313 hPa (denoted 
as dT_313hPa, gray and green bars) in the Planck feedback calculation 
from the 1%CO2 run (red and gray bars) and FixedIce run (blue and 
green bars). (d) Similar to (b) but for ERA5 DJF temperature pro-
files (bottom x-axis, solid) averaged over years 1950–1979 and their 
changes from 1950–1979 to 1990–2019 (top x-axis, dashed) aver-
aged over oceanic areas with significant (≥ 15%, red) or little (< 15%, 
cyan) sea-ice loss from 1950–1979 to 1990–2019. Land surfaces are 
excluded from all averages in (a-d). Inclusion of land does not quali-
tatively change the results

 

1 3

5222



Relationships among Arctic warming, sea-ice loss, stability, lapse rate feedback, and Arctic amplification

winter (when the atmosphere is stable and non-convective) 
under increasing CO2. The results also suggest that with-
out the effect of sea-ice loss, high stability together with all 
other processes can only produce a weak surface enhance-
ment of CO2-induced warming and thus weak positive LRF. 
Thus, sea-ice loss and the resultant oceanic heat release are 
a necessary condition for the occurrence of strong positive 
LRF in Arctic winter under increasing CO2.

We notice that over the Norwegian Sea region, where rel-
atively warm waters release large amounts of heat and mois-
ture into the air and convection can occur in winter, both 
the inversion (Fig.  3a) and changes in ocean heat uptake 
(Fig. 3b) are negative, thus they cannot explain the weak but 
still positive LRF over this region (Fig. 3a). Similar weak 
positive LRF is also seen in FixedIce (Fig. 3c); thus, other 
processes besides the sea-ice loss-induced surface heating 
and stable stratification are likely behind the weak positive 
LRF over the Norwegian Sea region and in the FixedIce 
experiment. This also suggests that stable stratification or 
high stability, which is not the same as non-convective, is 
not a necessary condition for positive LRF to occur, in con-
trast to previous studies (e.g., Boeke et al. 2021).

strong vertical warming gradients, and large positive LRF 
over areas with large sea-ice loss (Figs. 2b and 3a-b). This 
is also true for the ERA5 long-term changes (Fig. 4), with 
the LRF’s spatial correlation with surface warming, oceanic 
heating, and stability at 0.94, 0.82 and 0.09, respectively. 
The recent sea-ice loss also led to oceanic heat release of 
15–90 W m− 2 over the Greenland Sea, BKS and, to a lesser 
extent, over the Bering Sea (Fig. 4b). Further, without the 
oceanic heating (Fig.  3d), LRF is greatly reduced every-
where over the Arctic in FixedIce, despite the existence of 
the same strong inversion over most of the Arctic (Fig. 3c). 
With the oceanic heating of 20–90 W m− 2 (Fig. 3b), which 
is large compared with the direct radiative forcing from the 
4×CO2 increase (which is about 7.4 W m− 2, Dai et al. 2020), 
large positive LRF is seen over many areas with weak or 
negative inversion (Fig. 3a). This suggests that strong strati-
fication is not necessary for surface heating to generate a 
bottom-heavy warming profile in the Arctic, as long as the 
atmospheric is non-convective (i.e., without the strong ver-
tical mixing through convection). These results suggest that 
it is the oceanic heat release caused by sea-ice loss that leads 
to enhanced surface warming and positive LRF in Arctic 

Fig. 3  (a, c) DJF temperature inversion (929  hPa minus surface air 
temperature difference; shading; in K; results are similar if potential 
temperature is used) averaged over years 1–80 of the CESM1 CTL 
run, and the change (years 131–150 relative to the CTL climatology) in 
surface air temperature (black contours; in K) and TOA radiative flux 
(positive downward) due to the lapse rate feedback (cyan contours; in 
W m− 2) for the (a) 1%CO2 and (c) FixedIce runs. (b, d) DJF changes 

