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ABSTRACT 

Historical simulations (present climate) and projections under RCP8.5 scenario (future climate) by HadGEM2-ES of 
temperature and precipitation are analyzed during the four seasons in South America. Projections of precipitation are 
discussed in terms of atmospheric circulation. The South Atlantic Convergence Zone (SACZ) and the Pacific South 
America (PSA) patterns are analyzed in simulations of present climate and in future climate projections. The model 
shows small systematic errors over South America, larger close to the northern South American coast in DJF and MAM. 
The seasonal variability of precipitation, temperature and wind fields is very well reproduced, mainly the sum- 
mer/winter differences. The SACZ and the Intertropical Convergence Zone (ITCZ) are well simulated. The good model 
performance to reproduce the precipitation, temperature and wind fields, in the present climate, gives confidence in the 
projection results subject to the future scenarios. Changes from the present time to the future indicate increased precipi- 
tation over southern and southeastern Brazil and areas nearby and the tropical western South American coast. Reduced 
precipitation is projected over eastern Amazonia, northern South America and southern Chile. The changes are related 
to changes in the low level wind flow over the tropical North Atlantic, which reduces the advection of moisture to the 
continent and also to the increased low level flow over central South America southwards, which increases the humidity 
in the southern regions. The upper level flow changes are also consistent with the precipitation changes. There is a 
weakening of the Bolivian High and a strengthening of the subtropical jet over the continent. The SACZ dipole pattern 
is well simulated and in the future projections the southern center anomalies are more intense than in the present time. 
The PSA1 and PSA2 patterns are well represented in the present climate, but in the future projection only one dominant 
mode is identified as the typical teleconnection over the Pacific and South America. 
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1. Introduction 

The impacts of climate variability over South America 
have been analyzed using precipitation data derived from 
satellite and observations at the surface, atmospheric 
variables from reanalysis, Sea Surface Temperature (SST) 
from reconstructed datasets and results from numerical 
models simulations. Atmospheric models, ocean-atmos- 
phere coupled models and climate models that include 
biosphere, cryosphere, chemistry, aerosol, dynamic vege- 
tation, carbon and nitrogen cycle and other components 
have been developed along the years to reach a status of 
earth system models. The coordinated phase 5 experi-
ments of the Coupled Model Intercomparison Project 
(CMIP5) aimed to provide results of climate simula- 
tions and projections from the new generation of earth 
system models [1,2]. The results of CMIP5 will contrib- 

ute to the IPCC-AR5 to complement previous CMIP3 
findings. 

South America, a continent that extends from the tropics 
to the extratropics, is affected by climate variability in 
several timescales, from the intraseasonal to interannual 
and multidecadal. This continent has two large hydro- 
graphic basins-Amazonia and La Plata basins, which are 
crucial to navigation, fishing and hydroelectric power. 
Droughts and floods in several regions of the continent 
affect several sectors, such as the economy, agriculture, 
water resources and social life [3]. Therefore, it is im- 
portant to discuss the issue of changes in precipitation 
over South America under climate change scenarios. 

Precipitation reduction in the extreme northern South 
America, large part of Northeastern Brazil and in the 
Patagonia region and Chile in the future projections un- 
der global warming was reported in IPCC-AR4 [4]. In- 
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creased precipitation was projected to southeastern South 
America, Colombia, Ecuador and Peru. Large uncertain- 
ties were found for Amazonia. The ability of CMIP3 mo- 
dels to reproduce the seasonal precipitation over South 
America was discussed in [5]. The models could repre-
sent the maximum tropical precipitation in the summer 
season and some of them could show features of the 
South Atlantic Convergence Zone (SACZ). The north-
west-southeast band of mean summer precipitation from 
Amazonia towards the South Atlantic, which is related to 
the SACZ occurrences, was also reproduced by some 
CMIP3 models analyzed in [6,7]. 

