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while in particular near the Andes foothills the simulated 
annual rainfall is largely determined by the Mountains 
shape.
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1 Introduction

The Andes Cordillera is a key driver in the climate of 
South America and plays a role in shaping the distribution 
of precipitation in many parts of the continent (Garreaud 
et al. 2009). Several studies have analyzed the influence of 
the mountains in channeling the low-level moisture fluxes 
and how they determine the observed rainfall patterns (e.g. 
Walsh 1994; Lenters and Cook 1995; Marengo et al. 2004; 
Insel et al. 2010) particularly over the Andes foothills, the 
Altiplano region and—to some extent—over Amazonia. 
However, their effects over regions located further east 
such as the South Atlantic Convergence Zone (SACZ) and 
Southeastern South America (SESA) is not conclusive (see 
Fig. 1 for location of the regions). Campetella and Vera 
(2002) used a hydrostatic, dry, three-dimensional primitive 
equation model based on the anelastic Boussinesq approx-
imation to analyze the role of the Andes on the southward 
penetration of the low-level flow during summer and win-
ter in the absence of convection and moist physics. They 
found that the location of the low-level northerly winds 
maximum east of the Andes can be reproduced with no 
need to account for convective or moist processes although 
when no convection is included the magnitude of the 
low-level winds is smaller. Other authors have also stud-
ied precipitation variability over South America but have 
mostly focused only in summer and have used climate 

Abstract The Andes Cordillera plays a role in driving 
moisture and heat from tropical onto subtropical South 
America. It forces the development of a lee-side trough 
that covers most of western Argentina and a low-level jet 
that maximizes over Paraguay, eastern Bolivia and north-
ern Argentina and is tightly linked to precipitation variabil-
ity over much of central and southeastern South America. 
Its steep slopes and the large zonal gradients in topogra-
phy between the Equator and 40°S are misrepresented in 
climate simulations using Global Climate Models (GCM) 
with resolutions coarser than about 100 km, since they 
naturally have a poor representation of the Andes and 
related circulation features. This paper analyses the impact 
of varying artificially the altitude of the Andes Cordillera 
in a GCM as well as increasing the horizontal resolution 
to study how these variations determine moisture fluxes 
and precipitation over selected regions of South America. 
Results show that the height of the Andes is crucial in shap-
ing moisture fluxes pathways onto subtropical South Amer-
ica all year long. In particular, the low-level jet is only 
simulated when the Andes heights are doubled. At the same 
time, the relationship between the Andes shape and the 
location of the Bolivian High in summer is also discussed. 
In terms of precipitation, the lowest bias in the simulations 
is achieved when the horizontal resolution is increased, 
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models with coarse resolutions that led to a poor repre-
sentation of the Andes (e.g. Silva Dias et al. 1987; Klee-
man 1989). In this sense, the relatively coarse resolution 
of the most recent generations of Global Climate Models 
(GCMs) available from the World Climate Research Pro-
gramme (WCRP)—Coupled Model Intercomparison Pro-
ject (CMIP) Phase 3 dataset (WCRP-CMIP3, Meehl et al. 
2007) and through the Program for Climate Model Diag-
nosis and Intercomparison (CMIP5; Stouffer et al. 2011; 
Taylor et al. 2012) limits the reliability of the future pre-
cipitation change scenarios derived from them especially 
in those regions most affected by topography. Many stud-
ies have quantified the biases in both CMIP3 and CMIP5 
datasets in terms of annual and seasonal precipitation 
over the Andes region (e.g. Vera and Silvestri 2009; Saur-
ral 2010; Gulizia et al. 2013; Gulizia and Camilloni 2014, 
among others), how they relate to misrepresentations of 
the low-level circulation (Gulizia et al. 2013) and how they 
are transferred to the hydrology field, degrading the hydro-
logic cycle simulations over some parts of South America 
(Saurral 2010). However, little has been studied on the role 

of the Andes on these differences and the physical mecha-
nisms behind them.

Insel et al. (2010) used a Regional Climate Model 
(RCM) to quantify the role of the mountains on moisture 
transport and convection over South America by artificially 
modifying the Andes heights and found that the Andes are 
crucial for the development and maintenance of the low-
level jet (LLJ) that advects moisture towards southern 
South America and SESA. Nevertheless, by using a RCM 
they did not allow any potential impact of the topography to 
be transferred to the hemispheric circulation or larger-scale 
features such as wave patterns which could also affect pre-
cipitation. Recently, Poveda et al. (2014) characterized the 
main moisture fluxes pathways that reach northern Argen-
tina and southeastern Brazil as well as their seasonal vari-
ability and related them to the observed patterns of precipi-
tation as a function of the distance to the Atlantic Ocean, 
arguing the need to include the effect of the evapotranspira-
tion from forest-covered regions in South America (mainly 
over central-northern Brazil) to explain the climatology of 
rainfall. They also recognized that the Andes exert a modu-
lation of the moisture fluxes but do not provide any con-
cluding cause-effect relation to prove this.

