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Abstract. Recent simulations predicted that the stratosphericl Introduction
ozone layer will likely return to pre-1980 levels in the mid-

dle of the 21st century, as a result of the decline of 0zoneafter about 20 yr of severe depletion from the late 1970s to
depleting substances under the Montreal Protocol. Sincgyte 1990s (Solomon, 1999), the stratospheric ozone layer
the ozone layer is an important component in determiningshows a stabilization or a weak increase in the past decade,
stratospheric and tropospheric-surface energy balance, thénsistent with the observed decline in ozone depleting sub-
recovery of stratospheric 0zone may have significant impactiznces (ODSs) that peaked in the middle 1990s (Weather-
on tropospheric-surface climate. Here, using multi-modelpead and Andersen, 2006; WMO, 2007). Since ODSs are
results from both the Intergovernmental Panel on Climateg|gq greenhouse gases, the reduction of ODSs under the 1987
Change Fourth Assessment Report (IPCC-AR4) models angliontreal Protocol serves to protect both the ozone layer and
coupled chemistry-climate models, we show that as 0zongjimate (Velders et al., 2007). Coupled chemistry-climate
recovery is considered, the troposphere is warmed more thagodel (CCM) simulations, with projected stratospheric chlo-
that without considering ozone recovery, suggesting an enrine |oading, predicted that stratospheric ozone will return
hancement of tropospheric warming due to ozone recovery;q pre-1980 levels around 2050 and may even be above
Itis found that the enhanced tropospheric warming is mOSt|ypre_1980 levels by 2100 (Weatherhead and Andersen, 2006;
significant in the upper troposphere, with a global and an-4ymQ, 2007: Eyring et al., 2007; Chipperfield, 2009). The
nual mean magnitude of0.41K for 2001-2050. We also recovery of the ozone layer will not only help reduce ultravi-
find that relatively large enhanced warming occurs in the eX-|et transmission, which benefits ecosystems on the Earth’s

tratrc_)pics and po!ar regions in summer .andl autumn in_bOthsurface, but also have important impacts on troposphere and
hemispheres, while the enhanced warming is stronger in thg;rface climate throughout its radiative effect.

Northern Hemisphere than in the Southern Hemisphere. En- The radiative effect of the ozone layer is an important
hanced warming is also found at the surface. The global

L component in determining the energy balance in the tro-
and annual mean enhancement of surface warming is about

0.16 K for 2001-2050, with maximum enhancement in thepos.phere and surface (Ramanathan and D|ck|pson, 1979).
winter Arctic While ozone warms the stratosphere by absorbing solar ra-

