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Plateau and the Andes are suppressed, there is a decrease of 
precipitation in the SACZ region, associated with a weak-
ening of the large-scale ascendance. Changes are described 
in terms of anomalies in the Walker circulation, meridi-
onal displacements of the mid-latitude jet stream, Southern 
annular mode anomalies and modifications of Rossby wave 
train teleconnection processes.

Keywords  South America orography · Summer 
precipitation · Orography influence · Two-way nesting 
system · Global teleconnection processes

1  Introduction

The South America topography is composed of different 
structures, the most important being the Andes in the west-
ern flank, the Guiana shield in the north and the Brazilian 
Plateau (BP) in the east. They exert individually distinct 
influences on the regional climate.

The influence of the Andes over the atmospheric circula-
tion features has been assessed in previous studies, but is 
still subject to large uncertainties. Using global and regional 
climate models, some of these studies tend to show that the 
Andes have little control over the large-scale circulation 
components of the South America monsoon system, like 
the Bolivian High and the Northeastern Low, since these 
structures are mainly atmospheric responses to diabatic 
heating released by the summer precipitation over the Ama-
zon basin (e.g., Figueroa et al. 1995; Rodwell and Hoskins 
2001). However, other studies using regional climate mod-
els indicate that the presence of the Andes does exert an 
influence on the continental-scale atmospheric circulation 
gyre observed at low levels with large impact on moisture 
transport (e.g., Gandu and Geisler 1991; Insel et al. 2010; 

Abstract  Impacts of the main South American orographic 
structures (the Andes, the Brazilian Plateau and the Guiana 
shield) on the regional climate and associated global tel-
econnection are investigated through numerical experi-
ments in which some of these features are suppressed. 
Simulations are performed with a ‘‘two-way nesting’’ sys-
tem coupling interactively the regional and global versions 
of the LMDZ4 atmospheric general circulation model. At 
regional scale, the simulations confirm previous studies, 
showing that both the Andes and the Brazilian Plateau exert 
a control on the position and strength of the South Atlantic 
convergence zone (SACZ), mainly through their impact on 
the low-level jet and the coastal branch of the subtropical 
anticyclones. The northern topography of South America 
appears to be crucial to determine the leading mode of rain-
fall variability in eastern South America, which manifests 
itself as a dipole-like pattern between Southeastern South 
America and the SACZ region. The suppression of South 
America orography also shows global-scale effects, corre-
sponding to an adjustment of the global circulation system. 
Changes in atmospheric circulation and precipitation are 
found in remote areas on the globe, being the consequences 
of various teleconnection mechanisms. When the Brazilian 
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Saurral et al. 2014). In particular, the South American low-
level jet (LLJ) centered over Bolivia, is thought to be, to 
a large extent, mechanically forced by the Andes all-year 
around (e.g., Campetella and Vera 2002). The LLJ is a key 
element of moisture transport from the tropical to subtropi-
cal regions of South America (e.g., Berbery and Barros 
2002). During summer, the thermodynamic forcing asso-
ciated with tropical convection and the mechanical forc-
ing induced by the Andes combine together to determine 
the dynamics of the LLJ. The subtropical plains situated 
in Southeastern South America (SESA) includes La Plata 
basin, and covers northern Argentina, Uruguay and south-
ern Brazil. In SESA, an area with very dense population, 
agriculture and hydroelectric power generation are severely 
affected by the summertime variability of precipitation, 
which is in turn largely influenced by the LLJ variability. 
Partly due to the successful SALLJEX experiment, consid-
erable progress has been made in understanding the LLJ 
dynamics and its influences on tropical and subtropical 
precipitation variability (e.g., Vera et  al. 2006). However 
the combined influence of the South American Monsoon 
System and South American topography, in explaining the 
main features of the continental-scale moisture transport 
and associated precipitation has rarely been explored. The 
main goal of this study is to identify the relative role of the 
different elements of South America topography in explain-
ing climate features over South America, particularly over 
the continental portion located to the east of the Andes.

The orographic influence of the BP on South American 
precipitation characteristics has also been explored in the 
literature, and particular attention was paid to the South 
Atlantic Convergence Zone (SACZ), a rainfall band extend-
ing from the Amazon basin toward Southeastern Brazil 
(e.g., Kodama 1992). By statistically analyzing 27 years of 
austral summer reanalysis data, Kodama et al. (2012) found 
that there are enhanced rainfalls when the SACZ coastal 
portion develops right over the BP maximum topography in 
Southeastern Brazil. Grimm et al. (2007) and Kodama et al. 
(2012) used limited-domain climate models with a 60- and 
25-km horizontal resolution respectively, to perform case 
studies and sensitivity tests in South America with different 
BP topography forcing. Their results suggest that BP plays 
an important role in anchoring the SACZ at its actual cli-
matological position. Precipitation variability in the SACZ 
region is closely linked to that in SESA at a large range 
of timescales, from intraseasonal (e.g., Nogués-Paegle 
and Mo 1997), interannual (e.g., Doyle and Barros 2002) 
to much longer time scales (e.g., Robertson and Mechoso 
2000). Precipitation variability in the SACZ and SESA 
regions is highly related and characterized by a dipole with 
centers of action of opposite sign located in the two regions 
respectively. Precipitation in SESA is then largely affected 
by the position and intensity of the SACZ. Grimm et  al. 

(2007) pointed out that BP plays a crucial role in creating 
and maintaining the dipole-like precipitation mode. In their 
simulation with BP excluded, an anticyclonic circulation 
anomaly is obtained between La Plata basin and southeast-
ern Brazil, which shifts the SACZ toward the southwest, 
and increases the precipitation in SESA. However, as the 
Andes play a role in transporting moisture further south, it 
is not clear yet how the combined influence of both Andes 
and BP topographies contributes to determine the main cli-
matic features at both SACZ and SESA regions. Although 
these studies brought an increased understanding of the 
role of South America orography on regional climate, a 
majority of them may be affected by limitations in terms of 
limited domain and coarse spatial resolution. This concern 
is also enhanced because South-America is an area where 
regional and global changes are strongly interacting.

As noted above, there are evidences indicating that the 
Andes not only affect the South American regional climate, 
but also exert influence remotely on the Inter-tropical con-
vergence zone (ITCZ) and South Pacific convergence zone 
(SPCZ). Takahashi and Battisti (2007a, b) showed that the 
presence of the Andes is crucial for models to simulate cold 
SST off the west coast of South America. Xu et al. (2004) 
showed that their presence induces a strengthening of the 
dry and cool region in the southeastern Pacific Ocean, off 
the coast of western South America. By blocking the warm 
westward flow from the Amazon region, the Andes help to 
maintain the cloud-radiation feedback west of the Andes, a 
dry zone characterized by low-level stratocumulus clouds 
trapped in a strong temperature inversion (e.g., Bretherton 
1993; Wyant et al. 1997; Yuter et al. 2000; Garreaud et al. 
2001). Feedbacks in this region regulate strongly the global 
climate sensitivity. Rodwell and Hoskins (2001) showed 
that the presence of the Andes is associated with a zone 
of dry subsidence in the West, corresponding to the east-
ern branch of the South Pacific Anticyclone (SPA). This 
subsidence contributes to reduce SST west of the Andes 
through evaporation mechanisms (Takahashi and Battisti 
2007a). Moreover, the northwestward circulation related to 
the northern SPA is associated with a low-level advection 
of moist static energy by the trade winds contributing to 
the expansion of the dry zone westward along the equator. 
These processes mainly explain the North–South Pacific 
asymmetry, with the ITCZ present only in the northern 
hemisphere most of the year (Mitchell and Wallace 1992). 
On the other hand, Takahashi and Battisti (2007b) showed 
that through the northwestward propagation of the dry zone 
and the SPA, the Andes are also related to the position and 
shape of the SPCZ. They argued that the presence of the 
Andes influences the width of the subtropical part of the 
SPCZ by controlling the separation between its tip and the 
coast of South America. In return, via Rossby wave train 
development and teleconnection processes, the variability 
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of such Pacific features like the double-ITCZ and the SPCZ 
can influence circulation anomalies in South America, and 
in particular alter precipitation anomalies in the SESA 
region (Karoly 1989; Mo 2000; Silva et  al. 2009; Grimm 
et  al. 2000). However, it has not been thoroughly studied 
yet how much of the South America topography can affect 
the large-scale teleconnection processes.

This is why, in this paper, we want to revisit the issue 
of orographic impacts on the South American climate, 
using a comprehensive global climate model. In addition, 
as mentioned before, previous studies have already per-
formed independently sensitivity orography test of the BP 
(Kodama et  al. 2012; Grimm et  al. 2007), or the Andes 
(e.g., Figueroa et al. 1995; Insel et al. 2010; Saurral et al. 
2014). However, in this study we perform for the first time, 
to our knowledge, both BP and Andes sensitivity experi-
ments with the same model configuration. Therefore a first 
specific objective of the work is to assess the respective 
role of the Andes and BP, and their combined effects, on 
the main structures of precipitation and atmospheric circu-
lation in South America during the austral summer. Another 
objective of our work is to gain further insight in the physi-
cal processes that determine this influence.

