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ABSTRACT

Two parallel sets of numerical experiments (an ozone-hole simulation and a non-ozone-hole simulation) were performed
to investigate the effect of ozone depletion on surface temperature change using the second spectral version of the Flexible
Global Ocean—Atmosphere-Land System model (FGOALS-s2), focusing on the eastern Antarctica (EA) continent in austral
summer. First, we evaluated the ability of the model to simulate the EA surface cooling, and found the model can successfully
reproduce the cooling trend of the EA surface, as well as the circulation change circling the South Pole in the past 30 years.
Second, we compared the two experiments and discovered that the ozone depletion causes the cooling trend and strengthens
the circumpolar westerly flow. We further investigated the causes of the EA surface cooling associated with the ozone hole
and found two major contributors. The first is the ozone-hole direct radiation effect (DRE) upon the surface that happens
because the decrease of the downward longwave (LW) radiation overcomes the increase of the downward shortwave (SW)
radiation under clear sky. The second is the cloud radiation effect (CRE) induced by ozone depletion, which happens because
the decreased downward SW radiation overcomes the increased downward LW radiation in the case of increased cloud.
Although the CRE is theoretically opposite to the DRE, their final net effect makes comparable contributions to the EA
surface cooling. Compared with the surface radiation budget, the surface heat flux budgets have a much smaller contribution.
We additionally note that the CRE is basically ascribed to the circulation change.
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1. Introduction

In contrast to global warming, the high plateau and
coastal regions of eastern Antarctica (EA) show a marked
cooling trend, particularly during austral summer, from the
1970s to the early 2000s (e.g., Thompson and Solomon,
2002; Monaghan et al., 2008; Screen and Simmonds, 2012).
The cooling trend over the EA surface through the early
2000s has been found to be consistent with the observed trend
toward a high index polarity of the Southern Annular Mode
(SAM) (e.g., Monaghan et al., 2008; Marshall et al., 2011),
which has a close linkage with the Antarctic ozone hole (e.g.,
Gillett and Thompson, 2003; Fogt et al., 2009; Thompson et
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al.,2011).

We have confidence in the linkage between the ozone de-
pletion and surface-cooling trend over EA (Thompson et al.,
2011), but we do not yet fully understand how the strato-
spheric ozone depletion causes the EA surface cooling. The
stratospheric ozone depletion has two major effects on the
troposphere and surface. The first is a radiative effect in-
volving two contrasting processes: increased ultraviolet and
visible radiation reaching the surface (e.g., Ramanathan and
Dickinson, 1979), but reduced downward thermal infrared ra-
diation to the surface (e.g., Grise and Thompson, 2009), both
of which determine the net adjusted radiative forcing reach-
ing the surface. Is the net surface radiative forcing associ-
ated with the ozone hole negative or positive? The answer is
uncertain (e.g., Hu et al., 2011; Previdi and Polvani, 2012).
The radiative forcing could be positive because the shortwave
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(SW) forcing dominates the thermal infrared forcing, but the
cooling stratosphere might reduce the downward infrared ra-
diation enough to make the net adjusted radiative forcing neg-
ative (e.g., Lal et al., 1987; Forster and Shine, 1997). Addi-
tionally, clouds could modify the net radiative forcing of the
ozone hole reaching the surface. It is well known that clouds
reflect shortwave radiation but increase downward longwave
(LW) radiation, which counteracts the ozone-hole-related di-
rect radiation forcing. In addition, Ramanathan and Dickin-
son (1979) found that 50% of downward infrared radiation
from stratospheric ozone is absorbed by tropospheric high
clouds, such that clouds again decrease the downward LW ra-
diation in this sense. Therefore, cloud-amount change, which
could be influenced by ozone depletion, further increases the
uncertainties of net radiation forcing reaching the surface.

The other effect is a dynamical one, associated with circu-
lation variation induced by ozone depletion. Related to ozone
depletion, the most significant circulation variation is the en-
hanced circumpolar westerly jet (e.g., Gillett and Thomp-
son, 2003). On the one hand, this strengthened westerly jet
tends to isolate most of Antarctica and leads to a reduction in
meridional advection of heat onto the continent, cooling the
polar region (e.g., Thompsonet al., 2000; Barnes and Hart-
mann, 2010); but on the other hand, the intensified westerly
winds reduce the blocking effect of the Antarctic Peninsula,
leading to a higher frequency of relatively warm air masses
being advected eastward over the orographic barrier of the
northern peninsula (Marshall et al., 2006). Therefore, how
the ozone-hole-associated circulation change contributes to
the surface cooling has yet to be clarified.