Precipitation over South America is characterized by 
strong seasonality (e.g. Kousky and Ropelewski 1997; Cav-
alcanti et al. 2002; Vera et al. 2006). Over the tropical and 
subtropical parts of the continent rainfall is largely driven 
by the phase, strength and intra-seasonal variability of the 
South American Monsoon System (SAMS; Zhou and Lau 
1998; Nogués-Paegle et al. 2002) which determines rainy 
summers and dry winters particularly over central, eastern 
and western Brazil, Bolivia and northwestern Argentina. 
Around the equator precipitation seasonality is controlled 
by the meridional migration of the Inter-Tropical Conver-
gence Zone, and further south the climatologic north–south 
shift of the sub-polar jet and related baroclinic forcing are 
responsible for the precipitation maximum (minimum) over 
central and southern Chile in the cold (warm) season. In 
between, the region bounded by 25°S and 35°S in latitude 
and east of 60°W (referred to as SESA) presents singular 
characteristics: during summer, rainfall is partly controlled 
by activity in the SACZ (Kodama 1992; Carvalho et al. 
2004) through a dipolar pattern that relates rainy SACZ 
periods to dry SESA conditions and vice versa (Nogués-
Paegle and Mo 1997; Nogués-Paegle et al. 2000; Doyle and 
Barros 2002; Liebmann et al. 2004) and in winter rainfall 
variability is associated to the location and strength of syn-
optic-scale baroclinic activity (e.g. Vera et al. 2002) which 
determines a maximum in the annual hyetograph of the 
region in the period between June and September. Despite 
these differences in precipitation between the warm and 
cold seasons, the Andes play a major role in driving mois-
ture fluxes and synoptic-scale perturbations all year long 

Fig. 1  a The Amazonas (AMAZ), Altiplano (PUNA), South Atlantic 
Convergence Zone (SACZ), and Southeastern South America (SESA) 
regions; and b annual cycle of precipitation, in mm day−1, in each 
region. The numbers in color near the upper right corner in (b) indi-
cate the annual mean total precipitation in each region, in mm year−1
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although their effects on some parts of South America are 
not well characterized or even understood yet.

The main objective of this paper is to assess the influ-
ence of the Andes Cordillera on precipitation over South 
America, with particular interest on the SESA region 
which is characterized by rainfall activity in both sum-
mer and winter, by forcing simulations using the Com-
munity Atmospheric Model (CAM) GCM with different 
Andes characteristics and different horizontal resolutions 
to account for the impact of the Cordillera representation 
on the atmospheric circulation and related precipitation. 
The paper is structured as follows: Sect. 2 describes the dif-
ferent datasets and the AGCM; Sect. 3 includes outputs of 
the Control simulation and comparison with the observed 
climate. Section 4 describes the sensitivity experiments to 
changes in both topography and resolution along with the 
statistics of their comparisons. Finally, Sect. 5 draws a dis-
cussion of results and the concluding remarks of the paper.

2  Materials and methods

2.1  Climatology of precipitation

The Climate Prediction Center Merged Analysis of Pre-
cipitation—CMAP—dataset (Xie and Arkin 1997) was 
used as representative of the observed precipitation to 
derive a rainfall climatology. Figure 1 shows the annual 
mean precipitation field over South America along with 
the annual cycle of rainfall over selected regions, namely 
SESA (60W–50W, 25S–35S), SACZ (55W–45W, 15S–
25S), Andean Altiplano (PUNA; 70W–65W, 15S–25S) 
and Amazonia (AMAZ; 75W–60W, 5N–10S) derived 
from CMAP. In the annual field, the largest rainfall val-
ues are found over northwestern South America, in the 
border between Brazil, Colombia and Venezuela and also 
over the Pacific coast of Colombia. Secondary maxima 
can be seen as well over SESA and also over southern 
Chile. Hyetograph for the AMAZ region shows precipi-
tation is present there all year long and totalizes more 
than 2,200 mm year−1, with two periods—around April 
and November—when values increase compared to the 
other months. Drier conditions there occur during August. 
On the other hand, the PUNA region is much drier, with 
annual rainfall slightly larger than 500 mm year−1 and a 
marked dry (rainy) season running from April to October 
(from November to March). In SACZ there is as well a 
clear annual cycle with a pattern similar to PUNA in terms 
of rainy and dry periods. However, precipitation values 
over this region are considerably larger than in the Alti-
plano and totalize about 1,400 mm year−1. Further south, 
in SESA, annual precipitation amounts are very similar 
to SACZ but the monthly distribution of precipitation is 

markedly different, showing the rainier conditions in win-
ter related to the synoptic forcing mentioned earlier.

