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Abstract

We examine the impacts of stratospheric ozone on Southern Hemisphere
(SH) zonal mean circulation changes in state-of-the-art chemistry-climate
models from Chemistry-Climate Model Initiative (CCMI) project. First, we
evaluate total column ozone (TCO) and ozone depletion induced tropospheric
circulation changes in the CCMI. Most models successfully reproduce
observation and reanalysis data in the late 20th century. Ozone-hole-induced
changes are also robust regardless of the specific chemical-atmosphere-ocean
coupling. Since greenhouse gases (GHG) also affect SH circulation changes,
the relative importance of ozone and GHG are investigated by examining the
single forcing experiments from the CCMI. In particular, the fixed ozone-
depleting substance (ODS) simulations, and the fixed GHG simulations are
directly compared with the reference simulations for both the past and future.
Consistent with previous studies, the SH-summer general circulation changes,
such as changes in the jet location, Hadley cell edge, and Southern Annular
Mode, show opposite trends from the past to the future in response to the
Antarctic ozone depletion and recovery. The GHG-induced circulation
changes enhance the ozone-induced circulation changes in the past, but partly
cancel them in the future. These results suggest that stratospheric ozone is the

primary driver of the SH circulation changes in the past. However, both



stratospheric ozone and greenhouse gas are the major factors influencing the

SH circulation in the future climate, confirming previous studies.

Keywords: stratospheric ozone, greenhouse gas, Southern Hemisphere, jet
location, Hadley cell expansion
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1. Introduction

The Southern Hemisphere (SH) circulation has undergone
significant changes in the late 20th century. The Southern Annular Mode
(SAM), a representative variability of the Southern Hemisphere
circulation, has a positive trend, which means that the sea level pressure
at high latitudes is relatively lower and at mid-latitudes is higher. It
increases the pressure gradient between high latitudes and mid-latitudes
(Thompson et al., 2000; Thompson and Solomon, 2002; Marshall, 2003;
Fogt et al, 2009). As the pressure gradient strengthened, the
tropospheric jet near 60°S was strengthened and shifted toward the
Antarctic (Chen and Held, 2007; Previdi and Polvani, 2014; Swart et al,,
2015). The storm track, known to be affected by jet, also shifted (Gillett
et al., 2006; Archer and Caldeira, 2008) while the Hadley cell expanded,
and its edge shifted to the Antarctic (Hu and Fu, 2007; Garfinkel et al,,
2015). In response to these changes, the surface climate has changed
significantly.

It is well documented that changes in austral summer circulation in
the late 20th century are due to ozone depletion (Son et al., 2009; Son et
al, 2010; Polvani et al, 2011a). In the 1960s, a decrease in ozone

concentration due to increased emissions of ozone-depleting substances
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(ODS) created a qualitatively similar pattern to positive SAM. At the same
time, the mid-latitude jet shifted towards the South pole, changing the SH
circulation (Son et al., 2009). Ozone has been increasing since 2000 as
the Montreal Protocol was adopted to reduce ODS. The ozone in the
future is expected to continue to increase and return to the 1960 level.
Ozone recovery reverses the trends of the past changes in the SH
circulation (Perlwitz et al., 2008; Polvani et al., 2011b).

Greenhouse gases, which have continued to increase, are known to
change the SH circulation. It increases the temperature of the upper
troposphere and increases the temperature gradient between low and
high latitudes. As a result, the tropospheric jet is strengthened and shifts
toward the Antarctic. Previous studies compared the effects of ozone and
greenhouse gases, two factors affecting the Southern Hemisphere
circulation, to find a dominant driver (Mclanderess et al., 2011; Polvani
et al, 2011b). In the past, the Southern Hemisphere circulation was
dominant due to ozone depletion (Polvani et al.,, 2011a). In the future,
there was a weaker intensity change than in the past by canceling the
effect of ozone recovery and increasing greenhouse gases. In this study,
we focused on the methods from the multi-model analysis conducted in
the previous studies and applied them to the latest atmospheric

chemistry model, CCMIL.