in oceanic heat uptake (shading; in W m− 2; positive upward), sea-ice 
concentration (black contours; in %; solid lines for negative values), 
and TOA radiative flux due to the lapse rate feedback (cyan contours; 
in W m− 2) for the (b) 1%CO2 and (d) FixedIce runs. The pattern corre-
lation between two fields is shown on the bottom corner of each panel. 
Each correlation coefficient has an associated p-value less than 0.01 
and does not include land surfaces
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absorption of solar radiation during the sunlit warm season, 
in Fig.  7 we compare the warm-season (May to August) 
integrated total net surface absorption of solar radiation 
(contours) and cold-season (September to April) integrated 
total net surface energy loss (shading) over the Arctic for 
both the current climatology (Fig.  7b) and their future 
changes (Fig. 7a). These specific months were chosen based 
on the mean annual cycle of the Arctic-mean surface net 
energy flux (see Suppl. Figure 1 in Dai et al. 2019). Figure 7 
shows that the spatial patterns of both the climatology and 
future changes in the warm-season total absorption of solar 
radiation and cold-season total heat release are strongly cor-
related (r = 0.76–0.79) over the Arctic Ocean and the two 
are roughly in balance over the central Arctic (Fig. 7a-b), 
which suggests a strong relationship between the two. How-
ever, a closer look reveals that the large increase in the cold-
season heat release over areas with large sea-ice loss, such 
as the BKS, Bering Sea, and Greenland Sea, greatly exceeds 
(by up to ~ 100%) the local increase in the warm-season 
solar absorption (Fig.  7a). This implies that there exists 
some horizontal redistribution or transport of heat within 
the upper ocean, which also occurs in the climatology over 
the Greenland Sea, Norwegian Sea, and BKS, where the 
cold-season heat release greatly exceeds the local warm-
season absorption of solar radiation (Fig. 7b) likely due to 

Figure  5a shows that during DJF the positive LRF 
reduces the PLF roughly by 50%, leading to a net tempera-
ture feedback that is roughly half of the PLF in the 1%CO2 
run. This is also approximately true for ERA5 long-term 
changes; that is, the LRF cuts the PLF roughly by half, 
so that the net temperature feedback is only about half of 
the PLF. This illustrates an important role of the positive 
LRF in Arctic energy balance and surface warming in the 
fully coupled system when sea ice is allowed to respond 
to GHG-induced warming. To estimate the contribution of 
the LRF to surface warming, we calculated a hypothetic 
warming amount (shading in Fig. 6) that is vertically uni-
form and would result in the same TOA forcing as the net 
temperature feedback in the 1%CO2 run or ERA5 through 
the Planck feedback only (i.e., without the LRF). The differ-
ence between the actual surface warming amount and this 
hypothetic warming amount (the black line in Fig. 6) repre-
sents the surface warming contribution by the LRF. Figure 6 
shows that the LRF approximately doubles the DJF surface 
warming amount over most of the Arctic. Over areas with 
significant sea-ice loss, the LRF is slightly more effective in 
raising surface air temperature than over regions with little 
sea-ice loss in the 1%CO2 run and ERA5 data (Fig. 6).

To investigate whether the increased cold-season oce-
anic heat release mainly comes from the increased oceanic 

Fig. 4  (a) ERA5 DJF 1950–1979 mean temperature inversion (in K; 
shading; defined as T850 hPa – T1000 hPa), and changes (1990–2019 minus 
1950–1979) in surface air temperature (in K; black contours) and TOA 
radiative flux due to the lapse rate feedback (in W m− 2; cyan contours). 
(b) ERA5 DJF changes (1990–2019 minus 1950–1979) in oceanic heat 
uptake (in W m− 2; shading; positive upward), sea-ice concentration (in 

%; black contours; solid lines for negative values), and TOA radiative 
flux (positive downward) due to the lapse rate feedback (in W m− 2; 
cyan contours). The pattern correlation between two fields is shown 
on the bottom corner of each panel. Each correlation coefficient has 
an associated p-value less than 0.01 and does not include land surfaces
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over areas with large sea-ice loss, even though the two local 
fluxes are roughly in balance in the climatology outside the 
North Atlantic subpolar region. These results suggest that 
the local increased warm-season absorption of solar radia-
tion only provides a fraction of the increased cold-season 
heat release over areas with large sea-ice loss, even though 
the two are roughly in balance over the central Arctic Ocean 
where winter sea-ice loss is small. Horizontal heat transport 
within the oceans, including that from the North Atlantic 
(Mayer et al. 2019), plays an important role in the local 
energy balance within the Arctic Ocean.

