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AT M O S P H E R I C  S C I E N C E

Sea ice pattern effect on Earth’s energy budget is 
characterized by hemispheric asymmetry
Chen Zhou1,2*, Qingmin Wang1, Ivy Tan3, Lujun Zhang1, Mark D. Zelinka4,  
Minghuai Wang1, Jonah Bloch-Johnson5,6

Earth’s energy budget is sensitive to the spatial distribution of sea surface temperature and sea ice concentration 
(SIC) change, but the global radiative effect of changes in SIC spatial distribution has not been quantified. We 
show that SIC-induced radiation anomalies at the top of the atmosphere are sensitive to the location of SIC reduc-
tion in each season, which qualitatively explains how and why the effect of sea ice loss on Earth’s energy budget is 
determined by its spatial pattern. Idealized experiments indicate that SIC-induced surface warming is greater in 
the Arctic regions, resulting in a more negative Planck feedback. Global low-level cloud cover responses to Arctic 
and Antarctic SIC reduction are also distinct, leading to more negative SIC-cloud feedback in Arctic regions. SIC-
induced albedo feedback is sensitive to latitude due to inhomogeneous solar radiation at the surface. As a result, 
the simulated radiative effect of SIC anomalies during 1980–2019 is dominated by variations in the spatial pattern 
of SIC.

INTRODUCTION
Global warming is a result of imbalance in the Earth’s energy budget 
(1). In response to changes in greenhouse gases and aerosol concen-
tration, the net radiative flux at the top of atmosphere (TOA) chang-
es due to instantaneous radiative forcing and rapid adjustments, 
leading to an effective radiative forcing to the Earth’s climate system 
(1, 2). Sea surface temperature (SST) and sea ice change gradually in 
response to radiative forcings, and corresponding changes in cloud 
properties, lapse rate, surface albedo, and humidity further change 
the Earth’s energy budget and provide feedbacks to the climate sys-
tem (1). The magnitude of climate feedbacks depends on the spatial 
pattern and magnitude of the effective radiative forcing, leading to 
differences in forcing efficacies (3–5). Moreover, climate fluctua-
tions alter the Earth’s energy budget by changing the spatial pattern 
of SST and sea ice. According to (6), the change in global TOA net 
radiation N relative to the preindustrial level can be expressed as

where F denotes the effective radiative forcing relative to the prein-
dustrial level, ΔT is the change of global mean surface temperature, 
λ is the long-term climate feedback parameter in response to CO2 forc-
ing, and P is the radiation anomaly induced by the change of SST/sea 
ice pattern relative to CO2-induced long-term global warming [i.e., 
the pattern effect (7–12)], and ε is a residual term induced by transient 
atmospheric processes. λ is a function of ΔT due to the state depen-
dence of climate feedbacks (13–15), which can be approximated as a 
constant number when ΔT is not large (e.g., less than 1°). Land sur-
face temperature responds rapidly to changes in radiative forcings and 
SST/sea ice, so it is not explicitly expressed in Eq. 1. The importance 
of the SST pattern effect in the evolution of Earth’s energy budget has 
been demonstrated in previous studies, and the main mechanisms of 

how the SST pattern affects the Earth’s energy budget have been re-
vealed (9, 11, 12, 16). On the other hand, although the existence of a 
sea ice concentration (SIC) pattern effect (i.e., the change of global 
TOA radiative anomaly in response to changes in the spatial distri-
bution of SIC) has been expected (17, 18), its magnitude has not 
been quantified, and its underlying physical mechanisms have not 
been fully elucidated.

Observations reveal a global sea ice loss under global warming. 
The sea ice area and SIC reduction is significant in the Arctic, while 
there is no significant trend in annual mean Antarctic sea ice area 
during 1979–2018 (19, 20, 21).Meanwhile, there is low confidence in 
the long-term trend of sea ice thickness (19, 22, 23). The impact of 
sea ice change on the global climate system is important and compli-
cated (24–27). During the past several decades, the radiative effect of 
SIC reduction over polar regions has warmed the Earth system by 
reducing the Earth’s surface albedo (19). Low-level cloud fraction in 
the Arctic generally increases as the SIC decreases depending on the 
thermodynamic structure of the atmosphere, and the warming effect 
of the surface albedo reduction is dampened by the masking effect of 
clouds, with strong seasonal dependence (28–32). Surface and air 
temperatures increase in response to sea ice loss, and the correspond-
ing air temperature feedback also dampens the warming effect of sea 
ice loss (33). The interactions between SIC, temperature, and cloud 
have been demonstrated to be important in determining the climate 
of the high latitudes (28, 34–37). Differences between Arctic and 
Antarctic feedbacks have been identified (38–40), but the pattern 
effect on SIC-related feedbacks has not been quantified.

In this study, we compare the SIC change patterns in observa-
tions and global warming simulations, analyze the climate effect of 
the SIC pattern effect, and analyze the mechanism how the SIC 
change pattern affects the Earth’s energy budget using a set of SIC 
patch experiments.

