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ABSTRACT

Recent studies demonstrate that the Antarctic Ozone Hole has important influences on Antarctic sea ice. While most of
these works have focused on effects  associated with atmospheric and oceanic dynamic processes caused by stratospheric
ozone changes, here we show that stratospheric ozone-induced cloud radiative effects also play important roles in causing
changes in Antarctic sea ice. Our simulations demonstrate that the recovery of the Antarctic Ozone Hole causes decreases
in clouds over Southern Hemisphere (SH) high latitudes and increases in clouds over the SH extratropics. The decrease in
clouds  leads  to  a  reduction  in  downward  infrared  radiation,  especially  in  austral  autumn.  This  results  in  cooling  of  the
Southern Ocean surface and increasing Antarctic sea ice. Surface cooling also involves ice-albedo feedback. Increasing sea
ice reflects solar radiation and causes further cooling and more increases in Antarctic sea ice.
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Article Highlights:

• Recovery of the Antarctic Ozone Hole results in cloud decreases over Southern Hemisphere high latitudes.
• Cloud decreases cause reduction in downward infrared radiation, especially during austral autumn.
• The reduction in downward infrared radiation causes surface cooling and increasing sea ice.

 
 

1.    Introduction

Both observations and simulations have demonstrated that
severe ozone depletion in the Antarctic stratosphere is the ma-
jor  driver  of  changes  in  Southern  Hemisphere  (SH)  climates
and  atmospheric  and  oceanic  circulations  (Thompson  et  al.,
2011; Previdi and Polvani, 2014) (and references in these two re-
view papers).  In  particular,  these  works  demonstrated that  the
Antarctic Ozone Hole leads to a poleward shift of the westerly
jet stream and the trend toward a high polarity of the Southern
Annular  Mode  (Thompson  and  Solomon,  2002; Son  et  al.,
2009; Polvani et al., 2011; Hu et al., 2013; Tao et al., 2016). In
the  past  few  years,  studies  have  emphasized  important  influ-
ences of the ozone-induced jet  shift  on Antarctic sea ice (Sig-
mond  and  Fyfe,  2010, 2014; Bitz  and  Polvani,  2012; Fyfe  et

al.,  2012; Smith  et  al.,  2012; Grise  et  al.,  2013; Polvani  and
Smith, 2013; Haumann et al.,  2014).  While one study sugges-
ted that the poleward jet shift due to the Antarctic Ozone Hole
might have caused the observed expansion of Antarctic sea ice
(Turner et al., 2009), more recent studies show that ozone deple-
tion should cause a poleward retreat of sea ice (Sigmond and Fy-
fe,  2010, 2014; Bitz  and  Polvani,  2012; Smith  et  al.,  2012;
Grise  et  al.,  2013; Polvani  and  Smith,  2013; Turner  et  al.,
2013; Haumann  et  al.,  2014),  and  that  ozone  recovery  in  the
21st century would cause expansion of Antarctic sea ice (Smith
et al.,  2012). Ferreira et al.  (2015) argued that the response of
sea ice to stratospheric ozone depletion is a two-time-scale prob-
lem:  rapid  cooling  followed  by  slow  but  persistent  warming.
These works show that the linkage between stratospheric ozone
changes (depletion or recovery) and Antarctic sea ice is the latit-
udinal shift of the westerly jet stream around the Antarctic. The
direct  dynamic  effect  of  the  jet  shift  is  to  alter  sea-ice  trans-
ports.  The  indirect  dynamic  effect  is  that  changes  in  wind
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stresses  alter  circulations  of  the  Southern  Ocean,  which  con-
sequently causes changes in ocean heat transports,  sea surface
temperatures, and sea ice.

In  this  study,  we  show  that  stratospheric  ozone  recovery
leads to decreases in cloud at SH high latitudes, and that the radi-
ative effects of these cloud decreases also play important roles
in  causing  ocean  surface  cooling  and  increasing  Antarctic  sea
ice.