diation and thermal infrared radiation emitted from the tro-
posphere and surface, its emission in the 9.6 um band cools
the stratosphere, but warms the troposphere. Because the
ozone layer absorbs more radiative energy than it emits,
an increase (decrease) of stratospheric ozone increases (de-
creases) stratospheric temperatures, and also increases (de-
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Dickinson, 1979). Using a radiative-convective model, Ra- ative polarity of the southern annular mode (SAM) in austral
manathan and Dickinson (1979) showed th&0 % down-  summer, and that the negative SAM trend forced by ozone
ward infrared radiation from stratospheric ozone is absorbedecovery dominates and opposes that induced by increasing
by tropospheric high clouds and the remaining 50% isgreenhouse gases. Based on the multi-model ensemble com-
largely absorbed by the surface. But most of downward in-parison of IPCC-AR4 GCM results for the 21st century and
frared radiation from other stratospheric greenhouse gaseSCM results, Son et al. (2008, 2009a, 2010) have examined
such as CQ is absorbed in the upper troposphere. Notethe influences of the recovery of the Antarctic ozone hole
that an increase of stratospheric ozone decreases the dowon Southern-Hemisphere (SH) troposphere-surface climate.
ward solar radiation reaching to the troposphere and surfacelhey showed nearly the same results as those in Perlwitz et
which partly counteracts the thermal infrared radiation ef-al. (2008).
fects on the tropospheric temperatures. The main goal of the present study is to demonstrate that
The radiative forcing of ozone layer changes, especiallyozone recovery may have important impacts on troposphere-
stratospheric ozone depletion in the last 20yr of the 20thsurface climate over the globe, not only at Southern Hemi-
century, and its impact on troposphere-surface temperaturesphere (SH) high latitudes. We will show that stratospheric
had been investigated using radiation transfer models (Wangzone recovery may actually have greater impacts on tropo-
et al., 1980; Lacis et al., 1990; Wang, et al., 1993; Forsterspheric climate in the Northern Hemisphere (NH) than in SH.
and Shine, 1997), the general circulation model (GCM) (Ra-We will focus on tropospheric temperature response to the
maswamy et al., 1992) and satellite observations (Molnaradiative forcing associated with ozone recovery by compar-
et al.,, 1994). All these studies indicated that stratospheridng temperature trends from three groups of simulations for
ozone depletion caused a significant negative radiative forcthe 21st century. The model data used here is described in
ing on the troposphere, which may have offset up to 30 % ofSect. 2. Results will be presented in Sect. 3. Discussion and
the positive forcing due to increasing well-mixed greenhouseconclusions are summarized in Sect. 4.
gases between the late 1970s and the late 1990s. In a more
recent study, Cordero and Forster (2006) showed that GCMs
with stratospheric ozone depletion yielded weaker warm-2 Simulation data and methods
ing trends compared with GCMs without ozone depletion
in IPCC-AR4 20th century simulations. They showed that The data used in this study are from IPCC-AR4 simula-
the difference of warming trends in the upper troposphere igions for the 21st century with the A1B scenario for green-
about 0.4 K over 1950-1999 and 0.1 K over 1979-1999.  house gases (IPCC, 2007) and simulations from the first
Because of the latitudinal dependence of the ozone layeversion of CCM validation (CCMVal-1) models for the
changes in the stratosphere, ozone would cause changé&sratospheric Processes And their Role in Climate project
in latitudinal thermal structures in the troposphere (Ra-(SPARC) (Eyring et al., 2006). The IPCC-AR4 models are
manathan and Dickinson, 1979). Studies in the past decadgeparated into 2 groups, depending on whether a model has
have demonstrated evidence that ozone depletion had causetescribed ozone recovery (see Table 1). Therefore, there
changes in tropospheric circulations and wave activity (Hart-are three groups of models: 11 IPCC-AR4 models without
mann et al., 2000; Thompson and Solomon, 2002; Hu andzone recovery, 10 IPCC-AR4 models with prescribed ozone
Tung, 2003; Chen and Held, 2007). It was shown that stratofecovery and 8 CCMVal-1 models (Table 2). Hereafter, the
spheric ozone depletion from the late 1970s to the late 1990&hree groups of models are denoted as AR4-N§)-8R4-
had caused stratospheric polar cooling and, thus, acceleratéds and CCMVal-1, respectively. In temperature trend cal-
westerly winds and decreased wave activity at middle ancculations, all available ensemble members are used for each
high latitudes. The accelerated westerly winds near the surmodel.
face consequently caused surface warming over the Antarctic The prescribed ozone recovery in AR4-@odels is either
Peninsula (Thompson and Solomon, 2002) and Europearnconsidered as a linear function of time or from the predic-
Asian continental regions (Hartmann et al., 2002; Thompsortions of two-dimensional models which are forced by halo-
and Wallace, 2001; Hu et al., 2005). Polvani et al. (2010)gen loading, based on the Montreal Protocol (Meehl et al.,
showed that stratospheric ozone depletion played a majo2007). However, it is worth noting that details of prescribed
role in causing observed poleward expansion of the Hadleyozone are not well documented. CCMVal-1 models are all
circulation in the past few decades (Fu et al., 2006; Hu andntegrated up to the year 2050 and are forced with the IPCC
Fu, 2007; Seidel et al., 2008). A1B scenario for greenhouse gases, Ab scenario for halo-
On the other hand, a positive radiative forcing associatedyen concentrations and prescribed sea surface temperatures
with ozone recovery is expected in the 21st century, and tha(SST) from their own AR4 coupled atmosphere-ocean model
the changes in atmospheric circulations, mentioned abovesimulations that have prescribed ozone recovery, except for
will be reversed. Using a coupled chemistry-climate modelMRI which is forced with SSTs from coupled simulations
(CCM), Perlwitz et al. (2008) have shown that the recovery ofwithout including prescribed ozone recovery (Eyring et al.,
the Antarctic ozone hole will lead to a trend toward the neg-2006). In contrast to AR4 models, CCMVal-1 models have
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Table 1. IPCC-AR4 models used in this study. “Y” and “N” in  Table 2. CCMVal-1-1 models used in this study. REF1 and REF2
brackets denote the model has or has not prescribed ozone recovegenote simulations for the 20th and 21st century, respectively. Num-
respectively. Numbers indicate ensemble numbers of simulations. bers indicate ensemble numbers of simulations.