RESULTS
Pattern effect of historical SIC reduction
The spatial pattern of observed SIC trend during the past several 
decades is different from the SIC change pattern under CO2-induced 

N = F − λΔT + P + ε (1)
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long-term global warming. Under CO2-induced global warming, 
both Arctic and Antarctic SIC decreases in the long-term (Fig. 1, A 
to C, the abrupt4xCO2 experiment is described in table S1), and the 
SIC change is negative over almost all grid cells covered by sea ice 
(Fig. 2, A and B). SIC reduction in the northern hemisphere (NH) 
primarily occurs during the first 20 years of the abrupt4xCO2 ex-
periments and then stops as SIC approaches zero in August to October. 
In contrast, SIC in the southern hemisphere (SH) decreases steadily 
during the whole simulation period, albeit more rapidly in the first 
two decades after quadrupling. To quantify the radiative effect of SIC 
in the abrupt4xCO2 experiment, we design a set of abrupt4xCO2-
SIC experiments with three individual atmosphere-only simula-
tions driven by SIC of abrupt4xCO2 experiments and repeating 
climatological monthly mean SSTs from piControl experiments 
(table S1 and fig. S1). The total SIC-induced radiation change under 
CO2-induced warming is positive in our simulations (Fig. 1, D to F), 
which is consistent with the expectation that the radiative effect of 
CO2-induced SIC reduction warms the Earth system. The warming 
effect of SIC reduction is primarily induced by the albedo feedback, 
whereby sea ice loss allows more solar radiation to be absorbed by 
the ocean surface (fig. S2). In addition, the surface temperature, 
lapse rate, humidity, and cloud properties also change in response to 

SIC reduction, leading to additional feedbacks to the climate system 
(fig. S2).

The global SIC is also decreasing in the historical period (Fig. 
1G). To evaluate the SIC pattern effect on the global energy budget, 
we perform a set of idealized experiments (AMIPSIC, where AMIP 
denotes experiment design similar to that in the Atmospheric Model 
Intercomparison Project), where the radiative forcings and SST are 
fixed at preindustrial levels, and the SIC are prescribed from obser-
vations (see Materials and Methods). The radiative effect of SIC and 
SST approximately equals the superposition of the SIC radiative ef-
fect and the SST effect (fig. S3), so the idealized SIC experiments are 
valid to quantify the radiative effect of SIC on Earth’s energy bud-
get. In both hemispheres, radiation anomalies induced by a SIC re-
duction are positive, consistent with abrupt4xCO2-SIC experiments. 
Unexpectedly, the trend of global ∆R is negative despite the statisti-
cally significant decrease of global SIC between 1980 and 2008, imply-
ing that global SIC reduction leads to planetary cooling during this 
period (Fig. 1, G and J, and fig. S4). This seemingly counterintuitive 
result can be better understood by considering the unevenly distributed 
SIC reduction pattern (Fig. 2). During this period, Antarctic SIC in-
creases over most regions, leading to a decrease in ∆R averaged over 
the SH high latitude regions, while the Arctic SIC generally decreases, 

Fig. 1. SIC changes and corresponding radiative effects under CO2-induced global warming and during the historical period of 1980–2019. (A to F) Results from 
the abrupt4xCO2-SIC experiments, where the changes are relative to the first year of the experiment. (G to L) Results from the AMIPSIC experiments, where the changes 
are calculated relative to the average value between 1980 and 1989. The red dashed lines denote the trends over 1980–2008, and the P values of t tests for these trends 
are shown in each panel. The black dashed lines are base lines.
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leading to an increase in ∆R averaged over the NH high latitude 
regions. The sensitivity of NH ΔR to NH ΔSIC is smaller than the 
sensitivity of SH ΔR to SH ΔSIC (fig. S5), so the radiative cooling 
induced by Antarctic SIC growth is greater than the radiative heat-
ing induced by Arctic SIC reduction. As a result, the relationship 
between global SIC trend and ΔR trend is opposite from that under 
long-term global warming, and the sea ice pattern effect is impor-
tant in determining the climate effect of sea ice cover changes.

We quantify the contribution of global SIC radiative effect and 
SIC pattern effect to the global TOA radiation anomalies (Fig. 3 and 
see Materials and Methods). The variance of SIC pattern effect 
(0.0032 W2/m4) is greater than that of the global SIC radiative effect 
(0.0024 W2/m4), indicating that the radiative effect of SIC anomalies 
during this period is primarily affected by the SIC pattern effect.

Mechanism of SIC pattern effect
We investigate the mechanism of the SIC pattern effect by perform-
ing a set of sea ice patch perturbation experiments, where the SIC is 
both increased and decreased within individual patches, and the re-
sponse of the global radiative effect to regional SIC changes can be 
calculated (see Materials and Methods and fig. S6). The results show 
that the magnitude and even the sign of the response of TOA radia-
tive fluxes to regional SIC reductions are sensitive to the location of 
SIC change (Fig. 4, A and B). The responses of TOA radiative fluxes 
to regional SIC reductions are further decomposed into contribu-
tions from changes in surface temperature (Planck feedback), lapse 

rate, relative humidity (RH), cloud, and surface albedo (see Materials 
and Methods) (41).

The primary contributor to the hemispheric asymmetry is the 
Planck feedback [Fig. 4, E and F; fixed RH framework (41)]. When 
SIC decreases in the Arctic region, surface temperature in the Arctic 
regions increases (33), leading to more longwave emission to space 
(i.e., stronger negative Planck feedback). The radiative effect of the 
Planck feedback is partially counteracted by the lapse rate feedback 

Fig. 2. Change of SIC normalized by the change of global mean surface temperature. (A and B) Annual SIC change pattern in abrupt4xCO2 experiments, calculated 
using the differences between average value of the piControl experiments and years 131 to 150 of the abrupt4xCO2 experiments (table S1). (C and D) Historical annual 
SIC change pattern during 1980–2008 (AMIP SIC). (E to H) SIC change patterns in April to September. (I to L) SIC change patterns in October to March.

Fig. 3. Decomposition of SIC-induced radiation anomalies at TOA. The red line 
is the radiative effect of global mean SIC anomalies (λSICΔSIC), and the black line is 
the SIC pattern effect (PSIC; see Eq. 7 in Materials and Methods). The gray lines de-
note the SD interval of the SIC pattern effect.
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(Fig. 4, G and H). In comparison, surface warming in response to 
Antarctic SIC reduction is weaker, so the cooling effect from the 
Planck feedback is weaker in response to SIC reduction in most 
Antarctic regions. In addition, the lapse rate feedback is also weaker 
in the Antarctic regions (42).

