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Signatures of the Antarctic ozone hole in Southern
Hemisphere surface climate change

David W. J. Thompson™, Susan Solomon?3, Paul J. Kushner?, Matthew H. England®, Kevin M. Grise'
and David J. Karoly®

Anthropogenic emissions of carbon dioxide and other greenhouse gases have driven and will continue to drive widespread climate
change at the Earth's surface. But surface climate change is not limited to the effects of increasing atmospheric greenhouse gas
concentrations. Anthropogenic emissions of ozone-depleting gases also lead to marked changes in surface climate, through the
radiative and dynamical effects of the Antarctic ozone hole. The influence of the Antarctic ozone hole on surface climate is most
pronounced during the austral summer season and strongly resembles the most prominent pattern of large-scale Southern
Hemisphere climate variability, the Southern Annular Mode. The influence of the ozone hole on the Southern Annular Mode has
led to a range of significant summertime surface climate changes not only over Antarctica and the Southern Ocean, but also
over New Zealand, Patagonia and southern regions of Australia. Surface climate change as far equatorward as the subtropical
Southern Hemisphere may have also been affected by the ozone hole. Over the next few decades, recovery of the ozone hole
and increases in greenhouse gases are expected to have significant but opposing effects on the Southern Annular Mode and its

attendant climate impacts during summer.

osphere in the ozone layer. Since about the 1970s, anthro-

pogenic emissions of ozone-depleting gases have led to
depletion of ~3-4% of the total overhead ozone averaged over the
globe'. The strongest depletion is found over Antarctica during
spring, when photochemical processes combine with a unique set
of meteorological conditions to greatly increase the effectiveness
of ozone-depleting gases, and more than half of the total over-
head ozone is destroyed. Characteristics of the resulting Antarctic
ozone hole are reviewed in refs 1 and 2, and the identification
and attribution of the phenomenon was recently celebrated in a
special edition of Nature (http://www.nature.com/nature/focus/
ozonehole/).

The Antarctic ozone hole is evident in ozone observations taken
every spring since about the early 1980s'. Its annual onset coincides
with the return of sunlight to the cold polar stratosphere during
September/October, and its decay with the collapse of the strato-
spheric vortex during November/December"?. The most obvious
surface impact is an increase in ultraviolet radiation reaching the
surface'. Over the past decade, however, it has become clear that
the ozone hole is also associated with widespread changes in the
Southern Hemisphere tropospheric circulation and surface cli-
mate. Our purpose here is to review the evidence that suggests
that the Antarctic ozone hole has had a demonstrable effect on the
surface climate of the Southern Hemisphere.

R oughly 90% of atmospheric ozone is found in the lower strat-

The ozone hole and Southern Hemisphere circulation

Ozone absorbs incoming solar radiation. Hence the depletion of
ozone over Antarctica leads to cooling of the polar stratosphere®>.
Basic atmospheric dynamics dictate that the resulting changes in
the north-south temperature gradient must be accompanied by
changes in the vertical shear of the wind. As a result, the ozone hole

leads to an acceleration of the stratospheric polar vortex (a region
of strong eastward circumpolar flow) during October-December*.

The differences in the Southern Hemisphere polar stratosphere
between the pre-ozone-hole and ozone-hole eras are highlighted in
Fig. 1. The ozone hole is associated with monthly mean decreases
in lower stratospheric ozone that exceed 80% during October-
November and exceed 20% throughout the austral autumn and
winter seasons (Fig. 1a). The corresponding changes in polar strato-
spheric geopotential height (Z) are indicative of a strengthening of
the eastward circumpolar flow that also peaks during the late aus-
tral spring season and persists through January ** (Fig. 1b; polar Z
provides a close estimate of the north—-south gradient in Z across
~55-65° S, and thus the strength of the circumpolar flow).

