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Short Communication

Anthropogenic influence on summer precipitation trends
over South America in CMIP5 models
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ABSTRACT: Austral summer rainfall trends are analysed over South America from observations and simulations of the
Coupled Model Intercomparison Project version 5 between 1902 and 2005. Positive trends in southeastern South America
(SESA) and negative ones in the southern Andes (SAn) are the most significant observed features. Mean trends obtained
from an ensemble of 59 simulations from 14 models for the historical experiment (including both natural and anthropogenic
forcings) are able to reproduce those precipitation changes, although weaker than observed. Most of the simulations
reproduce the right sign of the precipitation changes at both regions. However, associated uncertainty ranges (due to
both inter-model dispersion and internal climate variability) are still large. Mean trends for the historical experiment are
statistically distinguishable from those obtained for the natural-forcing-only experiment, which exhibit negligible mean values
at both regions. Results allow concluding that the anthropogenic forcing has at least a partial contribution in explaining the
precipitation changes observed in both SESA and SAn regions during the last century.
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1. Introduction

Understanding climate change signal in southern South
America is largely relevant as the region is home to several
hundred million people, encompassing the most produc-
tive economic areas of six different countries (Argentina,
Bolivia, Brazil, Chile, Paraguay, and Uruguay). Evidences
of positive austral summer precipitation trends have been
recorded over southeastern South America (SESA) during
the 20th century in both mean (e.g. Liebmann et al., 2004;
Barros et al., 2008; IPCC, 2013) and extreme conditions
(e.g. Re and Barros, 2009; Penalba and Robledo, 2010).
Also, most of the climate models project in SESA, posi-
tive precipitation changes by the end of the 21st century
(e.g. Vera et al., 2006; IPCC, 2013). On the other hand,
negative precipitation trends have been observed in the
southern Andes (SAn) during the 20th century, and most
of climate models project continued decreases by the 21st
century (e.g. IPCC, 2013).

The impacts of those precipitation changes on the
socio-economic activities in southern South America can
be large (e.g. Zak et al., 2008). However, few studies have
focused in understanding their causes. The increase of
greenhouse gases (GHGs) has been suggested as having at
least a partial role in explaining both, positive precipitation
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trends projected by the end of the 21st century in SESA
(e.g. Junquas et al., 2012) and negative trends in SAn (e.g.
Purich et al., 2013). Other factors like ozone depletion has
also been suggested (e.g. Gonzalez et al., 2014).

The diverse set of climate simulations for the 20th cen-
tury available from the Coupled Model Intercomparison
Project version 5 (CMIP5) of World Climate Research Pro-
gram (WCRP) (Taylor et al., 2012) provides an excellent
opportunity to assess precipitation changes in South Amer-
ica. The purpose of this investigation is then to evaluate
the ability of the CMIP5 models in reproducing the austral
summer precipitation trends observed in southern South
America during the 20th century and to explore the role of
both anthropogenic (associated with GHG concentration
increase) and natural (volcanism, solar activity, etc) forc-
ings in explaining them. A discussion about the uncertain-
ties in the determination of the precipitation changes asso-
ciated with model discrepancies and climate internal vari-
ability (e.g. Hawkins and Sutton, 2011) is also included.

2. Data and methods

Monthly mean rainfall fields from the Global Precipitation
Climatology Centre (GPCC) monthly dataset (Schneider
et al., 2011) are used with a spatial resolution of 2.5∘ to
describe observed trends between 1902 and 2005. The
product uses station-based records, and thus it has only
continental coverage.
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Simulated precipitation monthly means available from
14 different CMIP5 models (Taylor et al., 2012) are also
used. They are described in Table 1. Simulations are lin-
early interpolated to a 2.5∘ × 2.5∘ standard grid that corre-
sponds to that of the GPCC dataset. Three different types
of CMIP5 experiments were considered over the period
of analysis: (1) ‘Historical’ (H) experiment, forced by
natural sources (consistent with observations on volcanic
influence, solar forcing, emissions of natural aerosols, etc)
and anthropogenic sources (consistent with observations
on emission of GHG and of anthropogenic aerosols and
land use); (2) ‘GHG-only’ (HGHG) experiment, forced
by varying GHG emissions as in the H experiment while
leaving constant the natural forcing and the other anthro-
pogenic forcing; and (3) ‘Natural-only’ (HNat) experi-
ment, forced by varying natural sources as in the H exper-
iment while leaving constant all anthropogenic forcing.
Table 1 shows that for many models more than one member
is available for the three experiments, although the number
of model members is variable.

