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Abstract
South America is a large continent with a wide diversity of weather and climate features, including tropical, subtropical 
and extratropical regimes interacting within a complex landscape. Simulations by global climate models, as well as their 
downscaling through regional circulation models or statistical methods, are important tools, particularly when assessing the 
impacts of climate change in the continent. This work evaluates 57 models of the sixth phase of the Coupled Model Inter-
comparison Project (CMIP6) in their simulation of various spatial patterns and circulation features over South America. Our 
evaluation aims to provide useful input for the selection of climate models to force regional simulations in South America. 
Therefore, we focus on spatial fields that are relevant for regional simulations, such as horizontal winds, sea level pressure, 
sea surface temperature (SST), and moisture and energy fluxes across the domain boundaries. Additionally, we evaluated 
different circulation features influencing the regional climate of South America that have not been widely evaluated in these 
models. Several indices are studied to assess the main low-level and upper-level continental-scale circulation patterns, the 
regional Walker and Hadley cells, the subtropical highs and the boundary SST patterns. Our results show that no single 
model performs best across all evaluated features, highlighting the importance of in-depth model evaluation for the region 
concerning the features of interest. 
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1  Introduction

South America is a large continental mass hosting 13 
countries and extending over about 18 million km2. This 
continent spans latitudes from approximately 15º N to 
60º S, resulting in a diverse range of weather and climate 
features, including tropical, subtropical and extratropical 
regimes. On the western side, the Andes mountain range 
is the most prominent orographic feature, extending con-
tinuously from the south to the north of the continent. It 
is the longest cordillera and one of the most biodiverse 
regions in the world (e.g. Hoorn et al. 2010; Rangel et al. 
2018). The interactions between the steep topography and 
the incoming winds from the adjacent oceans and the inner 
continent allow different diurnal and seasonal hydrologi-
cal regimes at both sides of the Andes (e.g. Poveda et al. 
2005; Garreaud 2009; Espinoza et al. 2015, 2020; Rau 
et al. 2016; Junquas et al. 2018; Viale et al. 2019; Arias 
et al. 2021a). In particular, the easterly flow coming within 
the Trade Winds has an important influence over north-
ern South America (e.g. Poveda et al. 2006; Segura et al. 
2019) while the Westerlies and large-scale perturbations 
developing in the extratropics dominate the weather and 
climate variability of the southern part of the continent 
(e.g. Viale and Garreaud 2015). In the upper troposphere 
(about 200–300 hPa), the most prominent features are an 
anticyclonic circulation during austral summer (Decem-
ber–February, DJF), known as the Bolivian High (BH), 
two compensating cyclonic centers to the west (produc-
ing convergence over the Peruvian and Ecuadorian coasts) 
and the east (a.k.a the Nordeste Low) of the BH, and the 
Southern Hemisphere Subtropical and Polar Jets (e.g. 
Lenters and Cook 1997; Sulca et al. 2016; Segura et al. 
2020).

In interaction with the Andes, the development of low-
level jets (LLJs) is among the main regional atmospheric 
circulation features in South America (e.g. Espinoza 
et al. 2020). The northern continent is influenced by the 
Caribbean LLJ in the north (e.g. Wang 2007; Amador 
2008), the Choco LLJ by the west (e.g. Poveda and Mesa 
1999; Yepes et al. 2019), and the Orinoco LLJ by the 
east (e.g. Torrealba and Amador 2010; Jiménez-Sánchez 
et  al. 2019; Martínez et  al. 2022). Towards the south, 
several regions at the east of the Andes are affected by 
the South American LLJ (e.g. Marengo et al. 2004; Vera 
et al. 2006a), while a LLJ that forms over the southeastern 
Pacific affects the regions along the western slope of the 
Andes (Garreaud and Muñoz 2005; Muñoz and Garreaud 
2005). These LLJs control the atmospheric moisture 
transport and distribution within the continent and are 
key drivers of tropical-extratropical interactions (e.g. 
Salio et al. 2007; Sakamoto et al. 2011; Martinez and 

Dominguez 2014; Poveda et al. 2014; Arias et al. 2015; 
Espinoza et al. 2015; Gimeno et al. 2016; Chavez and 
Takahashi 2017; Hoyos et al. 2018; Morales et al. 2021). 
The intensity of the South American LLJ modulates the 
spatio-temporal variability of precipitation in Southeastern 
South America (SESA; mainly Argentina, and Uruguay) 
and southern Brazil, where a clear dipole pattern is 
described at several temporal scales between SESA and 
the continental South Atlantic Convergence Zone (SACZ) 
(Doyle and Barros 2002; Junquas et al. 2012). On the 
western side of the Andes, the Humboldt current and the 
associated upwelling of cold, nutrient-rich waters interact 
with low-level flows of the South Pacific Anticyclone, 
which modulates winds and rainfall regimes at several 
time-scales (e.g. Takahashi 2012; Garreaud 2018).

Ocean–atmosphere interactions and global climate 
variability modes affect South American climate at different 
time scales. The El Niño-Southern Oscillation (ENSO) is 
the main driver of interannual climate variability, with 
very diverse impacts across the continent (e.g. Aceituno 
1988; Cai et al. 2020; Poveda et al. 2020). The Atlantic sea 
surface temperatures (SSTs) also contribute to interannual 
climate variability in South America, mainly over the 
northern, tropical and southeastern regions (e.g. Vuille 
et al. 2000; Taschetto and Wainer 2008; Yoon and Zeng 
2010; Campozano et al. 2018; Arias et al. 2020, 2021a; 
Espinoza et  al. 2022). The Southern Annular Mode is 
another important driver of sub-annual to interannual 
climate variability in the southern part of the continent 
(Gillett et al. 2006; Garreaud et al. 2009; Silvestri and Vera 
2009; Boisier et al. 2016; Aceituno et al. 2021). Decadal 
modes of variability also determine climate variability in the 
continent, particularly the Pacific Decadal Oscillation and 
the Atlantic Multidecadal Oscillation (Jacques-Coper and 
Garreaud 2015; Kayano and Capistrano 2014; Boisier et al. 
2016; Segura et al. 2016, 2020; Jones and Carvalho 2018; 
Stuecker 2018; Kayano et al. 2019, 2022; Campozano et al. 
2020; Garreaud et al. 2020; Imfeld et al. 2020; Loaiza-Cerón 
et al. 2020). These different large-scale modes of variability 
influence South American climate through regional 
perturbations of the Hadley and Walker cells (e.g. Tedeschi 
and Collins 2015; Barichivich et al. 2018; Espinoza et al. 
2019; Cai et al. 2020; Rao et al. 2022), and teleconnections 
across the southern Pacific. Moreover, surrounding oceans 
not only influence climate variability in South America but 
also constitute a primordial source of atmospheric moisture 
toward the continent (Drumond et al. 2008, 2010; Sakamoto 
et al. 2011; Gimeno et al. 2012; Martinez and Dominguez 
2014; Poveda et al. 2014; Arias et al. 2015; Hoyos et al. 
2018; Escobar et al. 2022; Leyba et al. 2023).