The SACZ is a typical system of austral summer sea- 
son and it is part of the South American Monsoon Sys- 
tem. Its variability is represented by a precipitation or 
Outgoing Long wave Radiation (OLR) dipole, in which 
one of the centers is related to the intensification or 
weakening of the SACZ and the other center is located to 
the south [8-12]. Therefore its variability has impacts on 
southeastern and southern Brazil and La Plata basin. 

The Pacific South America (PSA) pattern is similar to 
the Pacific North America (PNA) pattern in the Northern 
Hemisphere, linking the tropics to the extratropics 
through a Rossby wave train from tropical convection 
[13,14]. This pattern has influences over South America 
in several timescales, such as intraseasonal and interan- 
nual. In the summer, the cyclonic circulation at high lev- 
els, over southeastern South America, which contributes 
to the convection in the SACZ, is part of the PSA wave 
train pattern [9,10]. In the winter, this pattern can gener- 
ate favorable conditions for the displacement and devel- 
opment of synoptic systems, such as frontal systems over 
South America [15]. Wave trains PSA-type in the winter 
can also be recognized in [16] associated with cold 
surges over South America. Thus, the accurate reproduc- 
tion of PSA pattern by the models is important for South 
American climate in future projections. 

Most of the CMIP3 models analyzed by [17] did not 
reproduce the PSA pattern. However, [18] showed that 
this pattern is linked to the dipole precipitation with cen- 
ters of action in the SACZ and in the Southeastern South 
America (SESA) region in CMIP3 model results. The 
projections of two periods of the 21st century indicated 
an increase of precipitation in the SESA center associ-
ated with the intensification and westward displacement 
of the wave train pattern over the Pacific. 

The aim of this paper is to show the ability of Had- 
GEM2-ES model of CMIP5 integrations to reproduce the 
main precipitation features over South America and to 
indicate the changes in precipitation and temperature 
under the RCP8.5 scenario. The variability of the SACZ 
is analyzed in the present and future climate projections 
are used to investigate changes in its pattern and intensity. 
The simulation of the PSA pattern and its behavior in 

future projections is also investigated. 

2. Observed Data and Model Description 

Precipitation data are obtained from the Global Precipita- 
tion Climatology Project (GPCP) [19] and atmospheric 
winds, geopotencial and temperature are provided by 
ERA-Interim reanalysis [20]. The period of analysis is 
1979/1980 to 2004/2005. GPCP data contain ground 
floor measurements data as well as satellite information, 
available from 1979, and has 2.5 lat × lon resolution. 
ERA-Interim dataset have been produced by the Euro-
pean Centre for Medium-Range Weather Forecasts 
(ECMWF) with resolution of 1.5 lat × lon. 

The model from CMIP5 is the HadGEM2-ES, an Earth 
System Model, based on the previous HadGEM1 [21,22]. 
It includes improvements to reduce the systematic errors, 
such as Northern Hemisphere continental temperature 
biases and tropical sea surface temperature biases and 
poor variability [23,24]. HadGEM2-ES has been evalu- 
ated and used for CMIP5 centennial simulations [24,25]. 
In the earth system version there are several components 
of the climate systems, such as atmosphere, ocean, land, 
cryosphere, atmospheric chemistry, terrestrial and marine 
biosphere, carbon cycle [16]. The horizontal resolution is 
1.875˚ lat × 1.25˚ lon with 38 vertical levels in the at- 
mosphere. In the ocean there are 40 vertical levels and 
the horizontal resolution is 1˚ lat × 1˚ lon, from the poles 
to 30˚ latitude, increasing to 0.33˚ at the equator. 

The historical simulation, defined as 1860 to 2005, 
used historical record of climate forcing factors such as 
greenhouse gases, aerosols and natural forcing such as 
solar and volcanic changes. The parameters values were 
in conformity with CMIP5 protocol. The model state at 
2005 was then used as the initial condition for the future 
RCP8.5 simulations (Representative Concentration Path- 
way, consistent with a high emissions scenario) [2]. This 
scenario is based on the increase of the radiative forcing 
in the 21st century reaching a level of 8.5 W·m−2 before 
the end of the century. A full description of HadGEM2- 
ES model setup can be found in [25]. 