Due to the paucity of data over Antarctica, it is hard to
quantify the effect of radiation (including clouds) and circu-
lation from an observational perspective. Numerical model
outputs have been considered to be a reasonable method
to differentiate the contribution of the above-mentioned ef-
fects (radiation, cloud, and circulation) to surface tempera-
ture change (e.g., Qu et al., 2012). In addition, numerical
experiments are able to specify the effect of ozone depletion
through sensitivity experiments. Most previous numerical re-
search has studied the effect of ozone depletion on circula-
tion or temperature through IPCC Fourth Assessment Report
(AR4) multi-model outputs (e.g., Cordero and Forster, 2006;
Hu et al., 2011; Qu et al., 2012), atmosphere-only model ex-
periments (e.g., Polvani et al., 2011), or radiation—convection
models (e.g., Lal et al., 1987; Wang et al., 1993), but sel-
dom via quantitative studies of the contributions of ozone-
hole-induced radiation or circulation to surface temperature
change.

FGOALS-s2 (the second spectral version of the Flexible
Global Ocean—Atmosphere—Land System model) is a newly
released coupled general circulation model that participated
in IPCC ARS (Fifth Assessment Report). Through two sets
of numerical experiments, this study first evaluates the per-
formance of the EA surface cooling in this model, and then
investigates the relative quantitative contributions of radia-
tion and circulation associated with ozone depletion to the
EA surface cooling.
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2. Model and numerical experiments

2.1. Model

The climate system model used in this study is FGOALS-
s2, which can provide realistic climate simulations (Bao
et al., 2013). The atmospheric component is SAMIL—the
Spectral Atmospheric Model of the Institute of Atmospheric
Physics (IAP)/State Key Laboratory of Numerical Modeling
for Atmospheric Sciences and Geophysical Fluid Dynam-
ics (LASG) (Bao et al., 2010), and its horizontal resolution
is 2.81° (lon) x1.66° (lat), with 26 hybrid vertical layers.
The oceanic component is the LASG TAP Common Ocean
Model 2.0 (LICOM2.0) (Liu et al., 2012). Compared with
the old version of LICOM (Liu et al., 2004), the horizontal
resolution in LICOM2.0 was increased in the tropics (from
1° x 1° to 0.5° x 0.5°), and the vertical resolution was ad-
justed to 10-m layer thicknesses in the upper 150 m (Liu et
al., 2012). In addition, a new advection scheme and mixing
schemes were introduced and updated in LICOM?2.0. The sea
ice model in FGOALS-s2 is version five of the Community
Sea Ice Model (CSIMS5), which is a thermodynamic—dynamic
sea ice model (Briegleb et al., 2004). The other components,
including the land surface and coupler components, are sim-
ilar to those in version four of the National Center for At-
mospheric Research (NCAR) Community Climate System
Model (CCSM4) (Kiehl and Gent, 2004).

2.2. Numerical design and methodology

In order to determine the response of Antarctic surface
climate to ozone depletion, two sets of numerical experi-
ments were performed. One was a control run (also called
“ozone-hole-run”, or the “OH run” for short), which was
a standard run based on the CMIP5 (Coupled Model Inter-
comparison Project, Phase 5) experimental design (Taylor
et al., 2012), and was integrated from 1850 to 2005. The
imposed changing conditions in the OH run included atmo-
spheric composition (including O3 and CO,) due to anthro-
pogenic and volcanic influences, solar forcing, concentra-
tions of short-lived species, and aerosols. Therefore, the OH
run involved the realistic ozone depletion that has taken place
since the 1970s (Solomon, 1999; WMO, 2007). The other
experiment was the ozone sensitivity run (also called “no-
ozone-hole run”, or the “NOH run” for short), which was per-
formed with the same configuration as CMIPS5 historical runs
from 1850 to 2005, but the forcing of ozone after 1976 was
left at 1975 levels because the severe depletion of Antarctica
stratospheric ozone occurred from the late 1970s onwards
(Solomon, 1999). In order to reduce the uncertainties arising
from differing initial conditions, both the OH and NOH runs
had three individual ensemble members, each starting from
different initial conditions derived from the pre-industrial ex-
periment. The results of each simulation were derived from
the three-ensemble mean during the 30 years from 1976 to
2005, and the impact of ozone depletion on Antarctica sur-
face temperature is diagnosed in this paper by comparing the
two sets of 30-yr simulations during that period.