Moreover, responses of cloud radiative effect (CRE) to SIC re-
duction are also distinct in the two hemispheres. The mechanisms 
behind the SIC-induced cloud radiation anomalies are complex, and 
part of the hemispheric asymmetry is induced by the change of low-
level cloud cover (LCC; cloud fraction with cloud top pressure greater 
than 680 hPa; figs. S7 and S8). When the sea ice melts, the saturation 
water vapor pressure of the air above the sea surface increases, so more 
water vapor is able to enter the atmosphere. Meanwhile, the surface air 
temperature increases in response to SIC reduction, leading to a de-
crease in local near-surface static stability and estimated inversion 
strength (EIS) (43), which have competing effects on LCC. Decreasing 
near-surface static stability favors boundary layer moistening and an 
increase in LCC (28), while the simultaneous decrease of EIS (43) and 
increase of surface temperature (44) favor a decrease in LCC. The 
effect of water vapor and near-surface stability dominates over the 
effect of surface temperature and EIS inside the Arctic and Antarctic 
circles, where climatological SIC and EIS are high and surface water 
vapor concentration is low [fig. S8, consistent to (28)]. In contrast, 

the surface temperature and EIS effects on LCC tend to be more im-
portant over lower latitudes. As a result, the LCC increases notably 
in response to SIC reduction in most Arctic regions but does not in-
crease as much in response to SIC reduction in most Southern Ocean 
areas (figs. S7 and S8), contributing to the hemispheric asymmetry 
on cloud-SIC feedback. The different Arctic and Antarctic SIC-LCC 
relationship implied by the idealized simulations is generally consistent 
with Moderate Resolution Imaging Spectroradiometer (MODIS) 
satellite observations (fig. S9).

The response of global TOA fluxes to SIC reduction depends on 
the season. There is little solar radiation in wintertime, so the surface 
albedo–induced radiation anomalies are greater during summertime. 
Moreover, SIC-induced surface warming is stronger in wintertime, 
leading to a stronger negative Planck feedback in wintertime (figs. 
S10, E and F, and S11, E and F). This asymmetry arises because the 
ice surface temperature is colder in wintertime, while the water surface 
temperature is close to the ice melting point for all seasons, so the 
local temperature change induced by SIC reduction is also greater in 
wintertime. As a result, the SIC-induced radiation anomalies tend to 
cool Earth in wintertime and warm Earth in summertime for both 
hemispheres (figs. S10 and S11). It is also worth noting that most 
SIC-induced TOA radiation anomalies are contributed from high 
latitudes of the corresponding hemisphere (fig. S12).

Fig. 4. Sensitivity of global TOA radiation to regional SIC reduction and its breakdown into contributions from individual radiative processes. (A and B) Response 
of annual mean global TOA radiation to regional SIC reduction in unit surface area (−�R∕�SIC, calculated with Eq. 4). (C and D) Contribution of cloud changes. (E and 
F) Contribution of vertically uniform temperature changes (Planck feedback). (G and H) Contribution of vertically nonuniform temperature changes (lapse rate feedback). 
(I and J) Contribution of surface albedo changes. (K and L) Contribution of RH changes. A positive value at a given location indicates that sea ice loss at that location leads 
to a radiative heating of the climate system, averaged annually and over the globe. Seasonal values and regional responses are shown in figs. S10 to S12.
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As a result, SIC reduction over the SH leads to a radiative heating 
on the Earth’s climate system, but SIC reduction near the North Pole 
leads to a radiative cooling. The above mechanism could partially ex-
plain how the SIC-induced radiation anomalies vary during the recent 
decades (fig. S13A). Note that although the sensitivity of global TOA 
fluxes to SIC reduction in central Arctic Ocean is negative (Fig. 4), 
the SIC trend over these regions is small, so the contribution of the 
central Arctic Ocean to the trend of TOA fluxes is negligible; instead, 
the negative trend during this period is primarily induced by the SIC 
increase in the Antarctic regions.

DISCUSSION
Our findings show that the global climate effect of sea ice loss de-
pends on its spatial pattern, and the SIC pattern effect is charac-
terized by hemispheric asymmetry. SIC reduction in Arctic regions 
induces greater surface warming and a correspondingly greater radia-
tive cooling effect due to the Planck feedback than the Antarctic 
regions. Cloud radiative effect changes are typically more positive 
when SIC reductions occur over lower latitude regions with smaller 
mean-state SIC and weaker lower tropospheric stability. SIC-induced 
albedo feedback is sensitive to latitude due to inhomogeneous solar 
radiation at the surface. As a result, numerical simulations indicate 
that the bulk radiative effect of SIC reduction with certain spatial 
patterns (e.g., trends during 1980–2008) could even cool Earth due 
to the hemispheric asymmetry of SIC change.

Considering that historical SIC varies across different datasets 
(45), we reperform the AMIPSIC experiment with SIC from Hadley 
Centre sea ice and SST dataset (HadISST) (46) and National Snow 
and Ice Data Center (NSIDC) (47). The trend of TOA fluxes during 
1980–2008 is also negative when HadISST is used (fig. S14), despite 
different statistical metrics. When SIC from NSIDC is used, the 
TOA fluxes trend during 1980–2008 is close to zero (fig. S14), but 
the variance of SIC pattern effect (0.0086 W2/m4) is also greater than 
that of the global SIC radiative effect (0.0027 W2/m4) during the 
past four decades, so the SIC pattern effect is still important.

The SIC pattern effect simulated by climate models is also af-
fected by model uncertainty. To assess the model dependence of the 
SIC pattern effect, we performed the AMIPSIC experiment with 
another model [HadAM3 (48)], and the results show similar hemi-
spheric asymmetry of ΔR sensitivity to SIC reduction, despite dif-
ferences in the magnitude of the pattern effect (fig. S15). In the 
future, the intermodel spread of SIC pattern effect might be quanti-
fied under the framework of the Green’s Function Model Intercom-
parison Project (49).