2.2  The atmospheric model (CAM)

CAM is the atmospheric component of the CCSM cou-
pled climate system model developed at the National 
Center for Atmospheric Research (NCAR; see Collins et al. 
2006; Hack et al. 2006; Hurrell et al. 2006 for details). It 
is a hydrostatic global model that can explicitly solve all 
the large-scale features of the atmospheric dynamics and 
thermodynamics and includes a set of parameterizations 
to account for sub-scale processes, namely stratiform pre-
cipitation, moist convection, long- and short-ware radiation 
and diffusive and turbulent processes within the planetary 
boundary layer. Topography information is ingested by 
the model in the form of the surface geopotential height, 
so topographic data is taken from observations, regridded 
to the model resolution, converted to surface geopotential 
height by multiplying the surface elevation by the accelera-
tion of gravity and passed onto the model.

Simulations in this paper were carried out with version 
CAM3.1 and were performed mostly using a T42 horizon-
tal resolution (which corresponds to about 2.8° × 2.8°) 
and under the standard configuration of 26 hybrid sigma-
pressure vertical levels and model top at 2.2 hPa, except for 
one experiment in which horizontal resolution was doubled 
without modifying the number of vertical levels. External 
components use to force the model (i.e., SST, sea ice con-
centration and zonal-mean height-dependant ozone fields) 
were taken from observations: in the case of SST and sea 
ice concentration, the HadISST (Rayner et al. 2006) and 
Reynolds (Reynolds and Smith 1994) datasets were used, 
while ozone data was obtained from the zonal mean cli-
matology derived by Wang et al. (1995). Model outputs 
include daily and monthly mean fields of sea level pres-
sure (SLP), geopotential height, humidity, vertical velocity, 
temperature and wind, among others, at all standard pres-
sure levels as well as temperatures at 2 m above surface 
level (T2 m). In this paper, only monthly mean fields were 
retained for analysis.

Four sets of simulations were developed: a Control run 
(CTRL) using the real topography, one simulation with the 
Andes Cordillera removed (NoANDES) and another one 
with the Andes heights doubled (ANDESx2) –all of which 
were performed with a 2.8° × 2.8° resolution– along with 
a fourth simulation using the actual Andes shape but using 
a resolution of about 1.4° × 1.4° (RESO). The removal of 
the Andes in NoANDES was done by setting to zero the 
surface geopotential height all along the Andes region from 
the northern to the southern tip of South America, keep-
ing both soil type and land cover the same as in the CTRL 
simulation.
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Each set of simulations included three different 10-year 
long runs, initialized in the 1st of September of a randomly-
selected year of the period 1990–2000 and used to account 
for the effect of initialization on the resulting climatolo-
gies. The first 4 months in each simulation were consid-
ered for spin up of the model and were not included in the 
analysis. Figure 2 shows the original Andes height (Fig. 2a) 
and also the topography used as boundary conditions for 
CAM experiments CTRL (Fig. 2b), RESO (Fig. 2c) and 
ANDESx2 (Fig. 2d). Note that the steepness of the Andes 
is such that modifying the resolution from 2.8° to 1.4° 
does not lead to a sensitive increase in the representation of 
the heights distribution (Fig. 2b, c). Observed topography 

was obtained from the TerrainBase dataset (NGDC 1995) 
which has information on the surface elevation every 
5-arc second. This data was regridded into 2.8° × 2.8° or 
1.4° × 1.4° for the different CAM simulations.

CTRL precipitation was compared with the observed 
climatology taken from the CMAP dataset (Xie and Arkin 
1997). The atmospheric circulation in CTRL was compared 
to reanalysis in order to identify regions of misrepresenta-
tions and infer possible physical mechanisms behind them. 
Reanalysis data was taken from the NCEP/NCAR dataset 
(Kalnay et al. 1996) and includes information on geopoten-
tial height, wind, specific humidity, vertical velocity, and 
temperature at all standard pressure levels as well as pre-
cipitable water (PWAT). Moisture fluxes (Q)—as defined in 
Eq. 1—were derived from specific humidity and wind data 
and were also used to assess the performance of the model.

In (1), g is the acceleration of gravity, q stands for spe-
cific humidity and V, the wind vector. In this case, verti-
cal integration was computed between 1,000 and 700 hPa, 
where most of the atmospheric moisture is concentrated.