We used the Student’s ¢-test for the linearized trend sig-
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nificance, and a Monte Carlo simulation to establish the con-
fidence level of the tendency difference between the two ex-
periments (OH minus NOH). In terms of the detail of the
Monte Carlo simulation, first we re-sampled the OH time se-
ries 1000 times in order to obtain 1000 tendency differences
against the NOH time series. Then, we calculated the PDF
(probability density function) for those 1000 tendency differ-
ences. If the tendency difference obtained was located in the
< 10% region, we were able to conclude that the tendency
difference was above the 90% confidence level.

2.3. Ozone forcing data

The ozone forcing dataset used in this study was from the
Atmospheric Chemistry and Climate and the Stratosphere—
Troposphere Processes and their Role in Climate (SPARC)
committees of the World Climate Research Program (WCRP)
(Randel and Wu, 2007). This study concerns the differences
before and after the formation of the ozone hole. So, the
physical extent of the ozone hole is at the basis of our work.
Figure 1 demonstrates the seasonal, latitudinal and vertical
characteristics of the ozone hole during 1976-2005, accord-
ing to SPARC data. Three features are particularly notewor-
thy. First, the Southern Hemisphere ozone hole peaks in Oc-
tober, and the depletion lasts from September to November.
Second, the latitudinal extent of the ozone hole spans nearly
30° of latitude, from the South Pole to 60°S. And third, the
stratospheric ozone hole peaks at 50 hPa. Since the ozone
hole leads the cooling response of the polar region by one to
two months, and the surface cooling trend over EA is most
significant during austral summer (Randel and Wu, 2007,
Ramaswamy et al., 2001; Thompson and Solomon, 2002),
this study focuses on the austral summer season (December—
January—Feburary, DJF).
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3. Simulation of eastern Antarctica surface
cooling associated with ozone depletion

The surface cooling over EA has been observed in long-
term station data (e.g., Thompson and Solomon, 2002). To
evaluate the simulation of the EA surface cooling in the
model, we first calculated the surface temperature trend in
past 30 years from 1976 to 2005 using three types of datasets:
Antarctica station data (http://www.antarctica.ac.uk/met/);
Delaware land surface data (http://jisao.washington.edu/data_
sets/ud/); and ERA-interim surface reanalysis data (Dee et al.,
2011); the results of which are shown in Fig 2. We can see
that the coastal EA station shows an evident cooling trend by
—0.5° (10 yr)’1 to —1.5° (10 yr)’l. Furthermore, almost
the same cooling amplitude can be seen in the Delaware data
and the ERA-interim reanalysis data. With the forcing of re-
alistic ozone depletion, the surface cooling trend over the EA
surface is captured in the model’s OH run but has a smaller
magnitude of only 0 to —0.5° (10 yr)~! (Fig. 3a).

In contrast, the cooling trend disappears in the NOH run
(Fig. 3b). Therefore, the simulated cooling trend is induced
by ozone depletion, which is consistent with several previous
studies (e.g., Thompson et al., 2011). To quantify the con-
tribution of ozone depletion to the EA surface cooling, we
calculated the difference between the two experiments (OH—
NOH), and the results show that the ozone hole causes the
largest surface cooling amplitude over the EA continent, and
the maximum magnitude reaches —0.7° (10 yr)~! in the sim-
ulation (Fig. 3c).

A strengthening of the westerly flow throughout the tro-
posphere at around 60°-70°S is reproduced in the OH run,
which is consistent with many observational studies (e.g.,
Shindell and Schmidt, 2004) (Figs. 4a and b). Comparing
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Fig. 1. The horizontal and vertical extents of the ozone hole (difference between climatology of 1976—
2005 and 1975) used in this study based on the SPARC ozone datasets: (a) vertical extent over the polar
cap averaged over the area south of 65°S by month; (b) zonal mean latitudinal cross section at 50 hPa

by month.
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(a) OH

(b) NOH

1

Fig. 2. Austral summer surface temperature trends [K (10 yr) 1]
from 1976 to 2005 retrieved from (a) Antarctica station data, (b)
Delaware land data, and (c) ERA-interim reanalysis data.