The period taken for present time is 1979/1980 to 
2004/2005, and monthly data from four members of the 
historical integration were analyzed. In this analysis only 
the ensemble of the four members are shown. The period 
analyzed in the future projections is the last 26 years of 
the integrations: 2073/2074 to 2098/2099, under scenario 
RCP8.5. 

3. Historical Simulation and Future 
Projections 

3.1. Precipitation and Atmospheric Features 

The model is able to represent the seasonal variability of 
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precipitation over South America (Figure 1). Many fea- 
tures of the annual cycle of rainfall are well simulated, 
such as the large differences of precipitation in central 
and southeastern regions of Brazil between summer and 
winter that characterize the monsoon system regime over 
the continent, the northwest-southeast precipitation band 
associated with the SACZ occurrences, the Intertropical 
Convergence Zone (ITCZ) meridional displacements a- 
long the year, the shifting northwards of maximum pre- 
cipitation over South America in MAM and southwards 
in SON and the persistent precipitation along the year 

over southeastern South America and southern Chile. 
The differences from the observed precipitation are be- 
tween –1 and +2 mm/day on most of the continent, but 
the model underestimate the rainfall by 4 - 6 mm/day 
close to the northern coast of South America in the 
summer and autumn and by 2 mm/day in the extreme 
eastern Northeast Brazil in the winter. 

Overestimated precipitation occurs in the Andes Cor- 
dillera region. In general, the models have large system-
atic errors in this region, related to the unresolved topog-
raphy [26] but HadGEM2-ES shows relatively small 

 

 

Figure 1. Precipitation (mm/day) in the four seasons (1st row: HadGEM2-ES; 2nd row: GPCP; 3rd row: difference model- 
bservation). The model data was interpolated to the GPCP grid. o 
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differences of up to 6 mm/day in DJF. Although the 
model captures the seasonal meridional displacement of 
the precipitation in the ITCZ, there are errors in its posi-
tion and intensity. The largest differences are found in 
the Pacific and Atlantic ITCZ and also in southern Chile, 
up to 6 mm/day. 

The errors over the northern region near the coast are 
related to the errors in the position of ITCZ precipitation. 
An analysis of Outgoing Long Wave Radiation (OLR) 
(figures not shown) showed that the position of the ITCZ 
in terms of cloud convection is reasonable simulated. 

Therefore the shortcomings in the ITCZ seem to be 
related to the precipitation over the ocean. Part of the 
systematic errors is removed when the results of the pre- 
sent are subtracted from results of the future, however 
they may have an impact on the ITCZ precipitation re- 
sults of future climate. 

Projections of precipitation in the four seasons are 
shown in Figure 2. The general features represented by 
the model in the present time continue to occur in the 
RCP8.5 scenario, but with different intensities. Increased 
precipitation is projected over southern Brazil in all four 

 

 

Figure 2. Precipitation (mm/day) in the four seasons (1st row: HadGEM2-ES-present time; 2nd row: HadGEM2-ES-future 
time; 3rd row: difference future-present). 
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seasons, extending to Uruguay and southern La Plata 
basin in DJF and MAM, over tropical western South 
America coast in DJF, MAM and JJA and over south- 
eastern Brazil and the ocean SACZ region in DJF. 

A reduction of precipitation is projected over eastern 
Amazonia from SON to MAM and over northern South 
America in JJA and SON. Less precipitation over south- 
ern Chile is projected in the four seasons. This pattern of 
increased precipitation in the southern regions and tropi- 
cal western South America and reduced precipitation in 
tropical regions of South America and southern Chile 

had been found in CMIP3 model ensemble of IPCC-AR4, 
giving more confidence on the certainty of these results. 
However, there are some differences between CMIP3 
and CMIP5 in the most affected areas within these tropi- 
cal and extratropical regions, such as the increased pre- 
cipitation over Southeastern and less changes in North- 
eastern Brazil, in the latter integrations. 