Statistical analysis to quantify the errors in CTRL and 
variations due to the modification of the Andes shape or the 
resolution includes tests of differences in the mean using 
the Student t test (Wilks 2006) and computation between 
observed and simulated time series of the root mean square 
error (RMSE), defined as

where xi
OBS and xi

SIM denote the observed and simulated var-
iable x at time i. n accounts for the sample size. Analyses 
were performed on annual, summer and winter fields, con-
sidering summer as the period from December to February 
(DJF) and winter, from June to August (JJA).

3  Control simulation (CTRL)

3.1  200 hPa

Figure 3 shows the annual, summer and winter climatol-
ogy of zonal wind speed and streamlines at 200 hPa in 
the NCEP reanalysis and in CTRL. During summer, the 
model is able to represent the location of the anticyclonic 
circulation related to the Bolivian High (Fig. 3b, e) along 
with the cyclonic circulation over northeast Brazil. In win-
ter (Fig. 3c, f), these features are absent in both reanaly-
sis and CAM, and in turn an increase in the strength of the 

(1)Q =
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Fig. 2  a Observed topography in South America. Zoom on the cen-
tral Andes between 10°S and 40°S showing the Andes heights in (b) 
CAM T42 (2.8° × 2.8°); c CAM T85 (1.4° × 1.4°); and d CAM sim-
ulation ANDESx2. Units are meters
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westerlies is simulated by the model over about 30°S, in 
line with the observations. In this case, however, the mag-
nitude of the winds is slightly overestimated. In the annual 
mean field the Bolivian High fingerprint is visible in rea-
nalysis, although it becomes much less clear in the atmos-
pheric model which only depicts a small anticyclonic gyre 
over 10–20°S. Once again, during the annual field the mag-
nitude of the zonal winds over mid-latitudes in CAM is 
larger than that in reanalysis, by about 10–15 m s−1.

3.2  850 hPa

The low-level circulation, represented by 850 hPa winds, is 
shown in Fig. 4. In general, comparison between reanaly-
sis and CAM shows that the model is able to capture the 
basic features in all the seasons with a correct position of 
the sub-tropical anticyclones, the higher-latitude westerlies 
and the strength and meridional variation of the trade winds 
in low latitudes. However when convergence of Q is com-
pared some interesting points can be found. For instance, in 
the annual, summer and winter fields, the region of mois-
ture convergence in NCEP that affects the PUNA region 
reaches further east, up to SESA (see Fig. 4a–c). In CAM, 

however, this convergent pattern is present near the topog-
raphy but weakens and vanishes further east and is not 
found east of 60°W (Fig. 4d–f). During summer (Fig. 4b, 
e) the magnitude of the winds in the western part of the 
Atlantic subtropical anticyclone is larger in NCEP com-
pared to CAM and this results in larger Q convergence in 
the reanalysis dataset. In fact, CTRL shows no convergence 
there although it does simulate the weak divergence of Q 
further east, in about 15°S, which is also present in rea-
nalysis. During winter (Fig. 4c, f) moisture coming from 
the Atlantic high is more tightly linked to moisture conver-
gence in reanalysis than it is in CTRL, which in turn shows 
very weak northerly winds in 15–25°S between 50°W and 
60°W. As it will be discussed later on in the paper, this has 
a crucial role on precipitation over SESA in CAM.

3.3  Channeling of the meridional flow east of the Andes

As stated before, the Andes are known to have an important 
role in channeling the meridional flow. Figure 5 shows the 
cross sections of annual and seasonal mean fields of meridi-
onal winds on 15°S computed between 80°W and 40°W for 

Fig. 3  Annual (a, d), summer (b, e), and winter (c, f) mean zonal 
wind speed and streamlines at 200 hPa in reanalysis and CTRL, 
respectively. Units are m s−1

Fig. 4  As in Fig. 3 but for the horizontal wind speed (vectors) and 
convergence of moisture fluxes Q computed between 1,000 and 
700 hPa (shaded). Wind speeds are in m s−1 and the number in 
Fig. 4a indicates the magnitude of the wind vector in 40°S, 90°W for 
reference. Convergence of Q is in units of kg m−2 s−1
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both NCEP reanalysis and CTRL. In all the cases the Andes 
shape is shown for both datasets. Differences are noticeable 
in all the seasons and most particularly near the eastern foot-
hills of the Andes. In all the cases NCEP displays a maximum 
in meridional wind whose vertical location varies between 
850 and 925 hPa in summer (Fig. 5b) and 750 hPa in winter 
(Fig. 5c). This maximum is present all year long but attains 
larger values during the warm season (Berbery and Barros 
2002). Further east, a secondary maximum in the northerly 
flow can be seen in summer near 45°W which is related to the 
circulation along the western branch of the Atlantic high and 
which is responsible for the activity of the SACZ. These two 
maxima, one centered near 65°W and the other one in about 
45°W, are the signatures of the two main modes of moisture 
transport towards mid-latitudes in summer: the “low-level 
jet (LLJ) mode” and the “active SACZ (or simply SACZ) 
mode”, respectively (e.g. Doyle and Barros 2002).