Different studies have evaluated the performance of 
global climate models in representing weather and climate 
in South America. Most of these studies focus on the 
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seasonal cycles of temperature and precipitation, as well 
as their variability and trends (see some recent studies: 
Rivera and Arnould 2020; Vasconcellos et  al. 2020; 
Almazroui et al. 2021; Arias et al. 2021b; Díaz et al. 
2021; Ortega et al. 2021; Vale et al. 2021; Varuolo-Clarke 
et al. 2021; Vicente-Serrano et al. 2022; Marianetti et al. 
2024). In particular, the South American monsoon system 
(SAMS), one of the most distinctive climate features in 
the continent (e.g. Zhou and Lau 1998; Vera et al. 2006b), 
has been extensively assessed using models (Jones and 
Carvalho 2013; Seth et al. 2013; Prado et al. 2013; Rojas 
et al. 2016; Díaz and Vera 2018; Londoño-Arteaga and 
Lima 2021; Monteverde et  al. 2022). Other studies 
have addressed temperature and precipitation extremes 
in models (Müller et al. 2018; Dias and Reboita 2021; 
Collazo et al. 2022; Gulizia et al. 2022; de Medeiros et al. 
2022; Reboita et  al. 2022; Olmo et  al. 2022a). Fewer 
studies have focused on the atmospheric circulation and 
moisture transport (Barros and Doyle 2018; Sierra et al. 
2018, 2021; Flores-Aqueveque et al. 2020; Olmo et al. 
2022b; Valencia and Mejía 2022; Agudelo et al. 2023; 
Arias et al. 2023; Bazzanela et al. 2024; Correa et al. 
2024; Zhang et al. 2024) or land–atmosphere interactions 
(Baker et al. 2021; Baker and Spracklen 2022).

As in other continental regions, major climate biases 
in global models result from coarse spatial resolutions 
or missing physical processes, particularly in areas 
with complex topography. Finer-scale climate modeling 
partially solves these biases, and is also necessary for 
various applications, such as basin-scale hydrological 
research or local climate impact assessments, many of 
which rely on global climate simulations as boundary 
conditions. Given the limitations in climate model 
simulations for South America, this study aims to evaluate 
the performance of GCMs and Earth System Models 
(ESMs) participating in the sixth phase of the Coupled 
Model Intercomparison Project (CMIP6), to simulate 
the key large-scale features controlling climate in South 
America. The focus is on specific circulation patterns and 
the transport of moisture and heat through the continental 
boundaries of South America. Hence, this work is 
intended to facilitate the selection of climate models to 
be used as boundary conditions for regional simulations 
in this continent. In particular, we aim to provide a model 
ranking according to their performance in simulating the 
different features and spatial fields considered. We do not 
aim to discuss the mechanisms behind the different model 
biases; however, their identification and characterization 
may also support future research in understanding the 
causes of these biases. Similar works have been developed 
for Europe and Africa (Brandt et al. 2013; Pinto et al. 
2018).

2 � Data and methodology

2.1 � Reanalysis data

We used monthly fields of precipitation, sea level pressure 
(SLP), and SST, as well as horizontal winds (zonal and 
meridional components), pressure velocity (omega), and 
specific humidity at different pressure levels from the ERA5 
reanalysis (Hersbach et al. 2020) for the period 1979–2014. 
ERA5 is the most recent state-of-the-art reanalysis of the 
European Center for Medium-Range Weather Forecasts 
(ECMWF), with a 0.25° horizontal grid size and 137 
pressure levels. This reanalysis has been previously used as 
a reference dataset to evaluate the performance of CMIP6 
models in South America (e.g. Arias et al. 2021b; Ortega 
et al. 2021; Bazzanela et al. 2024; Olmo et al. 2022b; Zhang 
et al. 2024). ERA5 data is accessible at https://​www.​ecmwf.​
int/​en/​forec​asts/​datas​ets/​reana​lysis-​datas​ets/​era5.

2.2 � CMIP6 simulations

This work also uses model outputs for monthly fields of 
horizontal winds, omega and specific humidity at different 
pressure levels, as well as SLP, SST, and precipitation 
from 57 CMIP6 models (Table A1 of the Supplementary 
Material). We considered historical runs during the period 
1980–2014 for comparison with the ERA5 reanalysis. 
Historical simulations include all forcing observed 
during 1850–2014, including changes in the atmospheric 
composition due to anthropogenic forcing (greenhouse 
gas emissions due to fossil fuel burning and land use, 
anthropogenic aerosol emissions) and natural forcing 
(volcanic eruptions, solar variability, internal variability; 
Eyring et al. 2016). CMIP6 outputs are available from the 
Earth System Grid Federation archives (https://​esgf-​node.​
llnl.​gov/​search/​cmip6).

2.3 � Spatial patterns of winds, SLP, SST, 
and precipitation

We estimated the seasonal mean and annual biases of the 
CMIP6 models in simulating horizontal winds, SLP, SST 
and precipitation. In addition, we use Taylor diagrams 
(Taylor 2001) to evaluate the performance of the climate 
models reproducing the seasonal and annual spatial pat-
terns of these variables. These diagrams allow for the 
assessment of model performance by comparing the spa-
tial correlation, standard deviation and root mean square 
error (RMSE) of the model simulation with respect to a 
reference dataset (ERA5 in our case). The models with a 
better performance exhibit higher correlation coefficients 

https://www.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/era5
https://www.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/era5
https://esgf-node.llnl.gov/search/cmip6
https://esgf-node.llnl.gov/search/cmip6
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(i.e. closer to 1), standard deviation ratios close to 1 (i.e. 
the simulated variance is close to the ERA5 variance) and 
low RMSE (i.e. close to 0). The statistics involved in the 
Taylor diagrams for each particular model were computed 
at the original model resolution. This methodology has 
been previously used in the evaluation of climate model 
simulations over South America (e.g. Yin et al. 2013; 
Sierra et al. 2015; Arias et al. 2021b; Ortega et al. 2021; 
Olmo et al. 2022a, b; Bazzanela et al. 2024). 

Regarding atmospheric circulation, we look at specific 
features that matter for continental climate. At low lev-
els, we compute indices to quantify the Atlantic Trade 
Winds (ATW) and Southeastern Pacific Westerlies (SPW). 
For ATW, the index is computed as the 850 hPa zonal 
wind average over the domain 5° S–5° N, 35–20° W (see 
Fig. 1a). Note that this index is defined as positive for an 
easterly flow. For SPW, we compute two indices based on 
the 850 hPa zonal wind in the region 140°–70° W, 30°–60° 
S (Fig. 1a). A first index corresponds to the Westerlies 
latitudinal location (i.e. the latitude of the maximum flow 
within the SPW domain). The second index is the Wester-
lies strength (i.e. the domain-average flow).