We therefore need to study the influence of the South 
America topography on both regional and global climate 
features, and the interaction between the two. For this pur-
pose, we use in this paper a numerical climate platform 
allowing for “two-way nesting” (TWN). The TWN system 
consists in the two-way interaction between a regional and 
a global climate model, specifically designed for studies of 
regional-global-regional scale interaction processes (Lor-
enz and Jacob 2005; Chen et al. 2011; Junquas et al. 2013).

The paper is organized as follows. In Sect.  2 the data, 
model and performed experiments are described. In Sect. 3 
we analyze the regional influence of the Andes and the 
BP orography over South America, with particular focus 
over the eastern part of the continent and the SESA/SACZ 
dipole-like region. The global atmospheric circulation 
changes induced by both orography structures are then 
studied in Sect. 4. Finally, results are summarized and dis-
cussed in Sect. 5.

2 � Model, experiments and data

2.1 � Description and validation of the model

This study uses the same TWN system as in Junquas et al. 
(2013), based on a regional and a global version of the 
LMDZ4 model (Li 1999; Hourdin et al. 2006), and called 
“TWN-LMDZ”. The LMDZ4 model is the atmospheric 
component of the Institut Pierre Simon Laplace Cou-
pled Model (IPSL-CM4; Marti et  al. 2005). This TWN 

system was largely described in Junquas et al. (2013). The 
TWN technique consists of running in parallel a regional 
model and a global model (Lorenz and Jacob 2005). In 
this case, the global model is the “LMDZ-global” with a 
regular horizontal grid of 96 ×  72 points, and a resolu-
tion of 2.5° ×  3.75°. The regional model is the “LMDZ-
regional” with a global grid of 120 × 121 points, stretched 
over South America, where the regional horizontal resolu-
tion is about 100 km. The two model configurations share 
the same physical parameterizations and the same vertical 
discretization (19 hybrid levels), and only differ in their 
horizontal spatial resolutions. Through the TWN technique, 
interactions between the regional and global models allow 
an improvement of teleconnection processes from global to 
regional climate, and of feedbacks from regional to global 
climate. Junquas et  al. (2013) showed that using LMDZ4 
with the TWN technique improves the representation of the 
precipitation over South America, as well as its associated 
global atmospheric circulation. Observed SST and sea ice 
component (SIC) distribution data from the Atmospheric 
Model Intercomparison Project AMIP (Gates 1992) are 
used as boundary conditions for both LMDZ-regional and 
LMDZ-global, and for each experiment.

In this paper, the influence of the Andes and the BP 
topography will be explored at a regional and global scale. 
With a 100-km resolution, the model is able to simulate the 
main regional climate characteristics associated with the 
SESA climate as well as the SACZ or the LLJ (Junquas 
et  al. 2013). However, localized climate features are not 
analyzed here and would need a dynamical downscaling 
for finer resolution. Junquas et al. (2013) already assessed 
the main features of the precipitation field simulated by the 
model (their Fig. 4), and identified some structures which 
are well represented when compared to CMAP data (Xie 
and Arkin 1997): the Atlantic ITCZ, the maximum related 
with the South America monsoon system in central Brazil, 
the Northwest-Southeast oriented band defining the SACZ, 
and a minimum in the northeast of Brazil.

Junquas et al. (2013) also identified some biases associ-
ated with orography: overestimations over the central and 
northern Andes, and over the part of the SACZ situated 
over the BP maximum topography. Recently, the Tropical 
Rainfall Measurement Mission (TRMM; Kummerow et al. 
2000; Huffman et al. 2007) provided a global climatologi-
cal precipitation dataset at relatively high horizontal resolu-
tion (about 30 km). By comparing the model (Fig.  1c) to 
TRMM data (Fig. 1d), the previous remarks are still valid, 
and the higher resolution of TRMM shows additional fea-
tures. In central and northern Andes, the zone of maximum 
precipitation is situated at the maximum altitude, while in 
TRMM it is situated in the eastern slope (cf. topography in 
Figs. 1a, b). In southeastern Brazil, the maximum precipita-
tion associated with the coastal SACZ maximum is more 
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southwestward expanded than in TRMM data. In addi-
tion, while other precipitation data like CMAP and GPCP 
(Huffman et  al. 2011) did not describe any maximum of 
precipitation in southeastern Brasil (Junquas et al. 2013), it 
is apparent in TRMM data (Fig. 1d) and some other obser-
vation datasets (e.g., Rozante et  al. 2010, Carvalho et  al. 
2012), but less pronounced and less spatially extended than 
in the model (Fig. 1c).

Such a coastal SACZ maximum had already been iden-
tified by Codron and Sadourny (2002), using a previous 
version of LMDZ, and had been associated with an over-
estimated orographic precipitation. This bias basically 
consisted of a too strong moisture advection toward the 
summits and plateau with colder temperatures. Codron 
and Sadourny (2002) improved the water vapor advec-
tion scheme with a redistribution of moisture along the 
path, reducing the orographic bias by 20  % over the BP. 

The bias is still persisting in LMDZ4, but to a less extent. 
Other studies have shown that using more elaborated verti-
cal coordinates can also reduce the orographic precipitation 
bias (Simmons and Burridge 1981; Zhu 1997). When the 
pressure gradient error is reduced, the distribution of rain-
fall is more realistic in orographic regions, due to a better 
representation of the moisture advection and convergence. 
For instance, the Eta model (Mesinger et  al. 1988), using 
eta vertical coordinates, reproduces realistic precipita-
tion patterns over the Andes (Pesquero et  al. 2010), with 
maximum precipitation in the foothills regions, and drier 
summits. However, the model still simulates an orographic 
precipitation maximum over the BP stronger than in the 
observations, although less pronounced than in LMDZ. In 
this paper, we will therefore need to evaluate how much 
the precipitation maximum simulated by the TWN-LMDZ 
control simulation is explained by the BP topography.

Fig. 1   Regional topography in m from a LMDZ-regional of CTRL, b ETOPO2, and DJF mean of precipitation in mm/day from c LMDZ-
regional of CTRL, d TRMM 3B43 product
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Junquas et  al. (2013) also noted overestimated precipita-
tions over the monsoon maximum in central Brazil, and 
underestimated precipitations in northeastern Brazil and over 
the subtropics. The cumulus parameterization in the model is 
represented by the Emanuel’s scheme (e.g., Emanuel 1991). 
Previous papers have shown that this scheme provides a real-
istic spatial distribution of the convective precipitation (e.g. 
Hourdin et al. 2006; Braconnot et al. 2007; Davis et al. 2009). 
However, an over-estimation of the convective precipitation is 
generally found in tropical regions, in association with the use 
of this cumulus parameterization scheme. At global scale, the 
main model bias is associated with the representation of the 
convection over the maritime continent split in two separated 
regions, while observations show one contiguous rainfall 
region (Junquas et al. 2013). Overestimations of the tropical 
precipitation are also found in the western Indian Ocean and 
western SPCZ. The model does not display a Pacific double-
ITCZ bias (see Introduction). However the SPCZ is simulated 
somewhat detached from the Indian-western Pacific Oceans 
equatorial band. It is not clear how these biases could affect 
the teleconnection processes. The strong Amazon convection 
could induce an overestimation of the mechanisms associated 
with the monsoon latent heat release. However, the model 
reproduces coherent large-scale circulation and teleconnec-
tions, including a realistic Amazon ascendance center when 
compared to the reanalysis data (Junquas et al. 2013).

2.2 � Experiments

Experiments are listed in Table  1. The control simulation 
(named “CTRL”) is the same as described in Junquas et al. 
(2013) and is used as a representative austral summer sea-
son (December–January–February, DJF). An ensemble of 
30 DJF was simulated for each experiment by a random 
sampling of the atmospheric and land surface initial con-
ditions (see Junquas et  al. 2013 for more details on the 
methodology). The topography of South America used in 
CTRL is displayed in Fig.  1c. Related sensitivity experi-
ments were characterized by the removal of different oro-
graphic structures, the surface height being then reduced to 
an upper limit of 50 m. The different modified orographic 

configurations are (cf. Table  1 and Fig.  1a): (i) NOBP, 
with the BP topography removed, (ii) NOANDES with the 
Andes and the Guiana shield removed, and (iii) NOSA, 
where only the Andes to the south of 4°S were removed. As 
seen in Fig. 1c, we defined the BP domain as all the orog-
raphy extending between the Amazon plain North of Brazil 
and the subtropical plains North of Argentina. The limits 
between the Andes and the BP, and between the northern 
and southern Andes are located in minimum topographic 
points. At each grid point where the orography is modi-
fied, new corresponding values of surface temperature and 
surface pressure are computed and introduced in the initial 
state. We also inhibit the parameterization of subgrid-scale 
orographic features for these points. The orography was 
gradually reduced, each step deleting only 100  m, with a 
3-day simulation at each step to let the system to adapt pro-
gressively to the new topographic conditions. Each 100-m 
simulation step was forced by limit conditions correspond-
ing to the three last days of October. Experiments begin in 
November with all selected grid points displaying topogra-
phy of 50 m, and as explained in Junquas et al. (2013), this 
month is considered as a “spin-up”, to let the system the 
time to absorb these initial perturbations.