In CTRL no maximum is found immediately to the east of 
the Andes. In the annual field (Fig. 5d) there are very weak 
northerly winds in about 65°W and near 45–50°W which 
could be related to the LLJ and SACZ modes, respectively. In 
summer (Fig. 5e) there is a single maximum which runs east 
of the Andes towards the Atlantic coast with relative maxima 
embedded, suggesting CTRL cannot represent the two modes 
of moisture transport as two separate (though related) features. 
An interesting point appears also in winter: first, the maximum 
east of the Andes is absent, but also meridional winds between 

55°W and 65°W up to the Andes foothills blow from the 
south. This is likely associated to the shorter Andes in CTRL 
compared to their actual height which leads to an easier cross-
ing of the Andes range of the cold fronts and related cold air 
surges east of the Andes that, in reality, are partially blocked 
by the Cordillera (see for example Seluchi et al. 2006).

Variations in the strength of the meridional flow also 
impact the availability of moisture. For instance, Fig. 5g–l 
depicts annual and seasonal mean fields of specific humid-
ity q in reanalysis and in CTRL. NCEP is characterized by 
larger values of q near the Andes foothills reaching val-
ues of 18–22 g kg−1 there in the annual and summer field 
(Fig. 5g, h). In winter (Fig. 5i) values are smaller but still 
reach 12–14 g kg−1. In CTRL, however, humidity content 
is lower in all the seasons. During summer (Fig. 5k), the 
season with largest q, values do not exceed 16 g kg−1. It 
is also interesting to note that in winter (Fig. 5l) there is a 
minimum in the moisture pattern at low levels east of the 
Andes and larger values in about 45–40°W. This east–west 
gradient over that region is not found in the observations.

3.4  Precipitation

Figure 6 shows the annual and seasonal fields of mean pre-
cipitation and standard deviation between ensemble mem-
bers (Fig. 6a–c) as well as the bias computed using CMAP 
as the observed climate (Fig. 6d–f). The main features that 

Fig. 5  Cross section of annual (a, d), summer (b, e), and winter (c, 
f) mean meridional wind speed in 15°S in reanalysis (NCEP) and 
CTRL, respectively. Units are m s−1. Cross section of annual (g, j), 

summer (h, k), and winter (i, l) mean precipitable water in 15°S in 
reanalysis (NCEP) and CTRL, respectively. Units are mm
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characterize rainfall climatology over South America are pre-
sent, although their magnitudes are usually misrepresented. 
Annually, CTRL represents excessive precipitation over the 
Caribbean basin and over the Andean region of Colombia 
and Peru, as well as over the southern edge of Argentina and 
Chile. At the same time, less rainfall is simulated east of the 
Andes in subtropical South America and also over SESA. 
The drier patterns thus affect the AMAZ and SESA regions 
defined here, while the PUNA region is simulated with exces-
sive precipitation. The SACZ domain does not show large 
biases in the annual field, although during summer the area 
tends to be drier than observed particularly near the Brazilian 
coast and over Atlantic waters. In winter, CAM can success-
fully simulate dry conditions over the Bolivian Altiplano, but 
at the same time is very dry in SESA. Inter-ensemble member 
standard deviations are largest over subtropical South Amer-
ica—particularly in the warm season—coincident with the 
rainiest regions, and also over southern Chile in summer.

4  Experiments on sensitivity to Andes characteristics 
and to horizontal resolution

Variations in the shape and height of the Andes as well as 
on horizontal resolution are expected to bring significant 

variations to the CTRL simulation in the face of the biases 
described in the previous section. Figure 7 shows annual, 
summer and winter mean streamlines at 200 hPa in CTRL 
(left column) and for NoANDES, ANDESx2 and RESO 
experiments. In the case of the Bolivian High it is inter-
esting to see how the structure and strength of its circula-
tion is largely dependent on the Andes shape and location: 
for example the simulation without Andes (NoANDES) is 
characterized by a very weak anticyclonic circulation at 
mid-latitudes, while the pattern in the ANDESx2 experi-
ment is very close to showing a closed circulation similar 
to the pattern depicted by NCEP (see Fig. 3a). Particu-
larly in summer, when this feature is present, the absence 
of the Andes leads to a displacement towards the east of 
the center of circulation (Fig. 5e), while increasing the 
Andes heights makes the circulation more prominent and 
to become centered over northern Chile, a bit to the west of 
where it is observed.

