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Abstract. Stratospheric ozone recovery is expected to fig-1 Introduction

ure prominently in twenty-first century climate change. In

a recent paper, Hu et al. (201]_) argue that one impacft is now well established that Stratospheric ozone depletion
of ozone recovery will be to enhance the warming of the has played a dominant role in driving Southern Hemisphere
surface-troposphere system produced by increases in wellSH) climate change during the second half of the twenti-
mixed greenhouse gases. Furthermore, this enhanced warrfith century (e.g., see Polvani et al., 2011b and references
ing would be strongest in the Northern Hemisphere, whichtherein). Similarly, ozone recovery during the first half of
is surprising since previous studies have consistently showithe twenty-first century is expected to have important impli-
the effects of Stratospheric ozone Changes to be most prd:ations for SH climate (Polvani etal., 20113) Stratospheric
nounced in the Southern Hemisphere. Hu et al. (2011) basezone changes significantly alter the radiative heating in the
their claims largely on differences in the simulated tempera-polar lower stratosphere with resulting impacts on strato-
ture change between two groups of CMIP3 (Coupled Modelspheric temperatures. Model simulations suggest that these
Intercomparison Project 3) climate models, one group whichtémperature impacts are on the order of 10K in the Antarc-
included stratospheric ozone recovery in its twenty-first cen-tic lower stratosphere during austral summer (December—
tury simulations and a second group which did not. Both February, DJF; Polvani et al., 2011a,b). Heating or cooling
groups of models were forced with the same increases irPf the polar lower stratosphere alters the meridional temper-
well-mixed greenhouse gases according to the A1B emisature gradient at tropopause levels, which affects the posi-
sions scenario. In the current work, we compare the suriion of the tropospheric westerly jet and descending branch
face temperature responses of the same two groups of mod).f the tropical Hadley circulation. In the case of ozone de-
els in a different experiment in which atmosphericO@as  Pletion, the tropospheric jet shifts poleward, which is often
increased by 1% per year until doubling. We find remark- referred to as a positive trend in the Southern Annular Mode
ably similar differences in the simulated surface temperaturd SAM). Ozone recovery has the opposite effect on the tropo-
change between the two sets of models as Hu et al. (2011§pheric circulation, favoring an equatorward shift of the jet
found for the A1B experiment, suggesting that the enhanced@nd Hadley cell, and thus a negative SAM trend. Importantly,
warming which they attribute to stratospheric ozone recov-this effect of ozone recovery is expected to largely cancel

ery is actually a reflection of different responses of the twothe effect of increasing greenhouse gases (GHGs) during the
model groups to greenhouse gas forcing. next 50 yr, resulting in minimal forced circulation changes in

the SH during DJF (Shindell and Schmidt, 2004; Son et al.,
2010; Polvani et al., 2011a; McLandress et al., 2011).
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While the response of stratospheric temperatures to ozon@able 1. Globally averaged differences in annual mean, DJF and
depletion and recovery is unambiguous, the response odJA surface air temperature (SAT) trends (in K per decade) between
tropospheric and surface temperatures is less clear. SonfeROUP1 and GROUP2 models in the A1B and 1%YCO; ex-
amount of tropospheric temperature adjustment is necessaﬂﬁ”me”ts- Numbers in parentheses are the trend differences aver-
in order to maintain thermal wind balance as the latitudi- @9¢d over the Arctic region (BN—90° N).
nal position of the tropospheric jet shifts in association with

ozone changes. For example, the poleward shift of the jet A1B experiment 1 %yr' CO, experiment
(positive SAM trend) due to ozone depletion is expected to be Annual mean 0.05 (0.14) 0.06 (0.19)
associated with an enhanced tropospheric temperature gradi-DJF 0.05 (0.21) 0.07 (0.26)
ent between the Antarctic and midlatitude SH. Previous stud- JJA 0.05 (0.09) 0.06 (0.10)

ies of SAM variability have shown that this enhanced temper-
ature gradient is maintained by anomalous vertical motion

