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[1] Observations of extratropical Southern Hemisphere aus-
tral summer precipitation over recent decades show mid-lati-
tude drying and high-latitude moistening. Here we show that
the observed precipitation trends in two datasets are inconsis-
tent with simulated internal variability, but are closely con-
sistent with trends simulated in response to historical changes
in anthropogenic and natural forcings. Simulations with indi-
vidual anthropogenic and natural forcings suggest that the
observed pattern of precipitation change is substantially forced
by anthropogenic greenhouse gas and ozone changes, with an
opposing influence from aerosols. Our results demonstrate that
human influence had a significant impact on precipitation
across the mid and high latitudes of the Southern Hemisphere,
changes which are expected to have a profound impact on
Southern Ocean stratification and hence on ocean-atmosphere
heat and carbon fluxes. Citation: Fyfe, J. C., N. P. Gillett, and
G. J. Marshall (2012), Human influence on extratropical Southern
Hemisphere summer precipitation, Geophys. Res. Lett., 39, L23711,
doi:10.1029/2012GL054199.

1. Introduction

[2] Human influence on precipitation has been detected in
Arctic land areas [Min et al., 2008], and globally in land
areas northward of 40�S [Zhang et al., 2007], but never over
the mid- or high-latitude Southern Hemisphere, where pre-
vious work has demonstrated an important role for changes
in precipitation in controlling Southern Ocean stratification,
and hence the atmosphere-ocean fluxes of heat and carbon
[Sarmiento et al., 1998]. Earlier climate model simulations
[Kang et al., 2011] suggest that polar ozone depletion may
have contributed to the observed pattern of mid-latitude
drying and high-latitude moistening in the Southern Hemi-
sphere austral summer since the late 1970s. These earlier
model results [Kang et al., 2011] are based on equilibrium
solutions (i.e., obtained with steady forcing) from two cli-
mate models in which ozone depletion alone was prescribed.
However, it has yet to be firmly and quantitatively estab-
lished, using a large ensemble of transient climate model
simulations (i.e., with time evolving forcing), what the
influence of changes in the full range of anthropogenic

forcings has been on austral summer precipitation, and
whether the observed changes are outside the range of sim-
ulated internal variability. This issue is challenging because
the observed pattern of long term change (Figure 1a) is
similar to the leading pattern of variability(Figure 1b).
[3] Here we compare observation-based estimates of pre-

cipitation change with those obtained from twenty-nine cli-
mate models participating in Phase Five of the Coupled
Model Intercomparison Project (CMIP5). The climate mod-
els and their simulations are described next, followed by our
main results in Section 3.

2. Models and Simulations

[4] All the CMIP5 model output used in this study was
formed by merging historical simulations up to 2005 either
with historical extension simulations or RCP4.5 simulations
from the period 2006 to 2010. The climate models are listed
by model name followed in parentheses by number of control
years, historical realizations, and historical extension or
RCP4.5 realizations: ACCESS1-0 (250,1,1), ACCESS1-3
(500,1,1), BNU-ESM (559,1,1), CCSM4 (501,6,6), CESM1-
BGC (500,1,1), CESM1-CAM5 (319,3,3), CESM1-WACCM
(200,1,3), CMCC-CM (330,1,1), CMCC-CMS (490,1,1),
CSIRO-Mk3-6-0 (500,10,10), CanESM2 (996,5,5), FGOALS-
s2 (501,3,3), FIO-ESM (800,3,3), GFDL-CM3 (500,5,1),
GFDL-ESM2M (500,1,1), GISS-E2-R (850,6,5), HadGEM2-
CC (95,1,1), IPSL-CM5A-LR (1000,6,4), IPSL-CM5A-MR
(300,1,1), MIROC-ESM (531,3,1), MIROC-ESM-CHEM
(255,1,1), MIROC4h (100,3,3), MIROC5 (670,5,5), MPI-
ESM-LR (1000,3,3), MPI-ESM-MR (1000,3,1), NorESM1-
ME (252,1,1), bcc-csm1-1 (500,3,3), bcc-csm1-1-m (400,3,3)
and inmcm4 (500,1,1). The historical trends that we analyze are
averages over model realizations such that output from each
model is equally weighted in multi-model averages. Control
trends are computed using non-overlapping segments from
14,899 years of available control simulation, and these inde-
pendent trends were used to compute 5–95% control ranges.
[5] In this study we single out the second generation

