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ABSTRACT

The falling ice (snow) radiative effects (FIREs) have previously been shown to 
contribute substantially to reduced discrepancies in simulations of present-day cli-
matology of radiation, skin temperatures and sea ice concentration and thickness 
over the Southern Ocean. This study extends to examine the impacts of FIREs on 
simulation of sea ice changes under a scenario of gradual increase of atmospheric 
CO2 concentration. We perform a pair of sensitivity experiments including (CESM1-
SoN) and excluding (CESM1-NoS) FIREs using Community Earth System Model 
version 1. The differences in the annual and seasonal means between the initial and 
warmer periods are examined. Relative to CESM1-SoN, CESM1-NoS simulates 
more surface reflected shortwave and less downward longwave radiative warming, 
as well as colder surface temperature, resulting in larger annual-mean sea ice extent 
and thickness and slower seasonal and long-term sea ice melting and thinning. Over 
the Southern Ocean of CESM1-SoN, reduced downwelling longwave radiation in 
austral winter (June-July-August: JJA) leads to sea-ice growth with colder skin tem-
perature while reduced net radiation resulting from increased shortwave reflection in 
austral summer reduces the melting of sea ice with little change in skin temperature. 
CESM1-NoS shows seasonal and long-term trends similar to those in CMIP5 models 
that exclude FIREs, hinting slower future warming-driven changes and larger ampli-
tude of the annual cycle in sea ice concentration and thickness. The ice-free Southern 
Ocean in peak melting season is simulated at approximately year 130 for CESM1-
NoS but year 100 for CESM1-SoN, about 30 years later than that of the Arctic.
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1. INTRODUCTION

Southern Ocean sea ice change is critically important 
for Earth’s global energy balance and atmosphere-ocean 
heat transport (Lefebvre and Goosse 2007; Stammerjohn et 
al. 2008; Maksym et al. 2012; Meijers et al. 2012; Intergov-
ernmental Panel on Climate Change: IPCC 2013; Mahlstein 
et al. 2013; Meijers 2014). Forty years of satellite obser-
vations showed a gradual, decades-long overall increase in 
Antarctic sea ice extents reversed in 2014, with subsequent 
rates of decrease in 2014 - 2017 far exceeding the more 

widely publicized deceasing rates experienced in the Arctic 
(Parkinson 2019). Extents for 2017 and 2018 were the low-
est on record for both austral winter maximum and sum-
mer minimum. In 2019, both the minimum and maximum 
extents fell below the 1981 - 2010 average, but neither was 
a record low for that time of year (Scott 2019). Understand-
ing the processes behind these changes is vital to improve 
estimates of albedo feedbacks, i.e., the change in Earth’s net 
heat absorption from reflection changes in response to tem-
perature change. In contrast to the small observed sea ice 
increases before 2014, most coupled global climate models 
(CGCMs) simulate decreased Antarctic sea ice extent over 
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the past 30 years (e.g., Maksym et al. 2012; Li et al. 2017).
Processes contributing to the sea ice change, in particu-

lar the earlier growth, include stronger cyclonic flow over 
West Antarctica, dynamical changes in Southern Annular 
Mode (SAM, Turner and Overland 2009) and strengthening 
of the cold, southerly winds blowing northward from the 
Ross Ice Shelf, which could increase vertical mixing and 
cooling of waters off the continental shelf (Comiso 2009). 
Although the observed Ross Sea sector extent increased, it 
decreased in the Bellingshausen-Amundsen sector (Comiso 
et al. 2011). Sea ice near West Antarctica was also found 
to be influenced by the Amundsen Sea Low (ASL, Rapha-
el et al. 2016), which is being driven by ocean circulation 
changes. Therefore, the aforementioned evidence for large 
internal variability limits our ability to extract the forced re-
sponse from observations.

Several recent studies used simulations from the Com-
munity Earth System Model Large Ensemble (CESM-LE) 
to argue that the modeled Southern Oceans sea ice chang-
es in the Coupled Model Intercomparison Project Phase 5 
(CMIP5) model ensemble might be influenced by internal 
climate variability and the CMIP5 ensemble members are 
due to inter-model realizations of internal variability alone 
(Turner et al. 2013, 2015; Zunz et al. 2013; Kay et al. 2015; 
Armour et al. 2016; Rosenblum and Eisenman 2017). For 
example, the observed and modeled Antarctic sea ice ex-
pansion is the result of internal climate variability surpass-
ing modeled sea ice retreat that would have occurred due 
to climate forcing suggesting the role of simulated internal 
variability to explain the differences between typical state-
of-the-art climate model simulations and observed sea ice 
trends in Southern Oceans (Polvani and Smith 2013; Turner 
et al. 2013). There is a paradox of the influence from the 
above-mentioned internal variability that was not repro-
duced by the CESM-LE (Kay et al. 2015; Rosenblum and 
Eisenman 2017), suggesting other factors might be impor-
tant to consider such as global mean temperature trend for 
sea ice expansion over Southern Oceans (Rosenblum and 
Eisenman 2017). These studies suggest that the consensus 
on the influences of the internal variability on climate simu-
lations is still far from reached.

Many present-day CGCMs, including those in CMIP5, 
exhibit large spreads with nontrivial biases in Southern 
Ocean sea ice extent (Taylor et al. 2012; Li et al. 2017), 
with some simulating less than one-third of the observed 
annual mean extent (Bracegirdle et al. 2008, 2015; Turner 
et al. 2013) and much larger seasonal changes (Van den 
Broeke 2004; Simmonds 2015; Li et al. 2017), suggesting 
that sea-ice melting rates are unrealistically high in some 
CGCMs. Thus, there is low confidence in Antarctic sea 
ice projections (Turner and Overland 2009; Maksym et al. 
2012; Turner et al. 2013; Zunz et al. 2013; Smith et al. 2014; 
Hosking et al. 2016; Li et al. 2017).

Reported IPCC CMIP5 simulations project decreased 
sea ice extent between 1986 - 2005 and 2081 - 2100, with a 
mean decrease of 16 - 67 % in February (minimum sea ice 
area) and 8 - 30 % in September (maximum sea ice area), 
depending on the amount of global warming in the desig-
nated scenarios (IPCC 2013). About 75% of CMIP5 models 
reach a nearly ice-free state in February before 2100 un-
der the most extreme forcing scenario, the Representative 
Concentration Pathway 8.5 (RCP8.5). Only small portions 
of the Weddell and Ross Seas stay ice-covered in February 
during 2081 - 2100.