2. Data and Methodology

The CCMI project, initiated by the International Global Atmospheric
Chemistry (IGAC) and the Stratosphere-troposphere Processes And their
Role in Climate (SPARC), includes a state-of-the-art chemistry-climate
interactions model. This project is an extension of the CCMVal2 (Eyring
et al., 2010), but differs in that CCMVal2 models are interactive only in
stratospheric chemistry (Morgenstern et al.,, 2010). CCMI models are
fully interactive not only in stratospheric chemistry but also in
tropospheric chemistry (Table 1). As listed in Table 1, 15 CCMI models

are used in this study.

Among the simulations provided by CCMI, four simulations were
used for this analysis: REF-C1, REF-C2, SEN-C2-fGHG, and SEN-C2-fODS.
The REF-C1 (hereafter CCMI-C1) experiment is a historical simulation
performed from 1960 to 2010 prescribing surface boundary conditions
with observations. REF-C2 (hereafter CCMI-C2) experiment, spanning
the period 1960-2100, is conducted with coupled ocean or modeled
surface boundary conditions. It is noted in table 1 which of the models
have ocean coupling. These models allow us to evaluate the role of
atmosphere-ocean coupling in the SH climate change. This experiment

uses the Al scenario of WMO (2011) for ODSs, which is almost identical
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to the scenario used by CCMVal-2 (SPARC, 2010). Other greenhouse gases
(GHGs), tropospheric ozone, and aerosols develop according to historical
values and RCP 6.0 (Meinshausen et al, 2011). Two sensitivity
simulations are further examined. SEN-C2-fODS (hereafter GHG) is the
same as CCMI-C2 but with ODSs fixed at their 1960 levels. Sea surface and
sea ice conditions in this simulation are prescribed as the 1955-1964
average. SEN-C2-fGHG (hereafter ODS) is the same as CCMI-C2 but with
GHGs fixed at their 1960 levels. Comparing these two experiments allows
us to quantify the relative effects of ODSs and GHGs on SH general

circulation changes, respectively.

Model datasets are interpolated into a uniform 2.5° x 2.5° grid with
31 vertical levels. In section 3.1, CCMI-C1, a simulation of the past period,
was used to confirm that the simulated ozone is similar to the
observation using monthly total column ozone (TCO) data. In section 3.2,
CCMI-C1 and CCMI-C2 simulations were used to compare the effect of
surface boundary conditions in the SH circulation. The monthly zonal
wind, TCO, varying vertical ozone, and temperature data are used. In
section 3.3, CCMI-C2, GHG, and ODS simulations were used to compare
which changes in the Southern Hemisphere circulation were caused by
ozone depletion and greenhouse gas increase. The variables used are
monthly zonal wind, meridional wind, ozone, temperature, and

geopotential height.
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CMIPS5 is used for comparison with CCMI to identify the importance
of interactive chemistry in section 3.2. In this study, only the high-top
models with a model top at 1 hPa or higher are considered (Table 2). Most
CMIP5 models are forced by the SPARC ozone data or its modified version
(Eyring etal., 2013). However, several models have fully interactive ozone
chemistry and are qualified as CCMs (four models in Table 2). The

monthly zonal wind is used for this study.

Most of the analysis in this study is based on the multi-model mean
(MMM) and the linear trends by a least-square fitting. MMM is performed
from each model’s ensemble mean rather than all individual ensemble
members. This approach reduced an overweighting the models with a
large number of ensemble members. The several indices quantify the SH
general circulation changes as in Son et al. (2010) for section 3.3.
Stratospheric temperature was calculated by averaging 100 hPa

temperature for the zonal and 60-90° S. Hadley Cell (HC) edge was

defined as the zero-crossing latitude of 500 hPa mass stream function in
the SH subtropics. The jet location was determined as the latitude where
an 850 hPa zonal-mean zonal wind has the maximum. We applied the
common basic function approach (e.g., Lee et al. 2019) to calculate the
SAM index since each model reproduces the leading pattern differently.

The first leading mode was obtained by the empirical orthogonal
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function using the JRA-55’s 850 hPa geopotential height. We project each

model data into the first leading mode for the time series.