2.    Experiments and methods

To demonstrate the cloud radiative effects associated with
ozone recovery, we perform two equilibrium simulations. One
simulation  uses  the  observed  atmospheric  conditions  of  the
year  2000  (Gent  et  al.,  2011)  (averaged  over  1995 –2005),
while  the  other  uses  the  projected  ozone  concentration  of  the
year 2055 from the Representative Concentration Pathway 2.6
dataset (Cionni et al., 2011) (averaged over 2050–60), with all
other  atmospheric  compositions  fixed  at  the  year  2000.  Thus,
the  climate  responses  to  ozone  recovery  can  be  characterized
by the differences between the two equilibrium simulations. In
both simulations, all atmospheric compositions are the same as
those in phase 5 of the Coupled Model Intercomparison Project
(Taylor  et  al.,  2012).  Hereafter,  the  two  simulations  are  de-
noted as O3-2000 and O3-2055, respectively.

The model used here is the Community Atmosphere Mod-
el,  version  4  (CAM4)  (Neale  et  al.,  2013).  To  distinguish
ozone-induced cloud radiative effects on sea ice from the dynam-
ic  effects  that  have  been  studied  in  previous  works  (Sigmond
and  Fyfe,  2010; Bitz  and  Polvani,  2012; Smith  et  al.,  2012),
CAM4 is coupled with a slab ocean of 50 m in depth and a ther-
modynamic  sea-ice  model.  Therefore,  neither  sea  ice  forma-
tion nor melting involves sea-ice dynamics or ocean heat trans-
ports. Both simulations are run for 50 years to reach equilibri-
um, and the averages of the simulation results over the last 30
years are used for analysis. The simulations here are similar to
those in Smith et al. (2012), except that they used a coupled at-

mospheric  and  oceanic  general  circulation  models  (AOGCM)
that  has  fully  interactive  stratospheric  chemistry.  The  simula-
tions  here  are  also  similar  to  those  in  some  of  other  previous
work (Sigmond and Fyfe, 2010; Bitz and Polvani, 2012; Grise
et al., 2013), except that their simulations are for ozone deple-
tion.

3.    Results

3.1.    Sea-ice response to ozone recovery

Figure 1a shows the differences in annual-mean sea-ice frac-
tion  between  simulations  O3-2055  and  O3-2000.  Increases  in
seaice fraction are found around the Antarctic, and the maxim-
um  increase  is  near  the  annual-mean  sea-ice  edge,  which  is
marked by the black line.  The largest  increase in sea-ice frac-
tion is about 7%, which is over the Amundsen-Bellingshausen
Sea. The results are consistent with previous simulation results
in AOGCMs (Sigmond and Fyfe, 2010; Bitz and Polvani, 2012;
Smith et al., 2012). Figure 1b shows the seasonal variations of
sea ice extent (SIE) in response to ozone recovery, overlapped
with the simulated climatological mean SIE (red line). The simu-
lated climatological mean SIE seasonality is consistent with ob-
servations.  The  SIE  response  to  ozone  recovery  is  positive  in
all months. The largest SIE increase occurs in late autumn and
early winter (May and June). The absolute values of the largest
SIE  increase  and  the  annual-mean  SIE  increase  are  about
0.75×106 km2 and 0.5×106 km2, respectively. The annual-mean
SIE  increase  is  about  4%  of  the  annual-mean  climatological
SIE. The results here are quantitatively comparable to those in
AOGCM  simulations  (Sigmond  and  Fyfe,  2010; Bitz  and
Polvani, 2012; Smith et al., 2012). It indicates that ozone recov-
ery is able to force sea-ice increases in the absence of sea-ice dy-
namics and ocean heat transports.