Regarding the upper-level circulation, we considered 
an index for the BH, computed as the domain average of 
the DJF 200 hPa geopotential height anomalies over the 
region 15º–25º S, 60º–70º W (see Fig. 1a), according to 
Reason (2016). In addition, we evaluated the modeled 
Southern Hemisphere Subtropical Jet (SHSJ) using the 
200 hPa zonal wind speed over the region 140°–70° W, 
20º S–40º S (see Fig. 1a). Similarly, we used the 200 hPa 
zonal wind speed over the region 140°–70° W, 50º–60º S 
to evaluate the Southern Hemisphere Polar Jet (SHPJ; see 
Fig. 1a). As for the SPW, we compute two indices for the 
SHSJ and SHPJ measuring the latitudinal location (i.e. 
the latitude of the maximum flow) and strength (i.e. the 
domain-average flow).

To further evaluate the model performance in simulating 
SST phenomena affecting the South American climate, we 
computed the ENSO power spectrum for each model, by 
estimating the Fourier transform of SST anomalies (SSTAs) 
averaged over the Niño3.4 region. Moreover, we evaluated 
how the CMIP6 models reproduce the spatial pattern of DJF 
SSTAs over the Pacific surrounding South America during 
ENSO warm phases (El Niño).

2.4 � Regional Hadley and Walker cells

We also evaluated the performance of the CMIP6 models 
in simulating the Hadley and Walker cells over the South 
American domain. To do this, we followed the approach 
proposed by Zhang and Wang (2013), based on a regional 
mass streamfunction (Ψ) estimate without violating 
the principle of negligible net transport of zonal mass. 
This approach uses the meridional component of the 
irrotational flow, which contributes to the vertical motion 
in the north–south circulation represented by the Hadley 
cell. We calculated the meridional mass streamfunction 
of the regional Hadley circulation for each latitude over 
tropical South America, as shown by Eq. 1:

where � is the latitude, g is the gravitational acceleration, 
p is pressure, and 

[

VIR

]

 is the irrotational component of the 
meridional wind averaged for the longitudes 70º–50º W.

For the regional Walker cell, we used the zonal 
component of the irrotational flow that contributes to 
vertical motion in the east–west circulation associated 
with this cell and it is computed for the 150º–20º W 
longitudinal band. The irrotational component of the zonal 
wind was averaged over the latitudes between 5º S and 5º 
N.

2.5 � Subtropical highs

To evaluate the simulation of the subtropical high pressure 
centers in the surrounding oceans, we used SLP for the 
regions: 50°–69° W, 50°–15° S to represent the South 
Pacific Subtropical High (SPSH); 80°–10° W, 45°–20° 
N for the North Atlantic Subtropical High (NASH); and 
45° W–10° E, 45°S–0° for the South Atlantic Subtropical 
High (SASH) (see Fig. 1a). Therefore, we defined three 
indices for each subtropical high: latitudinal location 
(latitude of the maximum SLP within the specific domain), 
longitudinal location (longitude of the maximum SLP 
within the specific domain), and intensity (maximum SLP 
within the specific domain).

2.6 � Water and energy fluxes across boundaries

Boundary conditions are key in the development of 
regional simulations, in particular the lateral fluxes of 
water and energy across the boundaries of the regional 
domain. Therefore we evaluated the simulation of 
vertically integrated fluxes of moisture and heat. The 

(1)� =
2�cos�

g ∫
p

0

[

VIR

]

dp

Fig. 1   a Domains used to compute atmospheric circulation indices: 
Atlantic Trade Winds (ATW; red rectangle), the Southeastern Pacific 
Westerlies (SPW; blue), the Bolivian High (BH; purple), the South-
ern Hemisphere Subtropical Jet (SHSJ; green), the Southern Hemi-
sphere Polar Jet (SHPJ; orange), and the Subtropical Highs (black). 
Color shades indicate ERA5 topography. b Zonal and meridional 
boundaries used to compute Vertically Integrated Moisture Flux and 
Vertically Integrated Energy Flux across the South American domain

◂
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Vertically Integrated Moisture Flux (VIMF) across the 
boundaries of the South American domain was estimated 
by Eq. 2:

where vh is the horizontal wind component normal to the 
boundary of interest (zonal for the latitudinal boundaries or 
meridional for the longitudinal boundaries), pu is pressure 
in the upper level, pl is pressure in the lower level, and q is 
specific humidity. The vertical integration was performed 
between 1000 and 100 hPa. Therefore, we analyzed the 
VIMF transects across the different boundaries (Fig. 1b). We 
also evaluated the vertical structure of the moisture fluxes 
(qu, qv) along these boundaries, where u and v are the zonal 
and meridional wind components.

Similarly, the Vertically Integrated Heat Flux (VIHF) 
across the boundaries of the South American domain was 
estimated using Eq. 3 (Peixoto and Oort 1992):

where pu is pressure in the upper level, pl is pressure in the 
lower level, vh is the horizontal wind component normal to 
the boundary of interest (zonal for the latitudinal boundaries 
or meridional for the longitudinal boundaries), s is the 
dry static energy (DSE), Cp is the specific heat capacity 
of dry air at constant pressure, T is temperature, and � is 
geopotential (gz). As for the VIMF, the vertical integration 
was performed between 1000 and 100  hPa. As for the 
VIMF, we evaluated the VIHF transects across the different 
boundaries (Fig. 1b). We also evaluated the vertical structure 
of the heat fluxes (Tu, Tv) along these boundaries.

In summary, we analyzed four types of features: (i) 
horizontal patterns of winds (850 hPa, 200 hPa), SLP, SST, 
and precipitation over the entire South American continent 
and adjacent oceans; (ii) indices related with circulation 
features (ATW, SPW, BH, SHSJ, SHPJ, Subtropical Highs, 
ENSO); (iii) spatial patterns of regional circulation cells 
(Hadley and Walker cells); and (iv) moisture and heat fluxes 
across the continental boundaries (shown in Fig. 1b). All the 
indices and spatial patterns are estimated for the 1980–2014 
period to match the availability of ERA5 data and CMIP6 
historical simulations.

2.7 � Model evaluation

To evaluate the performance of the different models, we 
considered two approaches. First, we used the Taylor Skill 

(2)VIMF =
1

g∫
pu

pl

vhqdp

(3)VIHF =
1

g∫
pu

pl

vhsdp

(4)s = CpT + �

Score (TS) to rank the models according to their performance 
in the simulation of the spatial patterns of 850 hPa wind 
speeds, 200 hPa wind speeds, SLP, SST, El Niño SSTA, 
precipitation, regional Walker circulation, regional Hadley 
circulation, and the vertical structure of moisture and heat 
fluxes through the domain boundaries. This metric is based on 
the Taylor diagrams by considering the model performance in 
the Pearson correlation coefficient and the standard deviation 
with respect to the reference dataset (ERA5) for each spatial 
field. The TS is computed as indicated by Eq. 5 (Hirota and 
Takayabu 2013):

where R is the correlation coefficient between the simulated 
(model) and the reference (ERA5) spatial field, and �o and 
�m correspond to the standard deviations of the reference and 
simulated spatial fields, respectively.