which adiabatically cools the polar troposphere and warmspejr Table 1). The first group (hereafter, GROUP1),
the midlatitude troposphere (Thompson et al., 2003). which included stratospheric ozone recovery in its
Near the surface, changes in the SAM are expected t0 bg1st century simulations, includes the following models:
associated with regional warming and cooling. For instance cg|Ro MK3.5, GFDL CM2.0, GFDL CM2.1, INGV SXG,
Thompson et al. (2011) suggest that about half of the surfac® rRoc3.2 hires, MIROC3.2 medres, MPI ECHAMS/MPI-
warming over the Antarctic Peninsula and nearly all of thegpy NCAR  CCSM3.0, UKMO  HadCM3, and
surface cooling over east Antarctica which were observeq kMO HadGEM1. The second group (GROUP2), which
during DJF from the 1970s to the early 2000s can be exjid not account for ozone recovery, includes GISS EH
plained by the positive trend in the SAM during this period, Gss ER, BCCR BCM2.0, CCCma CGCM3.1 T47,
which was primarily driven by stratospheric ozone depletion.cccma CGCM3.1 T63, CNRM CM3, GISS AOM,
However, while ozone changes may affect tropospheric anqap FGOALS-g1.0, INM CM3.0, IPSL CM4, and
surface temperatures regionally through changes in circulayr] cGCM2.3.2. We evaluate simulated changes in
tion, it is not clear that there should be an impact on largermgonthly surface air temperature (SAT) from both groups
spatial scales. of models, for two different experiments: (1) the AlB
In a recent study, Hu et al. (2011) (hereafter, H11) con-eyperiment considered by H11l, and (2) an experiment
clude that stratospheric ozone recovery during 2001-205Q, \which atmospheric C®is increased by 1% per year
will enhance global and annual mean warming in the Up-yntjl it doubles after~70yr. To be clear, in the 1%yt
per troposphere and at the surface§.41K and 0.16K,  co, experiment all models in GROUP1 and GROUP2
respectively. Surprisingly, this enhanced warming is arguéchaye identical forcing, whereas in the A1B experiment the
to be greatest in the Northern Hemisphere (NH), despite thratospheric ozone forcing differs between GROUP1 and
fact that SH ozone changes are anti_cipated to be muchlargesRoUP2 (being zero in the latter). Note that in the A1B
H11 suggest that ozone recovery will enhance surface warmgyperiment, other forcings besides stratospheric ozone may
ing most strongly in the wintertime Arctic, another unex- giso pe different in GROUP1 and GROUP2 models (see,
pected result since the maximum increase in 0zone occurg g Table 10.1 in Meehl et al., 2007).
in the spring. H11 base their conclusions primarily on differ-  \e compute linear trends in SAT for all available ensem-
ences in the climate response between two groups of CMIP$je members from each model. The ensemble mean trend for
models, one group which included stratospheric 0zone recovaach model is then calculated, followed by the multimodel
ery in its 21st century simulations and a second group whichnean trends for GROUP1 and GROUP2. Following H11,

did not. Both groups of models included the same increaseg AT trends are computed over the period 20012050 for the
in well-mixed GHGs based on the A1B emissions scenario.a1B experiment. For the 1%yt CO, experiment, trends

McLandress et al. (2012) suggest that differences in the rezre computed over years 1-70.

sponse to GHG forcing between these two sets of models

could account for the simulated differences in tropospheric

and surface temperatures noted by H11. Here, we present eg Results

idence that this is indeed the case, and that the temperature

differences discussed by H11 are therefore not due to stratd=igure 1 and Table 1 show differences in annual, DJF and

spheric ozone recovery. JJA SAT trends (in K per decade) between GROUP1 and
GROUP2. Trend differences for the A1B experiment ana-
lyzed by H11 are plotted on the left in Fig. 1, while trend

2 Methodology differences for the 1 % yr' CO, experiment are on the right.
As noted by H11, GROUP1 models simulate greater surface

We consider the same two groups of CMIP3 cou- warming during 2001-2050 than GROUP2 models (Fig. 1a),

pled atmosphere-ocean models analyzed by H11 (sewith this enhanced warming being most pronounced in
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__9) ANN SAT: GROUP1-GROUP2 (1) b) ANN SAT: GROUP1-GROUP2 (1%/yr C0;) in both experiments occurring over the Arctic Ocean in DJF
P e o (Fig. 1c and d). We find these trend differences to be asso-
A : E ciated with greater Arctic sea ice loss in the GROUP1 mod-
els relative to the GROUP2 models (not shown). The global
mean warming anomalies for the 1 %YyrCO, experiment
are also very similar to those reported earlier for A1B, be-
ing 0.06, 0.07 and 0.06 K/decade for the annual mean, DJF
and JJA, respectively.