The Andes orography as defined in this paper also 
includes the Guiana Shield (see Table  1). In order to 
explore how much the precipitation and its associated 
regional atmospheric circulation are controlled by both the 
northern Andes (including the Guiana shield), and the cen-
tral and southern Andes, the NOSA (no-Southern Andes) 
experiment is performed. The results of this experiment are 
analyzed and compared with the results of the NOANDES 
experiment in the end of Sect. 3.2.

2.3 � Data

The 3B43 product of the Tropical Rainfall Measuring Mis-
sion (TRMM) is used to analyze the climatological DJF 
precipitation (1998–2012) in Figs. 1d and 5a. TRMM-3B43 
is a monthly compiled version of TRMM-3B42 which is a 
global multi-satellite precipitation analysis data set with 
a 0.25° horizontal resolution, and available between 50°S 

Table 1   List of experiments 
and their associated orography 
components

The CTRL experiment is indicated in bold

Run name Topography  
related figure

Orography structures included

Brasilian  
plateau (BP)

ANDES

Southern  
Andes (SA)

Northern Andes and 
Guiana shield (NAG)

CTRL Figure 1a X X X

NOBP Figure 2a X X

NOANDES Figure 2b X

NOSA Figure 8a X X
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and 50°N latitude (Kummerow et al. 2000; Huffman et al. 
2007). The topography data displayed in Fig.  1b is from 
the 2-min gridded global relief data ETOPO2v2 (NOAA 
NGDG 2001). The 20-DJF mean (1979–1999) of the rea-
nalysis dataset NCEP/NCAR (Kalnay et al. 1996) from the 
NOAA/OAR/ESRL PSD, Boulder, Colorado, USA (http://
www.esrl.noaa.gov/psd/) is used in Fig. 12b to validate the 
model in terms of geopotential height analysis.

3 � Influence of the South America orography 
over regional precipitation

In the following sections, we will firstly describe the influ-
ence of the BP and Andes orography in terms of precipi-
tation anomalies. Some regional atmospheric circulation 
anomalies will also be analyzed.

3.1 � Precipitation

Figure  2 shows that removing different orographic struc-
tures (Fig. 2a, b) leads to changes more or less pronounced 
depending on the rainfall structure (Fig. 2c, d), when com-
pared to CTRL (Fig.  1c). The monsoon maximum is still 
displayed at a similar magnitude in both experiments, but 
with a more westward expansion in the case of NOANDES 
(Fig.  2d). However, the SACZ position and magnitude 
show drastic changes in both removal cases. The coastal 
SACZ maximum situated in southeastern Brazil in CTRL is 
clearly decreased in the two experiments, but displaced in 
opposite direction (Fig. 3). The SACZ is moved southwest-
ward in NOBP (Fig. 2c), but northeastward in NOANDES 
(Fig.  2d). In NOBP, the displacement is such that the 
SACZ band structure is almost suppressed and the maxi-
mum coastal precipitation reaches the northern portion of 

Fig. 2   Regional topography of LMDZ-regional of the a NOBP, and b NOANDES experiments in m, and DJF precipitation mean of the c 
NOBP, and d NOANDES experiments in mm/day

http://www.esrl.noaa.gov/psd/
http://www.esrl.noaa.gov/psd/
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the SESA region (Fig. 2c). However, the SACZ maximum 
is displaced twice further in NOANDES than in NOBP 
(Fig.  3). In addition, when comparing both NOANDES 
and NOBP with CTRL, it is clear that the suppression of 
the Andes induces a precipitation decrease of about 40 % 
in this coastal SACZ maximum zone, while the suppres-
sion of the BP is associated with a decrease of about 20 %. 
These results suggest a stronger control from the Andes to 
the maximum precipitation of the SACZ in terms of pre-
cipitation amount as well as in terms of spatial position of 
the coastal maximum, while the northwest-southeast band 
structure of the SACZ seems mainly controlled by the BP.

In SESA, the BP and Andes suppression clearly shows 
opposite precipitation changes (Fig.  4) associated with 
two distinctive structure anomalies. When the Andes are 
removed, a significant decrease is found over a large zone 
including the southeastern coast of South America from 20 
to 40°S, SESA, the southern SACZ and its oceanic part, 
and all the central-western side of South America (Fig. 4b). 
On the other hand, the BP suppression produces a signifi-
cant SESA/SACZ dipole-like anomaly structure (Fig.  4a) 
with positive anomalies in SESA and negative anomalies 
in the SACZ region. Figure 3 shows that in the vicinity of 
point A (see Fig.  2c), situated in SESA, precipitation in 
NOBP is increased by about twice its value in CTRL, while 
in NOANDES it is largely decreased, to almost 0. This 
result suggests that the presence of the Andes is particularly 
crucial to preserve the actual climatological summer pre-
cipitation in the subtropical plains of South America.

As mentioned in Introduction, the leading pattern of the 
precipitation in eastern South America at a large range of 
variability is a dipole structure with centers of actions sit-
uated in the SACZ region and SESA respectively (e.g., 
Nogués-Paegle and Mo 1997; Doyle and Barros 2002; 
Robertson and Mechoso 2000). As shown in Junquas et al. 
(2012), the evolution of this dipole pattern is a key ele-
ment to understand the future evolution of precipitation 
over SESA in greenhouse gases increase scenarios. An EOF 
analysis is then performed in order to analyze the influence 
of both the Andes and the BP over the SESA/SACZ dipole-
like mode. The EOF analysis is made with the 30 DJF of 
each experiment, which are taken as 30 individual mem-
bers. The variation among the 30 members is considered as 
an internal variability of the experiments. The first EOF of 
this analysis is displayed in Fig.  5b for the CTRL experi-
ment. For comparison, the EOF analysis of the DJF inter-
anual variability of the 14-DJF TRMM data was performed 
(Fig. 5a). The structure of the observed DJF leading mode is 
clearly a dipole between SESA and the SACZ region. The 
model displays a similar SESA/SACZ dipole-like with the 
SACZ center situated more southwestward than the dipole 
displayed by TRMM, the position of the SACZ also being 
situated more southwestward in the model than in TRMM.

Fig. 3   Precipitation values in mm/day of the A–B section displayed 
in Fig.  2d, from LMDZ-regional of the CTRL (black line), NOBP 
(blue line), NOANDES (red line) and NOSA (pink line) experiments

Fig. 4   DJF precipitation differences from LMDZ-regional for a 
NOBP-CTRL, and b NOANDES-CTRL. Only the statistically sig-
nificant values at the 95 % of the Student t test are shaded. Values are 
in mm/day
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When the BP is removed (Fig.  5c), the dipole is dis-
played with the two centers of action displaced south-
westward, following the displacement of the precipitation 
maximum associated with the coastal SACZ maximum. 
This result suggests that the presence of the BP controls 
the location of the dipole centers, as already argued by 
Grimm et  al. (2007). On the other hand, when the Andes 
are removed (Fig.  5d), the dipole structure almost disap-
pears from the EOF1, being apparent only in the second 
EOF mode (not shown). The first EOF displays a tri-pole 
between northern Argentina and northeastern Brazil, and 
a North/South dipole in the Atlantic ITCZ. As the ITCZ 
dipole is not displayed in the CTRL EOF1, it is argued that 
the first mode of variability of the SACZ in NOANDES is 
more related to the ITCZ north/south variability than the 
SESA/SACZ precipitation variability. Then, the presence 

of the Andes seems crucial for the SESA/SACZ dipole 
variability to be the first mode of precipitation variabil-
ity in eastern South America. As this work only takes into 
account the internal variability of the atmospheric model, 
further studies should be performed by performing orogra-
phy suppression with specific DJF case studies variability 
analysis instead of a DJF climatology, in order to confirm 
this result.