3.2.    Responses  of  surface  temperature  and  radiation
budget to ozone recovery

Increasing sea ice is associated with surface cooling of the

 

 

Fig. 1. Responses to ozone recovery of (a) annual-mean sea-ice fraction and (b) monthly-mean SIE in the SH. In (a),
the bold black line denotes the annual-mean sea-ice edge, which is denoted by 15% sea-ice concentration, and the color
interval  is  1%  (Student's t-test).  Stippled  areas  are  the  regions  where  the  differences  are  significant  at  the  95%
confidence level. In (b), the left-hand vertical axis is the SIE response (blue bars) and the right-hand vertical axis is the
absolute value of SIE (red line).
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Southern Ocean. Figure 2a shows the response of surface temper-
atures  to  ozone  recovery.  Significant  cooling  is  found  at  SH
middle and high latitudes, especially around the climatological
sea-ice edge (bold black line). The largest cooling is about 1°C,
located in the Amundsen-Bellingshausen Sea. Because sea sur-
face temperatures (SSTs) at the seaice edge are just at the margin-
al  of  the  freezing  point,  a  1°C  decrease  of  SSTs  can  lead  to
seaice expansion.

The ocean surface cooling is associated with a reduction in
the radiation budget at the surface. Figure 2b shows the annual-
mean response of net surface radiation fluxes (δR) to ozone re-
covery, i.e., the sum of solar radiation (SR) absorbed by the sur-
face and downward infrared radiation (IR). Negative δR indic-
ates a decrease in radiation absorbed by the surface. In general,
δR reduction is situated over SH middle and high latitudes. In
particular, a band of relatively large δR reduction is right near
the sea ice edge. The largest δR reduction is greater than 3.0 W
m-2. The question is how ozone recovery causes such a large re-
duction in the surface radiation budget, which is the major in-
terest in this paper. We address this question as follows.

Using surface radiative kernels (Huang et al., 2017), we de-
compose δR into the direct radiative forcing of ozone recovery
and  other  radiative  effects  such  as  changes  in  water  vapor,
clouds,  and  surface  albedo.  The  instantaneous  radiative  for-
cing of ozone recovery is calculated with a rapid radiative trans-
fer  model  (RRTM)  (Mlawer  et  al.,  1997).  Clouds  are  pre-
scribed in the RRTM using our simulation output. The annual-
mean  instantaneous  radiative  forcing  at  the  surface  due  to
ozone recovery is negative (Fig.3a). This is because ozone recov-
ery  causes  more  ultraviolet  radiation  absorbed  in  the  strato-
sphere,  so  that  less  SR  reaches  the  surface.  However,  the
largest negative value is only about 0.2 W m−2. The radiative for-
cing of water vapor changes is also negative (Fig.3b). This is be-
cause  atmospheric  temperatures  decrease  as  the  surface  cools.
As  a  result,  water  vapor  in  the  atmosphere  is  also  decreased,
and the radiative forcing of water vapor changes is negative. In-

creasing sea ice also leads to a decrease in surface evaporation,
which also contributes to the water vapor decrease. The largest
negative  forcing  of  water  vapor  is  less  than  0.5  W  m−2.  The
sum of radiative forcing due to ozone recovery and the water va-
por decrease is much weaker than that in han that in han that in
han that  in Fig.  2.  These results  suggest  that  the direct  radiat-
ive forcing of ozone recovery and a decrease in water vapor are
not  the  key  factors  causing  surface  cooling.  Thus,  there  must
be other factors responsible for the surface radiation reduction
and surface cooling.

Figure  3c shows  much  larger  cloud-induced  positive  for-
cing  at  the  surface,  especially  at  the  ice  edge.  The  positive
cloud  forcing  indicates  that  there  must  be  decreases  in  cloud
near  the  ice  edge.  Indeed, Fig.4a shows  a  band  of  decreased
cloud  around  the  Antarctic,  with  the  largest  decrease  greater
than 2.5%. Meanwhile, clouds increase at SH midlatitudes, sug-
gesting an equatorward shift of clouds. As we will address in sec-
tion 3.4, the equatorward shift of clouds is because of the atmo-
spheric  thermal  structure  changes  due  to  ozone  recovery.  De-
creased  cloud  causes  increased  SR  at  the  surface  around  the
sea-ice  edge Fig.4b,  and  the  largest  increase  in  SR  is  greater
than  4  W  m−2. Decreased  cloud  also  causes  decreased  down-
ward IR at the surface (Fig.4c), with the largest decrease being
about 2 W m−2. Overall, cloud-induced radiative forcing at the
surface is positive near the ice edge (Fig.3c).