The results in Fig. 1 and Table 1, therefore, provide strong
evidence that the enhanced surface (and by implication the
tropospheric) warming in GROUP1 compared to GROUP2,
which H11 attributed to stratospheric ozone recovery, instead
reflects differences in the response to GHG forcing between
the two sets of models.

4 Conclusions

Stratospheric ozone changes impact climate in a number
of ways, as discussed briefly in the introduction and doc-
umented extensively elsewhere. Recently, Hu et al. (2011)
claimed a previously unreported effect of ozone changes.
K/ dos They argued that ozone recovery in the 21st century will act
to amplify warming in the troposphere and at the surface,
Fig. 1. Differences in annual mean (ANN), DJF and JJA surface with the largest impacts felt in the NH. H11 base this con-
air temperature (SAT) trends (in K per decade) between two groupglusion primarily on differences in the simulated tempera-
of CMIP3 climate models. Trend differences for 2001-2050 in the tyre change between two groups of CMIP3 climate models,
A1B experiment are shown on the left, while differences for yearsgne group which included stratospheric ozone recovery in
1-70 in the 1%yr* CO, experiment are on the right. Models in its 21st century simulations and a second group which did
_GROUPl included stratosphe_ric ozone recovery in the A1B eXPeryot. We have shown here, however, that differences in future
iment and GROUP2 models did not. warming between these two groups of models can be largely
attributed to differences in their response to GHG forcing,
rather than to any effect of ozone recovery. In fact, ozone

the Arctic during DJF (Fig. 1c). In the global and annual ) .
mean, the anomalous (i.e., GROUP1 minus GROUP2) Sur[ecovery was found to produce a slight cooling of the NH

face warming in the A1B experiment is 0.05K/decade (org:)epsossg?zrle 'goalg)o ljigliirft?sglfct)r)t/r-lcelm?tle rr:;i?l I('tl\/lsﬂ;ellﬂd
0.25K per 50yr). This is also the magnitude of the global " ’ i

mean warming anomaly for DJF and JJA in the A1B exper-be pointed out, though, that this cooling is based on only a

iment, although the enhanced warming that occurs over thg'Ingle model, and it will be necessary to examine multiple

Arctic in DJF and the annual mean is diminished in JJA (seemo{jeIS in order to robustly establish the tropospheric tem-

also Table 1). The global and annual mean SAT trend dif- " BRE0 0 SHE (OB0EH, L i
ference of 0.25K per 50 yr reported here is somewhat Iarge;. gnig P

iculties of employing the multimodel difference approach
than the value of 0.16 K per S0 yr reported by H11. However,of H11 to infer the effects of stratospheric ozone changes.

H11 also state that the corresponding trend differences fOWhiIe this approach may be adequate for cases where the
the NH and SH separately are 0.35K per 50yr and 0.11K

per 50yr, respectively. The average of these two values jozone signal is large (e.g., for SH circulation changes in DJF;

o see Son et al., 2008), in other cases differences in simulated
0.23K per 50yr, which is much closer to the global mean” . i
. climate change between models are likely to arise due to fac-
trend difference that we have computed.

As discussed above, H11 attribute the enhanced surfac:é)rs other than ozone. Our results demonstrate that the mul-

warming in the GROUP1 models to the effects of strato- |_model difference approach of H11 is not suitable for infer-
. . . ring the effects of stratospheric ozone recovery on surface-
spheric ozone recovery. It is clear from the right column of

Fig. 1, however, that the same SAT trend differences betWeert_]roposphere temperatures. We therefore contend that the H11

GROUP1 and GROUP2 exist in the 1%¥rCO, experi- claim that ozone recovery will enhance global surface warm-

ment, where stratospheric ozone changes are not included’® " the twenty-first century is likely to be erroneous.

The similarity of spatial patterns compared to the A1B exper-
iment is striking, with, e.g., the largest SAT trend differences
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