The oceanic part of the SACZ is also influenced by the 
two orographic structures but with smaller magnitudes 
than its continental counterpart (Fig.  4), the SST being 
prescribed and unchanged. The oceanic and continental 
parts of the SACZ are not driven by the same processes. 
The oceanic SACZ is more influenced by the South Atlan-
tic Anticyclone and transient activity, while the continental 
SACZ is more affected by the monsoon and the Atlantic 

Fig. 5   First mode of EOF 
analysis performed over a 
the 14 DJF of TRMM 3B43 
(1998–2012), and over the 30 
members of the b CTRL, c 
NOBP, d NOANDES experi-
ments. Explained variance is 
mentioned in each panel
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ITCZ intensity (e.g. Carvalho et  al. 2002, 2004). Precipi-
tation changes in the Pacific and Atlantic ITCZ are found 
in both experiments. In NOANDES a clear southward dis-
placement of the Pacific ITCZ seems to be associated with 
the westward expansion of the monsoon (Fig. 4b). Oppo-
site changes are displayed in the Atlantic ITCZ, with a sig-
nificant increase and northward shift in NOANDES, and a 
significant decrease and southward shift in NOBP, when 
compared to CTRL.

Since the Atlantic ITCZ could be directly influenced by 
the northern orography structure, and particularly the Gui-
ana shield, and in order to explore how much of the Andes 
influence is associated with its southern and its northern 
part (including the Guiana shield), an additional experi-
ment was performed, where only the southern Andes, south 
of 4°S, are removed (see Table  1). Those results are dis-
played in Fig. 6. The structure of precipitation displayed in 
NOSA (Fig.  6c) as well as the anomalies induced by the 
suppression of the southern Andes (Fig.  6d) are close to 
those found for NOANDES (Fig.  2d for the mean struc-
ture, Fig.  4b for the induced anomalies). Then the sup-
pression of the Southern Andes is sufficient to explain the 

main features resulting from the suppression of the whole 
Andes including the shifts in the position and intensity of 
the SACZ coastal precipitation maximum (Fig.  3). How-
ever, the northward displacement of the Atlantic ITCZ in 
NOANDES (Fig. 4b) is not displayed in NOSA (Fig. 6d, e), 
suggesting that the northern topography could play a role in 
establishing the position of the western Atlantic ITCZ. In 
addition an EOF analysis applied to the NOSA precipita-
tion (Fig. 6b) shows a clear dipole structure between SESA 
and the SACZ region, but no ITCZ north/south dipole struc-
ture. This result suggests an important role of the north-
ern topography over the ITCZ stability. The EOF analysis 
performed with TRMM and CTRL show that the northern 
center of the SACZ dipole varies together with the southern 
part of the Atlantic ITCZ (Fig. 5a, b). It is also the case in 
NOSA (Fig. 6b). However, in NOANDES the pole centers 
are of phase opposition (Fig. 5d). The precipitation differ-
ence between NOSA and NOANDES (Fig. 6e) shows that 
the position of the ITCZ in NOANDES is significantly to 
the north, compared to NOSA. The northward migration of 
the ITCZ could explain the disconnection between northern 
SACZ and the southern ITCZ variabilities. In addition, in 

Fig. 6   a As in Fig. 1a but for the NOSA experiment, b as in Fig. 5b but for NOSA, c as in Fig. 1c but for NOSA, d as in Fig. 4a but for the dif-
ference between NOSA and CTRL, e as in Fig. 4a but for the difference between NOSA and NOANDES
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NOANDES, the internal ITCZ variability seems increased 
in comparison with CTRL (Fig. 5). It is then argued that a 
relative stable ITCZ, in association with the presence of the 
northern orography, establishes the SESA/SACZ dipole as 
the first mode of precipitation variability in the region.

3.2 � Atmospheric circulation

The precipitation anomalies induced by the BP and the 
Andes are associated with distinctive atmospheric pro-
cesses. While NOBP shows a clear anticyclonic circulation 
anomaly associated with the SESA/SACZ dipole-like pre-
cipitation anomaly (Fig. 8a), NOANDES displays a strong 
weakening of the southward humidity flux over a large part 
of the continent, associated with the precipitation decrease 
over the subtropics (Figs. 7c, 8b).

The South Atlantic and Pacific anticyclones are also dif-
ferently affected by the two experiments. While in NOBP 
the western part of the South Atlantic Anticyclone seems 
to penetrate more into the continent (Fig.  7b), the Andes 
suppression produces a clear penetration of the eastern part 
of the South Pacific Anticyclone. Such processes could be 
associated with the opposite displacement of the SACZ 
(Sect.  3.1). In CTRL, two southward humidity fluxes are 
found over South America (Fig. 7d). The western flux cor-
responds to the seasonal mean of the LLJ, and the east-
ern one is the western branch of the South Atlantic Anti-
cyclone. It is clear that in NOBP the LLJ mean activity at 
22°S is intensified and located closer to the eastern slope of 
the Andes (Fig. 7e), while the eastern branch almost disap-
pears. Between 17 and 20°S, a weak eastern branch is still 
present to the east of the continent, but much weaker than 
in CTRL (not shown). South of 20°S, the two structures 
join together to form one principal southward flux close 
to the Andes. Those results show that the presence of the 
BP topography contributes to dissociate the two branches 
of the southward moisture flux. In NOANDES, the LLJ 
branch is considerably reduced, and displaced northeast-
ward (Fig.  7f), in opposition with the NOBP experiment. 
While in CTRL the eastern branch of the SPA is mechani-
cally blocked by the Andes, it penetrates into the conti-
nent in the NOANDES experiment, contributing to dry the 
subtropical region of South America, as also mentioned in 
Insel et  al. (2010). The penetration of the westerly winds 
from the Pacific Ocean could also increase the ventilation 
process, as described by Chou and Neelin (2001), contrib-
uting to diminish the southward extension of the SACZ.

To sum up, the southwestward displacement of the 
SACZ in NOBP is associated with the westward displace-
ment of the South Atlantic Anticyclone and a localized 
anticyclonic circulation anomaly between SESA and the 
SACZ region. On the other hand, the northeastward dis-
placement of the SACZ in NOANDES is associated with 

an eastward displacement of the SPA and a strong weak-
ening of the LLJ mean activity. Therefore, while the effect 
of the BP over the SESA precipitation is clearly associated 
with its influence over the regional atmospheric circulation, 
the Andes influence is mainly related to the humidity trans-
port at the continental scale from the tropics toward the 
subtropics.

Circulation changes are also found in the northern part 
of the continent. The NOANDES experiment shows very 
localized circulation anomalies in this region induced by 
the removal of both the northern Andes and the Guiana 
shield. The NOSA experiment displays in average the same 
atmospheric circulation structure as CTRL in the north of 
the continent (not shown). The structure of the monsoon 
maximum is mainly induced by the topography situated to 
the north of 4°S, playing in particular a role of barrier for 
the cross-equator monsoon flow (not shown).

In the southern tropics (between 15°S and the equator), 
Fig.  8a displays a weakening of the southward moisture 
flux in the northern part of the LLJ region, in association 
with the BP suppression. Consequently, less moisture is 
transported southward from the Amazon basin and the 
moisture flux convergence is increased in the western 
part of the Amazon basin, where precipitation increases 
(Fig. 4a). The precipitation increase in the western Ama-
zon in association with an anticyclonic circulation anom-
aly between the SACZ and SESA regions has also been 
found in a previous paper through distinct sensitivity 
experiments, but with the same model configuration (Jun-
quas et al. 2013). It would be interesting to perform DJF 
case studies of such localized forcing in order to validate 
and analyze the process.

To summarise, two rainfall structures can be impacted 
distinctly in South America: the ITCZ and the monsoon in 
the north, and the SACZ in the south. The BP and South 
Andes exert their influences through the South Atlantic and 
South Pacific Anticyclones respectively. Their impacts are 
mainly on the LLJ and the SACZ, with small effects in the 
North. On the other hand, the northern topography exerts 
mainly influences on the ITCZ and the monsoon. However, 
since the monsoon and the ITCZ variability influences in 
turn the continental SACZ variability (Carvalho et al. 2002, 
2004), the northern topography also affects the SESA/
SACZ precipitation dipole variability.

4 � Global atmospheric changes

Although the orographic changes simulated in this paper 
are only located in the South American continent, changes 
at global scale are expected. This issue is studied in this 
section, using the results of the NOANDES and NOBP 
experiments.