The eastward acceleration of the lower stratospheric flow due
to ozone depletion is interesting in its own right. What makes
the acceleration particularly relevant for climate change is that it
extends to the Earth’s surface during the summer months (Fig. 1b).
Deep vertical coupling between the circumpolar tropospheric and
stratospheric flow is observed on monthly and daily timescales in
both the Northern and Southern Hemispheres®”. The changes in
the tropospheric flow indicated in Fig. 1b suggest that such coupling
is also characteristic of the ozone hole.

The summertime falls in Z in the polar troposphere (Fig. 1b;
Fig. 2a) are accompanied by rises at middle latitudes (Fig. 2a). The pat-
tern of Z changes in Fig. 2a strongly resembles the high-index polarity
of the leading mode of climate variability in the Southern Hemisphere
troposphere, known as the Southern Annular Mode (SAM). In the
troposphere, the SAM is characterized by nearly zonally symmetric,
north-south variability in the latitude of the midlatitude jet and its
associated wave fluxes of heat and momentum®®'% The high-index
polarity of the SAM is marked by poleward displacements of the jet
and thus by strengthening of the prevailing atmospheric eastward
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Figure 1| Signature of the ozone hole in observed and simulated changes in the Southern Hemisphere polar circulation. a,b, Observed composite
differences between the pre-ozone-hole and ozone-hole eras in (a) polar ozone from Syowa station (69° S, 40° E; similar results are obtained for other
stations within the region of the ozone hole) and (b) polar-mean Z from radiosonde data. ¢,d, Simulated differences in polar Z between the pre-ozone-hole
and ozone-hole eras from the experiments in refs 30 and 33. Contour intervals are (@) 10% depletion for values of 20% and greater and (b-d) 40 m (-60,
-20, 20...). Positive contours are solid, negative contours are dashed. Shading indicates trends significant at the 95% level based on a one-tailed test of the

t-statistic. See Methods for details.

flow near ~60° S; weakening of the prevailing atmospheric eastward
flow near ~40° S; and reduced Z over the polar cap that extends from
the surface to the stratosphere. The SAM owes its existence to internal
tropospheric dynamics and vacillates between its high- and low-index
polarities on timescales as short as weeks'"'>!*. The observational evi-
dence reviewed in Figs 1 and 2a suggests that the Antarctic ozone
hole has perturbed the Southern Hemisphere circulation in a manner
consistent with a trend in the SAM towards its high-index polarity.

Attribution of the observed trend in the SAM
The observed summertime trend towards the high-index polar-
ity of the SAM between the pre-ozone-hole and ozone-hole eras
has been shown to be statistically significant'*"” and distinct from
estimates of natural variability". As discussed later in this Review,
qualitatively similar trends towards the high-index polarity of the
SAM are found in climate models forced by increasing greenhouse
gases. Such simulations suggest that the influence of increasing
greenhouse gases on the SAM will be appreciable over the twenty-
first century but that it was modest over the past few decades. The
available model evidence suggests that the recent trend in the SAM
is due primarily to the development of the Antarctic ozone hole.
Supporting model evidence includes experiments run on: (1)
idealized atmospheric general circulation models forced with
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imposed cooling in the polar stratosphere'®2%; (2) global cli-
mate models for the IPCC Fourth Assessment Report (the third
Coupled Model Inter-comparison Project, CMIP3), in which
greenhouse gases increase and the ozone depletion is prescribed
based on observations'**'-%%; (3) coupled chemistry-climate mod-
els (for example as for the Coupled Chemistry Climate Model
Validation Project, CCMVall and 2), in which the ozone deple-
tion is calculated based on simulated chemical and dynamical
processes**?°-2%%; (4) climate models forced solely with the observed
changes in stratospheric ozone®=.