Figure  9 compares the potential warming or cooling 
amounts that would be realized if the TOA forcing due to 
the individual feedbacks is used to generate a vertically-
uniform equilibrium temperature change  (or result from 
the temperature change) for the Arctic versus the globe 
for annual mean (Fig.  9a-b) and for Arctic winter versus 
summer (Fig. 9c-d) in the 1%CO2 (Fig. 9a,c) and FixedIce 
(Fig. 9b,d) experiments. We emphasize that, except for the 
temperature feedbacks, these are not the actual warming or 
cooling amounts caused by the individual feedbacks since 
the TOA forcing may or may not be used to change the sur-
face temperature in transient states, as explained in Sect. 2.3. 
Figure 9a shows that in the 1%CO2 run, surface albedo and 
lapse-rate feedbacks have large positive (i.e., warming) con-
tributions to Arctic warming whereas their contributions to 

northward transport of heat by Atlantic Ocean circulation. 
Outside these regions, the two local fluxes match well in 
a climatological sense (Fig.  7b). Similar relationships are 
also seen for ERA5 long-term changes (Fig. 8); that is, the 
increase in the cold-season heat release greatly exceeds the 
increase in the warm-season absorption of solar radiation 

Fig. 6  (a) CESM1-simulated changes (years 131–150 relative to the 
CTL climatology) in DJF surface air temperature (in K) in the CESM1 
1%CO2 run without the effects of the lapse rate feedback (shading), 
with the effects of the LRF (cyan contours; in intervals of 2 K), and 
their difference (black contours; in intervals of 2 K). The hypothetic 
warming without the lapse rate feedback (shading) was calculated by 
assuming a vertically uniform warming profile that would result in 
the same TOA forcing as the net temperature feedback in the CESM1 
1%CO2 run. (b) Same as (a) but for the ERA5 long-term changes 
(1990–2019 minus 1950–1979). The ratios of the total warming to the 
warming without the LRF averaged over oceanic areas with 15% or 
more SIC loss or less than 15% SIC loss are shown on the bottom-left 
and bottom-right corners of each map, respectively

 

Fig. 5  (a) DJF TOA flux change (years 131–150 relative to the CTL 
climatology, positive downward, in W m− 2) in the CESM1 1%CO2 
run due to the lapse rate feedback (shading), Planck feedback (cyan 

contours), and total temperature feedback (black contours). (b) Same 
as (a), but for the ERA5 long-term changes from 1950–1979 to 
1990–2019
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suggests that oceanic heating of the air is important for the 
occurrence of the large positive LRF in the Arctic.

When the effect of sea-ice loss is absent, all Arctic cli-
mate feedbacks become much weaker than in the fully cou-
pled 1%CO2 run except for water vapor feedback, which 
weakens only slightly; while ΔOHU becomes negative (i.e., 
downward and thus negative contributions to atmospheric 
warming) and ΔAPHT becomes northward (i.e., positive 
contribution to Arctic warming) (Fig. 9b). In particular, the 
winter potential warming contribution by LRF decreases 
from ~5.0 K in the 1%CO2 run to ~1.25 K in FixedIce, as 
the winter ΔOHU changes from a warming contribution of 
~ 2.6 K in the 1%CO2 run to a cooling contribution of -1.6 K 
in FixedIce (Fig. 9c,d). This further shows that significant 
oceanic heating is necessary for the occurrence of large pos-
itive LRF in the Arctic. Because of the lack of oceanic heat-
ing and weakened feedbacks, the AA and Arctic warming 
are also much weaker in FixedIce (Table 1; Fig. 3a,c). These 
results suggest that most Arctic climate feedbacks, includ-
ing Arctic lapse-rate, cloud, surface albedo, temperature and 
Planck feedbacks, would weaken greatly without increased 
oceanic heat release from sea-ice loss, which could happen 
during the 23rd century when most Arctic sea ice is gone 