Model Name 20C3M A1B Model Name REF1 REF2

CSIRO MK3.0 2(Y) AMTRAC 1 1

CSIROMK3.5 3(Y) 1Y) CCSRNIES 1

GFDL CM2.0 3(Y) 1(Y) CMAM 1 3

GFDL CM2.1 ) 1Y) GEOSCCM 1 1

INGV SXG 1(Y) 1(Y) MRI 1

MIROC3.2 hires 1(Y) 1(Y) SOCOL 1

MIROC3.2 medres 3(Y)  3(Y) ULAQ 1 1

MPI ECHAM5/MPI-OM 4(Y) 4(Y) WACCM 3 3

NCAR CCSM3.0 8(Y)  7(Y)

NCAR PCM1 4(Y)

UKMO HadCM3 20Y)  1(Y)

UKMO HadGEM1 2(v) 1Y) over the same period (Meehl et al., 2007). For calculating
g:gg E; gg()) ggig linear trends in monthly temperatures, we first calculate en-
BCCR BCM2.0 1N)  1(N) semble average for each model. Then, we calculate ensem-
CCCma CGCM3.1 T47 5(N)  5(N) ble average fqr each group of models. Linear temperature
CCCma CGCM3.1 T63 1N)  1(N) trends are derived from the ensemble average for each group
CNRM CM3* 1N)  1(N) of models.

GISS AOM 2(N)  2(N) For a comparison with results from GCMs, we will also
IAP FGOALS-g1.0 3(N)  3(N) use a radiative-convective model to calculate troposphere-
INM CM3.0 1N)  1N) surface temperature responses to ozone increase between
IPSL CM4 2(N)  1N) 2001 and 2050 following CCMVal-1 models. The radiative-
MRI CGCM2.3.2 5(N)  5(N) convective model was developed by the Virtual Planetary

Laboratory at the University of Washington. The solar ra-

diation code is from Pavlov et al. (2000), and the thermal

infrared radiation is from the rapid radiative transfer model
fully interactive stratospheric chemistry and well-resolved (\www.rtweb.aer.com Details of the radiative-convective

stratospheres with better parameterizations of gravity-wavenodel can be found dtttp:/vpl.astro.washington.edu/sci/
drags. Regardless of the details, the major difference in exantiModels/models09.html

ternal forcing between AR4-NO-{and other two groups of
models is that the latter two include ozone recovery.

Although these models may have different internal pro-3 Results
cesses and simulation performances, previous studies by
comparing AR4-Q/ICCMVal-1 with AR4-NO-Q results  Before we show temperature trends from multimodel ensem-
showed a consistent result, that is, the recovery of the Antarcble means, let us first evaluate temperature trends for individ-
tic ozone hole causes the weakening of the southern polanal models. Figure 1 shows global and annual mean temper-
night jet and negative trends in SAM (Perlwizt et al., 2008; ature trends at levels from 1000 to 10 hPa from all individual
Son et al., 2008, 2009a, 2010). More importantly, the mearmodels for AR4 and CCMVal-1 models. In general, AR4
transient climate sensitivity of the AR4-NOs@nodelsisthe  models without ozone recovery have consistently weaker
same as that from the AR4s@odels, whichis 1.7C (IPCC ~ warming trends in the troposphere, while AR4 models with
2007). Therefore, these simulations offer an opportunity toozone recovery and CCMVal-1 models all show consistently
evaluate tropospheric temperature response to the radiativ&tronger warming trends. It indicates that models with and
forcing associated with ozone recovery. Since all CCMVal- without ozone recovery have systematic difference in sim-
1 models are forced with the A1B scenario of greenhouseulating tropospheric temperatures. For AR4 models without
gases, we only use AR4 output with the A1B scenario. Com-0zone recovery, the weakest tropospheric warming trends are
parison of temperature trends are shown for the period ofrom BBCR-BCM2.0. For AR4 models with ozone recov-
2001-2050 because almost all CCMVal-1 models and two-ery and CCMVal-1 models, the largest tropospheric warming
dimensional chemistry models predicted that ozone will lin- trends are from MIROC3.2 and ULAQ, respectively.
early return to pre-1980 levels around 2050 (Weatherhead Figure 2a shows vertical profiles of global annual mean
and Andersen, 2006; Eyring et al., 2007; WMO, 2007), andtemperature trends over 2001-2050 for the three groups of
ozone recovery in AR4-©models is also linearly prescribed models. All predict warming in the troposphere and lower
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10t < CSIRO MK35 Temperature trends over 1965-1999 are shown in Fig. 2b.