Analysis of the cross sections at 15°S of meridional 
winds in CTRL and the sensitivity experiments (Fig. 8) 
show interesting results. When the Andes are removed, the 
location and strength of the wind maximum near 45–50°W 
does not show significant variations. Its magnitude appears 
slightly larger than in CTRL only in winter (Fig. 8f) and 
little variations are seen in the rest of the year (Fig. 8d, e). 
However, further west, when no Andes are present the low-
level flow from about 60°W westward is characterized by 
southerly winds which attain a maximum of nearly 6 m s−1 
near 75°W. On the other hand, when the Andes height is 
doubled (Fig. 8g–i) a clear maximum at low-to-mid levels 
appears near the Andes foothills. This maximum, which is 
only very weakly depicted in CTRL (Fig. 8a–c), reaches 
values near 8 m s−1 and does not show a clear seasonal 
cycle, although it tends to be somewhat stronger in sum-
mer. As in the case of NCEP the variation in height between 
summer and winter is also present, with the maximum 
located higher in winter than in summer. Interestingly, in 
winter southerly winds are found at low levels in about 55–
60°W associated to the incursions of cold air in synoptic 
activity. These colder winds are located in ANDESx2 fur-
ther east than in CTRL—and more in line with the obser-
vations—indicating once again the relevance of the Andes 
in blocking the synoptic flow. When horizontal resolution 
is doubled (Fig. 8j–l) variations with respect to CTRL are 
weak and non-uniform spatially. During summer (Fig. 8k) 
the two distinct maxima can be seen, one located near the 
Andes foothills and the other in about 50°S. However, the 
strength of the western maximum is very weak and far 
from what is observed. Overall, variations in this field in 
RESO respect to CTRL are scarce and weak.

When specific humidity fields are compared (Fig. 9) 
the absence of the Andes leads to less moisture content 
at low levels between 60°W and the Pacific coast, while 

Fig. 6  a Annual, b summer, and c winter mean precipitation on 
South America in CTRL. Differences in CTRL with respect to CMAP 
in the d annual, e summer, and f winter fields. Units are mm day−1
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variations further east are small. For instance, for regions 
east of about 55°W there is no difference in this field 
between NoANDES and CTRL, suggesting that moisture 
near the Atlantic coast is mostly from Atlantic origin and 

that it is not influenced by topography related to the Andes. 
On the other hand, when the Andes heights are doubled 
(Fig. 9g–i) moisture increases near and to the east of the 
Cordillera. In the annual field, this variation is from almost 

Fig. 7  Annual, summer and winter mean streamlines at 200 hPa in CTRL (a–c, respectively), NoANDES (d–f), ANDESx2 (g–i) and RESO 
(j–l)

Fig. 8  Cross section of annual, summer and winter mean meridional wind speed in 15°S in CTRL (a–c, respectively), NoANDES (d–f)], 
ANDESx2 (g–i) and RESO (j–l). Units are m s−1
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9 g kg−1 in CTRL to about 13–14 g kg−1 in ANDESx2, and 
increases are even larger in summer and in winter. Dur-
ing the cold season in particular, a secondary maximum 
of about 6 g kg−1 appears immediately east of the Andes 
range, which is not present in CTRL but is present in 
NCEP.

Figure 10 shows variations in annual, summer and win-
ter mean precipitation in the experiments with respect to 
CTRL as well as the statistical significance of the differ-
ences (with significant threshold chosen at the 99 %). In 
the NoANDES simulation (Fig. 10a–c), differences in pre-
cipitation are restricted to the regions close to the Andes. 
The most remarkable feature is the reduction in rainfall in 
the Andean region. This is related to the vanishing of the 
topographic forcing over that region and, thus, to less pre-
cipitation there. The largest impact is seen near the PUNA 
region, with differences as high as 8 mm day−1 in the warm 
season (Fig. 10b). There is a secondary region of precipita-
tion reduction in the Pacific coast of Colombia, also related 
to the reduction in the topographic effect on rainfall trigger-
ing. At the same time, more precipitation is simulated east 
of the Andes particularly between the equator and 15°S, 
affecting the Upper Amazon basin. These variations are 
larger during the cold season when they attain magnitudes 
of about 5 mm day−1. All these differences are significant 
at the 99 % confidence level. It is interesting to note that, 
once again, variations in this field are restricted to the areas 
near the Andes and are not found further east except for 
the coasts of the Patagonia region where rainfall is slightly 