3. Results

3.1 Evaluation of total column ozone in CCMI models

The CCMI models and observation data are compared to evaluate
that the CCMI models reproduced observation well. The analysis period
is 1979-2010 (32 years), in which observation data was available, and
CCMI-C1 simulations are used. Figure 1 shows the spatial distribution of
the annual mean of TCO. According to observations, the Northern
Hemisphere showed the most substantial TCO concentration in the
Sakhalin of northern Japan and the Kamchatka Peninsula. This large

amount of TCO is due to ozone coming down from the tropopause of this

region, where the wave breaking is active (Hipskind, 1987; O|d&{2t

1999). In the Southern Hemisphere, TCO is high at around 60°S in

southwest Australia. Low latitudes and the Antarctic show relatively low
TCO. The spatial distribution of the TCO is well reproduced in most CCMI
models compared to observations. Although there are differences in the
values, there is high concentration TCO in the high latitude of the
Northern Hemisphere and a low concentration in the equatorial and
Antarctic regions. Out of CCMI modes, UMUKCA-UCAM underestimated
TCO in Southern Hemisphere. Figure 2 displays the Taylor diagram of the
spatial distribution of the annual mean TCO. This figure shows the

-7- <
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pattern correlation and normalized standard deviation comparing each
model with the observation. Each CCMI model is circled in the same color
as the legend, and observation is shown in circle colored in black. All
CCMI models show spatial distribution similar to observation, with a
pattern correlation of 0.9 or higher. The normalized standard deviations
show the variation of spatial distribution between model and
observation. It can be seen that all models show little differences in
variation of observation. Most models well reproduce the phase and
amplitude of observed annual cycle of TCO and the spatial distribution of

TCO trends (not shown).

3.2 Impacts of ozone depletion on Southern Hemisphere

circulation changes and effects of interactive ocean

In section 3.1, we confirmed that the CCMI models simulated
ozone similarly to observations. In section 3.2, changes in the SH
circulation from 1960 to 2000, when ozone depletion was observed, are

examined using CCMI and CMIP5 models.

Figure 3 presents the temporal evolution of September-November
(SON) TCO anomaly, integrated poleward of 60°S with area weight, for
each model. Here, an anomaly is defined as the deviation from the 1980-

2000 climatology of each model. All models, i.e., CCMI-CI, CCMI-C2, and
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CMIP5 models, successfully reproduce the observed ozone depletion.
This is especially true in the 1980s and 1990s when the simulated TCO
trends are quantitatively similar to those derived from the two satellite
products (Bodeker et al,, 2005; Van der A et al., 2015). The spatial
distribution of monthly-mean TCO and its seasonal cycle are also
reasonably well captured (not shown). A comparison between figure 1a
and 1b further reveals that for each given model, the CCMI-C1 and CCMI-
C2 simulations have a quantitatively similar TCO evolution (compare the
same color on each panel). Since the two experiments differ only in their
surface boundary conditions, this result may suggest that stratospheric
ozone chemistry and transport is only weakly sensitive to the details of

surface boundary conditions.

A pronounced inter-model spread, however, is evident in the
1960s and 1970s (Figures 3a and 3b). This divergence among the models
is similar to that seen in the CCMVal2 models (Austin et al., 2010) and
indicates that CCMs still have significant uncertainty in ozone simulation.
The inter-model spread becomes much larger if TCO, instead of its
anomaly, is considered (not shown). Unlike the CCMI models, the CMIP5
models show a quantitatively similar TCO evolution (figure 3c). This is
anticipated because most CMIP5 models are forced by the SPARC ozone
data or its modified version. The CMIP5 models with interactive ozone

chemistry also show a similar TCO evolution (see the dashed lines in
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figure 3c).

The vertical structure of polar ozone trends is further illustrated
in the first column of figure 4. The ozone depletion in the CCMI
simulations is maximum at ~ 50 hPa in October. This is quantitatively
similar to the one derived from the SPARC ozone data (e.g., figure 4c). The
subtle differences among the experiments, such as a slightly stronger
ozone depletion in CCMI-C2 runs than in CCMI-C1 runs and a stronger
upper-stratospheric ozone depletion in CCMI runs than in CMIP5 runs,

are mostly insignificant.