Second, to rank the models according to their performance 
in simulating particular features of the regional circulation 
(e.g. ATW, SPW, BH, SHSJ, SHPJ, NASH, SPSH, SASH 
and ENSO power spectrum) as well as the heat and moisture 
fluxes across the continental boundaries, we estimated a 
Ranking Score (RS) using the correlation coefficient and the 
RMSE between the indexes obtained for each model and the 
ERA5 data. For this second approach, we scored the models 
according to their ranking for each feature, following a simple 
metric, as shown by Eq. 6:

where N is the number of models used and Rk is the model 
rank for a particular feature. For the correlation coefficient, 
the rank Rk is estimated by arranging models in descending 
order according to their correlation coefficient with ERA5, 
assigning a Rk value that ranges from 1 (model with the 
higher correlation coefficient) to N (model with the lower 
correlation coefficient). For the RMSE, the rank Rk is 
estimated arranging models in ascending order according 
to their RMSE with ERA5, assigning a Rk value that ranges 
from 1 (model with the lower RMSE) to N (model with the 
higher RMSE). Thus a RS equal to 1 indicates the model 
with the best performance in that particular feature. RS 
values closer to zero indicate a poor model performance. 
Please note that N depends on the feature considered since 
not all models have available outputs for all the variables.

(5)TS =
(1 + R)4

4 ∗
(

�m∕�o + �
0
∕�m

)2

(6)RS =

(

N − Rk + 1
)

N
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3 � Mean regional atmospheric circulation 
simulated by the CMIP6 models

We considered the main atmospheric circulation features 
affecting the South American domain. In particular, we 
assessed how the models represent the low-level circulation 
depicted by the 850 hPa wind field, the ATW and the SPW 
in the surroundings of South America. For the upper level 
circulation, we considered the 200 hPa winds in the same 
domain, as well as the BH, SHSJ and SHPJ.

3.1 � Low‑level circulation

Figure 2 shows how the CMIP6 models simulate the 850 hPa 
horizontal winds in the domain 140º–0º W, 60º S–40º N. 

Models exhibit a better performance in representing low-
level winds over this domain during DJF and SON, when 
there is less spread among models but also higher correla-
tions with the ERA5 reference dataset; however, correlation 
coefficients are above 0.8 during MAM and JJA, indicating 
a good performance by the models (Fig. 2a–d). In general, 
the multimodel ensemble shows a better performance than 
individual models, as it locates closer to the reference data in 
the Taylor Diagrams. The multimodel ensemble captures the 
mean seasonal low-level circulation in the continent, with a 
clear representation of the Trade Winds and the extratropi-
cal Westerlies (Fig. 2e–h). The multimodel ensemble shows 
a clear change in the direction of the Trade Winds over the 
Caribbean Sea, with a northerly direction during DJF and a 
southerly direction during JJA, and increased intensity dur-
ing DJF and JJA. The Westerlies depicted by the ensemble 

Fig. 2   a–d Seasonal Taylor diagrams of the 850 hPa horizontal wind 
speed over the 140º–0º W, 60º S–40º N domain. e–h Multimodel 
seasonal mean 850  hPa horizontal winds (vectors) and wind speed 
(shades). i–l Multimodel seasonal mean biases of the 850  hPa hor-

izontal wind speed. Dots indicate when at least 80% of the CMIP6 
models agree on the sign of the multimodel mean bias. Reference 
data corresponds to ERA5 reanalysis
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mean show intensification during the austral spring (SON) 
and summer (DJF). The ensemble mean bias indicates that 
models overestimate the 850 hPa wind speed over the north 
Atlantic ocean, the tropical Pacific, the Caribbean Sea, and 
most of the South American continent, particularly the 
northwest and the southernmost portions (Fig. 2i–l). This 
latter feature may be related with the reduced elevation of 
the Andes in most of the evaluated models. By contrast, 
there is high agreement in their underestimation of low-level 
wind velocities over the tropical and subtropical Atlantic 

Ocean, central South America (Bolivia and Paraguay), and 
the southeastern Pacific (around 20º S).

3.1.1 � Atlantic trade winds

Since the main South America domain considered in 
Fig. 2 includes different circulation patterns, we examine 
some particular aspects of the low-level circulation in the 
region. First, we evaluated the ATW, a key climate driver 
for tropical South America. Figure 3 shows the annual 
cycle of the Trade Wind index defined in the ATW region 

Fig. 3   Climatological annual 
cycle of the Atlantic Trade 
Wind index (see Fig. 1a) for the 
different CMIP6 models avail-
able and the reference ERA5 
dataset (thick black line). For 
comparison, the ensemble mean 
is shown (thick dotted black 
line). Negative values represent 
a westerly flow. The dotted line 
indicates the zero line (i.e. the 
Trade winds change from east-
erly (positive index) to westerly 
(negative index)
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(Sect. 2.3.1) based on the reference ERA5 dataset and the 
CMIP6 models. According to ERA5, there is a strengthen-
ing of the Trade Winds during November, and a second 
minor peak in May–June, within an overall weak seasonal 
cycle. In general, CMIP6 models show a consistent mean 
magnitude but greater seasonal amplitude of the Trade 
Winds. The modeled Trade Winds strengthen during Sep-
tember-January, with the largest values around Novem-
ber, as suggested by ERA5. However, the models show a 
clear minimum by April–May, which is not observed in 
ERA5, where the weakest Trade Winds are shown around 
August. Even more, a few models show negative values of 
the Trade Wind index, indicating a change in the direction 
of these winds (becoming westerly) mainly during March-
June. This result suggests that the CMIP6 models have 
systematic difficulties reproducing the annual cycle of the 
Trade Winds affecting South America, particularly due to 
negative biases during March-June. This is also observed 
from the multimodel ensemble.

3.1.2 � Southeastern Pacific westerlies

Another important feature of the low-level circulation in 
South America are the SPW, which control the hydrocli-
mate variability of the extratropical regions of the continent. 
Figure 4a shows the annual cycle of the mean Westerlies 
strength (Sect. 2.3.1), according to ERA5 and the CMIP6 
models. The CMIP6 models show a better agreement with 
ERA5 in their representation of the SPW strength than for 
the Trade Winds, the agreement is clearer when considering 
the multimodel ensemble (Fig. 4a).