reduced. On the other hand, ANDESx2 and RESO do show 
differences far from the topography. In the ANDESx2 sim-
ulations, a clear increase in rainfall is depicted in northern 
Argentina and southern Brazil, affecting SESA particularly 
during winter (see Fig. 10f). This feature is also present in 
the annual mean field (Fig. 10d). Further north, the Pacific 
coast of Colombia and Ecuador show more precipitation. 
Finally, when horizontal resolution is doubled (Fig. 10g–i) 
variations are present mainly in the equatorial and subtropi-
cal parts of the continent, with less rainfall in the eastern 
slopes of the Andes and slightly more precipitation near 
SESA (in summer; Fig. 10h) and the Caribbean (in the 
Southern Hemisphere winter; Fig. 10i). Figure 11 depicts 
the annual cycle of precipitation over the PUNA, AMAZ, 
SESA and SACZ regions in CTRL and the three experi-
ments. In CTRL (Fig. 11a) there is a clear underestimation 
of rainfall over SESA as the model simulates a total annual 
rainfall of about 800 mm which is far from the observed 
value of 1,436 mm (see Fig. 1b). This also happens in 
SACZ and AMAZ. However, in these two regions CAM 
can represent relatively well the annual cycle of precipita-
tion and the timing of the dry and wet seasons, while in 
SESA the model erroneously simulates a dry season from 
about April to September which is not seen in the observa-
tions. In the PUNA region the model simulates qualitatively 
well the annual cycle of precipitation but it strongly overes-
timates the rainfall amounts with a total simulates precipi-
tation of about 1,265 mm, far above the observed value of 
528 mm. For the case of no Andes (Fig. 11b) little effect 

Fig. 9  As in Fig. 8 but for specific humidity. Units are g kg−1



R. I. Saurral et al.

1 3

Fig. 10  Differences in annual, 
summer and winter mean 
precipitation with respect 
to CTRL in NoANDES 
(a–c, respectively), ANDESx2 
(d–f) and RESO (g–i). Units are 
mm day−1. Black dots denote 
regions where differences are 
significant at a confidence level 
exceeding 99 % according to 
a t test

Fig. 11  Annual cycle of pre-
cipitation in the SACZ (blue), 
SESA (green), PUNA (red) 
and AMAZ (violet) regions, 
in mm day−1, in a CTRL, b 
NoANDES, c ANDESx2, and 
d RESO. The numbers in the 
upper right corner indicate the 
annual mean total precipitation 
in each region, in mm year−1
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is seen on SACZ, but large variations arise on AMAZ, 
PUNA and SESA. For instance in PUNA there is a very 
important reduction in total annual precipitation which is 
related to the large reduction in summer, while over AMAZ 
annual precipitation increases. Over SESA there is also a 
large reduction in rainfall in all the seasons and particularly 
in summer, when the model depicts more precipitation in 
CTRL. ANDESx2 results (Fig. 11c) are very interesting: as 
expected due to the results of the NoANDES simulation, 
higher Andes lead to more rainfall on the PUNA region, 
with large precipitation values during summer. At the same 
time, variations in SACZ are small but tend to be related to 
slightly rainier conditions when the Andes are higher. On 
SESA, the interesting feature is that annual total precipita-
tion increases with respect to CTRL (and becomes much 
more similar to the observed value; Fig. 1b) and the annual 
range decreases in comparison to CTRL, reducing the dif-
ferences between summer and winter mean regional pre-
cipitation and also becoming more similar to the observed 
annual cycle. In the case of RESO (Fig. 11d) little varia-
tions are seen overall on the different regions, in line with 
the small differences in moisture fluxes, specific humidity 
and precipitation fields analyzed before.

5  Discussion and concluding remarks

The location and shape of the Andes Cordillera play a 
noticeable role in the distribution and variability of precipi-
tation over South America. As it was shown in this paper, 
it is responsible for the channeling of moisture at low- and 
mid-levels (Fig. 8) which helps determine specific rain-
fall patterns near the eastern slope of the mountains as 
well as over the coastal regions of Ecuador and Colombia. 
These results explain why errors in the representation of 
the Andes in GCMs (either in its extent, shape or height) 
are immediately transferred into rainfall simulations. This 
was quantified in this paper by forcing the atmospheric-
only model CAM with the observed topography of South 
America and with variations in the Andes heights and the 
horizontal resolution. In the CTRL simulation, the model 
was able to represent the position of the subtropical highs, 
low-level wind fields and high troposphere circulation 
especially in summer, although it could not simulate well 
the inflow of moisture coming from the Amazonia and east-
ern South America onto Paraguay, northern Argentina, Uru-
guay and southern Brazil. This led to drier conditions than 
observed over SESA, SACZ and AMAZ, and rainier condi-
tions over PUNA.