The Antarctic and Southern Ocean climate systems are 
the result of complex interactions between external forcing, 
large-scale nonlinear climate dynamics and regional feed-
backs. Given the wide spread of CMIP5 simulations and 
the importance of the Southern Ocean for climate feedbacks 
(Armour et al. 2013), it is important to assess the physical 
processes that can bias model projections. Identifying these 
bias sources and reducing them should contribute to reduce 
uncertainties in climate change projections. A physical un-
derstanding of the link from simulated historical sea ice 
changes to projected changes is also important because an 
accurate representation of observed sea ice extent is a nec-
essary condition for producing realistic projections (Brace-
girdle et al. 2015; Li et al. 2017).

A number of physical processes have been shown to 
contribute to differences in CGCM representations of the 
energy budget and sea ice in the Southern Ocean, includ-
ing the abundance and brightness of clouds (Trenberth and 
Fasullo 2010), the lack of supercooled liquid clouds (Ce-
sana et al. 2012; McCoy et al. 2015; Kay et al. 2016a, b), 
and the importance of regional topography and bathymetry 
(Nghiem et al. 2016). The representation of the cloud effects 
can impact local radiation and thus contribute to sea ice 
changes (Kay et al. 2016a), but it is a challenge for CGCMs 
to have the correct radiative representation of cloud and pre-
cipitating hydrometeors such as falling ice (snow). Because 
the atmospheric moisture-holding capacity will increase in 
a warming climate, falling ice (snow) is expected to grow 
into the future (Medley et al. 2018), which may increase 
the radiative effect of snow that further impacts the sea ice 
extent and thickness.

In majority of CMIP5 models, falling ice (snow) radia-
tive effects (FIREs) are excluded, and in this study, we at-
tempt to quantify the impact of FIREs to simulated Antarctic 
sea ice changes under global warming. An earlier study has 
shown that inclusion of FIRE reduces model-observation 
discrepancy of the present-day Southern Ocean sea-ice con-
centration (Li et al. 2017). That study used controlled simu-
lations with a climate model in which FIRE was enabled or 
not. With FIREs, the longwave radiation warming restricted 
wintertime sea ice growth, resulting in a lower summertime 
albedo, and lower sea ice extent continued throughout the 
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ice melting season compared with a simulation that exclud-
ed FIREs. The inclusion of FIREs resulted in a reduced sea 
ice extent bias relative to observations by (0.17 × 106 km2, 
39%) in summer and (2.12 × 106 km2, 55%) in winter (JJA). 
In this study, this FIRE mechanism and its importance to 
the Antarctic and Southern Ocean sea ice projection will be 
extensively examined in the context of progressive global 
warming, in particular, assessing how FIRE may affect pro-
jected temperature and sea ice changes over the Southern 
Ocean, compared to the Arctic sea ice projection presented 
in Li et al. (2020). They found that both surface temperature 
and net radiation changes are equally important to sea ice 
change in the Arctic.

The model sensitivity experiments and analysis meth-
ods are described in section 2. In section 3, the potential 
impact of FIRE on sea ice change is examined. Results are 
discussed and major findings are presented in section 4.

2. METHODS
2.1 Climate Model Simulations

To isolate the impacts of FIRE, we perform a pair of 
fully-coupled simulations, as in Li et al. (2017, 2020): one 
includes precipitating-ice (snow) radiative effects (CESM1-
SoN or SoN) and the other excludes snow radiative effects 
(CESM1-NoS or NoS). The Community Earth System 
Model version 1 (CESM1) is used, which is managed by 
National Center for Atmospheric Research (NCAR) and 
Department of Energy (DOE). CESM1 is composed of five 
separate model components that simultaneously simulate 
the Earth’s atmosphere, ocean, land surface, land ice, and 
sea-ice. Model code and documentation are available from 
http://www.cesm.ucar.edu/models/cesm1.0/.

The atmospheric component is the Community Atmo-
sphere Model version 5 (CAM5). The model uses a two-
moment stratiform cloud microphysics scheme which al-
lows snow mass flux at each model level and time step to 
be diagnosed. Snow represents falling large crystals and its 
radiative effect is included in the radiation code using the 
diagnosed mass and effective radius of snow crystals (Mor-
rison and Gettelman 2008; Gettelman et al. 2010; Neale et 
al. 2012). Simulated present-day ice and snow mass was 
comparable to that in CloudSat-CALIPSO retrieved prod-
ucts (Gettelman et al. 2010).

Both climate change simulations are initialized from 
their respective achieved hundreds of years of preindustrial 
control (piControl) runs by following the CMIP5 1pctCO2 
protocol, in which atmospheric CO2 increases at 1% yr-1 for 
140 years. This results in an ultimate quadrupling of CO2 by 
the end of the simulations. In this study, we choose years 1 - 
20 inclusive as the control period and years 121 - 140 as the 
comparison period, with differences mimicking those that 
would occur in a future warmer climate.

2.2 Analysis Method

The surface energy balance and its connection with the 
surface skin surface temperatures (Ts) and other parameters, 
including sea ice concentration (SIC), is analyzed following 
the methodology of earlier studies (Li et al. 2017, 2020; Lee 
et al. 2019).

The magnitudes of the area-averaged (over 50 - 70°S 
ocean only; including sea ice coverage) surface downward 
shortwave flux (SW↓), surface downward longwave flux 
(LW↓), and surface upward shortwave flux (SW↑) are much 
larger than latent heat flux (LHF: ~10 - 20 W m-2) and sen-
sible heat flux (SHF: ~2 - 15 W m-2). Sea ice restricts sur-
face turbulent energy, moisture and momentum exchange, 
which can affect precipitation, ocean waves and circulation 
(Aagaard 1989; Aagaard and Carmack 1989; Beszczynska-
Möller et al. 2011; Bintanja and Selten 2014; Palerme et 
al. 2017). Assuming negligible contributions from LHF 
and SHF compared to net radiation contributions (~100 -  
250 W m-2) and a small net heat uptake or release from the 
surface, the surface energy budget may be written:

T SW LW SWs
4 ,ev + -. . - 	 (1)

where e  is the surface emissivity, v  the Stefan-Boltzmann 
constant, Ts the surface skin temperature, and SW and LW 
refer to shortwave and longwave fluxes, respectively, with 
arrows denoting their direction. The combination of the three 
radiative fluxes on the right-hand-side of Eq. (1) is for the 
response of surface thermal emission, that is LW Ts4ev=- ,  
which can be called “approximated net input flux for sur-
face-emitting longwave radiative flux” (referred as AELW). 
For short, it is called “net radiative flux (Net)” with respect 
to the net surface radiative flux and the response to the at-
mospheric radiative flux input. In other words, Net flux im-
plicitly includes the small contributions from SHF and LHF.