On the other hand, surface albedo causes large negative for-
cing (Fig.3d). The largest negative value is greater than 4 W m-2.
Such a  large  negative  forcing  is  caused  by  increasing  sea  ice,
i.e.,  ice-albedo  feedback.  It  suggests  that  the  effect  of  ice-al-
bedo plays the major role in causing the negative radiative for-
cing.  Indeed,  the  spatial  pattern  of  surface  radiation  reduction
(Fig.2b)  largely  resembles  that  of  the  ice-albedo  forcing
(Fig.3d).

From Fig.3 and 4, we can see that downward IR reduction
due to cloud decreases and the ice-albedo effect due to increas-
ing sea ice are the two major negative forcings, while the dir-

 

 

Fig. 2. Annual-mean responses of (a) surface temperatures and (b) surface radiation budget, including both SR and IR.
Units:  W  m-2.  Negative  δR  indicates  a  reduction  in  downward  radiation  absorbed  by  the  surface.  In  (a),  the  color
interval is 0.2 K, and dots mark the regions where responses have statistically significant levels higher than the 95 %
confidence level  (Student's t-test).  In (b),  the color bar is  not  linear.  The black lines in both plots denote the annual-
mean sea-ice edge.
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ect radiative forcing of ozone recovery and the forcing of wa-
ter vapor changes are weaker by one order of magnitude. Thus,
surface cooling should be mainly caused by the two major negat-
ive forcings. For the two negative forcings, the albedo effect of
increasing sea ice can only enhance surface cooling, but not the
forcing in initializing surface cooling. This is because increas-
ing  sea  ice  is  a  result  of  surface  cooling.  Therefore,  decrease

downward IR due to cloud decreases should be the major for-
cing in initializing surface cooling, especially in the winter half
of  the  year  when  cloud  changes  have  little  effect  on  SR  over
the Antarctic.

3.3.    Seasonal variations

To  address  how  cloud  decreases  and  the  associated  de-

 

 

Fig.  3.  Annual-mean  radiative  forcings  at  the  surface:  (a)  direct  radiative  forcing  of  ozone  recovery;  (b)
radiative  forcing  of  water  vapor  changes;  (c)  cloud  radiative  forcing  (both,  SR  and  IR);  (d)  surface  albedo
effect. Units: W m-2. Note that the color bar is not linear in scale. The black lines denote the annual-mean sea-
ice edge.

 

 

Fig. 4. Annual-mean responses to ozone recovery: (a) cloud fraction; (b) cloud-induced SR; (c) cloud-induced
downward IR. In (a), the color interval is 0.4%. In (b, c), the color interval is 0.5 Wm−2. The black lines denote
the  annual-mean  sea-ice  edge.  Regions  with  dots  are  the  places  where  responses  to  ozone  recovery  is
statistically significant at the 95% confidence level.
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crease in downward IR cause surface cooling, we plot the season-
al  variations  of  clouds  and  associated  variables  in  responding
to ozone recovery in Fig.5. Clouds decrease in all months, with
the largest decrease is in April and May (Fig.5a). Note that the
large cloud decrease in August cannot be a result of ozone recov-
ery because no ultraviolet radiation is absorbed by ozone recov-
ery during the polar night. Instead, it is more likely a result of
large  fluctuations  in  polar  temperatures  due  to  dynamic  pro-
cesses in the winter season. We will return to this point in sec-
tion 3.4.