The temperature response to the ozone depletion and the related
stratospheric change is presented in the middle column of figure 4. All
experiments show significant cooling centered at ~70 hPa in November.
This cooling trend is extended from the upper stratosphere to the lower
stratosphere with a maximum cooling at 20 hPa in October but at 200
hPa in December. Due to the thermal wind balance, a strong cooling in
late spring is accompanied by a strengthening of the polar vortex (third
column of figure 4). This acceleration, which is maximum in November,
is not confined within the stratosphere but is extended to the
troposphere. A statistically significant tropospheric trend is particularly

evident in December.

The temporal and vertical structure of polar ozone, temperature
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and mid-latitude wind trend (figure 4) is remarkably similar to that of
the CCMVal2 simulations. This may suggest no major differences in multi-
model mean trends between the CCMVal2 models and their updated
versions. The similarity between the experiments is further confirmed by
the latitudinal structure of December-February (DJF) zonal-mean zonal
wind trend (figures 5b-d). For reference, the trend derived from the
Japanese 55-year Reanalysis (JRA-55; Ebita et al, 2011) is also displayed
in figure 5a (this data is chosen simply because it is the latest reanalysis
dataset covering the whole analysis period). All experiments show
quantitatively similar poleward intensification of westerly jet that
resembles the reanalysis trend and the CMIP3/CCMVal2 trends (e.g.,
figure 4 of Gerber et al. 2012). The CMIP5 models show a somewhat
weaker polar vortex change compared with the CCMI models (figure 5d).
This underestimation is mainly due to the models with a prescribed
ozone depletion (figure 5f). The models with interactive chemistry (four
models listed in Table 2) show essentially the same jet trend to the CCMI
models (figure 6). However, regardless of polar vortex changes, the
CMIP5 models show quantitatively similar tropospheric circulation
change. This result is consistent with Eyring et al. (2013) who
documented that the CMIP5 models with interactive chemistry have a
larger inter-model spread and are not well separated from those without

interactive chemistry (see their figures 10 and 11).
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These results clearly suggest that the ozone-hole-induced
tropospheric change is not strongly sensitive to the details of surface
boundary conditions (prescribed versus coupled ocean) and ozone
forcing (prescribed versus interactive ozone) when the multi-model
mean trends are considered. This conclusion is accentuated by the
latitudinal distribution of 850-hPa zonal wind trend which is almost
identical among the model ensembles (figure 6). All experiments show
quantitatively similar multi-model mean trends. In figure 3f, the CCMI
models with and without a coupled ocean are separately compared (solid
lines). Likewise, the CCMI models with observed and modeled surface
boundary conditions are compared (dashed lines). Again, each group
shows the same multi-model mean trend, confirming the above

conclusion.

3.3 Comparison of the impact of stratospheric ozone and
greenhouse gases on Southern hemisphere circulation
changes

In section 3.2, we identified that Southern Hemisphere circulation
changed in CCMI models when ozone decreases dramatically from 1960
to 2000. The simulations used in the previous section, however, include

not only the effects of stratospheric ozone but also the effects of
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greenhouse gases. Although previous studies show that ozone depletion
is a significant driver of Southern Hemisphere circulation change in the
late 20C, quantifying the relative importance between ozone and
greenhouse gases is needed. We examined historical and projected
future circulation using simulations with single-forcing experiments,
which are fixed ozone depletion substances (GHG runs) and fixed

greenhouse gases (ODS runs).

Figure 7 presents the time series of SON TCO, integrated poleward

from 60° S, from 1960 to 2100 for each model and multi-model mean

(MMM). CCSRNIES-MIROC3.2 (orange line) simulates lower TCO than
the other 5 models in all simulations, e. g, CCMI-C2, ODS, and GHG.
CHASER-MIROC-ESM (light green) shows ozone recovery earlier than
other models in ODS simulation. MMM trend changed as of 2000 in
CCMI-C2 and ODS simulations. From 1960 to 2000, CCMI models well
reproduced ozone depletion caused by increasing ozone depletion
substances (ODSs). In 2100, CCMI models project TCO recovery at the
1960’s level in CCMI-C2Z and ODS runs. TCO does not show the
significant trend in the GHG experiments because of ODSs fixed at 1960
levels throughout the experiments. Therefore, in section 3.3, the period
was divided into two periods from 1960 to 2000, when ozone decreases