The SPW index exhibits a unimodal annual cycle with 
minimum values during the austral winter (May–August) 
and stronger winds during the summer (November-March). 
Although this annual cycle is well represented by the 
models, the magnitude exhibits an important spread, with 
variations of about 5 m/s among models. In contrast to the 
mean strength, the mean location of these winds is not well 
represented by many of the models (Fig. 4b). According 
to ERA5, the SPW exhibit their southernmost location 
during June–August at latitude around 60º S. However, 
many models show a northward shift in the location of this 
wind belt during austral winter, with locations as far north 
as 35º–45º S. We note that the westerly flow and the related 
mid-latitude storm track in the Southeastern Pacific are 
better defined and peak in summer, while during winter, the 
westerly flow band is wider and extends northward, with 
a less distinct maximum within a large latitudinal range 
from about 30–60° S. This less distinct maximum flow 
may explain sudden jumps in the detection of the latitude 
of maximum wind, as shown by some models during the 
winter.

3.2 � Upper‑level circulation

Regarding the upper-level circulation, Fig. 5 shows the 
model performance for the seasonal 200 hPa wind fields 
over the domain 140º–0º W, 60º S–40º N. The Taylor dia-
grams suggest that the models show a better resemblance 
with respect to ERA5 during JJA and SON, when the 
symbols corresponding to the models are located closer 
to the reference data (Fig. 5a–d). For DJF and MAM, the 
models exhibit larger standard deviations and lower cor-
relations than for the other seasons, although correlation 
coefficients are above 0.8 during all seasons (Fig. 5a–d). 
In general, the multimodel ensemble outperforms individ-
ual models, as detected from the Taylor Diagrams. The 
ensemble mean 200 hPa wind field (Fig. 5e–h) shows the 
clear development of the subtropical jet over the Southern 
Hemisphere (30º–60º S), with stronger velocities during 
JJA and SON (Fig. 5e–h). The ensemble mean also sug-
gests an anticyclonic circulation over the South American 
Altiplano in DJF, consistently with the development of 
the BH. The ensemble mean bias of the 200 hPa wind 
magnitude (Fig. 5i–l) indicates that models overestimate 
200 hPa wind velocity over northern South America dur-
ing the entire year, and show the stronger overestimates 
in the Amazon during JJA and SON, and southern South 
America during SON. Also, CMIP6 models overestimate 
the velocities associated with the Subtropical Jet over the 
southeastern Pacific and underestimate the velocity of the 
200 hPa winds over the Altiplano and the south tropical 
eastern Pacific during DJF and MAM. All these biases 
have a high agreement among models, indicating that they 
are common biases among the CMIP6 models.

3.2.1 � Bolivian high

Figure 5 considers a large domain that mixes important 
regional circulation patterns for the continent. Because 
the BH is a dominant feature of the upper-level circulation 
in South America during the austral summer, we show 
the annual cycle of the BH index (defined in Sect. 2.3.1; 
Fig. 6). In general, the models exhibit an annual cycle 
that resembles that from ERA5, with larger 200 hPa geo-
potential heights in DJF and smaller heights in JJA, in 
agreement with the establishment of an upper-level anticy-
clone during the austral summer over the Altiplano region 
in association with the development of the SAMS. How-
ever, most of the models underestimate the BH index with 
respect to ERA5, showing 200 hPa geopotential heights 
up to 200 m below the ERA5 estimate. This is clearly 
observed in the multimodel ensemble.



	 P. A. Arias et al.231  Page 10 of 30

Fig. 4   Climatological annual 
cycle of the a strength and b 
mean latitudinal location of the 
South Pacific Westerlies (see 
Fig. 1a) for the different CMIP6 
models available and the 
reference ERA5 dataset (thick 
black line). For comparison, the 
ensemble mean is shown (thick 
dotted black line)
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3.2.2 � Subtropical and polar jet streams

Another important feature of the upper-level circulation 
in South America are the Subtropical and Polar Jets. Fig-
ure 7a shows the annual cycle of the mean strength of 
the SHSJ indicating that the models capture the unimodal 
annual cycle of this upper-level circulation, with stronger 
200 hPa winds during June–September and weaker veloc-
ities in November-March. The models exhibit a larger 
spread during the season of a stronger SHSJ, with mean 
velocities varying between 30 and 50 m/s (for comparison, 
the mean strength from ERA5 for July–August is about 
38 m/s). Regarding the mean latitudinal location of the 
SHSJ Fig. 7b), models also exhibit a good resemblance in 
comparison to ERA5, showing a northward displacement 

of the jet during August–November (with a location about 
30º S) and a southward migration by December–April 
(with a location about 38º S). The multimodel ensemble 
shows a better simulation of the SHSJ mean location than 
its mean strength (Fig. 6a, b).

Regarding the SHPJ, Fig.  7c, d indicate that the 
models generally capture the mean annual cycle of the 
jet intensity, with two maxima in February–March 
and October–December, and one stronger minimum 
in May–June. In contrast with the SHSJ, many models 
fail in reproducing the mean latitudinal location of 
the SHPJ, although the multimodel ensemble shows 
a best performance in this annual cycle, exhibiting is 
southernmost location in September–November, as 
suggested by ERA5 (Fig. 7d).

Fig. 5   a–d Seasonal Taylor diagrams of the 200 hPa horizontal wind 
speed over the 140º–0º W, 60º S–40º N domain. e–h Multimodel 
seasonal mean 200  hPa horizontal winds (vectors) and wind speed 
(shades). i–l Multimodel seasonal mean biases of the 200  hPa hor-

izontal wind speed. Dots indicate when at least 80% of the CMIP6 
models agree on the sign of the multimodel mean bias. Reference 
data corresponds to ERA5 reanalysis
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3.3 � Regional circulation cells

Up to this point, we have evaluated the ability of the 
CMIP6 models in representing the horizontal atmospheric 
circulation over South America and its surroundings. In 
this section, we assess how these models simulate the main 
regional circulation cells in South America: the Walker 
and Hadley cells.

3.3.1 � Walker circulation

Figure 8 summarizes the performance of the set of CMIP6 
models in representing the mean seasonal regional Walker 
circulation, depicted by the irrotational component of 
the zonal wind for the 150º W–20º W longitudinal band, 
averaged over the latitudes between 5º S and 5º N (see 
Sect. 2.3.2). It is clear that models have more difficulties 

Fig. 6   Climatological annual 
cycle of the Bolivian High 
index (see Fig. 1a) for the dif-
ferent CMIP6 models available 
and the reference ERA5 dataset 
(thick black line). For com-
parison, the ensemble mean is 
shown (thick dotted black line)
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in the simulation of the South American Walker cell 
(Fig. 8a–d) than for the 850 hPa and 200 hPa wind fields 
(Figs. 2a–d and 5a–d). The models exhibit a better perfor-
mance of the Walker cell during SON and DJF. For MAM 
and JJA, CMIP6 models show more variations in their 
standard deviation and much lower correlation values with 
respect to ERA5 (Fig. 8a–d). The multimodel ensemble 
does not necessarily outperform individual models, with 
some of them exhibiting a better performance in the Taylor 
Diagrams.