Cloud decreases cause increasing SR at the surface mainly
in austral summer (Fig.5b). This is because summer is the po-
lar-day  season,  and  cloud  decreases  result  in  more  SR  in-

creases than in other seasons. On the other hand, increasing sea
ice reflects SR back to space in austral summer, generating negat-
ive  SR  forcing  at  the  surface  (Fig.5c).  It  is  important  to  note
that the negative forcing of the albedo effect is larger than the
cloud-induced SR increase.  Thus,  SR absorbed by the  surface
is actually negative in austral summer (Fig.5d). The largest negat-
ive  value  of  SR  absorbed  by  the  surface  is  about  3  Wm-2 in
November-December.

Cloud-induced downward IR at  the  surface  is  negative  in
all months, with the largest values (about 2 W m−2) in austral au-
tumn (Fig.5e). Fig.5f shows that surface cooling exists all year
round,  with  the  largest  cooling  in  March-June.  Increasing  sea
ice  also  lasts  all  year  round,  peaking  in  April-June  (Fig.5g).

 

 

Fig. 5. Seasonal variations of zonal-mean responses to ozone recovery: (a) cloud fraction (%); (b) cloud-induced SR;
(c)  surface  albedo  effect;  (d)  net  SR;  (e)  cloud-induced  downward  IR;  (f)  surface  temperature;  (g)  sea-ice  fraction.
Black lines in all plots denote the sea-ice edge. In (a), the color interval is 0.4%. In (b–e), the color interval is 1 Wm−2.
The color interval in (f) is nonlinear, and the units are °C. The color interval in (g) is 1%. Regions with dots are the
places where responses are statistically significant at the 95% confidence level.
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The seasonal variation of sea ice is consistent with that of sur-
face cooling.

The  direct  radiative  forcing  of  ozone  recovery  at  the  sur-
face  and  the  radiative  forcing  of  water  vapor  changes  also
show  seasonal  variations  (Fig.6).  Ozone  recovery  has  the
largest  negative  forcing  in  October-January,  with  values  less
than 0.2 Wm−2. The radiative forcing of water vapor changes is
over  March-July,  with  values  less  than  0.4  Wm−2.  As  men-
tioned above, they are much weaker than the cloud-induced re-
duction of downward IR.

The results in Fig.5 reveal that cloud decreases at SH high
latitudes  are  the  major  forcing  in  causing  ocean  surface  cool-
ing, and that austral autumn is the critical season when cloud-in-
duced reduction of downward IR initiates surface cooling and in-
creases in sea ice.  Cloud decreases mainly exist  in  austral  au-
tumn. In this  season,  the radiative effect  of  cloud decreases is
mainly to reduce downward IR, while cloud-induced solar for-
cing is  relatively weak because it  is  the season of  sunset  over
the  Antarctic.  Thus,  cloud  decreases  lead  to  surface  cooling
and increasing sea ice. It is important to note that the sea-ice in-
crease lasts all year round once it is initiated in austral autumn,
and that its reflection of SR also lasts all year round. Although
cloud decreases lead to large SR increases at the surface in aus-
tral summer, the increase of SR are offset by the reflection of in-
creasing sea ice. As a result, the ocean surface is also cooled in
austral summer, and sea ice also increases.

To  summarize  the  seasonal  variations,  the  largest  de-
creases in cloud at SH high latitudes in austral autumn, due to
ozone recovery, cause reduced downward IR and initialize sur-
face  cooling  and  increasing  sea  ice.  The  increased  sea  ice  re-
flects SR and enhances surface cooling through the ice-albedo
feedback process.