The study focuses on the austral summer conditions
that are described by computing seasonal precipita-
tion means for December–January–February (DJF).

Precipitation trends for each model are determined by
averaging the linear trends obtained by a linear regression
for each model member. Multi-model ensemble mean
(MEM) trends for each experiment are then calculated by
averaging all model trends. Trends are statistically tested
with a Student’s t-test.

Trends over both SESA and SAn regions are further
analysed using the CMIP5 model simulation set. Trends
in SESA are described by spatially averaging them over a
region covering 38.75–26.25∘S and 66.25–61.25∘W. The
region is located further west from that usually described
in literature as SESA, because, as it is discussed in the
next section, the model ensemble mean locates there the
trend maximum observed in SESA. Trends in SAn are
determined in a similar way but considering the region
covering 51.25–36.75∘S and 73.75–71.25∘W.

The study of the trends simulated by the CMIP5 mod-
els includes an analysis of the uncertainties due to the
model spread and to the climate system internal variability
(e.g. Hawkins and Sutton, 2011). The inter-model disper-
sion is computed as the standard deviation of the model
trends (defined above) with respect to MEM trend. On
the other hand, to determine the uncertainty associated

Table 1. CMIP5 models and experiments used in the study.

Model name Institutes Resolution
(∘lat × ∘lon)

H
members

HNat
members

HGHG
members

BCC-CSM1.1 Beijing Climate Center, China
Meteorological Administration

≈2.81 × 2.81 3 1 1

CanESM2a Canadian Centre for Climate
Modelling and Analysis

≈2.81 × 2.81 5 5 5

CCSM4a National Center for Atmospheric
Research

≈0.94 × 1.25 6 4 3

CNRM-CM5a Centre National de Recherches
Meteorologiques/Centre Europeen de
Recherche et Formation Avancees en
Calcul Scientifique

≈1.41 × 1.41 9 5 6

GFDL-CM3a Geophysical Fluid Dynamics
Laboratory

2 × 2.5 5 3 3

GFDL-ESM2M Geophysical Fluid Dynamics
Laboratory

2 × 2.5 1 1 1

GISS-E2-Ha NASA Goddard Institute for Space
Studies

2 × 2.5 5 5 5

GISS-E2-Ra NASA Goddard Institute for Space
Studies

2 × 2.5 6 5 5

HadGEM2-ESa Met Office Hadley Centre ≈1.24 × 1.88 4 4 4
IPSL-CM5A-LR Institut Pierre-Simon Laplace ≈1.88 × 3.75 5 3 1
MiROC-ESM-CHEM Japan Agency for Marine-Earth

Science and Technology, Atmosphere
and Ocean Research Institute (The
University of Tokyo), and National
Institute for Environmental Studies

≈2.81 × 2.81 1 1 1

MIROC-ESM Japan Agency for Marine-Earth
Science and Technology, Atmosphere
and Ocean Research Institute (The
University of Tokyo), and National
Institute for Environmental Studies

≈2.81 × 2.81 3 1 1

MRI-CGCM3 Meteorological Research Institute ≈1.13 × 1.13 3 1 1
NorESM1-ME Norwegian Climate Centre ≈1.87 × 2.5 3 1 1

aModels are those considered in Figure 4.
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with the internal variability of the climate system for each
model, the standard deviation associated with its member
trends is first computed. These standard deviations are then
averaged over all models to estimate the uncertainty.

3. Results

The magnitude of DJF rainfall linear trend computed
from GPCC data over the 1902–2005 period is shown
in Figure 1. Largest positive magnitudes are found in
SESA, mainly over eastern Argentina, southern Brazil,
and western Uruguay. A comparison between this trend
and that obtained directly from station data available in
SESA presents a good agreement (not shown). The latter
confirms that GPCC data are reliable for climate change
studies in this region, in agreement with other validations
(e.g. Gonzalez et al., 2012). In addition, significant posi-
tive trends are found in northeastern Brazil, and significant
negative trends are evident in the SAn region. The assess-
ment of the number of the stations included in the GPCC
dataset shows that both regions have reasonable data
coverage, SAn from the beginning of the 20th century,
and northeastern Brazil from the 1920s, (not shown).
Positive trends are also found over northwestern Brazil
and southern Peru, while they are negative over the central
Brazil. However, large uncertainties are associated with
these features as the GPCC dataset includes over those
regions very few observations, particularly during the first
decades of the 20th century (not shown).