Results derived from all four types of experiments point to the
robustness of the linkages between the Antarctic ozone hole and
the SAM. But there are caveats. The experiments run on idealized
climate models are valuable because they are readily reproducible
and are not dependent on specific physical parameterizations. But
the rudimentary representation of climate processes and idealized
thermal forcings used in such experiments limit comparisons with
observations. The analyses of the CMIP3 and CCM Val output make
valuable use of existing climate simulations but also include forc-
ings other than stratospheric ozone depletion. Furthermore, the
ozone forcing used in such simulations varies from model to model:
the CMIP3 experiments are forced by prescribed ozone, but the
prescribed ozone is not standard across all experiments; ozone is
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b Simulated 500 hPa Z (Gillet & Thompson, 2003)
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¢ Simulated surface pressure (Polvani et al., 2011)

Figure 2 | Signature of the ozone hole in observed and simulated changes in the austral summertime circulation. a, Observed composite differences
between the pre-ozone-hole and ozone-hole eras in mean December-February (DJF) 500-hPa Z from the NCEP-NCAR Reanalysis. b, Simulated
differences in 500-hPa Z between the pre-ozone-hole and ozone-hole eras from the experiments in ref. 30. ¢, As in b, but for surface pressure from the
experiments in ref. 33. The contour interval is 5minaand b, and 0.5 hPa in ¢. Values under 10 m (a and b) and 1hPa (¢) are not contoured.

predicted by the CCMVal models, and is thus necessarily different
from experiment to experiment.

Arguably the most compelling model support for a causal link
between the ozone hole and surface climate is derived from exper-
iments in which only concentrations of (1) stratospheric ozone or
(2) ozone-depleting substances are changed between integrations.
Figures 1c, 1d, 2b, 2¢, and 3 review the results from three such
experiments: refs 30 and 33 in Figs 1 and 2, and ref. 28 in Fig. 3.
The runs in refs 30 and 33 are ‘time-slice’ experiments: one ‘slice’
is forced with the seasonally varying distribution of stratospheric
ozone before the development of the ozone hole; the other with
the seasonally varying distribution of stratospheric ozone after
the development of the ozone hole. The critical element in both
experiments is that the only variable that is changed between slices
is the distribution of ozone. The runs in ref. 28 are ‘transient’ simu-
lations in which a coupled chemistry—climate model is forced by
time-varying concentrations of greenhouse gases and/or ozone-
depleting substances. Note that the time-slice experiments in refs
30 and 33 are forced by the observed changes in ozone whereas the
transient experiments in ref. 28 are forced by changes in ozone-
depleting substances (that is, the resulting changes in ozone are
calculated by the model).

The time-slice experiments (refs 30 and 33) were forced with
comparable changes in ozone, but were run on models with very
different stratospheric resolution. One experiment (ref. 30) was
run on a ‘high top’ model with extensive vertical resolution at strat-
ospheric levels; the other (ref. 33) was run on a model with rela-
tively poor stratospheric resolution (the model is typical of those
used in the IPCC Fourth Assessment Report). Nevertheless, both
experiments yield remarkably similar results (Fig. 1c and d; Fig. 2b
and c). Both reveal pronounced changes in the stratospheric vor-
tex during spring consistent with in situ forcing by the ozone hole.
More importantly, both reveal substantial changes in the tropo-
spheric circulation during the Southern Hemisphere summer con-
sistent with the high-index polarity of the SAM (Fig. 2b and c).
The most obvious difference between the simulated and observed
changes lies in the timescale of the tropospheric response: the
simulated responses extend from November to February whereas
the observed responses are limited to December-January (Fig. 1).

The transient ozone-depletion experiments described in ref. 28
are driven in a very different manner from the time-slice experi-
ments reviewed above. But again, the results confirm the impor-
tance of ozone depletion in driving past trends in the SAM towards
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Figure 3 | Time series of the southern annular mode from transient
experiments forced with time-varying ozone-depleting substances and
greenhouse gases. Results are from experiments published in ref. 28.

a, Forcing with ozone-depleting substances; b, forcing with greenhouse
gases. The SAM index is defined as the leading principal component time
series of 850-hPa Z anomalies 20-90° S: positive values of the index
correspond to anomalously low Z over the polar cap, and vice versa. Lines
denote the 50-year low-pass ensemble mean response for summer (DJF;
solid black) and winter (JJA; dashed blue). Grey shading denotes + one
standard deviation of the three ensemble members about the ensemble
mean (see Methods for details). The long-term means of the time series
are arbitrary and are set to zero for the period 1970-1975. Past forcings are
based on observational estimates; future forcings are based on predictions
reviewed in ref. 28.