until 2000, and from 2001 to 2100, when ozone gradually recovers to
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the 1960s level. Figure 8 shows monthly-mean trends in CCMI-2
simulation. The vertical structure of polar ozone, temperature, and mid-
latitude wind trends of CCMI models remarkably resemble that of
CCMVal-2 simulations (Son et al., 2010). Similar to figure 4, ozone
depletion causes radiative cooling in the lower stratosphere (figure 8a,
8b). The temperature gradient between low and high latitudes
accelerates the zonal wind trend in the past (figure 8c). Figures 8d-8f
show future trends in CCMI-C2 simulation. The future trends of CCMI in
the stratosphere show the qualitatively similar structure with an opposite
sign as that of the past. The response of lower troposphere mid-latitude jet,
however, is not completely opposite compared to the past. Unlike the past,
zonal wind changes are not linked to the troposphere, and weak tropospheric
acceleration is shown in the future. It might be due to O3 and GHGs playing

an opposite role in the SH circulation changes in the future.

Figure 9 shows the trends in DJF zonal-mean temperature and zonal
wind in each run (shading) with their climatology (contour) for 1961-2000.
In the past, CCMI-C2 and ODS runs are quite similar. Temperature trends
of the polar cap are decreased by ozone depletion. The tropical upper-

tropospheric warming trends emerge in GHG runs. Westerlies trends in

upper troposphere-lower stratosphere (UTLS) regions increase at 60°S in

CCMI-C2 and ODS runs. The intensified westerlies propagate downward to
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the surface. It accompanied with a poleward shift of mid-latitude jet. In GHG
runs, a weak acceleration is observed in the extratropics and mid-latitude jet
does not show a significant poleward shift. CCMI models confirm that DJF
circulation changes in the Southern Hemisphere are mainly driven by ozone
depletion in the past. Figure 10 shows Southern Hemisphere circulation in
2001-2100 when ozone recovers in CCMI-2 and ODS run. Ozone recovery
induces radiative warming of polar lower stratospheric temperature in
CCMI-C2 and ODS runs (Figures. 10a and 10b). Continuous increase of
greenhouse gases induce warming of the upper troposphere in the tropics in
the CCMI-C2 and GHG runs (Figures. 10a and 10c). Opposite zonal wind
trends of comparable magnitude are found in ODS (Figure. 10e) and GHG
(Figure. 10f) runs. ODS- and GHG-induced troposphere jet are opposite to
each other. In the past, the magnitudes of ODS-induced climate change are
larger than GHG-induced changes. In the future, however, ODS-and GHG-

induced changes are comparable.

The MMM trends (dark color) and inter-model spread (light color) of
circulation changes in the Southern Hemisphere are quantified for the
periods 1961-2000 (left) and 2001-2100 (right) (Figure. 11). Green, black,
red, and blue marks denote the additivity, CCMI-C2, ODS, and GHG runs,
respectively. Figure 11a shows the polar cap temperature trends in the late
spring-early summer (October-to-January; ONDJ) at 100 hPa. The ODS
runs of CCMI models show significant cooling in the past, its magnitude is
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comparable to that in CCMI-C2. In the future, ODS and CCMI-C2 runs
show significant warming trend. The temperature trends in GHG runs in the
past are negligible, however, a weak negative trend is found in the future.
Ozone depletion and has strengthened the dipolar change of sea level
pressure. Ozone recovery has weakened that change (Figure 11b). Increasing
greenhouse gases show positive trend of SAM index in the future. DJF
Hadley cell edge and DJF jet shifted poleward in ozone depletion. Ozone
recovery tends to shift the Hadley cell and jet equatorward in DJF. The
additivity (green) magnitude is comparable to that in CCMI-C2 except for
the DJF SAM index in 1961-2000. This implies that ODS and GHG explain
most of the CCMI-C2 run than other anthropogenic forcings. Those trends
are predicted to be weakened and the inter-model spread is smaller in the
future than in the past. For inter-model spread, the polar cap temperature
trends show a smaller intensity compared to those in the changes in SAM

index, Hadley cell edge, and location of the extratropical jet.

