topography. In due time, we expect a new gen-
eration of 3D models derived by integrating seis-
mology and geodesy. Indeed, we expect that
dense GPS arrays will eventually be deployed
even in tectonically quiescent regions of the
world, purely to constrain models of Earth’s in-
ternal structure.
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Impact of Polar Ozone Depletion on
Subtropical Precipitation

S. M. Kang,** L. M. Polvani,’? J. C. Fyfe,> M. Sigmond*

Over the past half-century, the ozone hole has caused a poleward shift of the extratropical westerly
jet in the Southern Hemisphere. Here, we argue that these extratropical circulation changes,
resulting from ozone depletion, have substantially contributed to subtropical precipitation changes.
Specifically, we show that precipitation in the southern subtropics in austral summer increases
significantly when climate models are integrated with reduced polar ozone concentrations.
Furthermore, the observed patterns of subtropical precipitation change, from 1979 to 2000, are
very similar to those in our model integrations, where ozone depletion alone is prescribed. In both
climate models and observations, the subtropical moistening is linked to a poleward shift of the
extratropical westerly jet. Our results highlight the importance of polar regions for the subtropical

hydrological cycle.

he Southern Hemisphere mid- to high-

I latitude circulation has undergone marked
climate change over the past few decades

(Z, 2). One of the most pronounced features is a
poleward displacement of the Southern Hemi-
sphere westerly jet, which has been accompanied
by a poleward shift of mid- to high-latitude pre-
cipitation associated with the extratropical storm
track (3—6). Modeling and observational studies
have demonstrated that in austral summer these
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Southern Hemisphere trends have been caused
largely by stratospheric ozone depletion, with a
smaller contribution from an increased atmospher-
ic concentration of well-mixed greenhouse gases
(7-13).

Although these mid- to high-latitude circula-
tion changes have been the focus of most recent
studies on the impact of the ozone hole, several
hints of its impacts on the tropics can be found in
the literature. For instance, a poleward shift of the
southern edge of the Hadley cell has been re-
ported (8, 9, 13), as well as a change in the lat-
itude of the poleward edge of the subtropical dry
zones (8). Furthermore, in both observations and
climate models, poleward displacements in the
latitude of the Southern Hemisphere westerly jet
have been linked to the expansion of subtropical
dry zones (/4), as well as to increased rainfall
over eastern Australia and southern South Africa

(15). Because the Southern Hemisphere westerly
jet in austral summer is influenced by ozone de-
pletion, one may suspect that the ozone hole
might play an important role not only in the
extratropical circulation but also in the hydrolog-
ical cycle at lower latitudes. Indeed, during the
period of ozone depletion between 1979 and 2000,
observations (Fig. 1A) exhibit a very noticeable
moistening trend in austral summer in the sub-
tropical band between 15°S and 35°S (high-
lighted box); this is even clearer in the zonal
mean (Fig. 1B). The aim of this paper is to use
state-of-the-art climate models to demonstrate
that stratospheric ozone depletion over the South
Pole has contributed to the observed change in
subtropical precipitation.

It is well known that results pertaining to
precipitation can be highly model dependent. In
view of this, we use two independently developed
climate models that are very different in their
physical parameterizations (/6). One is the Cana-
dian Middle Atmosphere Model (CMAM) (17),
and the other the National Center for Atmospheric
Research (NCAR) Community Atmospheric Mod-
el (CAM3) (18). All experiments presented here
consist of pairs of so-called “time-slice” integra-
tions with prescribed monthly varying ozone con-
centrations (/6): one “reference” integration that
uses ozone fields before the formation of the
ozone hole, and one “ozone hole” integration in
which stratospheric ozone is severely depleted,
notably over the South Pole. The climate response
to ozone depletion is obtained by subtracting
the climatologies of these two integrations.