We use the two 1pctCO2 simulations with CESM1-
CAM5 described in section 2.1: CESM1-SoN (snow radia-
tive effect on) and CESM1-NoS (snow radiative effect off). 
In addition, twelve CMIP5 models with 1pctCO2 simula-
tions are considered (Table 1), and the ensemble mean 
(CMIP5-NoS) or the Multi-Model Mean (MMM) of 11 
models (i.e., excluding CESM1) is compared with CESM1-
SoN and CESM1-NoS simulations since none of the CMIP5 
models includes FIREs except for CESM1.

We found that the results are insensitive to averaging 
periods of 10 - 30 years length, and we present 20-year av-
erages here. Figure 1 introduces the notation that describes 
each comparison. We examine the differences between 
CESM1-NoS and CESM1-SoN, hereafter, NoS-SoN or  
denoted as δ( ). We use CESM1-SoN as a reference in the 
comparisons presented in this study since Li et al. (2017) 
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showed that present-day radiative flux and sea ice biases 
are reduced when including FIREs. By doing this, δ( ) rep-
resents the opposite sign of the impact of FIREs. We then 
examine the climate change component by subtracting the 
mean years 1 - 20 from that of years 121 - 140, and denoted 
this as ( )’. The difference in simulated climate change re-
lated to FIREs is the difference between CESM1-NoS and 
CESM1-SoN for the change between two climates, which is 
donated as δ( )’.

As in Li et al. (2017), we average over 50 - 70°S to 
include the majority of the sea ice but minimize differences 
due to inconsistent land-sea masking among models. For 
both CESM1-SoN and CESM1-NoS and CMIP5-NoS sim-
ulations, we examine the surface radiative energy budget 
components: upward and downward longwave and short-
wave fluxes, as well as surface skin surface temperature and 
sea ice thickness (THK) and sea ice concentration (SIC).

3. RESULTS
3.1 Impacts of FIRE on the Long-Term Trend and the 

Seasonal Cycle

Figures 2a and b show time series of annual-mean SIC 
and sea ice area for CESM1-NoS, CESM1-SoN and CMIP5-
NoS averaged over the 50 - 70°S latitude belt for the entire 
simulation period (140 years). The long-term sea-ice melt-
ing rate (or trend) in the CMIP5-NoS (-0.065% per year or 
-0.0278 million km2 per year) is slower than CESM1-NoS 
(-0.104% per year or -0.044 million km2 per year), but they 
match with each other extremely well for the last 80 years. 
Both have slower SIC melting rates relative to CESM1-SoN 
(-0.116% per year or -0.049 million km2 per year). The fact 
that CMIP5-NoS has a slower rate than either CESM1-NoS 
or CESM1-SoN may suggest that other physical processes 
in CMIP5 models are likely involved besides the inclusion 
of FIRE, especially in the first 50 years, when CMIP5-NoS 
and CESM1-NoS differ more than between CMIP5-NoS 
and CESM1-SoN. It is interesting that the trend is over-
lapped to each other after year 50 between CMIP5-NoS and 
CESM1-NoS.

The time series of sea ice can behave differently among 
seasons because both sea ice thickness and area are affected 
by the annual cycle of solar radiation and associated chang-
es in the atmospheric and oceanic dynamics. We examine 
the different impacts of FIREs on the ocean-only area aver-
ages of SIC, thickness and snowfall on sea ice area (SNOW) 
over the belts 50 - 70°S of CESM1-SoN and CESM1-NoS 
simulations for March-April-May: MAM, June-July-
August: JJA, September-October-November: SON, and 
December-January-February: DJF seasons (Fig. 3). As 
in the annual mean time series (Fig. 2), SIC (Figs. 3a - d) 
and thickness (Figs. 3e - h) are higher in CESM1-NoS than 
in CESM1-SoN for all four seasons, but their differences 
are much larger during the sea ice forming season in JJA 

than during the other three seasons MAM, SON, and DJF. 
During the melting season (MAM), CESM1-SoN shows a 
faster sea ice melting rate than CESM1-NoS. That is, sea 
ice in CESM1-SoN nearly disappears (~1%) approximately 
in year 100 while in year 130 for CESM1-NoS. Similar to 
SIC, sea ice thickness (THK; Figs. 3e - h) is thicker (20 
- 50 cm) in CESM1-NoS than in CESM1-SoN with simi-
lar long-term trends that nearly approaching to zero depth 
for MAM. However, snowfall on sea ice area (SNOW;  
Figs. 3i - l) has the opposite differences, with more SNOW 
in CESM1-SoN suggesting the contribution from snowfall 
on the sea ice surface is very small (~0.1 cm) and cannot be 
a factor for contributing to more SIC/THK in CESM1-NoS. 
This result suggests that there is little impact in the mass 
balance for sea ice simulation.

It is apparent that the divergence at year 60 shown in 
Fig. 2 between CESM1-NoS and CESM1-SoN for both SIC 
and THK is most pronounced during the sea ice forming 
season (JJA, Figs. 3b and f) with an accelerated change in 
THK for the later part of the simulation. This accelerated 
change is also seen in other three seasons but they are slight-
ly weaker than in JJA. This result is caused by the surface 
warming due to FIREs (as explained later), which reduces 
the sea ice thickness more rapidly over the remaining sea ice 
area as SIC decreases with time.

We further compare seasonal cycle of SIC for CESM1-
NoS and CESM1-SoN against CMIP5 model groups.  
Figures 4a - c show the seasonal cycles of each of 12-mem-
ber CMIP5 group (gray lines) and the ensemble mean (blue 
line), along with the multi-model-mean (MMM) plus/mi-
nus one standard deviation (green lines) averaged over 50 
- 70°S for the first, middle (years 61 - 80), and last 20 years. 
Figures 4d - f show the seasonal cycles of CESM1-SoN 
(red) and CESM1-NoS (black) simulations over the same 
region and periods. The amplitudes of SIC are all reduced 
from first, middle to last under progressive warming. Both 
CESM1-NoS and CESM1-SoN lie within the CMIP5 dis-
tribution and close to MMM for all three periods. In gen-
eral, the CMIP5-NoS MMM mean annual cycle is similar 
to CESM1-NoS, with minimum in February/March and 
maximum in September, but with higher SIC during the 
peak period (June - November). Both CMIP5-NoS MMM 
and CESM1-NoS simulate higher SICs than CESM1-SoN 
throughout most of the annual cycle, in particular, for the 
middle and last periods as climate warms and sea ice melts. 
The amplitude of SIC annual cycle in CESM1-SoN is, thus, 
greatly reduced, compared to CESM1-NoS and individual 
CMIP5-NoS models.