Figure 12 displays the relationship between trends of DJF Hadley cell
edge and trends of DJF jet latitude in the past (top) and future (bottom).
Correlations between all models are 0.87, 0.82, and 0.94 in CCMI-C2, ODS,
and GHG runs, respectively. Correlations in GHG runs are higher than
CCMI-C2 and ODS runs for all models and ensemble. CMAM
overestimated Hadley cell edge change and jet latitude in CCMI-C2 and
GHG runs in the past. Consistent with figure 11, the inter-model spread is
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small in the future. Correlation in the future is higher than in the past for

ODS runs.
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4. Summary and Conclusions

We evaluate that CCMI models, state-of-the-art CCMs, reasonably
well reproduce TCO. Most CCMI models show qualitatively similar
spatial distribution of TCO to observation, and quantitatively, the
correlation with observation are very high, over 0.9. CCMI models show
similar time evolution of TCO and trends to observation in austral
spring. The circulation changes of the SH due to ozone depletion are also
similar to the reanalysis data. Decreasing of lower stratospheric
temperature induce temperature gradient between high and low
latitude. Due to the thermal wind balance, the jet is intensified. Jet
intensification is linked from the stratosphere to the troposphere. CCMI-
C1 and CCMI-C2 runs with different sea surface temperature and sea ice
concentration show qualitatively similar MMM trends. CCMI with
interactive chemistry and CMIP5 with prescribed ozone also exhibit
similar jet trends. Boundary condition and interactive chemistry are not
sensitive Southern Hemisphere circulation compared inter-model

spread.

In the CCMI-C1 and CCMI-C2 simulations, not only the effects of
ozone depletion but also the forcing of greenhouse gases and aerosols
are included. To quantify relative importance, we re-examine the

stratospheric ozone and GHG impacts in CCMI models on the SH zonal-
-18 - <
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mean circulation changes using single forcing experiments. The multi-
model mean and inter-model spread of 6 models are evaluated for the
past (1961-2000) and future (2001-2100). In the past, ozone depletion is
the main driver of Southern Hemisphere circulation changes. CCMI-C2 and
ODS simulations show poleward expansion of the Hadley cell and a
poleward shift of the westerly jet accompanied by the positive trends in the
SAM index. The impacts of GHGs are different for each model and the inter-
model spread is large. In the future, as ozone recovers, it affects the Southern
Hemisphere circulation as opposed to the past. It was confirmed that the
intensity of the future changes is weak by canceling the effect of ozone and

greenhouse gases.

Although the ozone-depleting substances around the world are
decreasing due to the Montreal Protocol, however, it has recently been
reported that CFC emissions have increased. This has slowed ozone
recovery. In the model scenario, this issue is not updated. Further studies

and model experiments should be considered under the new conditions.
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6. Tables

Table 1. List of the CCMI models used in this study. Each model’s acronym
can be found in Morgenstern et al (2017). The model resolution is indicated
in terms of horizontal resolution and the number of vertical levels. The
CCMs with only stratospheric chemistry are denoted with “Strat”, while
those incorporating both stratospheric and tropospheric chemistry are
denoted with “Strat-Trop”. The models with relatively simple tropospheric
chemistry are separately denoted with “Strat-sTrop”. The “Coupled” in the
fourth column indicates the model in which the ocean is coupled in the
CCMI-C2 experiment.