Fig. 3. Austral summer surface temperature trends [K (10 yr)™ I
from 1976 to 2005 for the (a) OH results, (b) NOH results, and
(c) their difference (OH minus NOH). Dotted regions are above
the 90% confidence level according to the Student’s 7-test.

the two experiments, the ozone depletion evidently strength-

ens the westerly flow encircling the polar cap (Fig. 4c) due to
an increased north-south temperature gradient (Fig. 5). 4. Causes of the eastern Antarctica surface

The above evaluations indicate that th1§ model is able to cooling related to ozone depletion in the
reproduce the austral summer surface-cooling trend over EA simulation

in the past three decades. Meanwhile, the circulation change
and its responses to ozone depletion in the simulation are rea- In order to investigate how the ozone depletion causes
sonable according to previous studies. the EA surface cooling in this numerical study, we analyze
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Fig. 4. Linearized trend of 700 hPa (upper row), 500 hPa (middle row), and 200 hPa (lower row) winds [m s~ (10 yr)*l] for the
(a) OH run, (b) NOH run, and (c) their difference. Vectors are shown above the 90% confidence level.
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Fig. 5. Zonal mean austral summer temperature trend [K (10 yr)~!] along with height (units: hPa) in (a) observation
(ERA-interim) and (b) difference between the OH and NOH model runs.
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the direct radiation effect (DRE) under clear sky, the cloud
radiation effect (CRE) and the possible dynamical effect as-
sociated with the ozone hole on the surface, measured by the
trend differences between the two experiments (OH minus
NOH). All variables we discuss below are the differences be-
tween the two experiments.

We first calculated the ozone-hole-induced DRE down
upon the surface without considering cloud, respectively in-
cluding downward LW radiation and downward SW radia-
tion under clear sky. The results show that, over EA, and
accompanied by ozone depletion, downward LW radiation
has a negative trend and downward SW radiation has a pos-
itive trend (Figs. 6a and b); this is because ozone can phys-
ically absorb the ultraviolet radiation (e.g., Ramanathan and
Dickinson, 1979) and emit the downward thermal infrared
radiation to the surface (e.g., Grise and Thompson, 2009).
The magnitude of the decreased LW radiation is around —1
to —2 W m2 (10 yr)’l, and the increased SW radiation
is around —0.5 to —1 W m~2 (10 yr)~! (Figs. 6a and b).
Consequently, the net downward DRE is negative at —0.5 to
—1Wm 210 yr)’1 (Fig. 6¢). In this case, the decrease of
downward LW radiation overcoming the increase of down-
ward SW radiation becomes one of the principle contributors
to the surface cooling under clear sky when ozone depletion
occurs.

Cloud is an important factor influencing the downward
radiation reaching the surface. For example, increased cloud
cover blocks downward SW radiation and increases down-
ward LW radiation, which is theoretically the opposite to the
DRE of ozone depletion. But what about the net CRE in this
numerical study? We first calculated the cloud change asso-
ciated with ozone depletion from two aspects: cloud frac-
tion, and cloud liquid content (cloud liquid content deter-
mines cloud optical depth), which are two decisive factors
of CRE (Wood et al., 2007). From the results we can see that
the cloud fraction (here, the cloud cover mainly includes high
cloud because the EA continent is cold and at high altitudes)
mainly exhibits an increasing trend over EA, especially over
the eastern part (Fig. 7a). The region with increased cloud
fraction generally features increased mass fraction of cloud
liquid content (calculated as the mass of cloud liquid water in
the grid cell divided by the mass of air including the water in
all phases in the grid cells) and the most evident increase of
cloud liquid water fraction occurs over the eastern part of EA
(Fig. 7b).

To quantify the corresponding CRE, we calculated the
differences between clear-sky and cloudy-sky downward LW,
downward SW, and downward net radiation. As shown in
Figs. 8a and b, the region with increased cloud cover gen-
erally corresponds to increased downward LW radiation and
decreased downward SW radiation. It is interesting that the
net CRE is negative over EA (Fig. 8c), with a magnitude of
—0.5to —1 W m~2 (10 yr)~!, because the decreased down-
ward SW radiation overcomes the increased downward LW
radiation in amplitude. The reasons for the relatively small
amplitude of increased LW radiation are related to the two op-
posite cloud effects on LW radiation: clouds emit downward
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Fig. 6. Austral summer tendency differences of surface down-
ward ozone-associated direct radiation fluxes (under clear sky)
for (a) LW, (b) SW, and (c) net downward radiation (LW+SW)
from 1976 to 2005 [units: W m~2 (10 yr)‘l]. Dotted regions
are above the 90% confidence level.

LW radiation as well as absorb downward LW radiation
from stratospheric ozone (Ramanathan and Dickinson, 1979).
Therefore, although CRE and DRE are almost contracting
with each other in theory, as mentioned above, their net ef-
fects both result in comparable cooling in the model results.
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(b) cloud liquid content

Fig. 7. Austral summer tendency differences of cloud fraction and cloud liquid water mass frac-
tion (calculated as the mass of cloud liquid water in the grid cell divided by the mass of air
including the water in all phases in the grid cells) from 1976 to 2005 (units: 100%). Dotted

regions are above the 90% confidence level.