Experiments were conducted with four distinct
model configurations: (i) the coupled CMAM with
interactive ocean and sea ice; (ii) the uncoupled
CMAM with prescribed monthly mean, annually
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varying sea surface temperatures and sea ice con-
centrations taken from the coupled reference in-
tegration; (iii) the uncoupled CAM3 with observed
sea surface temperatures and sea ice concentrations
averaged over the pre—ozone hole period (/9); and
(iv) the uncoupled CAM3, but with ozone changes
confined to latitudes southward of 40°S. These
substantially different configurations allow us to
evaluate whether the effect of ozone depletion on
subtropical precipitation is fundamentally depen-
dent on atmosphere-ocean interactions and phys-
ical model parameterizations. Experiment (iv) is
crucial in determining whether polar or subtrop-
ical ozone depletion is the key player.

The impact of the ozone hole on precipitation
is clearly evident in Fig. 2, where the response
due to the ozone depletion is shown for each of
the four experiments, in austral summer. First,
note the considerable similarity among the four
experiments: This confirms the robustness of our
result. As reported in previous studies (8, 9, 20),
there is decreased precipitation around 45°S and
increased precipitation around 60°S, associated
with a poleward-shifted storm track. The focus of
this paper, however, is the ozone-hole-induced
moistening (green patches) in the highlighted re-
gion of the subtropics, most pronounced over the
southwestern Indian Ocean, eastern Australia, and
southern flank of the Southern Pacific Conver-
gence Zone, where the climatological mean pre-
cipitation is large. In these regions, our models
show that the precipitation response to the ozone
hole is unaffected by atmosphere-ocean interac-
tions (contrast Fig. 2, A and B), is largely inde-
pendent of the physical parameterizations of any
one model or the sea surface temperatures used
(contrast Fig. 2, B and C), and originates almost
entirely from ozone depletion in the southern
polar regions (contrast Fig. 2, C and D).

Second, contrast the modeled ozone-hole—
induced precipitation changes in Fig. 2 with the
observed changes in Fig. 1A. Although the ob-
served changes in precipitation at individual trop-
ical locations are generally larger in magnitude
than in our experiments, there is good agreement
in the overall patterns. Spatial agreement is strik-
ingly evident in the zonal mean profiles (contrast
Fig. 1B with Fig. 3A), all of which show a very
clear tripole pattern consisting of high-latitude
moistening, mid-latitude drying, and subtropical
moistening. Between 15°S and 35°S, these pre-
cipitation changes correspond to about a 10%
increase relative to the climatology, with larger
increases in some subregions. We emphasize that
the increased precipitation in the highlighted 15°S
to 35°S region is statistically significant in ob-
servations and in all four experiments. As an ex-
ample, in Fig. 3A we show the 95% confidence
interval (red shading) for one of the CAM3 ex-
periments; this interval is computed using the
Student’s ¢ test, assuming independent and ran-
domly distributed residuals. Furthermore, as
shown in Fig. 3B, these subtropical precipitation
changes are largely associated with changes in
moisture convergence by the time-mean zonal-
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mean flow (with smaller contributions from tran-
sient and stationary eddies), rather than to local
changes in atmospheric humidity (fig. S1). In
Fig. 3C, we further show, from a regression of
precipitation on jet latitude, that these subtropical
precipitation changes are highly congruent with
changes in the latitude of the extratropical west-
erly jet (16). Moreover, as in our model experi-
ments, the observed moistening in the 15°S to
35°S region is also linked to a poleward jet shift
(Fig. 1B), which itself is substantially the con-
sequence of polar ozone depletion (/, 3, §).

We next elucidate the mechanism causing
these subtropical precipitation changes. The zonal-
mean changes due to ozone depletion in temper-
ature, zonal wind, and mean meridional mass
stream function are shown in Fig. 4. For brevity,
we show only results for the coupled CMAM
(top row) and the uncoupled CAM3 with high-
latitude ozone depletion only (bottom row); the
other two experiments are very similar. Ozone
depletion causes severe cooling in the lower
stratosphere (Fig. 4, A and D), which in turn is
accompanied by a lifting of the polar tropopause
and a concomitant poleward shift of the extra-
tropical westerly jet (Fig. 4, B and E). This se-

A
60N (7
40°N P2
20°N

EQ

20°S

quence of high-to-mid latitude cause and effect
is well documented (/7).