MEM rainfall trends for the H experiment are signif-
icantly positive in SESA but maximizing west of those
observed (Figure 2(a)). Moreover, MEM presents signif-
icant positive trends in Peru and northeastern Brazil, and
negative trends in central and southeastern Brazil where
the South Atlantic Convergence zone (SACZ) locates,
as well as along the SAn, in general all in agreement
with GPCC. Nevertheless, the magnitude of the simulated
trends in South America is smaller than that observed.

Figure 2(b) shows that model uncertainties (computed as
described in Section 2) are larger at tropical latitudes, par-
ticularly over the regions associated with the inter-tropical
convergence zone (ITCZ), the SACZ and the tropical
Andes. In addition, the ratio between the MEM trend and
the inter-model trend dispersion was calculated in order
to identify regions where the MEM trend magnitude is
larger than the model uncertainty. MEM trends are signif-
icantly different from model uncertainties only in SESA
and in SAn (Figure 2(c)).

The influence of natural and anthropogenic forcings in
the precipitation trend was also assessed. MEM trends
obtained from HNat experiment are in general very small
and no significant along the entire continent (Figure 2(d)).
The inter-model dispersion (Figure 2(e)) is smaller than
that obtained when both natural and anthropogenic fac-
tors are considered (Figure 2(b)). Nevertheless, the ratio
between the MEM trend and the inter-model dispersion
for HNat experiment is in magnitude smaller to 1 every-
where (Figure 2(f)). Therefore, the effect of natural factors
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Figure 1. DJF precipitation trends obtained from GPCC data over the
period 1902–2005. Trends are described in mm season−1 decade−1.
Black line indicates statistical significant values at 95% confidence level.

in forcing precipitation trends in South America seems
negligible.

MEM trends resulted from HGHG experiment are large
and positive at the tropical regions (mainly over Peru,
northwestern, and northeastern Brazil) and also at the
subtropics, including the SESA region (Figure 2(g)). On
the other hand, statistically significant negative trends
are evident in the SAn. The region located right to the
south of the SACZ climatological position also exhibits
negative trends, although not statistically significant.
The inter-model dispersion in the HGHG experiment
(Figure 2(h)) is larger than that found in H experiment
at the tropics and subtropics. Consequently, the ratio
between the MEM trend and the inter-model dispersion
(Figure 2(i)) is in magnitude smaller to 1 almost every-
where, excepting in the SAn and in a small region by the
coast of Argentina. It becomes evident that the pattern
of positive (negative) trends in SESA (SAn) identified
when all forcing are considered in the simulations, are
also discernible in some way in HGHG experiment, while
they are not identifiable when natural forcing are only
considered.

4. Discussion

The rainfall trends identified in SESA and SAn are further
studied in this section. As it was described in Section 2,
both regions are defined based on the locations of the
maximum values of the corresponding trends depicted
by the MEM, given that the analysis focus is to better
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Figure 2. (a) MEM precipitation trends (units in mm season−1 decade−1), black line indicates statistical significant values at 95% confidence level; (b)
inter-model trend dispersion (units in mm season−1 decade−1); (c) ratio between MEM precipitation trend and inter-model trend dispersion, computed
for H experiments over (1902–2005); (d–f) idem but for HNat experiments; (g–i) idem but for HGHG experiments. Boxes in (a) determine the

regions considered as SESA (38.75∘S–26.25∘S, 66.25–61.25∘W) and SAn (51.25–36.75∘S, 73.75–71.25∘W).
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Figure 3. Box- and whisker-plots of 59-member simulated precipita-
tion trends in SESA and SAn regions (described in Figure 2) for H
experiments of 14 different models. The central horizontal bar repre-
sents the median, the low and top box limits represent the central 50%
inter-member range, and the vertical extreme limits represent the com-
plete inter-member range. The black dot denotes the observed value from

GPCC data. Units are in mm season−1 decade−1.