its high-index polarity (Fig. 3a). Note that greenhouse forcing
is important by the middle part of the twenty-first century, but
not in the twentieth century (Fig. 3b). The changes in the SAM in
response to future levels of ozone-depleting substances and green-
house gases will be discussed later in this Review.
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Figure 4 | Signature of the SAM in austral summertime climate variability. Results show regressions on the SAM index using DJF monthly mean data.
a,c, Surface air temperatures (SAT, shading) and 925-hPa winds (vectors). b, Sea surface temperatures (SST; shading) and 925-hPa winds (vectors).
d, e, Precipitation (shading) and 925-hPa winds (vectors). Shading interval is (a and ¢) 0.1K; (b) 0.04 K; and (d and e) 0.08 mm day™. Data sources and

analyses details are given in Methods.

How ozone depletion is linked to the SAM

The observed and modelled linkages between the ozone hole
and tropospheric circulation anomalies resembling the SAM are
robust. But the underlying mechanisms remain unclear. The prin-
cipal problem is the following. We understand how the Antarctic
ozone hole cools the polar stratosphere (mainly through reduced
absorption of shortwave radiation). We understand why the polar
cooling should lead to a strengthening of the Southern Hemisphere
stratospheric polar vortex during spring (through geostrophic bal-
ance). But we do not fully understand the mechanisms whereby
changes in the stratospheric polar vortex are coupled to variability
in the tropospheric flow in the form of the SAM.
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As noted earlier, the SAM owes its existence to internal tropo-
spheric dynamics. Variability in the SAM is driven by changes in the
fluxes of heat and momentum by synoptic-scale (1,000-km-scale)
atmospheric waves'*'. In the case of the high-index polarity of the
SAM, the changes in the wind field are driven by anomalous pole-
ward wave fluxes of heat in the lower troposphere near 60° S and
anomalous poleward wave fluxes of momentum at the tropopause.
The link between the ozone hole and the SAM is thought to hinge
critically on the effects of ozone depletion on these wave fluxes of
heat and momentum.

One line of reasoning holds that stratospheric ozone deple-
tion influences the SAM by means of its effect on the wave fluxes
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of heat in the lower troposphere. Here the dynamics are based on
the premises that: (1) the synoptic wave fluxes of heat in the lower
troposphere are largely diffusive, that is, they are down-gradient and
peak in regions of large temperature gradients and synoptic wave
amplitudes®; and (2) the ozone hole perturbs the near-surface tem-
perature gradient (and thus the diffusive wave fluxes of heat) both
radiatively and dynamically.

The radiative forcing of the near-surface temperature gradient
is straightforward. Stratospheric ozone depletion is accompanied
by a reduction in downwelling longwave radiation through the
polar tropopause, and thus cooling in the polar troposphere and
an increase in the north-south temperature gradient near 60° S
(ref. 36).

The dynamical forcing of the surface temperature gradient is
more complicated. In this case, the strengthening of the Southern
Hemisphere polar vortex changes the background conditions for
planetary (greater than 6,000-km-scale) wave propagation, and thus
the amplitude and location of the planetary wave breaking at strato-
spheric levels. The changes in stratospheric planetary wave breaking
drive changes in atmospheric vertical motion that extend to the sur-
face of the Earth (via downward control)*”~*. In turn, the changes
in vertical motion adjust the horizontal gradients in temperature
through adiabatic expansion and compression.