Model Resolution Chemistry Cgigfz
ACCESS-CCM 3.75°x2.5° 1.60 Strat-Trop Uncoupled
(IZ\EI?{%\(I?I;:? T42 L34 Strat Uncoupled
CAcl\]iIil\C/[}i;m 1.9°x2.5° 1.26 Strat-Trop Coupled
CESM1-WACCM 1.9°x2.5° L66 Strat-Trop Coupled
CMAM T47 L71 Strat-Trop Uncoupled
CNRM-CM5.3 T63 L60 Strat Uncoupled
EMAC-L47MA T42 147 Strat-Trop Coupled
EMAC-L9OMA T42 190 Strat-Trop | Uncoupled
GEOSCCM 2°x2° 1,72 Strat-Trop Uncoupled
HadGEM3-ES 1.875°x1.25° 185 | Strat-Trop Coupled
MRI-ESM1r1 T.159 L80 Strat-Trop Coupled
NIWA-UKCA 3.75°x2.5° L60 | Strat-Trop Coupled
SOCOL3 T42 1.39 Strat-sTrop | Uncoupled
UMSLIMCAT 3.75°x2.5° 1.64 Strat Uncoupled
UMUKCA-UCAM N48 L60 Strat-sTrop | Uncoupled
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Table 2. List of the CMIP5 models used in this study. Only high-top models,
that have a model top at 1 hPa and higher, are used. The models with the
prescribed ozone are denoted with “Prescribed”, while the models with
semi-offline chemistry or fully interactive ozone chemistry are denoted with
“Semi-offline” or “Strat-Trop”, respectively. Note that, unlike the CCMI
models, all CMIP5 models are coupled with the ocean.

Model Resolution Chemistry
CESM1-WACCM 1.9°x2.5° L66 Strat-Trop
CMCC-CMS T63 1L.95 Prescribed
GFDL-CM3 C48 148 Strat-Trop
HadGEM2-CC N96 L38 Prescribed

IPSL-CM5A-LR
IPSL-CM5A-MR
IPSL-CM5B-LR

1.875°x3.75° L39
1.25°x2.5° L39
1.875°x3.75° L39

Semi-Offline
Semi-Offline
Semi-Offline

MIROC4h T213, L56 Prescribed
MIROC-ESM T42 180 Prescribed
MHE?{CJASM' T42 180 Strat-Trop
MPI-ESM-LR T63 147 Prescribed
MPI-ESM-MR T63 L95 Prescribed

MPI-ESM-P T63 1L47 Prescribed
MRI-CGCM3 T159 L48 Prescribed
MRI-ESM1 T, 159 L48 Strat-Trop
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7. Figures
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Figure 1. Annual mean total column ozone averaged between 1979-2010
from CCMI models and NIWA-BS observation.
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Figure 2. Normalized taylor diagram of annual mean TCO in CCMI models
for global spatial pattern.

-27 -

T



15.9)_CCMI=C1

120

30 ==

40

TCO anomaly (DU)

® MSR-2
O NIWA—-BS

1960 1965 1970
b) CCMI—C2

1975

1980

1985 1990 1995 2000

—CCMI-

TCO anemaly (DU)

1950 1965 1970

¢) CMIP5

1975

1980

1985 1990 1895 2000

ACCESS—CCM
CCSRNIES—MIR0OC3.2
CESM1—CAM4Chem
CESM1—-WACCM
CMAM
CNRM—-CM5-3
EMAC—-L47MA
EMAC—-LSOMA
GEOSCCM
HadGEM3—ES
MRI-ESM1r1
NIWA—UKCA
SOCOL3
UMSLIMCAT

UMUK CA—UCAM

—CMIP5—

TCO anomaly (DU)
5

—40

-0 v v
1960 1965 1970

1975

1980

year

1985 1990 1995 2000

CESM1—-WACCM
GFDL-CM3
IPSL—CMS5A—LR
IPSL—-CM3A—-MR
IPSL—CM3B—-LR
MIROC4h
MIROC—ESM
MIROC—ESM—CHEM
MPI—ESM—LR
MPI—ESM—MR
MPI-ESM—P
CMCC—-CMS
HadGEM2—-CC
MRI-ESM1
MRI-CGCM3

Figure 3. Temporal evolution of September-November (SON) total column
ozone (TCO) anomalies, integrated poleward of 60°S, from (a) CCMI-C1, (b)
CCMI-C2 and (c) CMIP5 historical runs. The anomaly is defined as the
deviation from the 1980-2000 climatology of each model, and is slightly
smoothed with a 1-2-1 filter. In (c), TCO anomalies of the models with
interactive chemistry are denoted with dashed lines. The models that use the
same ozone data (e.g., three MPI-ESM models, CMCC-CMS, and Had GEM2-
CC as discussed in Eyring et al 2013) are indicated with the same color. For
CCMI reference, the observed TCO anomalies, derived from the MSR-2 and
NIWA-BS data sets, are superimposed with filled and open dots, respectively.
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Figure 4. The Multi-model mean trends of (left) monthly-mean polar-cap