CMIP6 models show a weaker irrotational component 
of the zonal wind for both positive and negative values 
(note that the ensemble mean values (Fig. 8e–h) and the 
ensemble mean bias (Fig. 8i–l) have opposite signs for the 
four seasons, especially in MAM and JJA, when the model 
agreement is higher). This suggests that the CMIP6 models 
underestimate the strength of the regional Walker cell in 
South America throughout the year, in comparison to ERA5.

3.3.2 � Hadley circulation

Figure 9 shows the model performance in simulating the 
mean seasonal regional Hadley cell, according to the mass 
streamfunction averaged over the longitudes 70º W–50º W 
(see Sect. 2.3.2). As also detected for the Walker cell, the 
models better simulate the seasonal horizontal wind fields 
than the South American Hadley cell. The CMIP6 models 
show a higher skill in their simulation of the regional Hadley 
cell for DJF while the worst performance is observed for 
SON (Fig. 9a–d). As also observed for the Walker circu-
lation, some individual models show a better performance 
than the multimodel ensemble.

The multimodel ensemble captures the characteristic 
seasonal cycle of the Hadley cell over South America: 
ascending motion centered about 15º–20º S during austral 
summer and a northward migration until reaching its 
northernmost location (around 20º–40º N) in boreal summer 
(Fig. 9e–h). The ensemble mean bias suggests a dipole 
centered about 5º N, with positive values to the south and 
negative values to the north, particularly in DJF and MAM, 
detected in at least 80% of the models considered (Fig. 9–l). 
This indicates that the CMIP6 models overestimate the 
ascending motion over south tropical South America 
(between 20º and 10º S) in austral summer (DJF) and fall 
(MAM), while the ascending motion over north tropical 
South America (around 5º N) is underestimated during 
boreal summer (JJA) and fall (SON).

3.4 � Subtropical highs in the adjacent oceans

The subtropical highs over the Atlantic and Pacific oceans 
are among the boundary conditions influencing regional 
atmospheric circulation in South America. In particular, 

features such as the Atlantic Trade Winds and the Wester-
lies are associated with the anticyclonic circulation of these 
subtropical highs. As a first approach, Fig. 10 shows the 
model performance in the simulation of the seasonal patterns 
of SLP over the 140º–0º W, 60º S–40º N domain. In general, 
CMIP6 models show a similar performance in their simula-
tion of SLP fields during the different seasons (Fig. 10a–d), 
exhibiting a better performance than for the regional cells 
(Figs. 8a–d and 9a–d). The multimodel ensemble shows 
a better performance than most of individual models as it 
locates closer to the reference data in the Taylor Diagrams.

The multimodel mean shows the high SLP patterns 
over the North Atlantic, the South Pacific and the South 
Atlantic, characteristic of the NASH, SPSH, and SASH, 
respectively, with a strengthened NASH in boreal winter/
spring and enhanced SPSH and SASH in austral winter/
spring (Fig.  10e–h). It also shows the lower pressures 
over the tropical region throughout the year and over the 
SAMS core region during the austral summer. The mean 
biases indicate that the CMIP6 models underestimate SLP 
over most of western South America, particularly over the 
western Amazon during SON and Peru and northern Chile 
during the entire year, in association with underestimated 
SPSH SLP (Fig. 10i–l). In contrast, the models overestimate 
the SLP over the NASH and SASH centers during the 
different seasons.

For a more detailed analysis of the subtropical highs, 
Supplementary Fig. A1 shows the annual cycle of the 
intensity, latitudinal location and longitudinal location of 
the three anticyclonic systems. The CMIP6 models generally 
resemble the annual cycle of the anticyclone intensity 
and the latitudinal location of the three subtropical highs, 
exhibiting greater intensities for the Atlantic anticyclones 
than for the SPSH, as also shown in Fig. 10e–h. The model 
spread in the subtropical high intensity is about 6–8 hPa for 
the SASH, 8–10 hPa for the SPSH and 8–12 hPa for the 
NASH (Supplementary Fig. A1a–c).

The unimodal cycle of the latitudinal location of the anti-
cyclones is well captured by some of the models, mainly 
for the SASH and SPSH, showing more northward (south-
ward) locations for the SASH and SPSH during Febru-
ary-May (JJA) and for the NASH during July–September 
(April–May) (Supplementary Fig. A1d–f). Among the three 
anticyclones, the NASH latitudinal location has more dif-
ferences between the models, with variations up to 10º of 
latitude, and with some models exhibiting a biased annual 
cycle. The annual cycle of the longitudinal location of the 
anticyclone center exhibits more differences for the SASH, 
with models exhibiting large shifts throughout the year in 
comparison to ERA5 (Supplementary Fig. A1g). For the 
other anticyclones, the models show an annual cycle more 
in agreement with ERA5. In general, the models have 
more difficulties simulating the longitudinal location of the 
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anticyclonic core over the three oceans, particularly for the 
SASH (Supplementary Fig. A1g–i).

3.5 � Sea surface temperatures 
in the adjacent oceans

Among the most relevant boundary conditions influenc-
ing the South American atmospheric circulation are the 
SSTs in the surrounding oceans. Figure 11 shows the per-
formance of the CMIP6 models in simulating the seasonal 
SSTs in the 140º–0º W, 60º S–40º N domain. In ERA5, 
SST conditions are provided by existing level-4 (i.e., gap-
less) gridded datasets. The ERA5 SST product considers 

Fig. 7   Climatological annual cycle of the a strength and b mean 
latitudinal location of the Southern Hemisphere Subtropical Jet, and 
the c strength and d mean latitudinal location of the Southern Hem-
isphere Polar Jet over South America (see Fig.  1a) for the different 
CMIP6 models available and the reference ERA5 dataset (thick black 
line). For comparison, the ensemble mean is shown (thick dotted 
black line)

◂

Fig. 8   a–d Seasonal Taylor diagrams of the irrotational component of 
the zonal wind for the 150º–20º W longitudinal band, as a representa-
tion of the regional Walker Cell in South America. The irrotational 
component of the zonal wind is averaged over the latitudes between 
5º S and 5º N. e–h Multimodel seasonal mean irrotational component 

of the zonal wind for South America. i)-l) Multimodel seasonal mean 
bias of the irrotational component of the zonal wind for South Amer-
ica. Dots indicate when at least 80% of the models agree on the sign 
of the multimodel mean bias. Reference data corresponds to ERA5 
reanalysis
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various flavors of the Met Office Hadley Centre HadISST2 
product as well as the Climate Change Initiative SST v1.1, 
which are combined with the Met Office OSTIA product 
used in the ECMWF medium-range forecasting system 
since 2007 (Hersbach et al. 2020). This means that ERA5 
assimilates multiple observational products. Moreover, we 
compared ERA5 SST data with two observational datasets 
(COBESST2 and ERSSTv5). In particular, we evaluated the 
power spectrum of the Oceanic El Niño Index (ONI) repro-
duced by all datasets and ERA5 captures the peak spectrum 

about 3–5 years, as the other datasets (not shown). Also, 
we compared the probability density function (PDF) of the 
seasonal SST spatial fields over the 140º–0º W, 60º S-40º N 
domain (i.e. oceans surrounding South America) and found 
that ERA5 exhibits a PDF remarkably close to the obser-
vational datasets during all seasons (not shown). Hence we 
considered ERA5 as the reference dataset to evaluate model 
performance in simulating SSTs over the adjacent oceans 
of South America.