The radiative effect of sea ice thinning is not analyzed in this 
study due to lack of reliable global long-term sea ice thickness ob-
servations (22). Changes in sea ice thickness can affect the Earth’s 
energy budget by altering the surface albedo, and it is likely that the 
climate effects of sea ice thinning also depend on its spatial pattern 
due to unevenly distributed solar irradiance and regional variations 
in mean-state sea ice thickness. This potential sea ice thickness pattern 
effect might be analyzed in future works.

MATERIALS AND METHODS
Historical simulation
Here, the simulations are performed using the Community Earth 
System Model 1.2.1 with Community Atmosphere Model 5.3 

(CESM1.2.1-CAM5.3) at 1.9 latitude × 2.5 longitude resolution (50). 
The effective climate sensitivity of this model version is ~3.0 K, 
which is close to the optimal estimation of the Sixth Assessment 
Report of Intergovernmental Panel on Climate Change (IPCC 
AR6) (1). In prescribed SST/SIC experiments, sea ice thickness is 
set to be fixed in each hemisphere by the model, and the default 
shortwave radiative transfer scheme is used in the sea ice model 
component. The radiative effect of sea ice thinning is not analyzed 
in this study.

A set of AMIP-like simulations are carried out to test whether the 
SST-induced radiation anomalies and SIC-induced radiation anom-
alies superpose linearly. These simulations include an AMIPFF ex-
periment with historical SST/SIC and fixed radiative forcing (fixed 
at preindustrial levels in this study), an AMIPSST experiment with 
historical SST and fixed SIC/forcing, and an AMIPSIC experiment 
with historical SIC and fixed SST/forcing (table S1). The historical 
SST/SIC datasets of (51) are used in these AMIP-like simulations 
and are from the CESM website. This AMIP SST/SIC dataset is a 
merged product based on HadISST and version 2 of the National 
Oceanic and Atmospheric Administration (NOAA) weekly opti-
mum interpolation SST analysis and provides monthly mean SST and 
SIC data from 1870 to the present. Each AMIP experiment has three 
individual ensemble members, and each individual ensemble is per-
formed with slightly perturbed initial conditions.

We also perform the AMIPSIC experiment with HadISST and 
NOAA/NSIDC climate data record of passive microwave sea ice 
concentration (denoted as NSIDC SIC in this study) datasets. The 
sea ice data of HadISST are obtained from a variety of data sources 
including digitized sea ice charts derived from shipping, expedi-
tions, and other activities and microwave-based satellite retrievals 
and cover the period from 1870 to present. The comprehensive inte-
gration of diverse data sources provides a long-term perspective on 
sea ice trends, making HadISST suitable for historical climate analy-
ses and as boundary conditions for climate models. The NSIDC SIC 
data provide satellite-based SIC observations from 1978 to present, 
using passive microwave sensors such as Scanning Multichannel 
Microwave Radiometer (SMMR), Special Sensor Microwave/Imager 
(SSM/I) and Special Sensor Microwave Imager/Sounder (SSMIS) 
across various satellite platforms. The temporal coverage of AMIP 
SST/SIC data and HadISST data are about 100 years longer than that 
of NSIDC SIC data, and they are more frequently used in global 
climate simulations and related studies.

SIC patch experiments
A series of SIC patch experiments have been carried out to analyze the 
effect of regional SIC change on the global climate system, which can 
be used to quantify the effect of changes in SIC spatial distribution.

Twenty-seven patches are used to cover the ocean area of the high 
latitudes (fig. S6). In each SIC patch experiment, the SIC of a specific 
patch is changed using the following equation

where A is set to be +0.4 and −0.4 in conjugate SIC increase and 
reduction experiments in this study; latp and lonp are the latitude 
and longitude of the center point for the pth patch, respectively; latw 
and lonw are the meridional and zonal half width of the patch, 

ΔSICp,ice(lat, lon)=Acos2
(
π

2

lat− latp

latw

)

cos2

(
π

2

lon− lonp

lonw

)

(
||
|
lat− latp

||
|
< latw ,

||
|
lon− lonp

||
|
< lonw

) (2)
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respectively. This equation is similar to the equations for SST patch 
experiments (11, 12, 52). If SIC is greater than 100% after the above 
equation is applied, then it is set to be 100%; SIC is set to be zero if 
its value is negative.

Then, the sensitivity of global radiative flux to regional SIC 
change in a specific grid box (ith grid box) can be calculated as (11)

where p denotes the perturbation experiments performed in the pth 
patch, Rp,ice+ and Rp,ice− are the time-average (all data are used to 
calculate annual sensitivities, and only data of a specific month are 
used to calculate monthly resolved sensitivities) radiative fluxes in 
the conjugate SIC increase and reduction experiments, respectively, 
SICp,i,ice+ and SICp,i,ice− are the SIC in the ith grid box in conjugate 
SIC increase and reduction experiments, respectively, SICp,avg,ice+ 
denotes the average SIC in the pth patch, Si is the ocean surface area 
of the ith grid box, and Sp is the ocean surface area of the pth patch. 
The radiative fluxes are integrated over the full spectral range (10 to 
50000 cm−1), and downward radiation is defined to be positive in 
this study.