The GCM was sensitive to variations not only in the 
Andes heights but in the resolution as well. In terms of 
moisture fluxes, the largest variations were obtained when 
the Andes height was doubled: this resulted in much larger 

moisture fluxes near the eastern slope of the mountains 
and larger specific humidity values. Consequently, larger 
precipitation values appeared over northern Argentina, 
Paraguay and southeastern Bolivia in summer and winter. 
On the other hand, removing the Andes led to a signifi-
cant shift eastwards of the original position of the Boliv-
ian High during summer and to a substantial reduction in 
the annual precipitation over the PUNA—largely explained 
by the orographic lift east of the Andes. Higher Andes also 
reduced the annual precipitation over the AMAZ region 
due to the decrease in moisture fluxes flowing from the 
equatorial Pacific onto the area (not shown). Doubling the 
horizontal resolution led to a general improvement in the 
simulations across all the regions. The smallest variations 
in these experiments were found over SACZ, which in turn 
did show sensitivity to the doubling in the Andes heights 
(and related increase in moisture fluxes towards the region) 
with more winter precipitation there. SESA precipitation is 
sensitive to changes in the Andes height and also to the hor-
izontal resolution. The annual cycle of rainfall there exhib-
ited much drier conditions than observed in both CTRL and 
NoANDES, and precipitation increased with taller Andes 
and with higher horizontal resolution.

Table 1 shows RMSE values computed between the 
observed and simulated time series, for annual, summer 
and winter and for the four regions. Annually (Table 1a) 
the largest improvements in the simulations are obtained 
when the horizontal resolution is doubled (SACZ, SESA 
and AMAZ) except for the PUNA region which is better 

Table 1  RMSE between time series of precipitation in the observa-
tions (CMAP) and the simulations, for (a) annual; (b) summer; and 
(c) winter

Numbers in bold italic denote the best performance. Units are 
mm day−1 

CTRL NoANDES ANDESx2 RESO

a

SACZ 0.15 0.15 0.14 0.07

SESA 0.22 0.24 0.15 0.11

PUNA 0.59 0.11 1.12 0.23

AMAZ 0.14 0.14 0.15 0.06

b

SACZ 0.23 0.37 0.21 0.10

SESA 0.30 0.34 0.32 0.18

PUNA 0.92 0.21 2.01 0.38

AMAZ 0.21 0.27 0.31 0.08

c

SACZ 0.53 0.21 0.50 0.29

SESA 0.44 0.45 0.25 0.24

PUNA 1.27 0.06 2.51 0.54

AMAZ 0.29 0.24 0.27 0.16
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represented when the Andes—and the orographic forc-
ing—are removed. It is interesting to note the sensitivity 
of this region to the Andes height, with annual RMSE val-
ues ranging from 0.11 in NoANDES to 1.12 mm day−1 in 
ANDESx2. For summer time series (Table 1b) the pattern 
is very similar, with most of the regions achieving their 
lower RMSE values in RESO and PUNA, once again, in 
NoANDES. In winter (Table 1c) the pattern is quite differ-
ent: SACZ and PUNA attain lowest RMSE in NoANDES, 
in line with moisture transport fields, and AMAZ in RESO. 
Interestingly, the best simulations over SESA are obtained 
when the Andes topography is doubled, with a RMSE 
value of 0.25 mm day−1. This is related with the increase 
in moisture transports onto SESA in the cold season as they 
interact with the baroclinic perturbations crossing southern 
South America to enhance rainfall activity.

Simulations with higher horizontal resolution led to bet-
ter skill in representing the annual cycle of precipitation 
over most of the regions. However, studies dealing with 
precipitation variability over the PUNA region may need 
to focus on the shape and location of the Andes rather on 
resolution (particularly when resolution is coarse, as in this 
paper). At the same time, rainfall variability over SESA is 
highly sensitive to the Andes as the best simulations dur-
ing the cold season were obtained when the Andes heights 
were doubled, attaining values of between 7,000 and 
8,000 m which are larger than observed, but useful to arti-
ficially increase the channeling of the low-level moisture 
flow towards the region.

It is worth noting that results of this paper cannot be 
directly related to the plausible causes of the errors in 
rainfall simulations over South America in state-of-the-art 
WCRP GCMs given that those are coupled ocean–land–
atmosphere simulations, while in this paper only the atmos-
pheric component was simulated.
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