Fig. 9   a–d Seasonal Taylor diagrams of the regional meridional mass 
streamfunction (Eq. 1) averaged over the longitudes 70º–50º W, as a 
representation of the regional Hadley Cell in South America. e)-h) 
Multimodel seasonal mean regional meridional mass streamfunc-
tion for South America. Positive (negative) values indicate clockwise 

(counterclockwise) vertical rotation. i–l Multimodel mean bias of the 
mean regional meridional mass streamfunction for South America. 
Dots indicate when at least 80% of the models agree on the sign of 
the multimodel mean bias. Reference data corresponds to ERA5 rea-
nalysis
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Among all the variables considered in our study, seasonal 
SSTs are the field in which the CMIP6 models exhibit the 
best performance, in terms of the standard deviation and 
correlations of the spatial patterns (Fig. 11a–d). The only 
exception is the E3SM-1–0 model, which shows very low 
correlation coefficients with respect to the reference data, 
biasing the multimodel ensemble. CMIP6 models resem-
ble the regional SST patterns, with a cold tongue over the 
eastern tropical Pacific and warmer conditions in the north-
western Atlantic/Caribbean warm pool (Fig. 11e–h). The 
ensemble mean bias shows that CMIP6 models underesti-
mate SSTs over the north Atlantic ocean and Caribbean Sea 
and overestimate them over the Pacific ocean surrounding 
South America, particularly in the cold tongue, during the 
entire year (Fig. 11i–l). The models also overestimate the 
SSTs over the extratropical oceans of South America.

ENSO is one of the most important SST features 
influencing South American climate [see Cai et al. (2020) 
for a detailed review of the main impacts of ENSO in South 
America]. Supplementary Fig. A2 shows how the CMIP6 
models simulate the SSTAs pattern associated with El Niño. 
These models are able to capture the positive SSTAs over 
the tropical eastern Pacific in association with El Niño 
(Supplementary Fig. A2a). However, the spatial correlation 
between the DJF SSTAs pattern between the models and 
the ERA5 reference dataset is low (some models show 
correlation coefficients as low as 0.3; Supplementary Fig. 
A2b). Also, there is a large spread in the standard deviation 
of the SSTA pattern of the models with respect to ERA5 
(Supplementary Fig. A2b). The power spectrum of the 
Niño3.4 index suggests that many models underestimate 
the dominant ENSO frequency with respect to ERA5: while 

Fig. 10   a–d Seasonal Taylor diagrams of the sea level pressure (SLP) 
over the 140º–0º W, 60º S–40º N domain. e–h Multimodel seasonal 
mean SLP. i–l Multimodel seasonal mean biases of the SLP. Dots 

indicate when at least 80% of the CMIP6 models agree on the sign 
of the multimodel mean bias. Reference data corresponds to ERA5 
reanalysis
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ERA5 shows a dominant frequency of 4–5 years, many of 
the CMIP6 models have a spectral peak around 2–3 years 
(Supplementary Fig. A2c). In contrast, a second set of 
models show longer ENSO frequencies of more than 5 years.

3.6 � Precipitation

Although the main goal of this paper is not focused on the 
evaluation of seasonal precipitation in South America, the 
model performance for this variable is an important input to 
assess how well these models simulate regional climate in 
South America. Thus Fig. 12 shows the performance of the 
CMIP6 models in simulating the seasonal precipitation in 
the 80º–40º W, 60º S–15º N domain. This domain focuses 
on the South American landmass in order to evaluate model 

performance in simulating precipitation over the continent. 
The CMIP6 models better simulate regional precipitation 
during JJA than during the other seasons (Fig. 12a–d). As 
observed for other variables, the multimodel ensemble gen-
erally outperforms individual models when analyzing Taylor 
Diagrams. In general, the CMIP6 models capture the wettest 
and driest regions over the continent as well as the seasonal 
precipitation patterns, however the ensemble mean shows 
the double ITCZ bias during DJF and MAM (Fig. 12e–h). 
The ensemble mean bias indicates strong biases over the 
oceanic ITCZ, with overestimations (underestimations) 
with respect to the reference dataset over the north (south) 
equatorial ITCZ, showing a high agreement among models 
(Fig. 12i–l). Over the continent, there is agreement in an 
overestimation of seasonal precipitation over northern and 

Fig. 11   a–d Seasonal Taylor diagrams of the sea surface tempera-
ture (SST) over the adjacent oceans of South America (140º–0º W, 
60º S–40º N). e–h Multimodel seasonal mean SSTs over the adjacent 
oceans of South America. i–l Multimodel seasonal mean biases of the 

SSTs. Dots indicate when at least 80% of the CMIP6 models agree on 
the sign of the multimodel mean bias. Reference data corresponds to 
ERA5 reanalysis
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southern South America and underestimation over north-
eastern Brazil and the western side of the Andes over Ecua-
dor, Peru and Bolivia (Fig. 12i–l). The analysis over a larger 
domain (the domain shown in Fig. 10 and other figures) 
yields to similar conclusions (not shown).

4 � Water and energy fluxes 
across the continental boundaries 
simulated by the CMIP6 models

Section 3 discusses how the CMIP6 models reproduce dif-
ferent circulation features in South America, which may play 
an important role in regional simulations forced by GCMs. 
In this section, we focused on the vertically integrated mois-
ture and heat fluxes across the South American boundaries, 

Fig. 12   a–d Taylor diagrams of the seasonal mean precipitation over 
the domain 80º–40º W, 60º S–15º N. e–h Multimodel seasonal mean 
precipitation over South America. i–l Multimodel mean biases of pre-

cipitation over South America. Dots indicate when at least 80% of the 
models agree on the sign of the multimodel mean bias. The reference 
data is the ERA5 reanalysis



	 P. A. Arias et al.231  Page 20 of 30



How well CMIP6 models simulate key boundary conditions affecting South American climate?… Page 21 of 30  231

as they provide key boundary conditions for these types of 
simulations.