global warming are small, thereby contributing to AA. Note 
the Planck and total temperature feedbacks are always nega-
tive, but their deviation from their global mean is positive 
for the Arctic, which means that they cause less cooing in 
the Arctic than for the globe and thus contribute positively 
to AA. The positive water vapor feedback is weaker in the 
Arctic than the globe, and cloud feedback is more negative 
in the Arctic than the globe, thus both contributing nega-
tively to AA. These results generally agree with previous 
analyses of fully coupled model simulations, although the 
sign of the cloud feedback may differ among different mod-
els (e.g., Pithan and Mauritsen 2014; Feldl et al. 2020; Hahn 
et al. 2021). Figure 9 also shows that the ocean heat uptake 
change (ΔOHU) is a positive contributor to AA especially in 
winter (Fig. 9c), while atmospheric poleward heat transport 
change (ΔAPHT) contributes negatively to AA, as shown 
previously by Jenkins & Dai (2021) using DJF TOA fluxes. 
Figure  9c also shows that as ΔOHU becomes downward 
(i.e., increased oceanic absorption of solar radiation) in 
summer, the warming contribution by LRF becomes negli-
gible; while LRF greatly contributes to Arctic warming (by 
~ 5.0 K, the largest of all processes) in winter when ΔOHU 
is upward (i.e., oceanic heating due to sea-ice loss). This 

Fig. 7  (a) CESM1-simulated changes (relative to the CTL climatol-
ogy) in the cold season (September-April) integrated net surface energy 
storage loss (shading; in MJ m− 2; positive upwards), warm-season 
(May-August) integrated net absorption of solar radiation (black con-
tours; in MJ m− 2; positive downwards), and the shading-minus-black 
contour difference (cyan contours; in MJ m− 2) for years 131–150 of 
the 1%CO2 run. (b) Similar to (a), except for the CTL climatology of 
the mean cold-season integrated net surface energy storage loss (shad-

ing; in MJ m− 2; positive upwards), mean warm-season integrated net 
absorption of solar radiation (black contours; in MJ m− 2; positive 
downwards), and their difference (cyan contours; in MJ m− 2) for years 
1–80 of the CESM1 CTL run. The pattern correlation between the cold 
season and warm season integrated energy storage (over ocean only) is 
shown on the bottom corner of each panel. Each correlation coefficient 
has an associated p-value less than 0.01
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feedbacks, ΔOHU and ΔAPHT, except for Arctic cloud 
feedback, which is negative in CESM1 1%CO2 run (mainly 
in summer, Fig. 9a,c) but positive for the ERA5 long-term 
change (mainly in winter). That is, the winter cloud feed-
back is positive in both CESM1 and ERA5, but summer 
cloud feedback is strongly negative in CESM1 but only 
slightly negative in ERA5. Thus, the cloud feedback dif-
ference comes mainly from summer. Similar to CESM1 
(except for the cloud feedback), ERA5 also shows stronger 
Arctic climate feedbacks in winter than in summer, except 
the surface albedo feedback which occurs mainly in the sun-
lit warm season (Fig. 10b). Thus, except for summer cloud 
feedback, Arctic climate feedbacks and their seasonality 
in CESM1 are qualitatively consistent with those based on 
ERA5 long-term changes from 1950 to 1979 to 1990–2019.

4  Summary and discussion

To examine the relationships among Arctic warming, LRF, 
stability, sea-ice loss and oceanic heat release, we analyzed 
the changes around the time of 4×CO2 in two CESM1 simu-
lations both with 1%/year CO2 increases, one with fully cou-
pled sea ice (1%CO2) and another with fixed sea-ice cover 
(FixedIce) in calculating surface fluxes. For comparison, we 

even during winter (Dai et al. 2019). This illustrates the cru-
cial role of sea-ice loss: the strength of Arctic climate feed-
backs, Arctic warming and AA greatly depends on Arctic 
sea-ice loss and the resultant heating from the ocean. The 
winter oceanic heating induced by sea-ice loss can not only 
directly cause significant surface warming (Fig.  9c), but 
also lead to stronger lapse-rate and other positive feedbacks, 
thereby further contributing to AA.