3.4.    Cloud response to ozone recovery

The  above  results  have  shown  how decreases  in  cloud  at
SH high latitudes cause surface cooling and increasing sea ice.
However,  important questions remain to be answered, such as
how  ozone  recovery  leads  to  these  cloud  decreases,  and  why
the largest decrease occurs in austral autumn. To answer these

questions,  we  next  analyze  the  relationship  between  cloud
changes  and  ozone-induced  atmospheric  temperature  changes.
Fig.7 shows vertical cross-sections of zonal-mean temperature
changes  in  response  to  ozone  recovery  in  all  four  seasons.
Ozone recovery leads to warming in the mid and high-latitude
lower stratosphere, especially in the polar region. The strongest
and  significant  warming  is  in  December-January-February
(DJF),  with  the  largest  value  greater  than  1.2°C  (Fig.7a).  Al-
though the warming in March-April_May (MAM) is relatively
weak, it  is statistically significant.  In particular,  the maximum
warming  region  is  over  the  ice  edge  (60°S  to  70°S)  (Fig.7b).
The warming in June-July-August (JJA) is less significant and
cannot be explained by ozone recovery because JJA is the po-
lar-night  season  (Fig.7c).  The  insignificant  warming  is  likely
due  to  wave-driven  dynamic  heating,  which  has  large  fluctu-
ations.  The  warming  in  September-October-November  (SON)
is large, but not statistically significant (Fig.7d). It is probably
because  SON  is  the  season  when  the  Antarctic  polar  vortex
breaks up and wave-driven dynamic heating causes large temper-
ature fluctuations.  Associated with the polar warming, the po-
lar night jet shifts toward the equator in SON, DJF, and MAM
(figures  not  shown),  consistent  with  previous  simulation  res-
ults.

Fig.8 shows the zonal-mean cloud changes in response to
ozone  recovery.  Significant  cloud  decreases  are  found  in  DJF
and MAM (Fig.8a and b). The common feature in the two sea-
sons  is  that  the  largest  and  significant  cloud  decreases  are
around the tropopause. In particular, a band of cloud decreases
is situated right over the ice edge and extends from the tropo-
pause to the middle troposphere in MAM. In contrast, cloud de-
creases in JJA and SON are not statistically significant (Fig.8c
and 8d). This is consistent with the less significant temperature
changes in JJA and SON. It has been suggested that the lower-
stratospheric  warming,  due to ozone recovery,  enhances static
stability  and  reduces  relative  humidity  in  the  upper  tropo-
sphere and near the tropopause, and both contribute to cloud de-
creases  (Jenkins,  1999; Yang  et  al.,  2012; Xia  et  al.,  2016,
2018). From Fig.7, we can see that the contrast in temperature
changes between the lower stratosphere and troposphere is lar-

 

 

Fig.  6.  Seasonal  variations  of  zonal-mean  radiative  forcing:  (a)  ozone  recovery;  (b)  water  vapor  decreases.
Units: W m-2. Black lines in both plots denote seasonal variations of the zonal-mean sea-ice edge.
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ger in DJF and MAM than in JJA and SON. In DJF and MAM,
warming in the lower stratosphere are contrasts with cooling in
the troposphere (Figs.7a and b). However, the vertical temperat-
ure contrast in JJA and SON is weaker (Figs.7c and d). There-
fore,  static  stability  is  enhanced  more  by  ozone  recovery  in
DJF and MAM than in JJA and SON. In other words, convec-
tions near the tropopause is weakened more in DJF and MAM
than in  JJA and SON,  leading  to  less  cloud  formation  in  DJF
and MAM. The simulation results  for clouds here are consist-
ent  with  previous results  in  which significant  increases  in  cir-
rus  clouds  were  found  to  be  associated  with  ozone  depletion
(Nowack et al., 2015).

To further confirm the relationship of changes between tem-
perature  and  clouds,  we  regress  the  seasonal-mean  area-
weighted  temperatures  over  50°S–90°S  and  between  250  and
150  hPa  onto  the  zonal-mean  cloud  fraction,  using  the  last
40 years' simulation output (Fig.9). It is found that high clouds
over the sea-ice edge between 60°S–70°S are closely related to
the  temperature  changes  around  the  tropopause,  except  for

DJF. The results in Fig.9 indicate that high clouds decrease as
temperatures  near  the  tropopause  increase.  It  is  important  to
note  that  the  regression  coefficient  reaches  about  1.4%  K−1

over  the  ice  edge  in  MAM  much  larger  than  the  values  of
0.8% K−1 in DJF. Thus, cloud fraction is more sensitive to tropo-
pause  temperature  changes  in  MAM  than  in  DJF.  Although
high clouds in JJA and SON also have close correlations with tro-
popause temperatures, the responses of high clouds to ozone re-
covery  are  not  significant,  because  tropopause  temperature
changes are not significant in the two seasons.