understand the nature of the simulated trends. Follow-
ing the methodology suggested by Pan et al. (2013), the
trends resulted from the 59 members available from the
14 models considered for the H experiment (Table 1)
are analysed based on individual members (not model
based) for both regions. In this way, the full range of
trend values represented by that ensemble can be described
while avoiding possible mutual cancellation of precipi-
tation trends among ensemble members within a model.
The full inter-member dispersion is characterized by box-
and whisker plots computed for the two regions under
study (Figure 3). In SESA, the median is positive, as
well as it is the central 50% inter-member range. Only
the lowest extreme trend values are negative but very
small though. In SAn, both the median and the central
50% percentile are negative, and only the highest extreme
trend values are positive. In fact, only 1 of the 59 mem-
bers explains the top limit range of uncertainty, while
the rest of those associated with positive trends exhibit
values smaller than 1 mm season−1 decade−1 (not shown).
Figure 3 also shows that the observed trend value for both
regions falls within the range of simulated trend values.
The magnitude of the observed trend for SESA is simi-
lar to that associated with the top positive extreme value
described by the simulation ensemble. On the other hand,
the value of the observed trend for SAn is similar to that
associated with the 25% percentile of the inter-member
range.

The MEM trends at both regions and the associated
uncertainties resulted from both model dispersion and the
climate internal variability are displayed in Figure 4 for the
three experiments considered. The availability of model
members is needed to estimate the uncertainties associated

Figure 4. MEM precipitation trend (light grey bars), model uncertainty
(black bars), and the uncertainty due to internal climate variability (dark
grey bars), computed for the three experiments and for models identified
with ‘a’ in Table 1, over (a) SESA and (b) SAn regions. Units are in

mm season−1 decade−1.

with the internal variability. In that sense, only models
with at least three members available for each of the
experiments are considered [denoted with ‘a’ in Table 1].

Figure 4(a) shows that MEM trend in SESA for H
experiment is positive and the corresponding two ranges
of uncertainties considered, which are of similar magni-
tude, also encompass positive values only. On the other
hand, the MEM trend magnitude for the HNat experiment
is almost negligible, and the associated uncertainties
include both negative and positive values. Moreover,
when model uncertainties are only considered, the MEM
trend for H experiment is statistically different from that
for HNat experiment, although those trends are not sig-
nificantly different when internal variability uncertainty
ranges are considered. On the other hand, for HGHG
experiment, the MEM trend is slightly smaller and the
corresponding uncertainty ranges larger (but all positive)
as compared with H experiment results. However, the
magnitudes of both trends are not statistically different
(Figure 4). A clear explanation about why the mean trend
described by the H experiment could be larger than that
resulted from the HGHG experiments is not evident from
the analysis. It is speculated that a synergetic relation-
ship between the long-term change forced by the GHG
increase and the natural multi-decadal variability could
explain that.

The MEM trend in SAn for H experiment is negative, and
the associated two ranges of uncertainties also cover neg-
ative values (Figure 4(b)). On the other hand, the MEM
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trend for the HNat experiment is negligible with uncer-
tainty ranges including both negative and positive values.
The MEM trend for the HGHG experiment is negative and
slightly larger than that for the H experiment. It is evident
that the trends for both H and HGHG experiments are sta-
tistically different from those obtained for the HNat exper-
iment. The latter allows concluding that the anthropogenic
forcing due to GHG increase had a significant influence on
the precipitation change in SAn region.

5. Conclusions

The study of DJF rainfall linear trends in South America
performed using both observations and CMIP5 model sim-
ulations over the 1902–2005 period confirms that the most
significant signals are positive trends in SESA and negative
ones in SAn. The MEM resulted from the CMIP5 models is
able to describe those signals but with a weaker magnitude
than that observed. The availability of a larger number of
members and models for the H experiment in the CMIP5
dataset allowed a more robust uncertainty analysis than
that made with CMIP3 model simulations (e.g. Vera et al.,
2006). The analysis of the full range of trends resulted from
all members and models considered, shows positive (neg-
ative) values in SESA (SAn), excepting only the lowest
(highest) extreme trends values that are of opposite sign.

A comparative analysis of the MEM trends and the
associated uncertainties resulted from both model differ-
ences and the internal climate variability among the three
experiments considered (historical, HNat, and HGHG)
was made. It was found for the two regions considered
that the MEM trends obtained when both anthropogenic
and natural forcings are considered are statistically dis-
tinguishable from those obtained when natural forcing
is only considered. Moreover, the MEM trend in SAn
for HGHG experiment is statistically different from that
for HNat experiment. Therefore, the analysis presented
above allows concluding that anthropogenic forcing in
CMIP5 models has a detectable influence in explaining
the precipitation changes observed in SESA and SAn
during the 20th century.