The model simulates well the atmospheric circulation 
features at low levels over South America (Figures 3(a)- 
(d)) such as the flow in DJF from the tropical North At- 
lantic southwestward into the continent and then south-  

 

 

Figure 3. Wind field (m/s) at 850 hPa in the four seasons (1st row: HadGEM2-ES-present time; 2nd row: HadGEM2-ES-future 
time; 3rd row: difference future-present). 
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eastward when reaching the Andes cordillera [27]. An- 
other feature represented by the model is the intensifica- 
tion of the Subtropical Atlantic High in JJA indicated by 
the intensified anticyclonic circulation over the continent. 

The projections (Figures 3(e)-(h)) show an increase of 
the low level wind flow southward, over central South 
America, in all seasons, transporting humidity from tro 
pical to extratropical regions that explains the increased 
precipitation in the southern regions. In DJF, season of 
the mature lifecycle of the South American Monsoon 
System, the flow from tropical regions is also intensified 
toward southeastern Brazil, increasing the humidity and 
the precipitation in the RCP8.5 scenario. In this summer 
season, the cyclonic circulation in the difference field 
indicates the weakening of the Subtropical Atlantic High, 
one of the features of the monsoon onset [27] and could 
suggest an increase of the monsoon features. 

The reduced precipitation in the tropical South Amer- 
ica can be associated with the reduction of moisture flux 
from the ocean to the continent due to the weakening of 
the trade winds over the North Atlantic. 

At high levels, the model reproduces the Bolivian 
High and the Atlantic trough in DJF, typical features of 
the summer season (Figure 4(a)). The intensification of 
westerlies over the continent in JJA is well simulated as 
well as the transition features in MAM and SON (Fig-
ures 4(b)-(d)). However the model underestimates the 
anticyclonic circulation of the Bolivian High and the 
cyclonic circulation of the Atlantic trough (figures of 
reanalysis fields not shown). The model overestimates 
the westerlies at subtropical latitudes in the four sea-
sons. 

In the future projections, there is a weakening of the 
Bolivian High circulation and an eastward displacement 
of the Atlantic trough in the summer (Figures 4(e)-(l)). 
The projections also indicate an increase of the westerlies 
in the subtropics in the four seasons. The weakening of 
the Bolivian High is consistent with the reduced precipi- 
tation in Amazonia in DJF, and the increase of the sub- 
tropical jet in all seasons is consistent with the precipita- 
tion increase in southern regions, due to the increase of 
dynamical instability. 

3.2. Temperature near the Surface 

Temperature fields simulated by the model at 1.5 m and 
the differences from reanalyses-ERA-Interim are shown 
in Figure 5. The model simulates well the differences of 
temperature at middle latitudes from the summer to win- 
ter, reproducing the minimum seasonal average tem- 
perature in the extreme south of South America and the 
colder means at subtropical regions in JJA. However, the 
model underestimates the values in large areas of the 
continent, notably in central regions in JJA. This error 

could be related to excess of clouds over the region in the 
model that prevents the short wave radiation to reach the 
surface. This is the dry season in central and southeastern 
Brazil, and solar radiation is large, heating the air at the 
surface. 

Over the whole continent the temperatures are higher 
in the future projections than in the present climate (Fig- 
ure 6). The changes are between 6˚C and 8˚C in the 
tropical regions and between 2˚C and 4˚C in the ex- 
tratropical regions. The greatest heating over South A- 
merica is projected for SON when large areas of central 
Brazil reach temperature variations higher than 8˚C. 

The larger temperature increase over the continent 
relative to that over the ocean could have an impact on 
pressure differences and in the South American mon- 
soonal circulation. In fact, during the South American Mon- 
soon onset there is a reduction of pressure in the South 
Atlantic Subtropical High [27]. The weakening of this 
Subtropical High in the future projections was dis- 
cussed in Section 3.1. The increased SST in the tropical 
Atlantic (figures not shown) can be related to the weak- 
ening of the trade winds and the reduction of moisture 
flux to the northern South America discussed in Section 
3.1. Increased SST near the Northwestern South Ameri- 
can coast can explain the increased precipitation in this 
region of the continent in future projections. 