ozone concentration, (middle) temperature, and (right) mid-latitude zonal

wind for the period of 1960-2000 for (top) CCMI-C1, (middle) CCMI-C2, and

(bottom) CMIP5 historical runs. Both ozone and temperature are integrated

poleward of 60°S with area weight, whereas zonal wind is averaged from

65°S to 55°S. In all panels, x-axis starts from July and ends in June. The

contour intervals are 0.1 ppmv/decade for ozone, 0.5 K/decade for

temperature, and 0.5 m s~1/decade for zonal wind. The multi-model mean

trends that are statistically significant at the 95% confidence level are dotted.
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Figure 5. The DJF zonal-mean zonal wind climatology (contour) and long-
term trend over 1960-2000 (shading) for (a) JRA-55, (b) CCMI-CI, (c) CCMI-
C2, and (d) CMIP5 multi-model means. Contour interval of climatological
wind is 10 m s~ starting from 10 m s™'. The trends that are statistically
significant at the 95% confidence level are dotted. Bottom panels show (e)
850-hPa zonal wind trends from JRA-55 and model output and (f) sub-
composite for the six CCMI-C2 models in which ocean is coupled and the
nine models where surface boundary conditions are prescribed (see Table 1
for the list of models for each group).
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Figure 7. Temporal evolution of September-November (SON) total column
ozone (TCO), integrated poleward of 60°S, from (a) CCMI-C2, (b) ODS and
(c) GHG runs.

a2 2 A ST



[Os]so-sestrend [Teo-scstrend [ U]es-ssstrend

2 20 b 1961—20 2L 1961—-2000

., 50, 50 50
o

o

=y

(=R T! 100 100
2
5 . A 1 NN/

P 2000 6 e 0 s 00 s a0 0 s s s a0 200 200
- .. . N

a 3004 e 3004{. ... 300 <. A . ..

5004, ... 500 500 I T A

1000 1000 +—— | 1000 M —

S OA S 6 ND JFMAMNMI JASONDIFNAMNUJ SRS 6 NDJF M AMNI
50(d) 20012100 50.{8) 20012100 50 (F) 20012100

..... ~ S 7 Ao P T S —
------ 0, e /\/ et

— 504 NN\ 504, . B o s . %

5 J

o . - .

T

= 100 100 00 e e
e M,

5
@ 200 2001 200 0 e
@

o 300 300 300 T
500 500 500 55000000
1000 P~ > — 1 1000 1000 P> e e e

SOA S 6N D JF M A M I JOA S O NDJF M AN
Month Month Month
T N N N S s T T T T T 17
-0.5-0.4-03-02-0.1 0 01 02 0.3 04 05 -2 -16-1.2-08-04 0 04 08 1.2 18 2 -4 -3 -2 -1 o 1 2 3 4
[ppmv dec.™] [K dec.] [m s dec.™]

Figure 8. Multi-model mean (MMM) linear trends of the monthly mean polar
(a) ozone [O3] and (b) temperature [ T] averaged over 60°-90°S for the period
of 1961-2000 in the CCMI-C2 runs. (¢) Same as (a), but for the zonal wind
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significant trends are dotted at the 95% level. (d-f) Same as (a-c) but for the
period of 2001-2100.
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(b) ODS, and (c) GHG runs. (d-f) Same as (a-c) but for the zonal wind.
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Figure 11. (a) The ONDIJ polar temperature trend at 100 hPa (K /decade) for
the period of (left) 1961-2000 and (right) 2001-2100. MMM trends are shown
in closed circles with 5-95% confidence levels by a bootstrap method for the
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model trend is denoted with light colored circles. MMM values become
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Figure 12. The relationship of DJF jet-latitude trends to DJF Hadley-cell edge
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ensemble mean is denoted with open circles. Each ensemble is denoted with
a x mark. Correlation coefficient between the two variables is calculated for
all model ensemble means and for all ensembles (shown in parenthesis).
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