3.2 Impacts of FIRE on 140-Year Climatology

Figures 5 and 6 show the significant levels (p < 0.05) 
for the seasonal-mean difference between CESM1-NoS 
and CESM1-SoN in radiation fields, Ts and SIC and THK 
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Fig. 1. A schematic diagram describing the sensitivity experiment and analysis method in this study. δ( ) represents the differences between Snow-
radiative effects off (NoS) and Snow-radiative effects On (S or SoN) for both initial climate from the first 20 years and future climate from the last 
20 years. ( )’ represents the changes by subtracting the annual mean of the first 20 years from that of the last 20 years in both SoN and S (SoN) cases. 
δ( )‘ is calculated from the differences in the changes of ( )’ between SoN and S (SoN) cases. The same analysis is applied for CMIP5 (see Table 1) 
1pctCO2 from eleven CGCMs without snow-radiative effects (CM5-NoS).

(a) (b)

Fig. 2. (a) Time series of annual-mean sea ice concentration (%) for CESM1 snow-radiative effects off (CESM1-NoS: black line), CESM1 snow-
radiative effects on (CESM1-SoN: red line) and CMIP5 multi-model mean (CMIP5-MMM or CM5-NoS: blue line) averaged over the latitude belts 
50 - 70°S under 1%CO2 per year (1pctCO2) for 140 years. (b) Same as (a) but for sea ice area. The yellow lines are added for reference to illustrate 
the corresponding year of CESM1-SoN and CESM1-NoS and CM5-NoS when a certain SIC value is reached.

Model Description

ACCESS1-3 Commonwealth Scientific and Industrial Research Organisation, and Bureau of Meteorology (Australia)

BCC-CSM1-1 Beijing Climate Center, China Meteorological Administration (China)

BCC-CSM1-1-m Beijing Climate Center, China Meteorological Administration (China)

BNU-ESM College of Global Change and Earth System Science, Beijing Normal University (China)

CanESM2 Canadian Centre for Climate Modelling and Analysis (Canada)

CCSM4 National Center for Atmospheric Research (USA)

CNRM-CM5 Centre National de Recherches Meteorologiques / Centre Europeen de Recherche et Formation Avancees en Calcul Scientifique 
(France)

IPSL-CM5A-LR Institut Pierre-Simon Laplace (France)

MIROC-ESM Japan Agency for Marine-Earth Science and Technology, Atmosphere and Ocean Research Institute (The University of Tokyo), and 
National Institute for Environmental Studies (Japan)

MPI-ESM-LR Max Planck Institute for Meteorology (MPI-M) (Germany)

MRI-CGCM3 Meteorological Research Institute (Japan)

NorESM1-ME Norwegian Climate Centre (Norway)

Table 1. A list of 12 coupled atmosphere-ocean climate models in CMIP5 archive under 1%CO2 (1pctCO2) used in this study.
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(a) (b) (c)

(d) (e) (f)

Fig. 4. Mean seasonal cycle of sea-ice concentration (SIC) of each CMIP5 model (thin black lines), the multi-model mean (MMM: blue line), and 
one standard deviation (green lines) averaged over 50 - 70°S for (a) the first (years 1 - 20), (b) middle (years 61 - 80), and (c) last 20 (years 121 - 
140) years. (d) - (f) is the same as (a) - (c) but for the MMM seasonal cycle (blue line) with one standard deviation (green lines), and the seasonal 
cycle of snow-radiative effects off (CESM1-NoS: black), and snow-radiative effects on (CESM1-SoN: red), respectively. Dotted lines at 30% are 
used for comparison among the first, middle and last stages.

(a) (d) (g)

(b) (e)

(c) (f)

Fig. 5. Difference between CESM1 falling ice radiative effects (FIRE) off minus on (NoS-SoN) for June-July-August (JJA) mean for 140 years in 
1pctCO2 scenario for (a) skin temperature (TS: K), (b) downward surface longwave radiation (RLDS: W m-2), (c) downward surface shortwave 
radiation (RSDS: W m-2), (d) upward surface shortwave radiation (RSUS: W m-2), (e) sea ice concentration (SIC: %), and (f) sea ice thickness (THK: 
cm). The shaded area represents the significant levels (p < 0.05).
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for austral winter, JJA (Fig. 5), and austral summer, DJF  
(Fig. 6), averaged over the 140 years. The stippled areas 
over the plots indicate that the NoS-SoN differences are all 
significant for RLDS and Net in JJA (Fig. 5) and RSDS, 
RSUS, and Net in DJF (Fig. 6) over the entire study domain 
except for a small part of Antarctic continent, leading to the 
significant changes in skin temperature, SIC and sea ice 
thickness over the Southern Ocean sea ice-covered regions 
(also over the continent for Ts).

For the differences in 140-year averaged surface 
radiative fluxes, Ts, SIC, and THK between CESM1-
NoS and CESM1-SoN, CESM1-NoS produces colder Ts  
(Figs. 5a, 6a), which lead to increases in SIC (Figs. 5f, 6f) 
and sea ice thickness (Figs. 5g, 6g) relative to CESM1-SoN. 
The colder Ts, located towards higher latitudes in austral 
summer (Fig. 6a) than in austral winter (Fig. 5a), is due to 
less AELW, i.e., Net (heating) (Figs. 5e, 6e), up to 15 W m-2 
that is contributed mainly from reducing surface downward 
longwave (up to and 15 W m-2) (RLDS) (Figs. 5b, 6b), and 
increasing summer (DJF) surface downward shortwave flux 
RSDS (Fig. 6c) and their counteracting (cooling) upward 
shortwave fluxes (up to 15 W m-2) (Fig. 6d). The AELW 
differences are highly correlated with less RLDS, colder Ts 
and more SIC (up to 15%) and THK (up to and 0.6 m) in 
winter while more RSDS, RSUS and SIC/THK in summer 

for CESM1-NoS than CESM1-SoN. These results are con-
sistent with Li et al. (2017) but for the climatology under 
progressive warming.

3.3 Impacts of FIREs on Changes of Annual-Mean 
Climatology from Years 1 - 20 to 121 - 140

As discussed in Li et al. (2017) for the present-day cli-
mate simulations, total ice-water path is underestimated by 
about 100 g m-2 (~80% relative to total ice water path) over 
much of the Southern Ocean, contributing to an underesti-
mate in downward longwave radiation (LW↓) and an over-
estimate in downward shortwave radiation at the surface 
(SW↓) and overestimate in reflected shortwave (indirectly 
from increasing sea ice albedo). This falling ice radiative ef-
fect leads to a reduction of the model-observed discrepancy 
in sea-ice area. The improvement in sea-ice area simulation 
with FIREs is driven by an increase in downward longwave 
radiation (LW↓), which restricts the growth of sea ice during 
sea-ice forming season, and by decreased reflection of sun-
light at surface during sea-ice melting season, which might 
be due to the delayed effect from the reduced sea ice from 
the previous winter (details referred to Li et al. 2017).