The poleward shift of the extratropical west-
erly jet is reflected in the convergence and di-
vergence of transient eddy momentum fluxes on
its poleward and equatorward flanks, respectively
(fig. S3). This poleward jet shift is also associated
with a poleward shift of the subtropical edge
of the Hadley cell (seen as the blue/red shading
centered around 25°S in Fig. 4, C and F). Ac-
companying the poleward shift of this edge, an
anomalous upper-level mass divergence between
15°S and 35°S is found, and it is largely asso-
ciated with changes in the transient eddy momen-
tum fluxes (fig. S4). This upper-level divergence
drives anomalous rising motion in the subtropics
(arrows around 25°S in Fig. 4, C and F), inducing
low-level moisture convergence and hence in-
creased precipitation there. In short, our experiments
expose a sequence of high-to-low latitude causes
and effects linking stratospheric polar ozone de-
pletion all the way to subtropical moistening. This
mechanism does not, however, explain the lon-
gitudinal variations in the precipitation response
seen in Fig. 2. These will need to be addressed in
a future study.
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B Zonal mean change in GPCP precipitation
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Fig. 1. Observed precipitation change between 1979 and 2000 in austral summer (December to Feb-
ruary mean). (A) Precipitation change based on Global Precipitation Climatology Project (GPCP) data (25),
calculated from the linear trend multiplied by 22 years. Black contours show the mean precipitation for
1979 to 1983, with contour interval of 3 mm day ™. (B) Zonal-mean precipitation change (red line) with
95% confidence interval (red shading), and the change congruent (16) with a change in the latitude of
the westerly jet obtained from ERA40 (26) (blue line) and National Centers for Environmental Prediction

(NCEP)/NCAR (27) (green line) reanalysis data.
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Fig. 4. Mechanism link-
ing the ozone hole to A 8T
subtropical precipitation
change. Shading is the
zonal-mean response in
austral summer of (A and
D) temperature (in K),
(B and E) zonal wind (in
m s, and (C and F)
mean meridional mass
stream function (in 10°
kg s™). Black solid con-
tours in (A) and (D) are
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lation in the reference integrations, and the arrows illustrate the direction of anomalous vertical motion induced by ozone depletion. (Top row) The coupled
CMAM integrations [experiment (i)]. (Bottom row) The uncoupled CAM3 integrations with ozone depletion confined to 40°S to 90°S [experiment (iv)].

We recognize that other radiative agents, such
as anthropogenic greenhouse gases or sulfate
aerosols, may also have played a role in changing
precipitation at low latitudes. This has been con-
firmed in a recent study (27), where observed
20th-century changes in annual-mean and zonal-
mean land precipitation were linked to anthropo-
genic greenhouse gas and sulfate aerosol forcings.
That study noted, in addition, that models tend
to underestimate the magnitude of the observed
changes, especially at low latitudes. Similar dis-
crepancies in amplitude were reported with pre-
cipitation responses to volcanic eruption (22). In
our study, we find that both the pattern and the
magnitude of zonal mean precipitation changes
in austral summer agree well between observa-
tions and climate models forced with polar ozone
depletion alone. This, therefore, strongly impli-
cates polar stratospheric ozone depletion as being
an important driver of the southern subtropical
moistening observed in austral summer over the
latter part of the 20th century.

In a broader perspective, the impact of polar
ozone depletion on tropical precipitation dis-
cussed here provides one more instance of how
changes in high latitudes are able to affect the
tropics. Other well-known examples are the ef-
fect of Arctic sea ice (23) and of the Atlantic
thermohaline circulation (24) on the position of
the Intertropical Convergence Zone. Hence, we

20 MAY 2011

need to deepen our understanding of polar to
tropical linkages to accurately predict tropical
precipitation.
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