3.3. SACZ Variability 

In the present study, the SACZ pattern is obtained from 
Empirical Orthogonal Function (EOF) analyses of pre- 
cipitation daily anomalies from HadGEM2-ES during the 
period of DJF 1979/1980 to 2004/2005 and DJF 2073/ 
2074 to 2098/2099 (Figures 7(a) and (b)). The first 
mode, depicting the SACZ pattern explains 17.6% and 
19.7% of the total variance for the present and future 
projections, respectively. This pattern is related to the see- 
saw discussed in [8]. 

The model reproduces the precipitation dipole in the 
two periods, but the intensity of the SACZ center is 
greater in the present time, while in the future projections 
the southern center is more intense. This dipole features 
are linked to the variability in the SACZ and SESA. 

When there is precipitation intensification in the SACZ, 
there is deficit in SESA, associated with wave trains PSA- 
type from the Pacific region [8-11]. The opposite situa-
tion (excess of rainfall over SESA and lack of precipita-
tion in the SACZ region) is associated with the opposite 
phase of PSA. The Low Level Jet [28] that brings mois-
ture from tropical to extratropical regions contributes also 
to the rainfall excess over SESA [8]. 

There is an increase in the amplitude of positive and 
negative phases from 1979 to 2004 (Figure 7(c)), but in 
the series of future projection (Figure 7(d)), there is  
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Figure 4. Wind field (m/s) at 200 hPa in the four seasons (1st row: HadGEM2-ES-present time; 2nd row: HadGEM2-ES-future 
time; 3rd row: difference future-present). 
 
large variability with less positive extreme amplitudes in 
the last decade. 

3.4. The PSA Mode 

EOF analysis was applied to DJF geopotencial height at 
500 hPa of ERA Interim data set and HadGEM2-ES in 
the present (1979/1980 to 2004/2005) and future (2073/ 
2074 to 2098/2099). The zonal mean at each latitude was 
removed to get the eddy component. Thus, the first two 
EOFs represent PSA1 and PSA2, as in [13]. These two 

modes are linked to tropical convection in different long- 
itudes that triggers wave trains to the extratropics. 

The two modes simulated by ERA-Interim are presented 
in Figure 8. They explain 28.6% and 16.4% of the total 
variance and show the main features of the PSA-the 
wave train from tropics to extratropics over the Pacific 
Ocean and then to the tropics again over South America, 
more organized in PSA2. The displacement of the centers 
eastward, from PSA1 to PSA2, observed in [13] is also 
noticed here, indicating an evolution from one pattern to 
another.  
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Figure 5. Temperature (˚C) at 1.5 m in the four seasons (1st row: HadGEM2-ES; 2nd row: ERA Interim; 3rd row: difference 
model-reanalyses). 
 

The model simulates quite well the two patterns, and 
the position of the centers in PSA1 and PSA2, even the 
eastward displacements from PSA1 to PSA2 (Figure 9). 
The two modes explain 24.8% and 21.9% of the total 
variance, respectively. The projections indicate an east- 
ward shifting of PSA1, compared to PSA1 and PSA2 of 
present climate, and a zonal wave train from the south- 
eastern Pacific to Atlantic Ocean in the second mode, 
different from the PSA behavior (Figure 10). These 
modes explain 31.1% and 18.0% of the total variance, 
respectively. The time series of PC amplitudes show that 

there are persistence periods of each phase in several 
years in the reanalysis and in the model simulations and 
projections. 

4. Conclusions 

The integrations of CMIP5 HadGEM2-ES analyzed for 
South America during the present (1979-2004) indicated 
a good performance of the model in reproducing the 
main features of seasonal precipitation, temperature and 
atmospheric circulation variability over South America  
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Figure 6. Temperature (˚C) at 1.5m in the four seasons (1st row: HadGEM2-ES-present time; 2nd row: HadGEM2-ES-future 
time; 3rd row: difference future-present). 
 
and the dominant modes of variability of precipitation 
(SACZ) and circulation (PSA). Although there are large 
systematic errors in temperature near the surface, mainly 
the underestimation in MAM and JJA, differences of 
temperature from the summer to winter in the extratropi- 
cal South America are well reproduced. The model also 
captures the precipitation variability between these two 
seasons over central and southeastern Brazil. The wind 
fields at high levels display the Bolivian High and the 
Atlantic trough, which are summer features of South 
America. The changes in wind flow directions at low 

levels from summer to winter are reproduced by the 
model. The good reproducibility of these features gives 
confidence on the projected results for the future. 