Canadian Earth System Model (CanESM2) [Arora et al.,
2011] model, one of the CMIP5 models, for further analysis
because single forcing simulations are available for this
model. CanESM2 is a comprehensive climate model that
includes interactions between the terrestrial and oceanic car-
bon cycle components and the physical climate system. The
atmospheric component of CanESM2 is a spectral model
employing T63 triangular truncation with physical tenden-
cies calculated on a 128 � 64 (�2.81�) horizontal linear grid
and based on the Canadian Centre for Climate Modelling and
Analysis (CCCma) fourth generation atmospheric general
circulation model (CanAM4). The physical ocean component
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of CanESM2 is based on the National Center for Atmospheric
Research (NCAR) community ocean model (NCOM1.3) and
has 40 levels with approximately 10 m resolution in the upper
ocean and the horizontal resolution is approximately 1.41�
(longitude) � 0.94� (latitude).

3. Results

[6] To simplify the comparison of observed and simulated
precipitation change we derive a precipitation time series, or
index, representing the difference in zonal average precipi-
tation between the two key latitudes (south of 30�S) where
zonal average precipitation values are maximally anti-cor-
related. In the same way that trends in the Southern Annular
Mode (SAM) index [Gillett and Thompson, 2003] reflect
opposing trends in high- and mid-latitude sea level pressure,
positive trends in our precipitation index imply mid-latitude
drying and high-latitude moistening. For example, in 20th
Century Reanalysis (20CR) [Compo et al., 2011] the index
from 1979 to 2010 shows a significant positive trend of
0.105 � 0.096 mm day�1 per decade which reflects the
difference between a significant southern moistening trend
of 0.048 � 0.045 mm day�1 per decade and a significant
northern drying trend of �0.057 � 0.057 mm day�1 per
decade (using 95% confidence intervals). Similarly, in the
satellite-based Climate Prediction Center (CPC) merged
analysis of precipitation (CMAP) [Xie and Arkin, 1997] the
index from 1979 to 2010 shows a significant positive trend
of 0.121 � 0.055 mm day�1 per decade reflecting the dif-
ference between a significant southern moistening trend of
0.079 � 0.040 mm day�1 per decade and a significant
northern drying trend of �0.042 � 0.023 mm day�1 per
decade. We conclude that the precipitation index trends, and
trends of its components, appear to be robust over the satellite
era from 1979 to 2010. Henceforth, we take a longer view by

considering the index, and its trend, over the extended period
from 1957 to 2010.
[7] Figure 2a compares the precipitation index derived from

20CR and CMAP with the model average precipitation index
computed from the CMIP5 model simulations generally forced
with time evolving changes in ozone (tropospheric and strato-
spheric), greenhouse gases, aerosols (sulphate, black carbon
and organic carbon), land use (e.g., deforestation), solar vari-
ability and volcanic activity. (Note that the model average
CMIP5 index is the average over each models index computed
using each models key latitudes.) The 20CR, CMAP, and

Figure 1. Austral summer (a) precipitation trend and (b) variability for the period from 1979 to 2010 in 20th Century Reanal-
ysis (20CR) [Compo et al., 2011]. Figure 1b is a regression between grid point values of anomalous precipitation and a pre-
cipitation index defined as the difference in normalized zonal average anomalous precipitation between �45�S and �60�S
(shown as dashed circles). The two latitudes defining the index are such that zonal average precipitation between these two
latitudes is maximally anti-correlated. The variability pattern shown in Figure 1b is very similar to the spatial pattern associ-
ated with the leading empirical orthogonal mode (EOF) of austral summer precipitation south of 30�S (not shown).