Figures 7a - c show the impacts of FIREs on the ini-
tial 20-year mean state of annual-mean SIC, AELW, and 

(a) (d) (g)

(b) (e)

(c) (f)

Fig. 6. Same as Fig. 5 but for December-January-February (DJF).
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Ts simulations. Relative to the CESM1-SoN simulation, the 
CESM1-NoS simulation generates high spatial coherence 
of more SIC (peak magnitude > 15%) and less AELW (< 
-15 W m-2) that are associated with colder Ts (from -2 to  
-3 K) over two regions, i.e., Region 1: 180 - 40°W, 60 - 68°S 
(Southern Ocean starting from dateline eastward to Weddell 
Sea) and Region 2: 60 - 160°W, 60 - 65°S (Bellingshausen 
Sea and Amundsen Sea). The largest changes in Region 1 
occurs near the 60°S latitude circle while parts of Region 
1 (70°E - 180) experience slightly smaller values of colder 
Ts (-1 to -2K). Figures 7d - f show the same differences in 
the spatial patterns but with stronger impacts for the last 
20-year mean state. That is, except that there is a pattern 
shift to higher latitudes around 90 - 150°W and to east-
ward in 30°E - 30°W, it is evident that the spatial patterns 
of SIC, AELW, and Ts maintain the similar differences in 
a progressive warmer climate with the magnitudes of the 
differences being amplified, compared to the initial 20-year 
mean state. These larger differences are indicated by much 
colder Ts (by < -3 K, Fig. 7f), less AELW (< -15 W m-2), 
and more SIC forming (> 15%) over the same region, com-
pared to CESM1-SoN. It is also interesting to note that SIC 
is changed from reduction to increase in parts of Weddell 
Sea between the two climates. The differences in SIC near 
the 60°S latitude circle between CESM1-NoS and CESM1-
SoN are smaller, especially, in Region 2 (between 65°S and 
70°S), due to ice-free states. However, the opposite occurs 
between 20°E and 20°W. These results reflect the differ-
ences in regional sea ice melting (Fig. A6c for changes in 
sea ice thickness) as climate warms.

Given the high spatial coherence between patterns 
of aforementioned differences in surface radiative fluxes, 
Ts and SIC for both the initial and warmer climate states, 
we will next examine the impact of FIREs on progressive 
warming by quantifying the contributions from each sur-
face radiative component and the impacts to Ts and SIC. 
Figure 8 shows the differences between the last and first 
20-year periods and between CESM1-NoS and CESM1-
SoN simulations, that is, the climate of last 20-year of 
(NoS-SoN) minus first 20-year annual mean climate of 
(NoS-SoN) (see Fig. 1), Over the two regions discussed 
earlier, in particular, near the Weddell Sea to Kong Hakon 
VII Sea and Bellingshausen Sea to Amundsen Sea, we find 
a causal link and progressive changes from the initial to-
ward warmest climates as follows: models excluding FIRE 
produce colder Ts (Fig. 8a), due to less AELW (Fig. 8b) 
that is contributed from reducing surface downward long-
wave (Fig. 8c), and increasing reflected surface shortwave 
flux (Fig. 8d) and downward shortwave fluxes (Fig. 8e), 
and increasing SIC (Fig. 8f). The changes in these radiative 
components contribute to changes in AELW (Net), driv-
ing changes in sea-ice concentration (Fig. 8g) and sea ice 
thickness in the late period (Figs. A6a - c). The sensitivity 
of decreasing SIC rate per unit AELW can be up to -0.2 

~ -0.3 (%/W m-2) with small regional variations although 
there are large regional variations for Ts, AELW, and SIC. 
This causal link between SIC and radiative fluxes discussed 
above is also dependent on the seasonal cycle. During dark 
Antarctic winters (JJA) the LW warming effects dominate, 
which contributes to AELW, and during a short period in 
summer (DJF), the SW cooling effects dominate resulting 
in small net SW over sea ice due to the high surface albedo.

3.4 Impacts of FIRE on Changes of Seasonal Surface 
Energy Budget and Sea-Ice Concentration

Since the contributions from SW fluxes are negligibly 
small during austral winter but the largest in austral sum-
mer, it is important to further qualify the impact of seasonal 
changes of FIRE on progressive warmer climates and high-
light the relationships of SIC with SW and LW radiative 
fluxes. We will discuss the results for austral winter, June-
July-August (JJA) and austral summer, December-January-
February (DJF) of CESM1 simulations. Figure 9 shows the 
progressive climate changes of the model NoS-SoN maps 
of (Figs. 9a, g) skin temperatures (Ts), (Figs. 9b - e, h - k) 
radiation budget components, and (Figs. 9f, l) sea-ice con-
centration for summer in DJF and winter in JJA.

3.4.1 Austral Summer (DJF)

Under a warmer climate relative to initial climate state 
in austral summer (Figs. 9a - f), CESM1-NoS produces 
slightly colder Ts (up to -1 to -2 K) with larger decreas-
ing net flux (-15 W m -2) than the CESM1-SoN simulation 
along with more sea ice concentration (~15%) over sea ice 
regions, especially over the western hemisphere of the two 
regions mentioned earlier and mostly poleward of 70°S. 
Except for the poleward shift of zero change locations, 
these features are largely similar to those in the annual 
mean presented in Fig. 8. CESM1-NoS produces more SIC 
than CESM1-SoN near Weddell Sea (Fig. 9f), resulting in 
more SIC in the annual mean shown in Fig. 8f and thicker 
sea ice (Fig. A6d), which is related to stronger surface re-
flected SW (Fig. 8d). The larger amount of sea ice over the 
higher latitudes (Fig. 9f) reflects more solar radiation than 
the downward solar radiation, which contributes greatly to 
the net surface cooling there in summer (Fig. 9b).

Over the lower (< 70°S) latitudes of Amundsen Sea 
(Fig. 9f), summertime sea ice melting seen in other locations 
is nonexistent due to thicker sea ice there (Fig. A6d). This is 
associated with little change in Ts but with more change in 
AELW (Net cooling), which is associated with larger chang-
es in decreased reflected SW than downward SW.