Near the poles, the sensitivity calculated from Eq. 3 is small due 
to the relatively small area of each grid box (the area of each grid box 
is proportional to the cosine of latitude). To avoid the effect of non-
uniform grid box area, the sensitivity of global radiative flux to re-
gional SIC change is divided by the surface area of each grid box

These normalized sensitivities are shown in Fig. 4.
Although the radiative effects of SIC change are strongly nonlin-

ear, the Green’s function approach largely captures the global SIC-
induced radiation anomalies in AMIPSIC simulations (fig. S13A). 
The Green’s function approach underestimates the SIC-induced ra-
diation change in abrupt4xCO2-SIC simulations, but the correla-
tion is still high (fig. S13B), so it is valid for attribution analyses.

Considering that SST at each grid box might increase simultane-
ously when SIC reduces, we perform an additional set of SIC-SST 
covarying patch experiments. The SIC-SST covarying patch experi-
ments are similar to the SIC patch experiments, except that SST in a 
specific grid is changed proportionally with SIC

where B is a constant and is set to be −0.05 K/% here (note that the 
relationship between ΔSST and ΔSIC is nonlinear in reality). The 
sensitivities of radiation anomalies to regional SIC changes calcu-
lated from SIC-SST patch experiments are similar to that calculated 
from SIC patch experiments (fig. S16).

Quantification of SIC pattern effect
The SIC-induced radiation anomalies can be decomposed into a 
global SIC component and a SIC pattern effect term

where λSIC is the regression slope of global ΔR against global ΔSIC 
in the abrubpt4xCO2 experiment, PSIC is the SIC pattern effect, and 
ϵ is an error term that is induced by factors other than SIC. The 

variance of ϵ in an individual run [var(ϵ)] can be calculated from the 
differences between individual AMIPSIC runs. Then, the pattern ef-
fect PSIC can be estimated as

The variance of estimated P̂SIC is greater than the variance of ac-
tual PSIC, due to the error term in Eq. 6. Assuming that ϵ is indepen-
dent of other terms, the variance of PSIC in an individual run can be 
calculated as

Decomposition of radiation anomalies using 
radiative kernels
Radiative kernels for CESM1 (53) are used to decompose the radia-
tion anomalies in this study using the methods of (54). Radiation 
anomalies induced by noncloud perturbations are calculated direct-
ly using the following equation

where ΔX denotes the monthly anomaly of a specific noncloud vari-
able (albedo, surface temperature, air temperature, and humidity), 
and KX is the corresponding radiative kernel (53, 54). The humidity-
induced radiation anomalies are divided into a component induced 
by temperature change assuming fixed RH (ΔRTa_RH) and a compo-
nent induced by changes in RH (ΔRRH) following (41), and ΔRTa_RH 
is subsequently decomposed into a Planck term (ΔRPlanck, change of 
radiation anomalies assuming that the air temperature change is 
the same as the surface temperature change) and a lapse rate term 
(ΔRLR). Cloud-induced radiation anomalies are computed using the 
adjusted CRE method

where CRE is calculated as the difference between all-sky and clear-
sky TOA radiative fluxes, and K0

X
 is radiative kernels for clear-

sky fluxes.

Supplementary Materials
This PDF file includes:
Figs. S1 to S16
Table S1

REFERENCES AND NOTES
	 1.	 P. Forster, T. Storelvmo, K. Armour, W. Collins, J.-L. Dufresne, D. Frame, D. J. Lunt,  

T. Mauritsen, M. D. Palmer, M. Watanabe, M. Wild, H. Zhang, “The Earth’s energy budget, 
climate feedbacks, and climate sensitivity” in Climate Change 2021: The Physical Science 
Basis. Contribution of Working Group I to the Sixth Assessment Report of the 
Intergovernmental Panel on Climate Change, V. Masson-Delmotte, P. Zhai, A. Pirani,  
S. L. Connors, C. Péan, S. Berger, N. Caud, Y. Chen, L. Goldfarb, M. I. Gomis, M. Huang, K. Leitzell, 
E. Lonnoy, J. B. R. Matthews, T. K. Maycock, T. Waterfield, O. Yelekçi, R. Yu, B. Zhou, Eds. 
(Cambridge Univ. Press, 2021), chap. 7.

	 2.	 J. M. Gregory, W. J. Ingram, M. A. Palmer, G. S. Jones, P. A. Stott, R. B. Thorpe, J. A. Lowe,  
T. C. Johns, K. D. Williams, A new method for diagnosing radiative forcing and climate 
sensitivity. Geophys. Res. Lett. 31, L03205 (2004).

	 3.	 J. Hansen, M. Sato, R. Ruedy, L. Nazarenko, A. Lacis, G. A. Schmidt, G. Russell, I. Aleinov,  
M. Bauer, S. Bauer, N. Bell, B. Cairns, V. Canuto, M. Chandler, Y. Cheng, A. Del Genio,  
G. Faluvegi, E. Fleming, A. Friend, T. Hall, C. Jackman, M. Kelley, N. Kiang, D. Koch, J. Lean,  
J. Lerner, K. Lo, S. Menon, R. Miller, P. Minnis, T. Novakov, V. Oinas, J. Perlwitz, J. Perlwitz,  
D. Rind, A. Romanou, D. Shindell, P. Stone, S. Sun, N. Tausnev, D. Thresher, B. Wielicki,  
T. Wong, M. Yao, S. Zhang, Efficacy of climate forcings. J. Geophys. Res. 110, D18104 (2005).