Figure 2. Simulated and observed austral summer precipita-
tion and sea level pressure indices. (a) Precipitation index.
(b) Sea level pressure index. The black curves are CMIP5model
averages and grey shadings are � one standard deviation of
control values added to the CMIP5 model averages. Observa-
tional estimates for precipitation are 20CR and CMAP and for
sea level pressure are 20CR andMarshall. Austral summer aver-
age values are anomalies relative to 1971–2000 averages.
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CMIP5 average precipitation indices strongly agree in a posi-
tive trend, indicative of mid-latitude drying and high-latitude
moistening, starting in the 1960s and flattening in the 2000s. It
is notable that the flattening over the last decade coincides with
the well-known decrease in ozone-depleting substances [e.g.,
World Meteorological Organization (WMO), 2010; Salby
et al., 2012]. (Here we note that 20CR has time-varying
ozone and other radiative forcings in its driving model while
CMAP is purely an observational product.)
[8] Southern Hemisphere circulation in the austral summer

has also changed over recent decades [e.g., WMO, 2010;
Gillett and Thompson, 2003; Thompson and Solomon, 2002;
Thompson et al., 2011]. To see this here we derive a sea level
pressure (SLP) index, analogous to the precipitation index, as
the difference in zonal average SLP between the two latitudes
(south of 30�S) where values of zonal average SLP are maxi-
mally anti-correlated. This index, which is associated with the
SAM [Thompson and Wallace, 2000;Gong and Wang, 1999],
has been linked to many aspects of Southern Hemisphere cli-
mate system [WMO, 2010; Thompson et al., 2011]. Specifi-
cally, positive SLP index trends in the austral summer indicate
strengthening and poleward-shifting surface westerlies [e.g.,
Swart and Fyfe, 2012; Wilcox et al., 2012] and a poleward-
shifting extratropical storm track [e.g., Gillett et al., 2006].
Figure 2b compares the SLP index derived from 20CR and the
Marshall [2003] index (see http://www.nerc-bas.ac.uk/icd/
gjma/sam.html) with the CMIP5 average SLP index. As with
precipitation, the observation-based and simulated SLP indi-
ces strongly agree in a positive trend starting in the 1960s but
abating over the last decade in-step with a likely leveling-off in
Antarctic ozone depletion.
[9] Simulated precipitation index trends from 1957 to

2010 are robust (consistent between CMIP5 models) and
statistically indistinguishable from observed estimates based
on 20CR and CMAP (Figure 3a). Here, the satellite-based
CMAP index has been pre-pended with 20CR values over

the pre-satellite period from 1957 to 1978. The simulated
and observed trends are outside the 5–95% range simulated
in 14,899 years of unforced control simulation and hence
cannot be explained by internally generated climate vari-
ability. The precipitation trend derived from the satellite-
based GPCP dataset [Adler et al., 2003], also pre-pended
with 20CR values over the pre-satellite period, is just within
the 5–95% range of internal variability, but is not signifi-
cantly different from the 20CR and CMAP estimates. We
conclude that it is very likely that natural and anthropogenic
forcings have together had a detectable influence on mid- to
high-latitude austral summer precipitation change. Before
turning our attention to the SLP index trends we note that: 1)
the simulated and observed precipitation indices reflect
about the same amount of interannual variability, and 2) all
simulated index trends are positive, with 23 of 29 being
outside the range of control variability.
[10] Simulated SLP index trends for the CMIP5 models

are also robust, statistically indistinguishable from observa-
tion-based estimates, and cannot be explained by internal
variability (Figure 3b). It appears that these SLP trends, and
related poleward-shifting surface westerlies [Swart and Fyfe,
2012] and extratropical storm track, may be driving the mid-
latitude drying and high-latitude moistening observed over
recent decades. A direct relationship between circulation
change (as driver) and precipitation change (as response) is
suggested by the high degree of correlation that exists
between the SLP and precipitation indices, e.g., the correla-
tion between the de-trended Marshall index and the 20CR
precipitation index is about 0.88. It follows that the per-
centage fraction of the total precipitation index trend that is
congruent with the SLP index trend is about 80%. It is also
worth noting that the signal-to-noise ratio for the precipita-
tion index is at least as high as for the SLP index, i.e., the
precipitation trends are as significant as the SLP trends
compared to internal variability.
[11] Figure 4a separates the precipitation “all forcing”