A second line of reasoning holds that stratospheric ozone deple-
tion influences the SAM through its effect on the strength of the
lower stratospheric flow and the wave fluxes of momentum at the
tropopause level. Numerical experiments suggest that changes in
the lower stratospheric flow influence the fluxes of momentum by
synoptic waves in the upper troposphere!®**#!. Theory dictates that
the phase speed* and direction of propagation” of synoptic waves
near the tropopause level are determined in part by the strength of
the circulation there. (The phase speed is also determined by the
length scale of the waves®, although it remains to be demonstrated
how ozone depletion can change the length scale.) The phase speed
and direction of propagation of the synoptic waves are important,
as they determine where the waves will break and thus decelerate
the prevailing tropospheric eastward flow. Such wave-driven decel-
erations of the tropospheric flow drive changes in the north-south
temperature gradient that extend to Earth’s surface (for example
through the aforementioned downward control), and thus can
influence the near-surface wave fluxes of heat'>*.

Despite continuing uncertainty in the physical mechanisms that
drive the linkages between the ozone hole and the SAM, it is never-
theless clear that the linkages have important implications for sur-
face climate variability in the Southern Hemisphere, as discussed in
the following two sections.

Impacts on month-to-month timescales

The implications of the ozone hole for surface climate change will be
discussed in two parts. In this section, we will review the summer-
time climate impacts of the SAM on month-to-month timescales.
The signature of the SAM in the month-to-month variability can be
assessed with a high degree of confidence in a relatively short data
record, as the characteristic timescale of the SAM is only ~10 days.
It also provides a framework for interpreting the effects of long-term
changes in the SAM, assuming that the influence of the SAM on
surface climate is not strongly timescale-dependent. In the subse-
quent section, we will discuss the implications of the trend in the
SAM for long-term Southern Hemisphere climate change.

In the following, bear in mind that the high- and low-index
polarities of the SAM are not distinct peaks in a bimodal frequency
distribution but represent the wings of an approximately normally
distributed frequency distribution'’. The results shown in Figs 1-3
suggest that the ozone hole has shifted the frequency distribution of
the SAM towards its high-index polarity, that is, that the ozone hole
has led to an increased incidence of the high-index polarity of the
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SAM. For this reason, we will discuss the changes in climate associ-
ated with the high-index polarity of the SAM.

The summertime climate impacts of the Southern Hemisphere
annular mode are wide and varied. Over high latitudes (~55-70° S),
the high-index polarity of the SAM is characterized by nearly zon-
ally symmetric eastward anomalies in the surface flow (acceleration
of the prevailing eastward wind, Fig. 4a, b; anomalies are defined as
departures from the long-term mean). Here, the high-index polar-
ity is linked to lower than normal summertime temperatures over
much of east Antarctica and higher than normal summertime tem-
peratures over Patagonia and the northern reaches of the Antarctic
Peninsula (Fig. 4a)>'7*, The cooling over east Antarctica is con-
sistent with anomalous rising motion and thus a suppression of the
katabatic flow over the polar cap®*; the warming over the Peninsula
and Patagonia is consistent with increased warm temperature
advection from the Southern Ocean due to the stronger eastward
surface flow (Fig. 4a)>**>*. Detailed analyses of station data indicate
that the SAM has a much larger effect on surface temperatures over
the eastern side of the Peninsula than the western side because of
the orographic effects of the Antarctic Andes*.

At middle latitudes (~35-50° S), the high-index polarity of
the SAM is characterized by westward anomalies in the surface
flow (deceleration of the prevailing eastward wind; Fig. 4b). Here,
the anomalous flow leads to summertime increases in orographi-
cally induced precipitation on the eastern side of the Southern
Alps of New Zealand (highlighted in Fig. 4d)** and of the Great
Dividing Range of southeastern Australia (Fig. 4e)’*"'. Similarly,
it leads to a decrease in precipitation on the western slopes of
the Southern Alps of New Zealand (Fig. 4d)**° and the western
half of Tasmania (Fig. 4e)*, to higher than normal summertime
temperatures throughout much of New Zealand (Fig. 4c)", and
to lower than normal summertime temperatures over central and
eastern subtropical Australia®.