	 4.	T . B. Richardson, P. M. Forster, C. J. Smith, A. C. Maycock, T. Wood, T. Andrews, O. Boucher, 
G. Faluvegi, D. Fläschner, Ø. Hodnebrog, M. Kasoar, A. Kirkevåg, J.-F. Lamarque,  

�R

�SICi

=

∑
p

�
Rp,ice+−Rp,ice−

� (SICp,i,ice+−SICp,i,ice−)

(SICp,avg,ice+−SICp,avg,ice−)

Si
Sp

∑
p

�
SICp,i,ice+−SICp,i,ice−

� (3)

�R

�SIC
=

�R

�SICi

1

Si
(4)

ΔSSTp,icesst(lat, lon) = BΔSICp,icesst(lat, lon) (5)

ΔRSIC = λSICΔSIC + PSIC + ϵ (6)

P̂SIC = ΔRSIC − λSICΔSIC (7)

var
(
PSIC

)
= var

(
ΔRSIC−λSICΔSIC

)
− var(ϵ) (8)

ΔRX = KXΔX (9)

ΔRcloud = ΔCRE −
∑

X

(
KX −K0

X

)
ΔX (10)

D
ow

nloaded from
 https://w

w
w

.science.org on A
pril 01, 2025



Zhou et al., Sci. Adv. 11, eadr4248 (2025)     28 February 2025

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A r t i c l e

7 of 8

J. Mülmenstädt, G. Myhre, D. Olivié, R. W. Portmann, B. H. Samset, D. Shawki, D. Shindell,  
P. Stier, T. Takemura, A. Voulgarakis, D. Watson-Parris, Efficacy of climate forcings in 
PDRMIP models. J. Geophys. Res. Atmos. 124, 12824–12844 (2019).

	 5.	C . Zhou, M. Wang, M. D. Zelinka, Y. Liu, Y. Dong, K. C. Armour, Explaining forcing efficacy 
with pattern effect and state dependence. Geophys. Res. Lett. 50, e2022GL101700 (2023).

	 6.	C . Zhou, M. D. Zelinka, A. E. Dessler, M. Wang, Greater committed warming after 
accounting for the pattern effect. Nat. Clim. Chang. 11, 132–136 (2021).

	 7.	 K. C. Armour, C. M. Bitz, G. H. Roe, Time-varying climate sensitivity from regional 
feedbacks. J. Clim. 26, 4518–4534 (2013).

	 8.	T . Andrews, J. M. Gregory, M. J. Webb, The dependence of radiative forcing and feedback 
on evolving patterns of surface temperature change in climate models. J. Clim. 28, 
1630–1648 (2015).

	 9.	C . Zhou, M. D. Zelinka, S. A. Klein, Impact of decadal cloud variations on the Earth’s 
energy budget. Nat. Geosci. 9, 871–874 (2016).

	 10.	 S.-P. Xie, Y. Kosaka, Y. M. Okumura, Distinct energy budgets for anthropogenic and natural 
changes during global warming hiatus. Nat. Geosci. 9, 29–33 (2016).

	 11.	C . Zhou, M. D. Zelinka, S. A. Klein, Analyzing the dependence of global cloud feedback on 
the spatial pattern of sea surface temperature change with a Green’s function approach. 
J. Adv. Model. Earth Syst. 9, 2174–2189 (2017).

	 12.	 Y. Dong, C. Proistosescu, K. C. Armour, D. S. Battisti, Attributing historical and future 
evolution of radiative feedbacks to regional warming patterns using a Green’s function 
approach: The preeminence of the western Pacific. J. Clim. 32, 5471–5491 (2019).

	 13.	 K. Meraner, T. Mauritsen, A. Voigt, Robust increase in equilibrium climate sensitivity under 
global warming. Geophys. Res. Lett. 40, 5944–5948 (2013).

	 14.	 R. Caballero, M. Huber, State-dependent climate sensitivity in past warm climates and its 
implications for future climate projections. Proc. Natl Acad. Sci. U.S.A. 110, 14162–14167 
(2013).

	 15.	 J. Bloch-Johnson, M. Rugenstein, M. B. Stolpe, T. Rohrschneider, Y. Zheng, J. M. Gregory, 
Climate sensitivity increases under higher CO2 levels due to feedback temperature 
dependence. Geophys. Res. Lett. 48, e2020GL089074 (2021).

	 16.	 P. Ceppi, J. M. Gregory, Relationship of tropospheric stability to climate sensitivity and 
Earth’s observed radiation budget. Proc. Natl Acad. Sci. U.S.A. 114, 13126–13131 
(2017).

	 17.	 J. A. Screen, Simulated atmospheric response to regional and pan-Arctic sea ice loss.  
J. Clim. 30, 3945–3962 (2017).

	 18.	 X. J. Levine, I. Cvijanovic, P. Ortega, M. G. Donat, E. Tourigny, Atmospheric feedback 
explains disparate climate response to regional Arctic sea-ice loss. NPJ Clim. Atmos. Sci. 4, 
28 (2021).

	 19.	 B. Fox-Kemper, H. T. Hewitt, C. Xiao, G. Aðalgeirsdóttir, S. S. Drijfhout, T. L. Edwards,  
N. R. Golledge, M. Hemer, R. E. Kopp, G. Krinner, A. Mix, D. Notz, S. Nowicki, I. S. Nurhati, L. Ruiz, 
J.-B. Sallée, A. B. A. Slangen, Y. Yu, “Ocean, cryosphere and sea level change” in Climate 
Change 2021: The Physical Science Basis, C. Masson-Delmotte, V. P. Zhai, A. Pirani,  
S. L. Connors, C. Péan, S. Berger, N. Caud, Y. Chen, L. Goldfarb, M. I. Gomis, M. Huang, K. Leitzell, 
E. Lonnoy, J. B. R. Matthews, T. K. Maycock, T. Waterfield, O. Yelekçi, R. Yu, B. Zhou, Eds. 
(Cambridge Univ. Press, 2021), chap. 9.

	 20.	 J. Stroeve, D. Notz, Changing state of Arctic sea ice across all seasons. Environ. Res. Lett. 
13, 103001 (2018).

	 21.	 J. Ludescher, N. Yuan, A. Bunde, Detecting the statistical significance of the trends in the 
Antarctic sea ice extent: An indication for a turning point. Clim. Dyn. 53, 237–244 
(2019).