response to changes in greenhouse gases, ozone (tropospheric

Figure 3. Simulated and observed index trends in austral
summer precipitation and sea level pressure indices for the
period from 1957 to 2010. (a) Trends in precipitation index.
(b) Trends in sea level pressure index. Black boxes show the
CMIP5 model average trends and their 5–95% confidence
ranges of historical simulations. Grey shadings are 5–95%
ranges of control values. Observational estimates for precip-
itation are 20CR, CMAP and GPCP. The CMAP and GPCP
indices were pre-pended with 20CR values over the pre-
satellite period from 1957 to 1978. Observational estimates
for sea level pressure are 20CR and Marshall. The open cir-
cles are for CanESM2.

Figure 4. CanESM2 simulated index trends in austral sum-
mer precipitation and sea level pressure indices for the
period from 1957 to 2010. (a) Trends in precipitation index.
(b) Trends in sea level pressure index. Trends are averages
over five-member ensembles. The grey shadings are 5–
95% ranges based on control values taking into account
the number of available historical realizations. The “all forc-
ing” bars are for simulations that combine changes in green-
house gas, ozone, aerosol, land use, solar, and volcanic
forcings. The “inferred all forcing” bars sum the separate
responses from greenhouse gas, ozone, aerosol, land use,
and solar and volcanic forcing.
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and stratospheric), aerosols (sulphate, black carbon and
organic carbon), land use, solar and volcanic variability
(combined), and solar variability (alone). These responses,
which are based on five-member ensembles of CanESM2
simulations, are compared to control variability taking into
account the ensemble size. The CanESM2 all forcing
precipitation trend, which is nearly identical to the CMIP5
average trend (Figure 3a), is mainly the consequence of
greenhouse gas and ozone changes with an opposing influ-
ence from aerosol changes. The responses to changes in land
use and natural (solar and volcano combined, and solar alone)
forcings are not statistically significant when compared to
control variability. We note that the “inferred all forcing”
response, which sums the separate responses, closely mat-
ches the all forcing response; hence a clear interpretation of
the contribution of the separate responses to the all forcing
response is available. The all forcing SLP trend (Figure 4b) is
primarily the consequence of greenhouse gas and ozone
changes.
[12] Earlier climate model simulations [Kang et al., 2011],

where ozone depletion alone was prescribed, have shown that
ozone depletion has substantially contributed to the observed
pattern of mid-latitude drying and high-latitude moistening.
Our simulations with CanESM2 show a less substantial, but
still significant, contribution from ozone depletion. (Here we
note that CanESM2 employs, as with the other CMIP5 mod-
els, a standard dataset of stratospheric ozone change [Cionni
et al., 2011].)The larger magnitude of ozone response in the
earlier calculationmay arise for two reasons: 1) it was based on
a period of maximum ozone depletion (1979–2000) whilst the
present calculation encompasses an earlier period with little
ozone depletion (1957–1978) and a later period with some
ozone recovery (2001–2010), and 2) it was derived at equi-
librium where the full force of ozone depletion was felt
instantly rather than transiently as here and in reality. This said
CanESM2 appears to have a somewhat weaker ozone response
than some other earlier generation climate models [Arblaster
and Meehl, 2006; Sigmond et al., 2011; McLandress et al.,
2011; Polvani et al., 2011; Son et al., 2008].

4. Discussion

[13] We find that the southern mid-latitude drying and
high-latitude moistening observed in the austral summer over
the last half-century has resulted primarily from changing
anthropogenic emissions of greenhouse gases and ozone-
depleting substances, with an opposing influence from chang-
ing emissions of anthropogenic aerosols, rather than through
internal natural climate variability. These observed changes
likely had important impacts on several key components of the
Southern Hemisphere climate system, including ocean salinity
[Sarmiento et al., 1998;Durack and Wijffels, 2010] and carbon
uptake [Sarmiento et al., 1998; Le Quéré et al., 2007], as well
as on Antarctic sea ice [Comiso and Nishio, 2008; Sigmond
and Fyfe, 2010] and Antarctic Bottom Water [Purkey and
Johnson, 2012].
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