The abovementioned results indicate that, during aus-
tral summer (DJF), the relationship between radiative flux 
and SIC changes is complex. In some regions, such as off 
the coast of Dronning-Maud land, there is a net increased 
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change in downward shortwave radiation (SW↓ - SW↑) with 
increased sea-ice reflected SW along with a net increase 
in sea-ice concentration (figure not shown). This seasonal 
change indicates the little increased summer longwave 
heating but with more downward and reflected SW, help-
ing sea-ice growth over higher latitudes and leading to a 
higher surface albedo there. This increased reflected SW is 
sufficiently large to offset the reduction in downward short-
wave radiation and longwave heating at the surface, helping 
summertime sea-ice growth in these regions. On the other 
hand, melting over lower latitudes accelerates as reflected 
SW increases without FIREs.

3.4.2 Austral Winter (JJA)

For austral winter (JJA) when solar radiation contrib-
utes little to the net flux (AELW) changes, the changes 
in the net flux (Fig. 9h) with magnitude up to -15 W m-2 
are dominated by less downward LW radiation changes  
(Fig. 9i), leading to broader regions with colder Ts (up to 
-2 to -3 K) than the SoN simulation along with more sea ice 
concentration (~15%) over sea ice regions. That is, with-
out FIREs included (CESM1-NoS), the sea ice formation 
accelerates in austral winter, instead of decelerates, over 
the higher latitudes of Southern Oceans in a progressive 
warmer climate relate to CESM1-SoN. Over parts of the 
lower latitudes, however, there are large areas of warmer Ts 
change, increasing net flux and decreasing SIC, compared 
to the annual mean. This result suggests a stronger role of 
Ts in sea ice melting as climate warms, compared to aus-

tral summer in NoS than SoN as the meridional temperature 
gradient increases.

It is important to point out the seasonal contributions 
from each radiation component (Summer: Figs. 9c - e and 
Winter: Figs. 9i - k) to SIC changes. These figures illustrate 
that the SoN simulation produces consistently lower surface 
radiative fluxes but higher sea ice concentration in a pro-
gressive warming climate over sea ice regions (60 - 70°S; 
referred to as lower latitudes earlier) than the NoS simula-
tion. The dominant part of FIREs is the reduced downward 
longwave flux, up to -15 W m-2 in JJA (Fig. 9i). Compared 
to that in JJA, the dominant part of FIREs in DJF is the 
shortwave reflection over the same region (Fig. 9d), from 
approximately +15 W m-2. Of the above changes, we see 
reduced model representation of downwelling longwave ra-
diation in austral winter (JJA) that restricts austral winter 
sea-ice growth with colder Ts. In austral summer (DJF), due 
to less net radiation increases (Fig. 9b), the melting of sea 
ice is substantially reduced, relative to the NoS simulation.

The lack of FIREs in the CESM1-NoS simulation 
also increases the sea ice melting in austral spring and 
sea ice forming in austral fall (see Fig. A2). Also shown 
in Fig. A3, the changes of surface snowfall from last 20-
year and first 20-year are increased both in CESM1-NoS  
(Fig. A3a) and CESM1-SoN (Fig. A3b) in DJF as well as in 
JJA (Figs. A3d, A3e), due to the fact that the atmospheric 
moisture holding capacity will increase in a warmer climate. 
However, the NoS-SoN differences in surface snowfall 
under progressive warming do not show many changes as 
shown in Fig. A3c for DJF and Fig. A3f for JJA except for a 

(a) (b) (c)

(d) (e) (f)

Fig. 7. The difference between Snow-Radiative off minus Snow-radiative on (NoS-SoN) annual mean from the first 20 years (1 - 20 years) for (a) 
sea ice concentration, δSIC (%); (b) surface net flux, δNet (W m-2); and (c) surface skin temperature δTs, (K). (d) - (f) Same as (a) - (c) but for the 
annual mean from the last 20 years (120 - 140 years). The SoN and SoN are CESM1 experiments integrated for 140 years, following the CMIP5 
1pctCO2 scenario. The shaded area represents the significant levels (p < 0.05).
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(a) (d) (g)

(b) (e)

(c) (f)

Fig. 8. As in Fig. 7, but for the changes between last 20 years and first 20 years in 1pctCO2 scenario (i.e., the last 20 years minus the first 20 years) 
from SoN minus SoN for (a) surface skin temperature, δTs’; (b) surface net flux, δNet’; (c) surface downward longwave radiation, δRLDS’; (d) 
surface upward shortwave radiation, δRSUS’; (e) surface downward shortwave radiation, δRSDS’; (f) sea ice concentration, δSIC’; and (g) the ratio 
of absolute change of SIC to that of Net, δSIC’/δNet’, from NoS-SoN.

(a) (d) (g) (j)

(b) (e) (h) (k)

(c) (f) (i) (l)

Fig. 9. As in Fig. 8, but for December-January-February (DJF) for (a) surface skin temperature, δTs’; (b) net flux, δNet’; (c) surface downward 
longwave radiation, δRLDS’; (d) surface upward shortwave radiation, δRSUS’; (e) surface downward shortwave radiation, δRSDS’; and (f) sea ice 
concentration, δSIC’, from NoS-SoN. (g) - (l) Same as (a) - (f) but for June-July-August (JJA).
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few small areas. This implies that there is no significant con-
tribution of mass adding from snowfall to the SIC changes 
between CESM1-NoS and CESM1-SoN.

3.5 Comparisons with CMIP5 Models

It is difficult to justify the confidence level is reliable 
for projection of how the sea ice will evolve under global 
warming for a CGCM. The fact that CESM1-CAM5 with 
FIREs outperforms the case without FIREs in present-day 
constrained by observations reported in Li et al. (2017) al-
lows us to use CESM1-SoN as a reference to compare our 
climate projection results in the context of multi-model 
mean as in previous studies (e.g., Bracegirdle et al. 2015; 
Li et al. 2017). We choose CESM1-SoN as a reference for 
comparisons against CMIP5 MMM (CMIP5-NoS) in a pro-
gressive warmer climate.