Most of the Arctic climate feedbacks are stronger in 
winter than in summer, except for surface albedo and water 
vapor feedbacks, which are stronger in summer (Fig. 9c). 
This is consistent with the stronger oceanic heat release due 
to sea-ice loss in winter (Fig. 9c; Dai et al. 2019; Jenkins 
and Dai 2021), which can amplify the Arctic climate feed-
backs as noticed above. When the effect of sea-ice loss is 
suppressed, most of the winter Arctic climate feedbacks, 
as well as summer cloud and albedo feedbacks, weaken 
(Fig. 9d). Figure 9 shows that Arctic cloud feedback is very 
sensitive to sea-ice loss and the resultant oceanic heating 
and surface warming for annual, DJF and JJA: sea-ice loss 
leads to stronger negative cloud feedback in the Arctic in 
summer and for annual mean, but slightly enhance the posi-
tive cloud feedback in winter (Fig. 9).

Figure 10 shows that ERA5 long-term changes qualita-
tively show similar warming/cooling contributions by the 

Fig. 8  (a) ERA5 long-term changes (years 1990–2019 minus years 
1950–1979) in the cold-season (September-April) integrated net sur-
face energy storage loss (shading; in MJ m− 2) and warm-season (May-
August) integrated net shortwave (SW) energy storage gain (contours, 
in MJ m− 2). (b) Similar to (a), except for the climatology of the cold-
season loss and warm-season gain averaged over years 1950–1979. 

The cyan contours represent the difference between the cold season 
integrated net energy storage loss and warm season integrated net 
energy storage gain. The pattern correlation between the cold season 
and warm season integrated energy storage (over ocean only) is shown 
on the bottom corner of each panel. Each correlation coefficient has an 
associated p-value less than 0.01 and does not include land surfaces
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of the air due to sea-ice loss, while the degree of atmo-
spheric stability plays a minor role. We found that with-
out the oceanic heating induced by sea-ice loss, all other 
processes cannot generate a strong bottom-heavy warm-
ing profile and large positive LRF in stable Arctic air, and 

also analyzed long-term changes from 1950–1979 to 1990–
2019 in ERA5 data. Results show that Arctic positive LRF 
is a result of the enhanced surface warming relative to free-
tropospheric warming in winter, and this surface warming 
enhancement results mainly from increased oceanic heating 

Fig. 9  (a, b) Arctic (67°–90°N) vs. global annual potential warming 
contributions (in K) from surface albedo (AL), water vapor (WV), 
cloud (CL) and lapse rate (LR) feedbacks, changes in atmospheric 
poleward heat transport (ΔAPHT) and oceanic heat uptake (ΔOHU, 
positive upward), and the deviation from the global mean of the 
Arctic Planck (PL′ = Arctic PL – global-mean PL) and temperature 
(TEMP′ = Arctic TEMP – global-mean TEMP) feedbacks for the 
CESM1 (a) 1%CO2 and (b) FixedIce runs around the time of 4×CO2. 

A process above (below) the diagonal line in (a, b) represents a posi-
tive (negative) contribution to Arctic amplification. (c, d) Similar to 
(a) and (b), but for the Arctic winter (December-January-February) vs. 
summer (June-July-August) potential warming contributions. Note the 
different x- and y-axis scales used in (a-d). The global-mean Planck 
feedback contribution is -4.02 (-3.39) K for the 1%CO2 (FixedIce) run. 
The global-mean temperature feedback contribution is -3.91 (-3.55) W 
m− 2 K− 1 for the 1%CO2 (FixedIce) run
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air first, while all downward heating will warm both the 
troposphere and the surface simultaneously. With the exis-
tence of the bottom-heavy warming profile, the strong posi-
tive LRF allows the oceanic heat release to raise surface air 
temperature more effectively. Our calculations indicate that 
the LRF roughly doubles the warming compared with the 
case without the LRF under the same Arctic energy balance. 
Thus, while the large positive LRF results mainly from sea-
ice loss and the resultant oceanic heat release, its existence 
greatly enhances Arctic surface warming under rising atmo-
spheric CO2.