A LSrnnes It is evident that both AR4 models with ozone depletion and
20 oo Loy sxe CCMVal-1 models produced weaker tropospheric warming
30 o MIROC3.2 medres

AMTRAC
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CCCma CGCM3.1 T63

compared with AR4 models without ozone depletion. The
trend difference at 300 hPa between AR4 models with and
without ozone depletion is about0.26 K over the 35yr. The
trend difference between CCMVal-1 models and AR4 mod-
els without ozone depletion is larger, abetQ.36 K over the

200 GiSs oM 35yr. Cordero and Forster (2006) showed that the difference
300 GISS EH .

GISS ER in global and annual mean temperature trends between AR4
500 A OMBO models with and without ozone depletion is abetd.4 K
1000 viiali over 1958—-1999 and about0.1 K over 1979-1999, respec-

tively. It appears that the enhanced tropospheric warming
associated with ozone recovery is comparable to the reduced
: warming by ozone depletion from the 1960s to the 1990s, but
Fig. 1. Global and annual mean temperature trends for AR4 andIarger than that from the 1980s to the 1990s.

CCMvVal-1 models. Dots: AR4 models without ozone recov- .
ery, crosses: AR4 models with ozone recovery, and right-crosses: A!’mual and reglpnal mean temperature trends are plotted
CCMVal-1 models. in Fig. 3. In all regions, both AR4-9and CCMVal-1 mod-

els display greater tropospheric warming trends compared

with AR4-NO-O3 models. In particular, trend differences
stratosphere, but cooling at higher stratospheric layers. Thén the Antarctic (Fig. 3a), NH middle latitudes (Fig. 3e),
maximum warming is around 300hPa. The warming isand the Arctic (Fig. 3f) are larger than in other regions. In
caused by increasing well-mixed greenhouse gases in athe Antarctic and NH middle latitudes, CCMVal-1 models
models (WMO, 2007; IPCC, 2007) and also partly by strato-shows greater tropospheric warming than that generated by
spheric ozone increase in AR4@nd CCMVal-1 models  AR4-Oz models, while in other regions, the two groups of
as addressed below. Figure 2a also demonstrates differencesodels have almost the same warming magnitudes. An-
in tropospheric trends between AR4-NQ-@odels and the nual and hemispheric mean temperature trends are plotted
other two model groups, which is our key interest in this pa-in Fig. 4. One can find that tropospheric trend differences
per. The warming trends in AR4<{Gand CCMVal-1 models are larger in NH than in SH, and again that the largest dif-
show high consistency in the troposphere and are all greateferences are at 300 hPa. In NH, the largest trend differences
than that in AR4-NO-@ models. The largest difference at 300 hPa between AR4-O3 and AR4-NO-O3 models and
in tropospheric warming trends is found at about 300 hPapetween CCMVal-1 and AR4-NO-O3 models are very close,
which is about 0.41 K over the 50yr between AR4-é&nd about 0.47 K and 0.49 K over the 50yr, respectively. In SH,
AR4-NO-Q; and also between CCMVal-1 and AR4-NG-O  they are about 0.33K and 0.32 K, respectively. Thus, en-
It is about one-fifth of the averaged warming trends over allhanced warming at 300 hPa is about 0.15K greater in NH
models at 300 hPa, which is about 2.0K for the 50yr. Stu-than in SH.
dent t-test indicates that temperature trend differences among To show vertical and latitudinal distribution of tropo-
are all statistically significant. Significant levels are all above spheric temperature responses to ozone recovery in more
the 95 % confidence level (t-test values are greater than 2.0fetail, we plot vertical cross-sections of annual and zonal
The stronger warming indicates that the tropospheric warm-mean temperature trends for the three groups of models in
ing due to the increase of greenhouse gases will be enhancdelg. 5 (Son et al. (2010) showed similar plots for individual
by stratospheric ozone recovery. CCMVal-1 models, but for the period of 2000-2099). First,