	 22.	 F. Bunzel, D. Notz, L. T. Pedersen, Retrievals of Arctic sea-ice volume and its trend 
significantly affected by interannual snow variability. Geophys. Res. Lett. 45, 11751–11759 
(2018).

	 23.	 S. Kacimi, R. Kwok, The Antarctic sea ice cover from ICESat-2 and CryoSat-2: Freeboard, 
snow depth, and ice thickness. Cryosphere 14, 4453–4474 (2020).

	 24.	 M. Mori, Y. Kosaka, M. Watanabe, H. Nakamura, M. Kimoto, A reconciled estimate of the 
influence of Arctic sea-ice loss on recent Eurasian cooling. Nat. Clim. Chang. 9, 123–129 
(2019).

	 25.	 P. C. Taylor, R. C. Boeke, L. N. Boisvert, N. Feldl, M. Henry, Y. Huang, P. L. Langen, W. Liu,  
F. Pithan, S. A. Sejas, I. Tan, Process drivers, inter-model spread, and the path forward:  
A review of amplified Arctic warming. Front. Earth Sci. 9, 758361 (2022).

	 26.	D . M. Smith, J. A. Screen, C. Deser, J. Cohen, J. C. Fyfe, J. García-Serrano, T. Jung, V. Kattsov, 
D. Matei, R. Msadek, Y. Peings, M. Sigmond, J. Ukita, J.-H. Yoon, X. Zhang, The Polar 
Amplification Model Intercomparison Project (PAMIP) contribution to CMIP6: 
Investigating the causes and consequences of polar amplification. Geosci. Model Dev. 12, 
1139–1164 (2019).

	 27.	 K. Caldeira, I. Cvijanovic, Estimating the contribution of sea ice response to climate 
sensitivity in a climate model. J. Clim. 27, 8597–8607 (2014).

	 28.	 J. E. Kay, A. Gettelman, Cloud influence on and response to seasonal Arctic sea ice loss.  
J. Geophys. Res. Atmos. 114, D18204 (2009).

	 29.	 J. E. Kay, T. L’Ecuyer, H. Chepfer, N. Loeb, A. Morrison, G. Cesana, Recent advances in Arctic 
cloud and climate research. Curr. Clim. Change Rep. 2, 159–169 (2016).

	 30.	 Y. Liu, S. A. Ackerman, B. C. Maddux, J. R. Key, R. A. Frey, Errors in cloud detection over the 
Arctic using a satellite imager and implications for observing feedback mechanisms.  
J. Clim. 23, 1894–1907 (2010).

	 31.	 M. He, Y. Hu, N. Chen, D. Wang, J. Huang, K. Stamnes, High cloud coverage over melted 
areas dominates the impact of clouds on the albedo feedback in the Arctic. Sci. Rep. 9, 
9529 (2019).

	 32.	 R. Alkama, P. C. Taylor, L. Garcia-San Martin, H. Douville, G. Duveiller, G. Forzieri,  
D. Swingedouw, A. Cescatti, Clouds damp the radiative impacts of polar sea ice loss. 
Cryosphere 14, 2673–2686 (2020).

	 33.	 F. Pithan, T. Mauritsen, Arctic amplification dominated by temperature feedbacks in 
contemporary climate models. Nat. Geosci. 7, 181–184 (2014).

	 34.	 J. A. Curry, J. L. Schramm, W. B. Rossow, D. Randall, Overview of Arctic cloud and radiation 
characteristics. J. Clim. 9, 1731–1764 (1996).

	 35.	D . Philipp, M. Stengel, B. Ahrens, Analyzing the Arctic feedback mechanism between sea ice 
and low-level clouds using 34 years of satellite observations. J. Clim. 33, 7479–7501 (2020).

	 36.	 M. F. Stuecker, C. M. Bitz, K. C. Armour, C. Proistosescu, S. M. Kang, S.-P. Xie, D. Kim,  
S. McGregor, W. Zhang, S. Zhao, W. Cai, Y. Dong, F.-F. Jin, Polar amplification dominated by 
local forcing and feedbacks. Nat. Clim. Chang. 8, 1076–1081 (2018).

	 37.	I . Tan, D. Barahona, Q. Coopman, Potential link between ice nucleation and climate model 
spread in Arctic amplification. Geophys. Res. Lett. 49, e2021GL097373 (2022).

	 38.	H . Goosse, J. E. Kay, K. C. Armour, A. Bodas-Salcedo, H. Chepfer, D. Docquier, A. Jonko,  
P. J. Kushner, O. Lecomte, F. Massonnet, H.-S. Park, F. Pithan, G. Svensson,  
M. Vancoppenolle, Quantifying climate feedbacks in polar regions. Nat. Commun. 9, 1919 
(2018).

	 39.	L . C. Hahn, K. C. Armour, M. D. Zelinka, C. M. Bitz, A. Donohoe, Contributions to polar 
amplification in CMIP5 and CMIP6 models. Front. Earth Sci. 9, 710036 (2021).

	 40.	 M. England, L. Polvani, L. Sun, Contrasting the Antarctic and Arctic atmospheric responses 
to projected sea ice loss in the late twenty-first century. J. Clim. 31, 6353–6370 (2018).

	 41.	I . M. Held, K. M. Shell, Using relative humidity as a state variable in climate feedback 
analysis. J. Clim. 25, 2578–2582 (2012).

	 42.	L . C. Hahn, K. C. Armour, D. S. Battisti, A. Donohoe, A. G. Pauling, C. M. Bitz, Antarctic 
elevation drives hemispheric asymmetry in polar lapse rate climatology and feedback. 
Geophys. Res. Lett. 47, e2020GL088965 (2020).

	 43.	 R. Wood, C. S. Bretherton, On the relationship between stratiform low cloud cover and 
lower-tropospheric stability. J. Clim. 19, 6425–6432 (2006).