The results are shown in Fig. 10 (Ts, SIC, and Net flux) 
and Appendix Fig. A1 (radiative budget components) for 
the changes in the annual-mean climatology between the 
last and first 20 years periods. The aforementioned tendency 
changes in terms of patterns from CESM1-NoS relative to 
CESM1-SoN (Figs. 10a - c) are very similar to the CMIP5 
MMM against CESM1-SoN (i.e., CMIP5-NoS minus SoN) 
(Figs. 10d - f) in the differences but with broader covered 
regions than NoS minus SoN of CESM1. The changes of 
RLDS, RSDS, RSUS, and net flux between CESM1-SoN 
and CMIP5 are non-trivial with magnitudes larger than at 
least 10 - 15 W m-2 in latitude belts in 70°S—coast of Ant-

arctic continent but with opposite changes between the lati-
tude belts in 60 - 70°S. The annual mean changes of each of 
four radiative flux components (surface downward SW, LW, 
and SW reflection to surface net flux; Fig. A1) are gener-
ally similar between CESM1-NoS minus CESM1-SoN and 
CMIP5-NoS minus SoN except with larger magnitudes and 
broader covered regions with the same signs of changes. 
Also, the seasonal changes in CMIP5 multi-model ensemble 
against CESM1-SoN (i.e., CMIP5NoS-SoN) (Fig. A4 for 
DJF and Fig. A5 for JJA) are similar to the differences be-
tween CESM1-NoS and CESM1-SoN except with broader 
covered regions. The above broader regions seem to be the 
product of ensemble average resulted from large model 
spread in simulating the regional characteristics of progres-
sive climate changes among CMIP5 models. Differences in 
model physical processes other than FIREs may contribute 
to model spread.

4. DISCUSSION AND CONCLUSIONS

FIREs have been found to be one of the important con-
tributions in reducing present-day mean-state biases in terms 
of radiation, skin temperatures, and sea ice extent of the 
Southern Ocean both in CESM1 and CMIP5-MMM (e.g., 
Li et al. 2017). Li et al. (2017) found that with the inclusion 
of FIREs, the surface radiation budgets and skin tempera-
ture and sea ice content improved dramatically against ob-
servations in present-day simulation. FIREs contribute sub-
stantially to alleviate the discrepancy that commonly exists  

(a) (b) (c)

(d) (e) (f)

Fig. 10. The annual mean changes between the last 20 years and first 20 years in 1pctCO2 scenario (i.e., the last 20 years minus the first 20 years) 
from NoS minus SoN for (a) surface skin temperature, δTs’; (b) sea ice concentration, δSIC’; and (c) surface net flux, δNet’. (d) - (f) Same as (a) - 
(c) but for CMIP5 multi-model mean (CM5-NoS).
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between modelled and observed Antarctic sea-ice concentra-
tion and plays an indispensable role for present day simula-
tions (Michibata et al. 2019; Stephens et al. 2020).

Given the fidelity and robust results with inclusion of 
FIREs in reducing model-observation discrepancy in sea 
ice extent reported in Li et al. (2017), we extended our ex-
periment by excluding FIRE to project the future state of 
Antarctic sea ice under the 1pctCO2 scenario to investigate 
the impacts from FIREs according to the CMIP5 1pctCO2 
scenario protocol. Figures 5 and 6 show the significant 
levels (p < 0.05) for the changes in 140-year averaged ra-
diation fields, Ts and SIC and THK for DJF (Fig. 5) and 
JJA (Fig. 6). The stippled areas indicating the impacts on 
the difference between two simulations with the inclusion 
(CESM1-SoN) and exclusion (CESM1-NoS) of FIREs are 
all significant for radiation fields, skin temperature and sea 
ice changes, showing the robust differences between the 
two simulations.

For the CMIP5 models without FIREs and CESM1-
NoS, the total cloud ice-water path that influences radiation 
calculation is less by 70 - 80% relative to CESM1-SoN over 
much of the Southern Ocean in the initial warming period 
(figure not shown). This difference contributes to reduced 
downward longwave radiation and increased downward 
surface shortwave radiation during the 140 years runs. This 
net downward radiation reduction changes sea-ice area over 
Southern Oceans in the CESM1-NoS minus CESM1-SoN 
and CMIP5-NoS minus CESM1-SoN. The geographical 
pattern of SIC and radiation field changes in CESM1-NoS 
minus CESM1-SoN with progressive global warming large-
ly matches the CMIP5-NoS minus CESM1-SoN.

In winter season (JJA), it appears that the changes 
resulting from FIREs contribution and the response under 
increasing CO2 in sea ice are driven by an increase in down-
ward longwave radiation due to increased cloud ice and 
water path with the inclusion of falling ice. The increased 
warming restricts the growth of sea ice, leading to a faster 
melting rate in sea-ice concentration, area and thickness for 
the long-term trend during the 140-year integration, which 
contributes to a reduced amplitude of the annual cycle of sea 
ice variation. On the other hand, during summer (DJF), the 
situation is more complex involving offsets between RLDS, 
RSDS, and RSUS, i.e., when FIREs are excluded, more sea 
ice increases albedo, leading to increased downward SW. It 
is due to the surface reflected SW (larger albedo) sufficiently 
large so that the net radiative flux decrease, resulting in in-
creased sea-ice concentration and thickness. With inclusion 
of FIRE, net flux warming change restricts sea-ice growth, 
thinning sea ice thickness and thus reduces surface albedo in 
austral summer. This effect then offsets the reduced amount 
of solar radiation reaching to the surface. These findings are 
largely consistent with Li et al. (2020) regarding the roles of 
FIREs on sea ice projection of the Arctic, but surface tem-

perature change is much more important for the Arctic sea 
ice than for the Southern Ocean sea ice due to the fact that 
the Arctic sea ice is surrounded by lands.

In terms of long-term trends, we found that the annual 
mean changes of sea ice thickness from first 20-year to mid 
20-year are small (Fig. A6a), while it is thicker in CESM1-
NoS relative to CESM1-SoN or becomes more thinning in 
CESM1-SoN over the location of SIC decreasing after mid 
20-year to last 20-year (Fig. A6b). It is found that at the end 
of the 140-year simulation, the area-average SIC is 8%, 8%, 
and 5%, for CMIP5-MMM, CESM1-NoS, and CESM1-
SoN, respectively. The area average of SIC at 8% at 100 
model year run relative to CESM1-SoN as a reference, it 
would take another 40 years for both CESM1-NoS and 
CMIP5-MMM to reach 5% SIC relative to CESM1-SoN 
at year 140. For CMIP5-NoS MMM the SIC never reaches 
sea ice free at year 140 in any season, while sea ice free 
is simulated at year 130 for CESM1-NoS and at year 110 
for CESM1-SoN in the peak melting season (February to 
March). Note that compared to Arctic oceans, sea ice free 
is simulated earlier for the Arctic, at year 100 for CESM1-
NoS and year 70 for CESM1-SoN (Li et al. 2020).