To further illustrate tropospheric temperature responseshese plots show similar spatial trend patterns, with maxi-

to the radiative forcing of stratospheric ozone changes, wanum warming all in the tropical upper troposphere which is
also calculate temperature trends over the period of 1965a common feature in all GCMs (IPCC, 2007). A band of rel-
1999 when the ozone layer was depleted, using the AR4 andtively large warming trends extends from the tropical upper
CCMVal-1 simulation results for the 20th century. In gen- troposphere to the NH upper troposphere and to the NH high-
eral, AR4 models with prescribed ozone recovery for 21stlatitude surface. Second, Fig. 5b and c all show differences
century simulations also have prescribed ozone depletion fofrom Fig. 5a. In the stratosphere, both Fig. 5b and ¢ show
20th century simulations. Among AR4 models for 20th cen- warming trends in polar regions, especially in the Antarctic,
tury simulations, 14 models have prescribed ozone depletiorontrasted to the cooling trends in Fig. 5a. It is indicative
and 9 models do not (see Table 1). Among the 8 CCMVal-of the radiative warming effect of ozone recovery in strato-
1 models, 5 have the 20th century simulations starting fromspheric polar regions. In the troposphere, warming trends in
1960, and the other 3 started from 1980. Thus, data fronFig. 5b and c are all greater than in Fig. 5a. In particular, the
these 5 CCMVal-1 models are used here (see Table 2). band of relatively large warming trends in the tropical and

0
Temp Trend (K/50yrs)
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Fig. 2. Vertical profiles of global annual mean temperature trends for each ensemble-mean group for the p@d2i30df-2050 andb)
1965-1999. The error bars indicate one standard deviation only for IPCC models, and error bars for CCMVal-1 models are not plotted.
Statistical significance levels of temperature trends at all levels are all higher than the 95 % confidence level, and trend differences among the
three groups of models are also statistically significant.

NH upper troposphere in Fig. 5b and c are greater than that Enhanced tropospheric warming has seasonal variations.
in Fig. 5a. In these plots, trends that have significant levelsSince both Figs. 2a and 6 indicate that the largest enhanced
above the 95 % confidence levels are marked with dots. It idropospheric warming is in the upper troposphere, we focus
the same for temperature trends and trend differences in then seasonal variations of temperature trends and their dif-
following figures. ferences at 300hPa. Figure 7 shows latitude-month plots
Differences of temperature trends between AR4-of temperature trends at 300 hPa for the three model groups.
O3/CCMVal-1 and AR4-NO-@ models are plotted in  The common feature in the three plots is that they all show
Fig. 6a and b, respectively. Both plots show dominantlarger warming trends in the tropics than at higher latitudes
positive trend differences in the troposphere, indicatingand that the larger warming trends extend from the tropics
enhanced tropospheric warming associated with ozonéo NH middle and high latitudes in boreal summer. The
recovery. They also show similar spatial patterns. Thatdifferences are that warming trends are generally greater in
is, enhanced warming is stronger in the middle and uppeboth AR4-G and CCMVal-1 models than in AR4-NO<O
troposphere than at lower levels, and enhanced warming isnodels, and that both AR44and CCMVal-1 models show
stronger in NH than in SH. In Fig. 6a, the maximum en- larger warming trends at SH middle and high latitudes in aus-
hanced warming is located in the Arctic upper tropospheretral summer than in other seasons.
about 0.75K over 2010-2050. In Fig. 6b, the maximum Differences between Fig. 7b and a and between Fig. 7c
enhanced warming is near the Arctic surface, about 1.0K. and a are illustrated in Fig. 8a and b, respectively. First,
Figure 6a and b for the stratosphere show both similar-both plots demonstrate dominant enhanced warming over the
ity and differences. The similarity is the large enhancedglobe. Second, both plots show stronger enhanced warming
warming in polar regions, especially in the Antarctic lower in the extratropics and polar regions in summer and autumn
stratosphere. This is because ozone depletion is more sevefer both hemispheres. The temporal and spatial patterns of
in both polar regions than at lower latitudes from the late enhanced warming in the extratropics and polar regions re-
1970s to the late 1990s (Solomon, 1999) and ozone recovergemble that of temperature trends (Fig. 7). Trend differences
implies more ozone increases in the polar stratosphere andhetween CCMVal-1 and AR4-NO-€nodels have two max-
thus, stronger warming. The difference is that Fig. 6b showsma (Fig. 8b). One is located in the NH extratropics in bo-
negative values in the stratosphere, indicating stronger coolreal summer, and the another is in the Antarctic in austral
ing trends in CCMVal-1 models compared with AR4-NQ-O summer. The maximum difference in the NH extratropics in
models. This was attributed to both a weak decrease in 0zonEig. 8b is up to 1.50 K for the 50 yr, and that in the Antarctic
and increased upwelling in the tropical lower stratosphere inis greater than 3.0 K. Note that both maxima in Fig. 8b have
CCMVal-1 models (Butchart et al., 2006; Son et al., 2009b). much greater values compared with that in Fig. 8a, indicating
different tropospheric temperature responses to prescribed
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Fig. 4. Same as Fig. 2a, except for annual and hemispheric mean temperature (@ghdtsand(b) SH.