3951Influence of South America orography on summertime precipitation

1 3

4.1 � Precipitation and low‑level atmospheric circulation

The mean precipitation of each experiment is displayed 
in Fig.  9. The suppression of the Andes clearly induces 
changes in precipitation patterns, associated with low-level 

atmospheric circulation changes (Fig.  9). In the eastern 
South Pacific, the suppression of the Andes has a mechani-
cal effect over the SPA with its eastern branch penetrating 
in the western part of the South American continent, as also 
mentioned in Sect.  3.2 (Fig.  7c). The northern branch of 

Fig. 7   a–c Vertically-integrated humidity flux between 1000 and 
300 hPa (arrows), its divergence (shaded), and the 850-hPa geopoten-
tial height (black contours) and d–f vertical section of the meridi-
onal humidity flux at 22°S between 70 and 35°W from the LMDZ-

regional, for a, d CTRL, b, e NOBP, c, f NOANDES. For a–c, color 
scale interval of divergence is 0.2  kg  m−2  s−1. Reference vector of 
300 kg m−1  s−1 is displayed at the lower right corner of c. Contour 
interval is 10 m. For d–f, contour interval is 10 kg m−1 s−1
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the SPA migrates northward, and both the SPA and SPCZ 
take an inclination with a more zonal orientation, com-
pared to CTRL (Fig. 9a). The southern part of the SPCZ is 
more extended and displaced closer to the coast of South 
America. The coastal humidity flux associated with the 
northeastern branch of the SPA is accelerated in the case 
of NOANDES (Fig. 7c). The westward humidity flux com-
ing from the Amazon region is no longer blocked by the 
Andes and goes much more to the west, giving abundant 

humidity to the tropical eastern Pacific flow, and produc-
ing a southward displacement of the eastern Pacific ITCZ 
(Fig. 10a). These changes are accompanied with a decrease 
of the north–south expansion of the minimum precipitation 
region in the eastern South Pacific along the coast of South 
America (Fig.  9b). This minimum rainfall area is also 
expanded westward between 10 and 20°S, following the 
inclination of the SPCZ and the SPA. These results confirm 
the important role of the trade winds and the humidity flux 
in the extension of this dry zone, as shown by Takahashi 
and Battisti (2007a; see Introduction). Precipitation anoma-
lies also show a southeastward displacement of the SPCZ, 
with negative precipitation anomalies in its western and 
northern edge, but an increase over its central and eastern 
part, extending in the South Pacific between 30 and 50°S.

Figure 10b reveals that the BP removal also induces pre-
cipitation anomalies at global scale, although with weaker 
amplitude than for the removal of the Andes. Significant 
changes are mainly situated over the western equatorial 
Pacific Ocean and equatorial Indian Ocean. No significant 
low-level atmospheric circulation anomalies are found in 
the eastern South Pacific (Fig.  8a). However, the precipi-
tation anomalies induced in NOBP in the western equato-
rial Pacific region are quite similar to those in NOANDES 
(Fig. 10a), and also suggest a southeastward displacement 
of the SPCZ. In the equatorial Indian Ocean, the precipita-
tion anomalies induced by the BP and the Andes removal 
are opposed. While the Andes suppression is associated 
with an intensification (weakening) of the eastern (western) 
part of the Indian Ocean ITCZ (Fig. 10a), the removal of 
the BP is related to a westward displacement of this pat-
tern, with opposite anomalies (Fig.  10b). Globally, the 
three subtropical anticyclones (Indian, Pacific and Atlantic) 
seem displaced northward in both experiments (Fig.  10), 
and particularly in the NOANDES experiment.

4.2 � Large‑scale atmospheric teleconnection

Large-scale remote anomalies have been identified in 
response to the removal of the BP and the Andes topography. 
A large number of possible teleconnection processes can be 
directly or indirectly involved. They may be generated by a 
change in the tropical convection or by a localized atmos-
pheric circulation anomaly. In what follows we describe the 
large-scale teleconnection anomalies in terms of the Walker 
circulation, quasi-stationary Rossby waves, stationary equa-
torial waves, the tropospheric Southern Hemisphere jet-
stream, and the Southern annular mode (SAM).

4.2.1 � Walker circulation

The DJF Walker circulation in the tropics mainly manifests 
as a two-wave pattern for the 200-hPa velocity potential, 

Fig. 8   Difference of the vertically-integrated humidity flux between 
1000 and 300  hPa (arrows) and its divergence (shaded) from 
LMDZ-regional, between a NOBP and CTRL, and b NOANDES 
and CTRL. Only the statistically significant values at the 95  % 
of the Student t test are shaded. Color scale interval of divergence 
is 1 × 10−5 kg m−2 s−1. Reference vector of 100 kg m−1 s−1 is dis-
played at the lower right corner
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representing the upward motion centers at the equato-
rial western Pacific and South America, and the down-
ward motions at the eastern Pacific and eastern equatorial 

Atlantic (e.g., Tanaka et  al. 2004). Figure  11a shows 
that the model is able to display similar structures in the 
CTRL experiment, as well as in NOBP and NOANDES 

Fig. 9   DJF Precipitation mean 
(shaded) and streamlines of 
the 850-hPa wind (lines) and 
its divergence, from LMDZ-
global, for a CTRL, b NOBP, 
c NOANDES. Shaded color 
scale interval is 1 mm/day. 
Streamlines color scale is 
0.1 × 10−5 kg m−2 s−1

Fig. 10   Difference of the 
DJF mean precipitation from 
LMDZ-global between a 
NOANDES and CTRL, b 
NOBP and NOBP. The zero 
contour is in thick black 
contour. Only the statistically 
significant values at the 95 % 
of the Student t test are shaded. 
Units are mm/day
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experiments (not shown). However, if we perform a differ-
ence between NOANDES and CTRL (Fig. 11b), we obtain 
global changes with positive and negative anomalies form-
ing a two-wave structure. The negative anomalies are situ-
ated over the eastern Pacific and Indian Ocean, while the 
positive ones are situated over the western Pacific, and a 
large area including two centers over South America and 
the western Indian Ocean. The Indian and Pacific anoma-
lies seem related to the eastward displacement of the 
Indian ITCZ and the SPCZ respectively. The South Ameri-
can anomaly is associated with the large-scale downward 
motion produced by the large precipitation anomaly center 
over the subtropics and central South America, as previ-
ously described (Fig.  10a). In the South-eastern Pacific, 
our results are in agreement with previous studies showing 
that the suppression of the Andes decreases the large-scale 

downward motion in this region, through the suppression 
of the Andes blocking effect of the westerlies flow (e.g., 
Rodwell and Hoskins 2001; Takahashi and Battisti 2007a).

The difference between NOBP and CTRL (Fig.  11c) 
indicates a similar structure as for NOANDES in the equa-
torial Pacific and South America. However, the equato-
rial Indian dipole pattern is opposed, as for the precipita-
tion anomalies (Fig. 10b). Globally, the velocity potential 
anomalies are coherent with the precipitation anomalies 
found in Fig.  10a, b (for NOANDES and NOBP respec-
tively), showing negative (subsidence) anomalies in regions 
of precipitation decrease, and positive (ascendance) anom-
alies in regions of precipitation increase. Such a situation 
suggests that the weakening of the SACZ produced by the 
suppression of both orography structures is associated with 
a re-adjustment of the large-scale vertical motion affect-
ing remote regions such as the western Pacific and Indian 
Ocean.

4.2.2 � Rossby wave trains

The consequences of both orography changes over the 
Rossby wave trains in terms of wave sources and energy 
dispersion are displayed in Fig. 12. The zonal deviation of 
500-hPa geopotential height of CTRL, the associated hori-
zontal wave flux activity, and the Rossby wave source term 
(Vera et al. 2004) are displayed in Fig. 12a. A Rossby wave 
train-like structure extended along an arch path from the 
tropical sectors of the Indian and  western Pacific Oceans 
towards South America is evident. As mentioned in the 
Introduction, this well-known structure, usually called 
Pacific-South American (PSA) teleconnection pattern, is 
a key factor to describe how the remote variability, such 
as that of the tropical convection linked with the  SPCZ 
activity, can influence regional circulation anomalies in 
South America (e.g., Karoly 1989; Liebmann et  al. 1999; 
Mo 2000; Silva et al. 2009; Grimm et al. 2000). Neverthe-
less, the development of these quasi-stationary waves can 
be influenced not only by tropical sources but also by the 
extratropical circulation dynamics. The model is able to 
simulate the two main tropical wave sources (i.e. the Indian 
and western Pacific convection centers) reproduced by 
NCEP (Fig. 12b). The position of that in the western Pacific 
is displayed westward in the model, due to a westward bias 
in the SPCZ location (Junquas et al. 2013). The circulation 
anomaly centers in NCEP exhibit a wavenumber 1 struc-
ture, which is not that evident in the model simulations. In 
the southeastern Pacific and off southern Chile at 70 °S the 
model over-estimates a negative Rossby center. The activ-
ity flux is eastward in both the model and the Reanalysis 
data, revealing a connection between the South Pacific and 
South Atlantic Oceans. However this connection is weaker 
in Reanalysis than in the model. Various studies based on 