	 44.	C . S. Bretherton, P. N. Blossey, Low cloud reduction in a greenhouse-warmed climate: 
Results from Lagrangian LES of a subtropical marine cloudiness transition. J. Adv. Model. 
Earth Syst. 6, 91–114 (2014).

	 45.	I . Eisenman, W. N. Meier, J. R. Norris, A spurious jump in the satellite record: Has Antarctic 
sea ice expansion been overestimated? Cryosphere 8, 1289–1296 (2014).

	 46.	N . A. Rayner, D. E. Parker, E. B. Horton, C. K. Folland, L. V. Alexander, D. P. Rowell, Global 
analyses of sea surface temperature, sea ice, and night marine air temperature since the 
late nineteenth century. J. Geophys. Res. 108, 4407 (2003).

	 47.	 W. N. Meier, F. Fetterer, A. K. Windnagel, S. Stewart, NOAA/NSIDC climate data record of 
passive microwave sea ice concentration, version 4. NSIDC: National Snow and Ice Data 
Center, Boulder, Colorado, USA (2021).

	 48.	V . D. Pope, M. L. Gallani, P. R. Rowntree, R. A. Stratton, The impact of new physical 
parametrizations in the Hadley Centre climate model: HadAM3. Clim. Dyn. 16, 123–146 
(2000).

	 49.	 J. Bloch-Johnson, M. A. A. Rugenstein, M. J. Alessi, C. Proistosescu, M. Zhao, B. Zhang,  
A. I. L. Williams, J. M. Gregory, J. Cole, Y. Dong, M. L. Duffy, S. M. Kang, C. Zhou, The Green’s 
function model intercomparison project (GFMIP) protocol. J. Adv. Model. Earth Syst. 16, 
e2023MS003700 (2024).

	 50.	 J. W. Hurrell, M. M. Holland, P. R. Gent, S. Ghan, J. E. Kay, P. J. Kushner, J.-F. Lamarque,  
W. G. Large, D. Lawrence, K. Lindsay, W. H. Lipscomb, M. C. Long, N. Mahowald,  
D. R. Marsh, R. B. Neale, P. Rasch, S. Vavrus, M. Vertenstein, D. Bader, W. D. Collins, J. J. Hack, 
J. Kiehl, S. Marshall, The Community Earth System Model: A framework for collaborative 
research. Bull. Am. Meteorol. Soc. 94, 1339–1360 (2013).

	 51.	 J. W. Hurrell, J. J. Hack, D. Shea, J. M. Caron, J. Rosinski, A new sea surface temperature and 
sea ice boundary dataset for the Community Atmosphere Model. J. Clim. 21, 5145–5153 
(2008).

	 52.	 J. J. Barsugli, P. D. Sardeshmukh, Global atmospheric sensitivity to tropical SST anomalies 
throughout the Indo-Pacific Basin. J. Clim. 15, 3427–3442 (2002).

	 53.	 A. G. Pendergrass, A. Conley, F. M. Vitt, Surface and top-of-atmosphere radiative feedback 
kernels for CESM-CAM5. Earth Syst. Sci. Data 10, 317–324 (2018).

	 54.	 B. J. Soden, I. M. Held, R. C. Colman, K. M. Shell, J. T. Kiehl, C. A. Shields, Quantifying 
climate feedbacks using radiative kernels. J. Clim. 21, 3504–3520 (2008).

Acknowledgments 
Funding: C.Z.’s work was supported by the National Key Research and Development Program 
(2024YFF0811300) and NSFC 42375038. The numerical simulations in this paper were done on 
the computing facilities in the High Performance Computing Center of Nanjing University. 

D
ow

nloaded from
 https://w

w
w

.science.org on A
pril 01, 2025



Zhou et al., Sci. Adv. 11, eadr4248 (2025)     28 February 2025

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A r t i c l e

8 of 8

M.D.Z.’s work was supported by the US Department of Energy (DOE) Regional and Global 
Modeling Analysis program area and was performed under the auspices of the DOE by 
Lawrence Livermore National Laboratory under contract DE-AC52-07NA27344. Author 
contributions: Conceptualization: C.Z. and I.T. Methodology: C.Z., Q.W., and L.Z. Investigation: 
C.Z. and M.W. Visualization: C.Z. and Q.W. Formal analysis: C.Z. and L.Z. Validation: J.B.-J. 
Writing—original draft: C.Z. Writing—review and editing: I.T., L.Z., M.D.Z., M.W., and J.B.-J. 
Competing interests: The authors declare that they have no competing interests. Data and 
materials availability: All data needed to evaluate the conclusions in the paper are present in 
the paper and/or the Supplementary Materials. The SIC patch experiments are available at 

https://zenodo.org/records/12531660. All observational data are publicly available online, as 
described in Materials and Methods. The code of CESM1.2.1-CAM5.3 model used in this paper 
was downloaded from http://cesm.ucar.edu/models/cesm1.2/.

Submitted 1 July 2024 
Accepted 28 January 2025 
Published 28 February 2025 
10.1126/sciadv.adr4248

D
ow

nloaded from
 https://w

w
w

.science.org on A
pril 01, 2025

https://zenodo.org/records/12531660
http://cesm.ucar.edu/models/cesm1.2/

	Sea ice pattern effect on Earth’s energy budget is characterized by hemispheric asymmetry
	INTRODUCTION
	RESULTS
	Pattern effect of historical SIC reduction
	Mechanism of SIC pattern effect

	DISCUSSION
	MATERIALS AND METHODS
	Historical simulation
	SIC patch experiments
	Quantification of SIC pattern effect
	Decomposition of radiation anomalies using radiative kernels

	Supplementary Materials
	This PDF file includes:

	REFERENCES AND NOTES
	Acknowledgments