Changes in future projections (2073-2098) obtained 
from HadGEM2-ES show precipitation increase over 
southern Brazil in the four seasons and in other areas of 
La Plata basin in some seasons. Rainfall increase is also 
projected over tropical western South America in MAM 
and JJA. Less precipitation than in the present time is 
projected over eastern Amazonia, northern South Amer- 
ica and southern Chile. The changes are consistent with   
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(a)                                               (b) 

       
(c)                                               (d) 

Figure 7. First EOF of daily anomaly precipitation in DJF (a) HadGEM2-ES present; (b) HadGEM2-ES future; (c) Ampli- 
tudes of PC1 averaged in D, J, F (present); (d) Amplitudes of PC1 averaged in D, J, F (future). 
 

    
(a)                                                            (b) 

                
(c)                                                            (d) 

Figure 8. (a) PSA1 in DJF from zonal asymmetric geopotencial anomaly at 500 hPa (Era Interim); (b) PC1 amplitudes serie 
(1979-2004); (c) PSA2 in DJF from zonal asymmetric geopotencial anomaly at 500 hPa (Era Interim); (d) PC2 amplitudes 
serie (1979-2004). 
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(a)                                                            (b) 

                
(c)                                                            (d) 

Figure 9. (a) PSA1 in DJF from zonal asymmetric geopotencial anomaly at 500 hPa (HadGEM2-historical); (b) PC1 ampli
tudes serie (1979-2004); (c) PS HadGEM2-historical); (d)
PC2 amplitudes serie (1979-2
 

- 
 A2 in DJF from zonal asymmetric geopotencial anomaly at 500 hPa (

004). 

   
(a)                                                            (b) 

                
(c)                                                            (d) 

Figure 10. (a) PSA1 in DJF from zonal asymmetric geopote  anomaly at 500 hPa (HadGEM2-RCP8.5); (b) PC1 ampli-
tudes serie (2073-2098); (c) P  (HadGEM2-RCP8.5); (d) 
PC2 amplitudes serie (2073-2 

ncial  
SA2 in DJF from zonal asymmetric geopotencial anomaly at 500 hPa
098). 
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changes in the atmospheric circulation at low and high 
levels, such as the reduction of low level flow from 
North Atlantic towards northern South America, increase 
of low level flow over central Brazil southwards, weak- 
ening of Bolivian High and increase of subtropical jet 
stream. 

The future projections indicate a warming over the 
whole continent, larger over Amazonia region in the four 
seasons and in central South America during SON. 

The dipole mode of precipitation variability ass
with the SACZ is reproduc

’s Program for Climate Model Diagno
s coordinating support
infrastructure in partnership

2011, pp. 485-498. 
doi:10.1175/BAMS-D-11-00094.1

ociated 
ed in both periods (present 

and future), but the intensity of anomalies is reduced in 
the northern center and increased in the southern center 
n the future projection. This is consistent with the in- i

crease of precipitation in the southern center obtained in 
[18], for the positive phase. The negative and positive 
anomalies increase from 1979 to 2004 and in the future 
projections there is large variability, with less extremes 
occurring in the positive phase in the last decade of 21st 
century. In the present climate the model reproduces the 
two PSA patterns, which represent the wave train evolu- 
tion. However, in the future projection it displays only 
one pattern shifted eastward. The changes in the future 
patterns could change the variability of circulation ano- 
malies over South America. As discussed in [13] the two 
modes represent the evolution of the wave trains associ-
ated with convection anomalies in the tropical Pacific. 
More analyses need to be done to investigate the links of 
these projected modes with the tropical convection in 
future climate. 
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