Fig. 11   200-hPa Velocity potential and divergent wind from LMDZ-
global for a CTRL, and the difference between b NOANDES and 
CTRL, and c NOBP and CTRL. Only the statistically significant val-
ues at the 95 % of the Student t test are shaded. Color scale and con-
tour interval is a 8 × 105 m2 s−1 and b, c 2 × 105 m2 s−1. In b, c only 
the statistically significant values at the 95 % of the Student t test are 
shaded. Black thick contour indicates the 0 level. Reference vector is 
displayed at the lower right corner in m s−1
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Reanalysis data found the PSA pattern as the second and 
third leading mode of the interannual circulation variability 
in the southern hemisphere, in association with the ENSO 
events (e.g., Kidson 1999; Mo 2000; Vera et al. 2004). The 
leading mode of interannual variation in those studies is a 
different structure, with zonally symmetric anomalies usu-
ally associated with fluctuations in the strength of the sub-
tropical jet. The PSA pattern was also described at intra-
seasonal and decadal variabilities (e.g., Liebmann et  al. 
1999; Kidson 1999), and is clearly an important telecon-
nection mechanism that is part of the time-scale variability 
of the southern hemisphere climate. However, the relative 
influence of both the Rossby wave train teleconnection and 
the subtropical jet fluctuation mechanism in the climato-
logical mean state of the southern hemisphere circulation 
is unclear. In our results, the climatological DJF mean from 

NCEP reanalysis (Fig. 12b) shows more zonally symmetric 
anomalies related to the subtropical jet fluctuation than in 
the model (Fig. 12a). The simulations are forced by a DJF 
climatological SST mean (see Sect. 2.1) that could induce 
a teleconnection bias relative to the forcing SST mean pat-
tern. Therefore, by displaying a clear Rossby wave train 
structure in the climatological DJF mean, the model seems 
to overestimate the influence of the PSA pattern variability 
in the South Pacific circulation. However, the circulation 
patterns in the vicinity of South America are very similar. 
In NOANDES and NOBP (Fig. 12c, d), some differences 
are discernible in the structure of the wave train as well as 
in its source centers (Fig. 12d, e) as compared with those in 
CTRL.

In NOANDES, the Rossby wave source anoma-
lies (Fig.  12d) are well related with rainfall anomalies 

Fig. 12   Zonal deviation of the 500-hPa geopotential height 
(shaded) anomalies from the LMDZ-global, for a CTRL, b NCEP, 
c NOANDES, d NOBP, and the difference e between NOANDES 
and CTRL, f between NOBP and CTRL. In e, f, only the statisti-
cally significant values at the 95 % of the Student t test are shaded. 
Color scale and colorized contour interval is 100 m2 s−2 for the mean 
fields, and 50 m2  s−2 for the differences. Vectors represent horizon-

tal wave flux activity based on the 500-hPa geopotential height zonal 
deviation anomalies. Reference vector is displayed at the lower right 
corner in 10−9 m2 s−3. Thick black contours are the 200-hPa Rossby 
wave source term, with interval of 0.1 × 1010 s−2 (0.5 × 1010 s−2 for 
NCEP) and the zero level omitted. The anomalies in e, f correspond 
to the difference between c, a, and between d, a, respectively, for 
each field
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(Fig. 10a). They are mainly associated with the SPCZ dis-
placement, and in particular its eastward zonal extension. 
Strong anomalies are also found in South America and over 
the eastern South Pacific, in association with the quasi-dis-
appearance of the LLJ and the penetration of the eastern 
branch of the SPA over the continent. In addition, Fig. 12b 
shows that the wave-flux activity is increased in the east-
ern part of the South Pacific, but considerably reduced in 
its western part. The wave train turns equatorward over 
the eastern South Pacific instead of western South Atlan-
tic (CTRL, Fig. 12a). It reaches only the southwestern part 
of South America, and its propagation over SESA and the 
SACZ region are reduced. The Andes seem to control the 
trajectory of the equatorward propagation of the Rossby 
wave train in South America, which affects in turn the role 
of the teleconnection processes in South America.

In NOBP, the main positive anomaly of Rossby-wave 
source center is situated in SESA (Fig. 12e) where precipi-
tation increases due to the southwestward displacement of 
the coastal SACZ maximum (Fig.  4a). As in NOANDES, 
other anomaly centers are found over the South Pacific, 
mainly related to the SPCZ displacement. The Rossby-
wave activity flux anomalies show a decrease of the equa-
torward flux over South America (Fig.  12c), but also an 
increase of northward flux anomalies from polar latitudes 
(Fig. 12e). In South America, the wave train related anoma-
lies in terms of geopotential height are characterized by a 
cyclonic anomaly center in the south, and an anticyclonic 
anomaly center is found over SESA, as already mentioned 
in Sect. 3.2. If we compare the Rossby wave train telecon-
nection structures between NOBP (Fig.  12c) and CTRL 
(Fig. 12a), it is clear that the suppression of the BP reduces 
the energy dispersion through the wave train from the South 
Pacific into South America, weakening the teleconnection 
processes between the western Pacific and the subtropics of 
South America. So the Andes and the BP orographic struc-
tures both play a role in the Rossby wave train teleconnec-
tion processes affecting the climate of South America.

The consequences of both orography changes over the 
Rossby wave trains in terms of wave sources and energy 
dispersion are displayed in Fig. 12.

4.2.3 � Midlatitude jetstream and the Southern annular 
mode (SAM)

Previous papers showed that subpolar and subtropical jet-
streams in the Southern Hemisphere act as waveguides for 
disturbances emanating from tropical convection centers 
(e.g., Berbery et al. 1992; Hoskins and Ambrizzi 1993). It 
can then be argued that the Rossby wave train disturbances 
previously described could be possibly associated with 
anomalies of the subtropical Jetstream. Figure  13a shows 
the 300-hPa zonal mean zonal wind for each experiment. 

The zonal wind maximum at 45°S indicates the location of 
a midlatitude Jetstream, corresponding to the subtropical 
and subpolar Southern Hemisphere jets merging together 
during austral summer. In both NOANDES and NOBP it 
is clear that this midlatitude jetstream is reduced and dis-
placed northward, which could explain the northward dis-
placement of the three Southern Hemisphere anticyclones, 
found in Fig.  9 (see Sect.  4.1). In NOANDES, the zonal 
mean flow anomalies show a stronger equatorward dis-
placement of the zonal flow than in NOBP. In addition, 
Fig. 13b, c show the 500-hPa geopotential height anomalies 
in a southern polar projection. A dipole is clearly displayed, 
with positive values over the polar cap and negative values 
between 45 and 60°S.

Poleward Jetstream shifts have been observed in the last 
decades (e.g., Marshall 2003; Fu et al. 2006). These shifts 
have been associated with a trend of the Southern Hemi-
sphere Annular Mode (SAM) towards its positive phase 
(e.g., Thompson and Solomon 2002). A positive SAM 
phase is commonly defined as negative geopotential height 
anomalies over the polar cap, and positive westerly zonal 
flow anomalies along 60°S (e.g., Thompson et  al. 2000, 
2005). In addition, Chen and Held (2007) found from 
both observations and models that the poleward shift of 
the midlatitude jetstream is associated with an increase of 
the maximum zonal wind near the tropopause, through an 
acceleration of the eastward phase speeds of midlatitude 
eddies. NOBP and NOANDES experiments show anoma-
lies coherent with such mechanisms, although with oppo-
site signs: a decrease of the maximum tropopause zonal 
wind speed, an equatorward midlatitude jetstream shift, 
and a negative SAM phase anomaly. In other words, while 
the mentioned studies concern the recent global climate 
evolution, we found that the global re-adjustment induced 
by the presence of a localized orography structure such as 
the Andes or the BP also induces such changes.

These processes might be mainly explained by the 
response of the SAM variability to the changes in Rossby 
wave activity. Ding et  al. (2012, 2014) showed that the 
SAM variability could be significantly influenced by the 
tropical convection variability through the activity of the 
Rossby wave train teleconnection. However, various stud-
ies described a feedback between the SAM variability and 
the baroclinic wave activity: the source of the wave follows 
the north/south movement of the midlatitude jetstream, but 
on the other hand the propagation of the baroclinic wave 
activity away from the jet gives momentum fluxes into 
the jet (e.g. Lorenz and Hartmann 2001; Codron 2005). In 
both experiments, we found that the equatorward Rossby 
wave train activity flux are reduced in the South America 
longitudes (Fig. 13d, e), that possibly explains the decrease 
of the midlatitude jetstream and the associated changes. 
However, wave activity flux anomalies are also found in 
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other parts of the Southern Hemisphere, which makes dif-
ficult the respective identification of responses and forcing 
mechanisms.

4.2.4 � Stationary equatorial waves

It is well known that tropical convection associated with 
monsoon systems generate distinctive patterns of equatorial 
quasistationary waves. Figueroa et  al. (1995) showed that 
the latent heat released by the South American monsoon 
generates an atmospheric circulation pattern very similar to 
that described by the Gill’s model associated with a com-
bination of Rossby and Kelvin modes (Gill 1980; James 
1995). That combination is associated with a rotational cir-
culation component associated with the Bolivian High and 
the Nordeste Low and a divergente circulation component 
associated with an upper-level divergence right over the 
tropical precipitation region and upper-level convergence 
over the Northeast Brazil and tropical eastern Pacific.