The high-index polarity of the SAM is also linked to pronounced
summertime changes in the Southern Ocean (summarized in the
schematic in Fig. 5). The anomalous eastward atmospheric flow
centred near 60° S leads to increased equatorward Ekman transport
over much of the Southern Ocean, and thus increased upwelling in
the Southern Ocean poleward of 60° S and downwelling at middle
latitudes®*****. Such changes are difficult to measure directly, but
numerical experiments predict that on timescales shorter than a sea-
son, the changes in Ekman flow will tighten the north-south den-
sity gradients across the Southern Ocean, and shift the Antarctic
Circumpolar Current and the upper limb of the Southern Ocean
meridional overturning circulation poleward****>%. On timescales
longer than a season, the Ekman-induced changes are predicted to
be mostly compensated by the diffusion of density and heat by ocean
eddies with length scales of ~10-100 km (refs 57-64). Recent work®
argues that coarse-resolution models can approximately parameter-
ize the eddy response so long as the applied coeflicient of isopycnal
thickness diffusion has an appropriate variable definition. Thus the
ocean circulation response to the SAM consists of two components:
a short-timescale component dominated by changes in the Ekman
layer, and a long-timescale component in which diffusion by ocean
eddies plays a key role.

At the ocean surface, the high-index polarity of the SAM is linked
in observations and model experiments to lower than normal sum-
mertime sea-surface temperatures around most of Antarctica and
higher than normal sea-surface temperatures in middle latitudes
(Fig. 4b, 5)°°¢*¢". The changes in summertime sea-surface tempera-
tures associated with the SAM are driven not only by changes in the
ocean Ekman circulation, but also by the anomalous fluxes of sensi-
ble and latent heat at the atmosphere-ocean interface (Fig. 5).
For example, the lower than normal sea-surface temperatures to the
southeast of New Zealand (Fig. 4b) are consistent with enhanced
ocean heat loss caused by the overlying wind anomalies. Changes
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Figure 5 | Schematic response of the ocean to the high-index polarity

of the southern annular mode. Solid arrows indicate meridional and
vertical motion in the atmosphere and ocean. Warm colours correspond to
increases in temperature or heat content, and cooler colours to decreases.
MLD refers to the ocean mixed-layer depth. All other responses are
labelled on the figure or in the legend. All results indicate the climate
response to the SAM on timescales less than a season with the exception
of the oceanic eddy field, which indicates the response on timescales of
2-3years (refs 108, 109). See text for details.

in cloudiness and the diffusion of heat by ocean eddies are also likely
to influence the pattern of sea surface temperatures in Fig. 4b, but
these effects have not yet been quantified.

Implications for long-term changes

The trend in the SAM from the pre-ozone-hole to ozone-hole eras
(for example from the 1970s to the 2000s) is largest during the
summer months, during which time its amplitude is roughly 0.5
standard deviations of its month-to-month variability per dec-
ade’. As noted earlier, the trend in the SAM is statistically distinct
from estimates of natural variability, although its amplitude may
change slightly depending on the precise start and end dates of
the analysis (cf. Figure 7 of ref. 15). The trend in the SAM during
winter months is not significant’® and thus the SAM has not con-
tributed in a significant manner to long-term changes in surface
climate during the cold season.

The implications of the trend in the SAM for long-term changes
in summertime surface climate can be inferred from knowledge
of: (1) the signature of the SAM in the month-to-month variability
(as reviewed in the previous section) and (2) the amplitude of the
trend in the SAM. For example, if a change of 1 standard deviation
in the SAM is associated with a 2 K change in local temperature
in the month-to-month variability, then a long-term change in
the SAM of 0.5 standard deviation (std) per decade is expected
to drive a long-term change in local temperature of (2 K/1 std) x
(0.5 std/decade) = 1 K per decade. Note that the extrapolation only
holds if the signature of the SAM is stationary across monthly and
decadal timescales.
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The most robust (albeit spatially sparse) measurements avail-
able during both the pre-ozone-hole to ozone-hole eras include
the ozonesonde, radiosonde and surface temperature data used
in Fig. 1a and b, and Fig. 4a. The historical perspective provided
by all three measurements types is key: the long-term ozone-
sonde records allow us to assess the scale of the ozone losses
over Antarctica relative to the pre-ozone-hole era; the long-term
radiosonde records allow us to link the Antarctic ozone losses
to changes in the atmospheric circulation and the SAM; and the
long-term surface temperature measurements allow us to make
inferences about the influence of ozone depletion on temperature
trends over Antarctica.