4.    Conclusions and discussion

Our simulation results show that ozone recovery leads to in-
creasing Antarctic  sea  ice  in  the  absence of  a  dynamic ocean,
and that the magnitude of the increase in sea ice is comparable
to  that  in  AOGCM  simulations.  Our  diagnostics  demonstrate
that ozone recovery causes warming in the Antarctic lower strato-
sphere.  The lower-stratospheric warming results  in high-cloud

 

 

Fig.  7.  Vertical  cross  section  of  zonal-mean  temperature  changes  in  response  to  ozone  recovery:  (a)  DJF;
(b) MAM; (c) JJA; (d) SON. Color interval: 0.15°C. The black lines denote the tropopause. Regions with dots
are the places where responses are statistically significant at the 95% confidence level.

APRIL 2020 XIA ET AL. 7
 

 

  



 

 

Fig.  8.  Vertical  cross  section  of  zonal-mean  cloud  changes  in  response  to  ozone
recovery: (a) DJF; (b) MAM; (c) JJA; (d) SON. Color interval; 0.2%. The black lines
denote  the  tropopause.  Regions  with  dots  are  the  places  where  responses  are
statistically significant at the 95% confidence level.

 

 

Fig. 9.  Regression of seasonal-mean area-weighted temperature over 50°S–90°S and
between 250 and 150 hPa onto the zonal-mean cloud fraction: (a) DJF; (b) MAM; (c)
JJA; (d) SON. The units are % K-1.
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decreases at SH high latitudes, especially in austral autumn. As
a consequence, cloud decreases lead to reduced downward IR,
surface cooling, and increasing sea ice. Because the increase in
sea  ice  lasts  all  year,  the  effect  of  ice-albedo feedback offsets
the cloud-induced SR increase at the surface, especially in aus-
tral summer, and causes further cooling and increasing sea ice.
The  results  suggest  that  ozone-induced  cloud  radiative  effects
and  ice-albedo  feedback  play  important  roles  in  causing  in-
creases in Antarctic sea ice.

It is worth pointing out that, in this study, the atmospheric
GCM is coupled only with a slab ocean to distinguish ozone-in-
duced cloud radiative effects on sea-ice. Thus, our simulation res-
ult has its own limitations because ocean heat transports and dy-
namic sea ice are excluded. As demonstrated in previous AO-
GCM studies (Sigmond and Fyfe, 2010; Bitz and Polvani, 2012;
Smith et al., 2012), ozone-induced changes in atmospheric and
oceanic  circulations  significantly  alter  ocean  heat  transports
and sea-ice dynamics, and consequently impact SSTs and Antarc-
tic  sea  ice.  Thus,  these  dynamic  processes,  together  with  the
cloud  radiative  effects,  all  have  important  contributions  to  in-
creasing Antarctic sea ice. In fact, ozone-induced cloud radiat-
ive  effects  have  been  included  in  previous  AOGCM  simula-
tions. It is important to diagnose the respective contributions of
cloud radiative effects and dynamic processes in AOGCM simu-
lations in future studies.

Another issue that needs to be further addressed is the sea-
ice feedback to cloud formation. In the present study, we have
emphasized  the  importance  of  ice-albedo  feedback  to  the  sur-
face radiation budget. Increasing sea ice will also reduce water
evaporation from the ocean surface, and lower the water vapor
content  in  the  atmosphere.  Consequently,  it  will  reduce  cloud
formation. This requires diagnosis of the feedback of sea ice to
cloud formation in future studies.
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