A decrease of the tropical convection in South Amer-
ica is clearly displayed in association with NOANDES 
(Fig. 11b), and is specifically associated with to the SACZ 
decrease (Fig. 10a). Consistent with the baroclinic Rossby 
wave response, this precipitation decrease appears to force 
the upper-level cyclonic circulation anomaly (Fig. 14) that 
extends westward above South America, as well as the 
anticyclonic circulation anomaly at low level (Fig. 8b), as 
proposed by Rodwell and Hoskins (2001). The associated 
northeastward displacement of the SPA (Fig. 8b) favors the 
contraction of the southeast Pacific dry zone (its southern 
part) and the eastward displacement of the SPCZ (Fig. 9a, 
b), which could be expected to be even more pronounced 
if the SST could adjust (Takahashi and Battisti 2007a, b). 
In addition, Chen et al. (1999) have shown that the South 
American convection center is part of a global short-wave 
regime associated with 2–6 wave patterns, also main-
tained by the African-Indian Ocean convection region. The 
DJF tropical-subtropical circulation in the SH is largely 
explained by a combination of this short-wave regime and 
a long-wave regime associated with the Indian-western 
Pacific convection system (Chen et al. 1999). Modification 

Fig. 13   a Zonal mean zonal wind at 300 hPa for CTRL (black line), 
NOANDES (red line), NOBP (green line), the difference between 
NOANDES and CTRL (orange line), the difference between NOBP 
and CTRL (purple line), from outputs of LMDZ-global. Wind val-
ues are in m  s−1. Precipitation values are in mm/day. b 500-hPa 
geopotential height for the differences NOBP minus CTRL and c 
NOANDES minus CTRL. Only the statistically significant values at 
the 95 % of the Student t test are shaded. Color scale is in m2 s−2 and 
dotted lines are displayed from −90 to −10°S every 10° latitude, and 
every 60° longitude

▸
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of the South American convection via orographic changes 
clearly affect these circulations (Figs.  11, 14) and could 
explain part of the global re-adjustement of the climate 
system.

5 � Summary and discussion

The complex orography of South America provides a 
basic configuration for the regional climate and constrains 
the climatological precipitation structures, as well as the 
monsoon maximum, the SACZ orientation and its coastal 
maximum position and intensity, or the dipole-like variabil-
ity between SESA and the SACZ region. These issues are 
revisited in this paper with the TWN-LMDZ climate model 
system. We performed sensitivity experiments by remov-
ing the three topography structures of South America: the 
BP, the central and southern Andes (South of 4°S), and the 
northern South American orography, including the Guiana 
shield and the northern Andes. For more clarity, we sum 
up the main changes induced by NOBP and NOANDES 
experiments in Fig.  15. Locally, the displacement of the 
SACZ coastal maximum and the Atlantic and Pacific 
Anticyclones circulation are displayed. The schemes also 
include some changes in teleconnection processes found in 
this paper, particularly in terms of Rossby waves, midlati-
tude jetstream, and SAM anomalies.

Results globally show that the orography control 
over the precipitation is explained primarily through the 
mechanical forcing over the regional low-level atmospheric 
circulation, and particularly over the warm summer mon-
soon flow into the Amazon region, the low-level jet activity 
(position and strength) between the Andes and the BP, and 
the coastal extension of the South Atlantic subtropical high 
and the South Pacific subtropical high, in particular the 
western branch of the South Atlantic Anticyclone and the 
eastern branch of the SPA. The orography of South Amer-
ica also induces global-scale consequences by re-adjust-
ment of the general circulation. Changes of precipitation 
were found in remote areas, as for the SPCZ or the Indian 
ITCZ, associated with large-scale atmospheric circulation 

changes, including anomalies in the Walker circulation ver-
tical motions, a decrease and an equatorward displacement 
of the midlatitude jet, a negative SAM phase anomaly, 
Rossby wave train teleconnection anomalies, and station-
nary equatorial waves anomalies.

5.1 � Brasilian Plateau

Previous studies have found that the presence of the BP 
is characterized by a regional control of both the regional 
precipitation and low-level circulation, as mentioned in 
Introduction (Grimm et al. 2007; Kodama et al. 2012). Our 
results confirm their main results, as for example the south-
westward displacement of the SACZ and its weakening, 
and an increase of the precipitation in SESA due to the sup-
pression of the mountains. As these previous works were 
based on particular case studies, we show here that those 
orographic control features also concern the climatologi-
cal summertime mean. In addition, our results also revealed 
organized high-level atmospheric circulation anomalies in 
response to the removal of the BP.

The BP removal also produces global teleconnection 
processes. The decrease of the SACZ intensity due to the 
suppression of the plateau induces a weakening of the 
upward motion of the zonal overturning circulation situ-
ated in South America. On the other hand, the propagation 
of the Rossby wave train from the western tropical Pacific 
is locally affected by the local atmospheric circulation 
anomalies. The equatorward propagation of the wave train 
over South America is reduced, decreasing its interaction 
with the local subtropical climate. In addition, an equator-
ward displacement of the southern midlatitude jetstream 
is found, together with a weak equatorward shift of the 
Indian, South Pacific and South Atlantic anticyclones, and 
associated precipitation changes in the Indian and Pacific 
oceans. A negative SAM phase anomaly is also displayed 
in association with the decrease of the maximum zonal 
wind near the tropopause between 45 and 60 °S. Such pro-
cesses are coherent with previous studies that explain how 
the SAM mode, the midlatitude Jetstream and the baro-
clinic wave activity are connected (see Sect. 4.2).

Fig. 14   200 hPa Wind stream-
lines and its divergence (colors) 
for the difference between 
NOANDES and CTRL. Only 
the statistically significant val-
ues at the 95 % of the Student t 
test are shaded. Color scale is 
0.2 × 10−7 s−1, the zero value 
is omitted
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The influence of the BP orography over the South America 
regional climate is not only explained by direct regional pro-
cesses, but also by global feedbacks and teleconnection pro-
cesses. Since the differentiation of the direct regional effect 
and the regional-global-regional control of the orography 
over the climate in south-eastern South America have not 
been performed here, it is not clear yet how much the global 
teleconnection processes contribute to the regional effect.

5.2 � Andes

The suppression of the Andes also induces both regional 
and global changes in terms of precipitation and atmos-
pheric circulation. In particular, our results confirm that the 
Andes are crucial for the LLJ activity, as already shown in 
previous studies (e.g., Gandu and Geisler 1991; Campetella 
and Vera 2002; Insel et  al. 2010; Saurral et  al. 2014; see 
Introduction). Our results also suggest that there is a strong 
control of the Andes over the position and intensity of the 
SACZ coastal maximum. Figueroa et  al. (1995) already 
pointed out the importance of the Andes in the position of 
the SACZ. However, in their results, the presence of the 
Andes induced a displacement of the coastal SACZ in the 
opposite direction of the displacement found in our results 
(Fig. 3). This difference could be explained by the fact that 
they used a relatively low-resolution model (2.5° grid), and 
that they did not consider the influence of the BP in their 
no-Andes sensitivity test. More recently, Insel et al. (2010) 
used a 60-km resolution model to perform sensitivity tests 
with no Andes, and considering the BP topography. They 
found a weak precipitation decrease in the coastal SACZ 
but no significant changes in its position. They argued that 
the SACZ is mainly related with the heat release of the 
Amazon basin, and the convergence between the humid-
ity flow coming from the Amazon with the western branch 
of the South Atlantic Anticyclone. However, according to 
the key role of the LLJ activity in the humidity transport 
from the tropics toward the subtropics of South America 
(e.g., Berbery and Barros 2002), our results suggest that 
the Andes also controls the intensity of the southwest-
ern part of the SACZ, by controlling its humidity supply 
from the LLJ. In this study, we showed in particular that 
the climatological position of the SACZ is associated with 
the mechanical effect of the Andes over the LLJ activity, 
and that without this effect, the SACZ maximum would be 
located in a more northeastward position. In addition, in 
agreement with Chou and Neelin (2001), our results also 
show that the presence of the Andes, via its control over the 
humidity advection from the Pacific westerlies, could also 
influence the southern extension of the SACZ in the South 
American continent.

Fig. 15   Schematic diagrams of the main results. Red ellipses corre-
spond to rainfall patterns, and blue arrows concern atmospheric cir-
culation structures. Black arrows and ellipses represent Rossby wave 
activity flux and zonal mean geopotential anomalies respectively. 
The changes in Walker cells atmospheric circulation is represented in 
dashed blue lines. EW means equatorial waves. The role of the north-
ern topography is not represented here
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At large scale, the suppression of the Andes also induces 
atmospheric circulation and precipitation anomalies in 
remote areas of the globe, being the consequences of vari-
ous teleconnection mechanisms. As for the no-BP experi-
ment, the suppression of the Andes and the associated 
weakening of the SACZ also induce a weakening of the 
convective system in South America. However, the sup-
pression of the mechanical effect of the Andes (including 
the Guiana shield) induces an increase and northward dis-
placement of the equatorial Amazonia monsoon maximum. 
A global equatorward displacement, in terms of southern 
hemisphere midlatitude jetstream, and subtropical anticy-
clones, is found in both no-BP and no-Andes experiments. 
But it is stronger in the latter. A negative phase anomaly 
of SAM is also found stronger in the no-Andes experiment 
than in the no-BP one. The wave-activity flux associated 
with the Rossby wave train is also modified, and shows in 
particular a decrease and eastward displacement of its equa-
torward propagation wave in South America. This enhances 
the influence on the western coast of South America, but 
strongly reduces the impact in the eastern coast.