For example, the Antarctic Peninsula region warmed markedly
during austral summer from the 1970s to the early 2000s*7",
The breakup of the Larsen-B ice shelf in 2002 was probably due at
least in part to the remarkable warming in the Peninsula region®.
In contrast, the high plateau and coastal regions of east Antarctica
cooled during summertime over the same period*®. During sum-
mer, roughly half of the warming of the Peninsula and almost all of
the cooling over east Antarctica observed through the early 2000s is
consistent with the observed trend towards the high index polarity
of the SAM>'7#, Because the trend in the SAM is confined to the
summer months, the SAM is not linked to Antarctic temperature
trends during other times of year (such as the wintertime warming
over the Peninsula®). Nor is it clearly linked to temperature trends
over West Antarctica”, where changes in tropical sea-surface tem-
peratures appear to play a role in long-term atmospheric tempera-
ture trends””.

The SAM is also implicated in a range of climate trends over
the Southern Ocean. The summertime trend in the SAM may
have contributed to the observed warming and freshening of
the subsurface Southern Ocean to depths up to ~1 km (refs
27,58,75-79), to changes in the South Pacific ocean at subtropical
latitudes®, and to a poleward shift of the frontal zones that deline-
ate the Antarctic Circumpolar Current®?®!. The trend in the SAM
has been linked to potentially pronounced outgassing of ocean car-
bon dioxide®-*, although observations are sparse®® and the role of
ocean eddies on the SAM-induced changes remains poorly under-
stood®*¥”. The trend in the SAM has even been linked to changes
in Earths radiative balance: a recent model study suggests that
the high-index polarity of the SAM generates more sea spray and
thus cloud condensation nuclei for the formation of reflective low
clouds over the high-latitude Southern Ocean®, but these results
have not been tested in observations.

On interannual timescales, the high-index polarity of the
SAM is associated with summertime decreases in sea-ice near
the Antarctic Peninsula, increases in sea ice near the Ross Sea,
and weak increases in sea ice around much of Antarctica® (G. R.
Simpkins, L. M. Ciasto, M. H. England & D. W. J. Thompson,
manuscript in preparation). However, the trend in the SAM is
not clearly linked to long-term changes in Southern Hemisphere
sea ice in observations” (G. R. Simpkins, L. M. Ciasto, M. H.
England, & D. W. J. Thompson, manuscript in preparation) and
corroborating numerical evidence is sparse. Several experiments
have considered the simulated sea-ice response to the SAM®'%,
but only one (ref. 93) attempts to isolate the role of the SAM in
sea-ice trends (and that particular model suggests the SAM is
not tied to Antarctic sea-ice trends); the others are run with pre-
scribed sea ice (ref. 91) or driven by a range of forcings in addition
to ozone depletion (ref. 92).

The trend in the SAM has been linked to the observed sum-
mertime increases in precipitation over southeastern Australia and
eastern Tasmania over the period 1979-2005 (ref. 50). Stratospheric
ozone depletion has also been linked to summertime changes in the
subtropical circulation?**?**>% and precipitation®?*>**** in climate
models. But observations suggest that the SAM cannot explain the
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observed summertime increases in subtropical rainfall over north-
ern Australia®.

Confidence in the past and future outlook

Long-term changes in Southern Hemisphere climate are driven
by a variety of factors, including increasing atmospheric green-
house gases and changes in tropical sea-surface temperature.
The evidence reviewed here suggests that they are also driven by
Antarctic ozone depletion and recovery.