The steadily increasing atmospheric CO2 concentration 
leading to the spatial pattern of change in radiative proper-
ties, SIC, sea ice thickness and Ts across the Southern Ocean 
is typically weaker in CESM1-NoS relative to CESM1-
SoN. That is to say, local changes in radiative fluxes, Ts, 
SIC, and thickness are enhanced in a more robust manner 
with inclusion of FIRE. The mass changes have fewer im-
pacts on sea ice changes from surface snowfall rate, indicat-
ing the energy adjustment rather than mass balance on the 
sea ice simulations. The sea ice thickness seasonal changes 
in DJF and in JJA between the last 20-year and first 20-year 
are similar to the SIC changes, showing more melting of 
SIC and more thinning of THK in DJF than in JJA.

Patterns of change are somewhat similar between 
CMIP5 models without FIRE and CESM1-NoS. This re-
semblance potentially implies that an improper representa-
tion of the FIREs contributes, at least partially, to differ-
ences in the simulation of Southern Ocean climate change 
under CO2-driven warming.

We acknowledge the extensive studies from many 
recent studies (e.g., Martin et al. 2013; Zunz et al. 2013; 
Kay et al. 2015; Rosenblum and Eisenman 2017; Singh et 
al. 2019; Zhang et al. 2019; Lehner et al. 2020) regarding 
the potential contribution from internal climate variability. 
Internal variability could be one of the factors that influ-
ence the potential impact of the FIREs on sea ice change 
projection presented in this study. We did consider to use 
the large ensemble data available from the CESM-LE proj-
ect (Kay et al. 2015) to investigate if the impacts of NoS 
and SoN changes are larger than the internal variability 
under climate changes, but our study focuses on climate 
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changes under 1pctCO2 while the output from CESM-LE 
is for RCP8.5 scenario. A newer CESM1 version was used 
in the CESM-LE project. It is not affordable to run a large 
ensemble with NoS using fully-coupled CESM1-CAM5, 
following the protocol of CMIP5. Alternatively, we take ad-
vantage of the results presented in Singh et al. (2019), who 
investigated the internal variability over Southern Oceans 
and used the 40-members of CESM-LE. The differences in 
sea ice area and skin temperature between CESM1-NoS and 
CESM1-SoN simulations presented in this study are much 
larger than the standard deviation reported from Singh et al. 
(2019). The standard deviation of the annual mean sea ice 
area from CESM-LE is approximately 0.5 million km2 [see 
Fig. 1a in Singh et al. (2019)]. The sea ice area of NoS-SoN 
difference in this study is above one standard deviation of 
0.5 million km2 during the entire 140 years (except the first 
several years) and above 2 - 3 standard deviations after 40 
model years (not shown). While we found the significant 
impacts from the FIREs on the changes of sea ice, skin tem-
perature and radiation budgets, we acknowledge that there 
are caveats and limitations for not considering the internal 
variability’s contributions to the sea ice changes due to us-
ing a single model  simulation  in this study (Lehner et al. 
2020). We do not argue, however, that FIRE is the only 
dominant process in model response to the climate changes 
related to sea ice change. The results presented in this study 
have shown that FIREs are an important process for simu-
lating the climate changes of radiative balance and sea-ice 
concentration over the Southern Ocean under progressive 
global warming. Our results suggest that FIRE is potentially 
an important process with substantial effects on simulated 
energy budgets and sea ice. Such a physics-based improve-
ment, if applied across all models, would increase our con-
fidence and narrow the model spread on the projections of 
regional changes affecting climate feedbacks.
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APPENDIX

(a) (b) (c) (d)

(e) (f) (g) (h)

Fig. A1. As in Fig. 7, but for the changes between annual mean of the last 20 years and first 20 years in 1pctCO2 scenario (i.e., the last 20 years 
minus the first 20 years) from NoS minus SoN for (a) surface downward longwave radiation, δRLDS’; (b) surface downward shortwave radiation, 
δRSDS’; (c) surface upward shortwave radiation, δRSUS’; and (d) surface net flux, δNet’. (e) - (h) Same as (a) - (d) but for CMIP5 multi-model 
mean (CMIP5-NoS).

(a)
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(g)

(h)
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(j)

(k)

(l)

Fig. A2. As in Fig. 8, but for the changes between last 20 years and first 20 years in 1pctCO2 scenario (i.e., the last 20 years minus the first 20 years) 
for March-April-May (MAM) from SoN minus SoN for (a) surface skin temperature, δTs’; (b) surface ice concentration, δSIC’; (c) net flux, δNet’; 
(d) surface downward longwave radiation, δRLDS’; (e) surface upward shortwave radiation, δRSUS’; and (f) surface downward shortwave radia-
tion, δRSDS’, from NoS-SoN. (g) - (l) Same as (a) - (f) but for September-October-November (SON).
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(a) (d)

(b) (e)

(c) (f)

Fig. A3. The changes of surface snow fall rate (mm d-1) between last 20 years and first 20 years in 1pctCO2 scenario (i.e., the last 20 years minus 
the first 20 years) for DJF in case of (a) NoS, (b) SoN, and (c) NoS-SoN. (d) - (f) Same as in (a) - (c) but for June-July-August (JJA).

(a) (b) (c) (d)

(e) (f) (g) (h)

Fig. A4. As in Fig. 7, but for June-July-August (JJA) and for the changes between the last 20 years and first 20 years in 1pctCO2 scenario (i.e., the 
last 20 years minus the first 20 years) from NoS minus SoN for (a) surface downward longwave radiation, δRLDS’; (b) surface downward short-
wave radiation, δRSDS’; (c) surface upward shortwave radiation, δRSUS’; and (d) surface net flux, δNet’. (e) - (h) Same as (a) - (d) but for CMIP5 
multi-model mean (CM5-NoS).
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(a) (b) (c) (d)

(e) (f) (g) (h)

Fig. A5. As in Fig. A3, but for December-January-February (DJF) for the changes between mean of the last 20 years and first 20 years in 1pctCO2 
scenario (i.e., the last 20 years minus the first 20 years) from NoS minus SoN for (a) surface downward longwave radiation, δRLDS’; (b) surface 
downward shortwave radiation, δRSDS’; (c) surface upward shortwave radiation, δRSUS’; and (d) surface net flux, δNet’. (e) - (h) Same as (a) - (d) 
but for CMIP5 multi-model mean (CM5-NoS).

(a) (b) (c)

(d) (e)

Fig. A6. (a) The difference of sea ice thickness (THK) between Snow-Radiative off minus Snow-radiative on (NoS-SoN) annual mean from the first 
20 years (1 - 20 years: First) and middle 20 years (60 - 80 years: Mid); same as (a) but for the difference between Mid and last 20 years (120 - 140 
years: Last). (c) Same as (b) but for Last minus First 20 years. (d) same as (c) but for DJF. (e) Same as (d) but for JJA. The SoN and SoN are CESM1 
experiments integrated for 140 years, following the CMIP5 1pctCO2 scenario.