and interactive ozone recovery. The difference may also belo. For March-April-May (MAM) and September-October-
due to that CCMVal-1 models have better resolved strato-November (SON) (Fig. 9a and c), warming trends in AR4-
spheres. O3 and CCMVal-1 models are comparable at all latitudes in
Comparison of seasonal and regional mean temperaturaeneraL and they all show larger differences from the trends
trends at 300 hPa are shown in Fig. 9. For all four seain AR4-NO-O3 models in NH than in SH. For boreal sum-
sons, as shown above, both AR4-@nd CCMVal-1 mod-  mer (Fig. 9b), CCMVal-1 models yield the largest warming
els produce larger warming trends than AR4-N@+@odels trend at NH middle latitudes, about 3.1 K for the 50 yr, while
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Fig. 5. Annual and zonal mean temperature trends over 2001-20%8)f&iR4-Og3, (b) AR4-NO-O3 and(c) CCMVal-1-1 models. Colour

interval is 0.5K per 50 years, pink: positive, and blue: negative. Black lines in the plots indicate the climatological positions of the
tropopause. Regions with dots are the places where trend differences have statistical significant levels higher than the 95 % confidence leve
(student t-test values are greater than 2.0). In the following figures, dots have the same indication of statistical significance for temperature
trends and trend differences.

Pressure (hPa)

60S 308 0 30N 60N 60S 308 0 30N 60N )
Latitude Latitude

Fig. 6. Differences of annual and zonal mean temperature trends over 2001(d&¥ween AR4-Q and AR4-NO-Q models, andb)
between CCMVal-1 and AR4-NO-{models. Colour interval is 0.25 K per 50 yr, pink: positive, and blue: negative. Black lines in the plots
indicate the climatological position of the tropopause.

in SH warming trends are larger in AR43@odels than in  ature (SAT) trends for the two groups of AR4 models and
CCMVal-1 models. For austral summer (Fig. 9d), warming their differences (CCMVal-1 models have no available SAT
trends are larger in CCMVal-1 models than in AR4-+@od- output). Figure 10a and b show latitude-month plots of SAT
els at all latitudes. Especially in the Antarctic, the largesttrends from AR4-NO-@ and AR4-Q models, respectively.
warming trend in CCMVal-1 models is about 3.0 K over the Both groups of models display dominant global warming
50yr, nearly double of the warming trend in AR4&@®@odels.  trends. They also show similar seasonal-spatial patterns of
Near-surface air temperatures also demonstrate enhancéSdA‘T trends. That is, warming trends are greater in N.H tha}n
SH, and stronger warming trends are in polar regions in

warming associated with ozone recovery, which can be see inter than in other reaions for both hemispheres. especiall
in Figs. 1-3. To show near-surface air temperature re-V! : 9! ISP » especially

sponses to 0zone recovery, we calculate surface air tempep-] the Arctic in boreal winter. Overall, the SAT trends in
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Fig. 7. Latitude-month plots of zonal-mean temperature trends at 300 hPa over 2001{90®&R4-NO-0;3, (b) AR4-O3 and(c) CCMVal-1
models. Colour interval is 0.30K per 50 yr.