(a) LW_CRE (b) SW_CRE

(c) Net CRE

Fig. 8. Austral summer tendency differences of surface downward radiation fluxes caused by the CRE for (a) LW, (b)
SW, and (¢) net downward radiation (LW+SW) from 1976 to 2005 [units: W m~2 (10 yr)‘l]. Dotted regions are above

the 90% confidence level.

Hence, the increased cloud associated with ozone depletion
is another principle contributor to the EA surface cooling.
The next question is why the cloud fraction has an in-
creasing trend with ozone depletion, particularly over the
eastern portion of EA. To address this, we investigated the
vertical velocity change and found that the eastern portion of
EA is characterized by an ascending trend (Fig. 9a), which

causes the increase of the cloud fraction. The increased as-
cending trend could possibly be ascribed to the increase of
westerly flow and the formation of the local cyclonic anomaly
(Fig. 9b). Additionally, there is also a possibility that the in-
creased upward motion could be enhanced by the orographic
lift over EA. Thus, the CRE on cooling basically results from
dynamical circulation change.
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(b)500 hpa winds
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Fig. 9. Austral summer tendency differences of 500 hPa vertical velocity (down is positive) and 500 hPa winds [units:
ms~! (10 yr)~']. Dotted regions are above the 90% confidence level, and vectors shown are above the 90% confidence

level.

(2) Zonal mean meridional thermal

hPa
700
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(b) low-level meridional thermal advection

Fig. 10. (a) Zonal mean meridional thermal advection below 700 hPa; (b) low-level meridional thermal advection trend
between 1000 hPa and 700 hPa. All the above are the austral summer tendency differences between the two experiments
(OH minus NOH). Units are K s~ (10 yr)~!. Dotted regions are above the 90% confidence level.

In addition to the above two radiation effects, we also cal-
culated the changes in surface sensible heating (SH) and sur-
face latent heating (LH) fluxes (figures omitted). The results
show that the magnitude of the LH trend is much smaller [be-
low 0.05 W m~2 (10 yr)~'], which can be ignored in the anal-
ysis. The upward SH flux trend is positive, but smaller [0.1—
03Wm2(10 yr)’l] than the radiation effect [the amount of
ozone-direct radiation plus the CRE is around —1.0 to —2.0
Wm~2 (10 yr)~ 1.

Previous studies have pointed out that a strengthened
westerly jet can cause a reduction in meridional advection

of heat onto the Antarctica continent (e.g., Thompson et al.,
2000; Barnes and Hartmann, 2010). Our result does indeed
show that the ozone depletion causes a significant negative
trend of the total heat advection averaged around 70°S in the
lower troposphere (Fig. 10a). However, when we examine
the low-level spatial distribution of thermal advection over
the EA cooling region (Fig. 10b), we find that half of the EA
region features warming advection trends. This result hints
that the lower-level thermal advection is not an obvious cause
for the EA surface cooling, at least as revealed by the results
of this numerical study.
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5. Concluding remarks

In this study, we first evaluated the ability of FGOALS-
s2 to simulate the surface climate change over the Antarctic,
and found that the OH run (control) of FGOALS-s2 was able
to reproduce the surface-cooling trend over the EA continent
and strengthened circumpolar westerly flow in the past 30
years; however, the EA cooling amplitude was smaller than
observed. Without the ozone hole, both the surface cool-
ing and the intensified circumpolar westerly were remark-
ably weakened in the NOH simulation. Therefore, the ef-
fects of ozone depletion on enhancing the surface cooling and
strengthening the westerly stream in the simulation were con-
sistent with many previous studies.

Comparing the two numerical experiments, we further
analyzed the surface budget change to investigate the causes
of the EA surface cooling and found that the surface radiation
change acts as the dominant contributor to the EA cooling
which is much larger than the surface heat flux change. The
surface radiation changes come from two effects associated
with ozone depletion: the DRE (direct radiation effect) and
the CRE (cloud radiation effect). The DRE and CRE cause
comparable surface cooling over EA although they have op-
posite effects when accompanied by ozone depletion. The
DRE causes cooling because the decrease of downward LW
radiation is larger than the increase of downward SW radi-
ation, and the CRE causes cooling because the decreased
downward SW radiation is larger than the increased down-
ward LW radiation. In the final analysis, the CRE was actu-
ally found to be associated with a dynamical circulation ef-
fect. In this sense, the radiation effect and dynamical effect
play comparable roles in the causes of surface cooling over
EA.
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