In this work, we also analyzed the distinct role of the 
southern and northern topography of South America, 
including the northern Andes and the Guiana shield. 
Results show that the southern Andes are responsible of the 
major changes induced by the whole Andes in terms of pre-
cipitation and low-level atmospheric circulation in southern 
and eastern South America. However, the northern topog-
raphy has a key role over the stability of the Atlantic ITCZ. 
When the northern topography is reduced, the first mode of 
inter-member variability in the region is more related to the 
north/south dipole pattern associated with displacements of 
the ITCZ than to the dipole-like pattern between SESA and 
the SACZ region.

5.3 � Discussion

In this paper we identified a large list of mechanisms that 
interact to determine how orography acts on the precipita-
tion patterns in South America, and particularly in SESA. 
We investigated four main global teleconnection processes 
associated with changes in the South America orography: 
(1) the global Walker circulation, (2) Rossby wave trains, 
(3) the SAM and the midlatitude jet position and strength, 
and (4) a Gill’s model-like response corresponding to sta-
tionary equatorial waves to the west of the Amazon. The 
Walker circulation anomaly seems to reflect a global re-
adjustment of the main large-scale ascendance and subsid-
ence zones. For this process as well as for the stationary 
equatorial waves anomaly, the changes in the Amazon con-
vection is the key regional triggering mechanism activat-
ing this global adjustment, as both the Andes and the BP 
control the Amazon convection through their impacts on 

the SACZ. We argue that this global re-adjustment mainly 
explains how changes in the South American orography 
induce changes in remote convection zones. The Rossby 
wave trains and SAM anomalies seem in turn associated 
with the equatorial convection anomalies situated in South 
America, western Pacific and Indian Ocean. Therefore, 
these processes are also part of the global re-adjustment, 
and the respective responses and forcing remote mecha-
nisms are not identified yet.

Previous studies showed that the effect of the Andes 
over the eastern Pacific is mainly driven by changes in 
the dry zone expansion, as mentioned in Introduction (Xu 
et al. 2004; Takahashi and Battisti 2007a, b). However, our 
results suggest a strong control of the SPCZ and the SPA 
position. We found in agreement with these studies that the 
suppression of the Andes induces a weaker subsidence, the 
suppression of the blocking of the warm monsoon easter-
lies, and the reduction of the northward extension of the 
dry zone. But we also found an increase of the westward 
expansion of the dry zone, in association with the wester-
lies strengthening and the northward displacement of the 
SPA. Some differences between their experiments and 
ours could explain this difference. First, we only used an 
atmospheric model, without ocean coupling as in Taka-
hashi and Battisti (2007a, b), therefore drastically limiting 
the ocean–atmosphere feedback. In addition, our results 
do not take into account a clear double-ITCZ feedback as 
in Xu et al. (2004), since this feature is very weak in our 
CTRL experiment. In their no-Andes simulation, they did 
not found such a strong northward SPA displacement as in 
our results, including the penetration of dry westerly wind 
in the south-west of the continent, but Insel et  al. (2010) 
found such a penetration, associated with the quasi-disap-
pearance of the LLJ activity. Nevertheless, additional simu-
lations should be performed with coupling our atmospheric 
LMDZ-TWN system with an oceanic system, in order to 
combine the effect of the SPCZ and SPA changes with the 
air-sea feedback processes of the dry zone.

It is interesting to note that both the BP and the Andes 
show influences over the South Atlantic and Pacific Anti-
cyclones. While the BP mainly controls the position of 
the western branch of the South Atlantic Anticyclone, 
the Andes control the position and intensity of the SPA. 
Those results are in agreement with Rodwell and Hoskins 
(2001), who showed that the subtropical anticyclone circu-
lations are related with the monsoon activity. Our results 
show that the presence of the BP and the Andes contrib-
utes to increase the SACZ, a key component of the South 
American monsoon (e.g., Kodama 1992). It is clear in our 
results that the SACZ increase related to the presence of the 
Andes induces an increase of both the SPA and the large-
scale subsidence west of the Andes, confirming the large-
scale control of the monsoon activity over its western side, 
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characterizing an equatorial waves response to the mon-
soon heating. On the other hand the presence of the BP is 
associated with a strengthening of the northern part of the 
LLJ activity, as well as the western branch of the South 
Atlantic Anticyclone. Rodwell and Hoskins (2001) showed 
that the poleward jet of the western branch of the Anticy-
clone is a Kelvin wave response to the monsoon heating 
over the continent to the West. However, while the presence 
of the Andes clearly increases the LLJ activity, the pres-
ence of the BP seems to separate the poleward flow into 
two branches, one being known as the LLJ itself, and the 
other one over the eastern part of the continent, being part 
of the humidity flux convergence characterizing the coastal 
SACZ maximum.

Mountains influence over large-scale atmospheric cir-
culation and precipitation can be explained by mechani-
cal effects (e.g., Hahn and Manabe 1975) and thermal 
effects (e.g., Wu et al. 2012), both being connected through 
dynamical processes (e.g., Duan and Wu 2005). While 
these two effects were largely studied for the Tibetan Pla-
teau and Himalayas mountains, as in the previous cited 
studies, few studies analyzed them separately for the South 
America topography. Kodama et al. (2012) showed that the 
precipitation increase induced by the development of the 
SACZ over the BP maximum topography was explained by 
a local cyclonic circulation due to the SACZ heating and 
maintained by the presence of the orography. Our results 
also suggest such a thermal circulation feature. In addition 
it is shown that the mechanical control of the BP over the 
LLJ orientation maintains part of its humidity flow toward 
the southwestern part of the SACZ, contributing to increase 
the precipitation in its coastal part. Our results suggest that 
the coastal SACZ maximum is controlled by both thermal 
and mechanical effects.

As mentioned in Sect.  2.1, the SACZ region suffers a 
too-strong precipitation bias in our control experiment. The 
presence of the BP orography enhances this bias. While the 
southwestward displacement of the SACZ was found as 
the main consequence of the removed BP, a weakening of 
the maximum precipitation was also found. However, this 
maximum, even displaced and weakened, still exists in the 
no-BP simulation, showing that other processes contribute 
to this model bias. In fact, the precipitation maximum in 
the no-BP case is obtained through a convergence of the 
LLJ and the western branch of the South Atlantic Anticy-
clone. Therefore in addition to orographic processes, ther-
modynamic processes are also responsible of this model 
bias. Further sensitivity experiments to thermodynamic 
processes are needed for a better understanding of this 
issue.

Previous studies removing orography used different 
spin-up methodologies depending on the experiment dura-
tion and the orography height. Insel et al. (2010) performed 

a 10-years experiment without the Andes, of which results 
based on the last 5-years of simulation were considered. 
However, in studies where the BP was reduced, Kodama 
et  al. (2012) and Grimm et  al. (2007) performed respec-
tively 10- and 7-days of spin-up in order to perform a 
1-month experiment. Rodwell and Hoskins (2001) ana-
lyzed in more details this issue, and conclude that in the 
boundary layer, 5 days are sufficient to the system to absorb 
the hydrostatic adjustments, and until 25  days for much 
of the atmosphere. Our methodology includes gradual 
step periods plus the period of 1 month of spin-up, which 
although on the short side, appears sufficient for the system 
to spin up (including the establishment of planetary waves, 
and mass and energy balance), considering that the initial 
shock is very localized and not very strong. However, fur-
ther investigations should be pursued in order to identify 
the adequate spin-up methodology when performing such 
orographic-changes experiments.

As documented in Junquas et  al. (2013; their Fig.  3), 
our model shows biases, including some regional and 
global precipitation biases mentioned in Sect.  2.1, that 
need to be better understood. Therefore our results are 
to be considered with caution. The physical processes 
described in this study are proper to our model and to our 
simulations, and the use of other models would be neces-
sary to confirm them and improve their realism. Therefore, 
future investigations should be pursued. In particular, as 
previously mentioned, an adequate coupling between the 
atmosphere and the ocean would improve the realism of 
some of the teleconnection anomalies identified, as for 
instance changes in the South Pacific wave trains. A higher 
resolution outside the “two-way interaction” zone (South 
America) could also help to better represent teleconnec-
tion mechanisms.
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