& SRR

60N F 60N |

30N F 30N

Latitude
o

308 [ 308

60S [ 60S [=

£ N | h =

1 2 3 4 5 6 7 8 9 10 1112 1 1234567891011121.-0.25
Month Month

Fig. 8. Latitude-month plots of zonal-mean temperature trend differences at 300 hPa over 200 ap08ference between AR4-and
AR4-NO-0O3 models, andb) difference between CCMVal-1 and AR4-NOz@odels. Colour interval is 0.25 K per 50 years, pink: positive,
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AR4-0O3 models are generally greater than in AR4-N@-O the negative differences in the Antarctic in austral winter and
models. spring are mainly due to weaker warming over the west-
Trend differences between AR4sCand AR4-NO-Q ern Antarctic, including the Antarctic Peninsula, in AR4-
models are shown in Fig. 11. Enhanced warming is domi-O3 models. This is contrasted to observed SAT warming
nant, except for the austral winter and spring over Antarc-over the same region for the period of 1969—-2000 (Thomp-
tic. Maximum enhanced warming is found in the Arctic in son and Solomon, 2002), which was suggested as a result
boreal autumn and winter. At NH middle latitudes, large of ozone depletion in the Antarctic stratosphere (Thompson
enhanced warming occurs in boreal summer. In SH, trendand Solomon, 2002; Gillett and Thompson, 2003). There-
differences in the tropics and extratropics have no seasondbre, the contrast suggests that ozone recovery may domi-
variations. Again, the temporal and spatial patterns of trendchate and offset greenhouse warming over the western Antarc-
differences resemble that of SAT trends (Fig. 10), both in-tic (Perlwitz et al., 2008). The global and annual average
dicating the polar amplification in the Arctic due to the ice- of enhanced SAT warming is about 0.16 K over 2001-2050.
albedo feedback (IPCC, 2007). It is worth pointing out that The enhanced SAT warming has large asymmetry between
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the two hemispheres. The annual and hemispheric enhanceaf CCMVal-1 models. Instead of using the actual ozone val-
warming is 0.35K in NH and 0.11 K in SH for the 50 yr. ues of these two years from the model, we first make linear
To confirm the above GCM results, we calculate "egression for ozone volume mixing ratios at all levels, and
troposphere-surface temperature responses to ozone chandB§n the linearly regressed ozone values for 2001 and 2050
between 2001 and 2050, using a radiative-convective mode@re used. All other atmospheric compositions are the same as
Vertical profiles of global and annual mean ozone volumein the US Standard Atmosphere. The fixed relative humidity
mixing ratios for 2001 and 2050 are from ensemble averaget$ applied to consider the water vapour feedback (Manabe
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Fig. 11. Latitude-month plots of zonal-mean SAT trend differ-
ences between AR4-{and AR4-NO-Q models over 2001-2050.
Colour interval is 0.25K per 50yr, pink: positive, and blue: nega- There are several possible reasons for the weaker warming.
tive. First, the radiative-convective model has no clouds, which
absorbs radiation at 9.6 um. Second, it has no ice-albedo

and Wetherald, 1967), with a surface relative humidity of feedback on the surface. Third, it has a fixed temperature
80%. Temperature lapse rate is set to be 6.5 KkmiThe lapse rate, rather than self-adjusted temperature lapse rate in
solar zenith angle is 60 degrees, the length of daytime is 12 i5CMs.
and the surface albedo is 0.2. The simulated surface tempera-
ture is 288 K for the standard atmosphere, close to the global
and annual mean surface temperature at present. 4 Discussion and conclusions