Our confidence in the linkages between the development of
the Antarctic ozone hole and Southern Hemisphere surface cli-
mate changes stems from a variety of factors, including: (1) robust
coupling between stratospheric variability and the annular modes
on a range of timescales®”®, not just in association with the ozone
hole; (2) the reproducibility of the observed linkages between the
ozone hole and the SAM in a hierarchy of models forced with either
increases in ozone-depleting substances or depletion of polar strat-
ospheric ozone'>?'2¢%-33; and (3) the theoretical expectation that
the climate response to external forcing will project onto internal
modes of the climate system such as the SAM***°.

Our confidence in the linkages between the ozone hole and the
SAM is limited by three primary caveats. First, we lack a quantita-
tive and prognostic theory for dynamical coupling between the
stratospheric and tropospheric circulations. Second, climate mod-
els have known deficiencies in simulating the mean climate over
the high latitudes of the Southern Hemisphere®. And third, the
existing model evidence is based on relatively few clean experi-
ments, that is, experiments forced solely by changes in strato-
spheric ozone or ozone-depleting substances. The limited number
of experiments is potentially problematic given the spread in cli-
mate model formulation and the large internal variability in the
extratropical circulation.

As for the rest of the twenty-first century, climate change experi-
ments reveal a robust SAM response to both future increases in
greenhouse gases??72831:3297:99-104 ap( future recovery of the ozone
hole?-28313298104 " Ag highlighted in Fig. 3 (using model output from
ref. 28), ozone recovery is predicted to lead to a negative trend in
the SAM that is limited to the summer months (Fig. 3a), whereas
greenhouse gases are predicted to lead to a positive trend in the
SAM that extends across both summer and winter (Fig. 3b). During
summer over the next ~50 years, the effects of ozone recovery on
the SAM are expected to be roughly equal but opposite to those due
to increasing greenhouse gases. But during other seasons, increas-
ing greenhouse gases are expected to drive a trend in the SAM
towards its high index polarity that is unopposed by ozone recov-
ery?+-2831,3298100105 "The SAM is expected to have a marked effect on
future Southern Hemisphere climate change.

Methods

The composites in Fig. 1a, b and Fig. 2a are based on the mean differences
between (i) years of large ozone depletion (1995-2009 with the exception of the
12-month period following the sudden warming of September 2002) and (ii)
the pre-ozone-hole period of 1966-79 (for the radiosonde data in Fig. 1a) and
1979-85 (for the reanalysis data in Fig. 2a). The decreases in Z in Fig. 1b-d are
indicative of eastward anomalies in the circumpolar flow of the polar vortex
and thus the high index polarity of the SAM, and vice versa. For Fig. 1b, polar-
mean Z is found by averaging over six radiosonde stations: Halley, 76° S, 27° W;
Novolazaravskaja, 71° S, 12° E; Syowa, 69° S, 40° E; Mirnyj, 67° S, 93° E; Casey,
66° S, 111° E; and McMurdo, 78° S, 167° E. For Fig. 1c and d, polar-mean Z is
found by averaging over 65° S to 90° S.

The grey shading in Fig. 3 denotes + one standard deviation of the three
ensemble members about the 50-year low-pass ensemble mean, calculated as a
function of calendar year. For example, if X(i,t) denotes the data for ensemble
member i at year f, then the grey shading for year 1999 shows + one standard
deviation of the three ensemble members at t = 1999 about the 50-year low-pass
ensemble mean at = 1999.

The regressions in Fig. 4 are based on the 1979-2008 period for New Zealand/
Australian temperatures, New Zealand/Australian precipitation, and sea surface
temperatures; and on the 1979-2010 period for reanalysis winds and Antarctic
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surface temperatures. Regressions are based on standardized monthly mean values
of the SAM index, which is defined here as the leading principal component time
series of 850-hPa geopotential height anomalies from 20° S to 90° S. Figure 4a is
adapted from ref. 5 and based on temperature data described in ref. 106; Fig. 4b is
adapted from ref. 67; the data in Fig. 4c and d are courtesy of NIWA; the data in
Fig. 4e are described in ref. 107, and are courtesy of CSIRO Australia.
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