Acknowledgements

The research was supported by Consejo Nacional de Inves-
tigaciones Científicas y Técnicas (CONICET) PIP 112-
200801-00399, UBACyT 20020100100434, ANPCyT
PICT-2010-2110, CNRS/INSU/LEFE Program, and the

National Science Foundation Rapid Program (AGS-
1126804). Leandro Diaz was supported by a PhD grant
from CONICET, Argentina.

References

Barros VR, Doyle ME, Camilloni IA. 2008. Precipitation trends in
southeastern South America: relationship with ENSO phases and with
low-level circulation. Theor. Appl. Climatol. 93(1-2): 19–33, doi:
10.1007/s00704-007-0329-x.

Gonzalez PLM, Goddard L, Greene AM. 2012. Twentieth-century sum-
mer precipitation in South Eastern South America: comparison of
gridded and station data. Int. J. Climatol. 33(13): 2923–2928, doi:
10.1002/joc.3633.

Gonzalez PL, Polvani ML, Seager R, Correa GJP. 2014. Stratospheric
ozone depletion: a key driver of recent precipitation trends in South
Eastern South America. Clim. Dyn. 42(7–8): 1775–1792, doi:
10.1007/s00382-013-1777-x.

Hawkins E, Sutton R. 2011. The potential to narrow uncertainty in
projections of regional precipitation change. Clim. Dyn. 37(1-2):
407–418, doi: 10.1007/s00382-010-0810-6.

IPCC. 2013. Summary for policymakers. In Climate Change 2013:
The Physical Science Basis. Contribution of Working Group I to the
Fifth Assessment Report of the Intergovernmental Panel on Climate
Change, Stocker TF, Qin D, Plattner G-K, Tignor M, Allen SK,
Boschung J, Nauels A, Xia Y, Bex V, Midgley PM (eds). Cambridge
University Press: Cambridge, UK and New York, NY.

Junquas C, Vera CS, Li L, Le Treut H. 2012. Summer precipitation
variability over Southeastern South America in a global warming
scenario. Clim. Dyn. 38(9): 1867–1883, doi: 10.1007/s00382-011-
1141-y.

Liebmann B, Vera CS, Carvalho LMV, Camilloni IA, Hoerling M,
Allured D, Barros VR, Baez J, Bidegain M. 2004. An observed trend
in central South American precipitation. J. Clim. 17: 4357–4367, doi:
10.1175/3205.1.

Pan Z, Liu X, Kumar S, Gao Z, Kinter J. 2013. Intermodel variability
and mechanism attribution of central and southeastern U.S. anomalous
cooling in the twentieth century as simulated by CMIP5 models. J.
Clim. 26: 6215–6237, doi: 10.1175/JCLI-D-12-00559.1.

Penalba OC, Robledo F. 2010. Spatial and temporal variability of
the frequency of extreme daily rainfall regime in the La Plata
Basin during the 20th century. Clim. Change 98: 531–550, doi:
10.1007/s10584-009-9744-6.

Purich A, Cowan T, Min S-K, Cai W. 2013. Autumn precipitation
trends over southern hemisphere midlatitudes as simulated by CMIP5
models. J. Clim. 26: 8341–8356.

Re M, Barros VR. 2009. Extreme rainfalls in SE South America. Clim.
Change 96(1-2): 119–136, doi: 10.1007/s10584-009-9619-x.

Schneider U, Becker A, Finger P, Meyer-Christoffer A, Rudolf B, Ziese
M. 2011. GPCC full data reanalysis version 6.0 at 2.5∘: monthly
land-surface precipitation from rain-gauges built on GTS-based and
Historic Data, doi: 10.5676/DWD_GPCC/FD_M_V6_250.

Taylor K, Stouffer RJ, Meehl GA. 2012. An overview of CMIP5 and
the experiment design. Bull. Am. Meteorol. Soc. 93: 485–498, doi:
10.1175/BAMS-D-11-00094.1.

Vera C, Silvestri G, Liebmann B, Gonzalez P. 2006. Climate
change scenarios for seasonal precipitation in South America
from IPCC-AR4 models. Geophys. Res. Lett. 33: L13707, doi:
10.1029/2006GL025759.

Zak M, Cabido M, Cáceres D, Díaz S. 2008. What drives accelerated
land cover change in central Argentina? Synergistic consequences of
climatic, socioeconomic, and technological factors. Environ. Manage.
42: 181–189.

© 2014 Royal Meteorological Society Int. J. Climatol. 35: 3172–3177 (2015)