We also found that the increase in cold-season oceanic 
heat release greatly exceeds the increase in local warm-
season absorption of solar radiation over areas with large 
sea-ice loss, even though they are roughly in balance on a 
climatological sense over most of the Arctic (except for the 
Greenland Sea, Norwegian Sea and BKS). This indicates 
that local increased solar absorption can only provide a frac-
tion of the increased winter heat release over areas with sea-
ice loss, suggesting a redistribution or transport of energy 
within the upper ocean between the two seasons.

strong atmospheric stability is unnecessary for the surface 
heating to generate large positive LRF in Arctic non-con-
vective environment. Further, we showed that most Arctic 
climate feedbacks (including LRF), except for water vapor 
feedback, weaken greatly when the oceanic heating induced 
by sea-ice loss is absent, leading to greatly reduced Arctic 
warming and AA as seen in our FixedIce experiment. Thus, 
sea-ice loss and the resultant oceanic heat release in winter 
not only directly warm the near-surface air and the lower 
troposphere, but also greatly enhance Arctic lapse-rate 
and other feedbacks, further contributing to Arctic surface 
warming and AA.

The winter oceanic heating induced by sea-ice loss is 
efficient in raising surface air temperature without causing 
large upper-level warming in a non-convective environ-
ment like the Arctic, producing large positive LRF; while 
all other processes tend to produce similar warming near the 
surface and in the troposphere, leading to a weak positive 
LRF despite the existence of strong stability, as shown in 
our FixedIce experiment. This is not surprising given that 
an upward surface heating is expected to warm the surface 

Table 1  December-January-February mean surface warming (in K) with the effects of the LRF (ΔTas) and without the effects of the LRF  (ΔTas 
w/o LRF) for the 1%CO2 and FixedIce runs, and ERA5 data averaged over the Arctic region (67°-90°N), the globe, and the Arctic to global mean 
surface warming ratio (i.e., Arctic amplification or AA).

    1%CO2     ERA5     FixedIce
Arctic Global AA Arctic Global AA Arctic Global AA

ΔTas(K) 14.18 3.60 3.94 3.33 0.45 7.37 3.63 2.85 1.27
ΔTasw/o LRF (K) 7.10 3.65 1.95 1.73 0.51 3.41 2.54 3.26 0.78

Fig. 10  Similar to Fig. 9 but based on the long-term changes (1990–
2019 minus 1950–1979) in ERA5 data for (a) annual Arctic (67°-
90°N) vs. global and (b) Arctic winter (December-January-February) 

vs. summer (June-July-August) feedback warming contributions 
(in K). The global-mean PL and TEMP feedback contributions are 
− 0.61 K and − 0.60 K, respectively
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Our findings have major implications for future climate 
when Arctic sea ice could melt away during many of the 
cold-season months by the 23rd century (Dai et al. 2019). 
If that were to happen, Arctic LRF would become weak 
together with weak additional Arctic amplification (Dai et 
al. 2019). Thus, the existence of sea ice has major impacts 
on Arctic climate response to increasing GHGs, including 
Arctic lapse-rate and other feedbacks.

We conclude that the enhanced surface warming in the 
Arctic (and thus the AA) results primarily from increased 
oceanic heating in the cold season due to sea-ice loss, while 
high stability only plays a minor role. The enhanced surface 
warming (relative to upper levels) leads to large Arctic posi-
tive LRF, which roughly doubles Arctic warming under ris-
ing GHGs. Without the oceanic heating induced by sea-ice 
loss, most Arctic climate feedbacks (including LRF) would 
weaken greatly, leading to reduced Arctic warming and 
weak AA. Snow-ice albedo feedback over high latitude land 
could also enhance warming; however, Dai et al. (2019) 
showed that without large winter sea-ice loss, all other pro-
cesses can only produce weak AA.
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