Figure 12a shows the simulated vertical profile of temper-
ature differences between 2050 and 2001. The middle an@y comparing multimodel ensemble simulation results, we
upper stratosphere shows positive trends, with the largeshave demonstrated that tropospheric and surface tempera-
positive difference of about 2.4K at about 1.5hPa, while tures have robust responses to stratospheric ozone recovery
the lower stratosphere has weak negative values between the first half of the 21st century. Both AR4 models with
about 70 and 15hPa, with a magnitude of abe@t15K. prescribed ozone recovery and coupled chemistry-climate
The negative trend is consistent with that in Fig. 6b, whichmodels with projected reduction of atmospheric chlorine
also shows negative trends in the lower stratosphere. Temoading all predict highly consistent and statistically signifi-
perature changes in the troposphere are all positive, indicant enhanced warming of tropospheric and surface temper-
cating increasing troposphere-surface temperatures by ozoratures as compared with AR4 models without ozone recov-
recovery. To show tropospheric temperature changes morery. For global and annual average, the maximum enhanced
clearly, the part enclosed by the box is enlarged and shownvarming is located in the upper troposphere, with a value
in Fig. 12b. Temperature changes above 250 hPa are a reswf about 0.41 K for the period of 2001-2050, and enhanced
of radiative equilibrium because convective adjustment carSAT warming is about 0.16 K. The enhanced tropospheric
only reach 250 hPa. Therefore, the peak of temperature inwarming displays asymmetry between the two hemispheres.
crease between 250 and 100 hPa is due to a relatively largBoth AR4 models with ozone recovery and CCMVal-1 mod-
increase of ozone in that layer. Temperature increase beels yield stronger enhanced tropospheric warming in NH than
low 250 hPa is about 0.1 K. The almost uniform distribution in SH, about 0.48 K versus about 0.33K at 300 hPa for the
throughout is because temperature lapse rate is the same 8@ yr. The enhanced SAT warming is about 0.35K in NH,
all levels, i.e., 6.5 K km. contrasted to 0.11 K in SH. Enhanced tropospheric and sur-

The increase of troposphere-surface temperature from théace warming also shows seasonal and latitudinal variations.
radiative-convective model confirms that stratospheric ozonén the upper troposphere, relatively large enhanced warm-
recovery will lead to enhanced troposphere-surface warminging occurs in polar regions and middle latitudes in summer
But the increase in troposphere-surface temperature from théor both hemispheres. On the surface, relatively large en-
radiative-convective model is smaller than that in GCMs. hanced warming occurs in polar regions in winter for both
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hemispheres. The results here suggest that ozone recoveout ozone recovery for all other forcings in future studies.
will cause a positive radiative forcing on tropospheric andIn addition, although CCMVal-1 models show great con-
surface climate in the 21st century. The positive forcing issistency with AR4-@ models and provide a good comple-
confirmed by results from the radiative-convective model, ment with interactive ozone chemistry and better resolved
which show about 0.1 K increase with ozone forcing derivedstratospheric dynamics, one problem is that CCMVal-1 mod-
from CCMVal-1 models. els used prescribed SSTs from AR4-@odels. Prescribed

Enhanced warming shows robust spatial-temporal pattern§STs from AR4 models may partly or largely damp tropo-
that resemble the patterns of temperature trends. That is, rebpheric and surface temperature responses to the radiative
atively large enhanced warming occurs in the places wherdorcing of ozone recovery in CCMVal-1 models. This is
warming trends are also relatively large in general, such adecause the mean vertical temperature profiles in the tropo-
the tropical upper troposphere and the Arctic winter surface sphere, especially in the tropical troposphere, largely follow
The resemblance of spatial-temporal patterns between erthe moist adiabatic profile, as a consequence of radiative-
hanced warming and temperature trends also indicates thatonvective equilibrium. Thus, the temperature profile is well
the enhanced warming is not due to model performance. Theonstrained by the surface temperature and the lapse rate, and
spatial-temporal patterns of enhanced warming also indicatehanges in tropospheric temperatures in CCMVal-1 models
that the enhanced warming is not purely a result of the ra-are primarily responsive to prescribed SSTs. Therefore, cou-
diative effect of ozone recovery, but involves dynamical andpled atmospheric-oceanic CCM simulations are necessary
feedback processes. It is well known that the stronger warmfor verifying tropospheric and surface temperature responses
ing trends in the tropical upper troposphere than in otherto stratospheric ozone recovery.
tropospheric regions in AR4 simulations are a result of the The results here are based on the moderate emission sce-
lapse-rate and water-vapour feedback (IPCC, 2007). Therenario of greenhouse gases (A1B scenario). High emission
fore, the relatively large enhanced warming in the tropical scenarios of greenhouse gases, such as A2 scenario, will lead
upper troposphere is also associated with the lapse-rate and stronger stratospheric cooling, which would consequently
water-vapour feedback. It is also well known that the ice- cause greater increases in stratospheric ozone (WMO, 2007)
albedo feedback is an important reason for causing strongesr even supper-ozone recovery (Chipperfield, 2009). In that
Arctic surface warming than in other regions. Thus, the rel-case, the enhanced troposphere-surface warming would be
atively large enhanced SAT warming on the Arctic surface iseven greater.
associated with the positive ice-albedo feedback.
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