4.1 � Vertically integrated moisture fluxes

The VIMF transects across the South American bounda-
ries (Fig. 1b) for the DJF and JJA seasons are presented in 
Fig. 13. In general, the CMIP6 models capture the pattern 
of meridional (Fig. 13a–d) and zonal (Fig. 13e–h) VIMF 
across the continental boundaries. The multimodel ensemble 
mean captures the VIMF transect across the four boundaries 
considered. This is also observed in the Taylor diagrams 
of the DJF vertical moisture fluxes (Supplementary Figs. 
A3a–d), clearly showing that the models show a higher skill 
in their simulation of the zonal fluxes across the eastern 
and western boundaries (Supplementary Fig. A3c, d). The 
northern VIMF has a peak around 80º W-70º W while the 
southern VIMF is more uniform across the zonal boundaries, 
which are well represented by the models (Fig. 13a–d). The 
northern VIMF is stronger during JJA (Fig. 13a, b) while 
the southern VIMF does not show much change between 
DJF and JJA; however, the model spread is larger for DJF 
(Figs. 13c, d).

The models show a larger spread when simulating 
the zonal VIMF peaks over the tropical latitudes (25º 
S and equator; Fig.  13e–h). The multimodel mean 
shows that the zonal fluxes have larger magnitudes than 
the meridional f luxes (Supplementary Fig. A3e–h), 
with larger biases for the zonal and southward fluxes 
(Figs. 13 and Supplementary FigA3i–l). As expected, the 
moisture fluxes are much larger at the lower levels of the 
troposphere (Supplementary Fig. A3e–h). Furthermore, 
the ensemble mean of the northerly vapor flux over the 
northern boundary seems to be weaker than in ERA5, 
especially along the Caribbean Sea (Fig.  13a and 
Supplementary Fig. A3i). Over the western boundary, the 
VIMF easterly outflow is stronger over the tropics than in 
ERA5 (Fig. 13e, f) and over the subtropics (Figs. 13e-13f 
and A3k), although a somewhat weaker outflow is found 
in the ensemble mean at the low-levels over the tropics 
(Supplementary Fig. A3k). Over the eastern boundary, the 
ensemble mean easterly inflow of vapor flux is stronger 
than in ERA5 over the tropics and parts of the subtropics, 
while the outflow of westerly vapor flux is slightly stronger 
over the extratropics (Fig. 13g, h and Supplementary Fig. 
A3l). These boundary conditions are relevant for the 

interpretation and/or model calibration when using limited 
area models (e.g. Regional Climate Models (RCMs)) for 
dynamical downscaling of CMIP6 models.

4.2 � Vertically integrated energy fluxes

Figure 14 shows the VIHF transects over the South Ameri-
can boundaries for the DJF and JJA seasons. The northern 
VIHF has a marked northerly peak centered about 50º W 
during DJF but acquires a generally uniform pattern dur-
ing JJA (Figs. 14a-14b). The southern VIHF shows north-
erly fluxes over the 95º W-65º W longitudinal range and 
southerly fluxes in the 65º–35º W zonal band (Figs. 14c-
14d). Both zonal fluxes through the western and eastern 
boundaries show westerly fluxes in the extratropical latitudes 
and more easterly fluxes over the tropics (Fig. 14e, h). The 
CMIP6 models follow the pattern suggested by the ERA5 
dataset for the VIHF across all the boundaries, suggesting 
that the models are able to capture these boundary heat 
fluxes in South America. The multimodel ensemble captures 
the VIHF transect across the four boundaries considered. 
Similar to the moisture fluxes, the models show a much bet-
ter representation of the DJF zonal heat fluxes, which are 
higher in magnitude than the meridional fluxes (Supplemen-
tary Fig. A4e–h), as also observed for the moisture fluxes 
(Supplementary Fig. A3e–h).

5 � Performance evaluation and model 
ranking

The main objective of this work is to provide a ranking of 
CMIP6 models according to their performance in the simu-
lation of circulation features and spatial fields as well as 
moisture and heat fluxes across the continental boundaries 
for South America. Our evaluation aims to provide useful 
input for the selection of climate models to force regional 
simulations in South America. Supplementary Figures A5 
and A6 show the model ranking for each of the regional 
circulation features evaluated from index estimates (ATW, 
SPW, BH, SHSJ, SHPJ, ENSO power spectrum, and sub-
tropical highs), based on the Ranking Score (RS). Similarly, 
Figure A7 shows the model ranking for the vertically inte-
grated moisture and heat fluxes across the South American 
boundaries for the austral summer (DJF) and winter (JJA). A 
RS close to 1 (red colors) indicates that the model is among 
the best models simulating a particular feature, according 
to the correlation coefficient (Supplementary Figs. A5a, 
A6a, and A7a) or the RMSE (Supplementary Figs. A5b, 
A6b and A7b). In addition, Tables A2-A10 show the best 5 
CMIP6 models for each feature. These results show that no 
single model is among the best models in representing all 
the features considered in this evaluation, with the model 

Fig. 13   Climatological Vertically Integrated Moisture Flux (VIMF; 
Eq. 2) across the a, b northern, c, d southern, e, f western, and g, h 
eastern boundaries of the South American domain (see Fig.  1b) for 
December-February (DJF) and June–August (JJA) for the different 
CMIP6 models available and the reference ERA5 dataset (thick black 
line). For comparison, the multimodel ensemble is shown (thick dot-
ted black line)

◂
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performance depending on the metric used (correlation coef-
ficient or RMSE).

Supplementary Tables A11–A20 show the Taylor Skill 
Score (TS) for the seasonal spatial patterns of 850 hPa 
winds, 200 hPa winds, SLP, SST, DJF El Niño SSTAs, 
precipitation, regional Walker cell, regional Hadley cell, 
as well as the DJF vertical structure of the moisture and 
heat fluxes across the boundaries in the South American 
domain, based on the Taylor diagrams (Figs. 2, 5, 8, 9, 10, 
11 and 12 and Supplementary Fig. A2–A4). Although these 
spatial patterns are not representative of specific circulation 
features, they are commonly considered when performing 
model evaluation. As also indicated by the Taylor diagrams, 
the models better simulate the seasonal patterns of SST/SLP 
(TS above 0.9), 850 hPa/200 hPa winds (TS around 0.7–0.9), 
and the vertical structure of the moisture/heat fluxes across 
the South American boundaries (TS around 0.7–0.9). By 
contrast, the models have a poor performance reproducing 
DJF El Niño SSTA (0.1–0.4) and the seasonal patterns of 
precipitation (0.3–0.6) (Tables A11-A20).

Regarding seasonal performance, models have higher TS 
for 850 hPa wind in SON (austral spring), 250 hPa wind/
precipitation in JJA (austral winter) and SON, the Walker/
Hadley cells in DJF (austral summer), and SLP/SST for 
all seasons. The vertical structure of the moisture and heat 
fluxes across the domain boundaries are better represented 
for the eastern and western boundaries (zonal fluxes), as also 
suggested by the VIMF/VIHF transects (Fig. 13 and 14).

The TS indicates that, in many cases, the best 5 models 
representing the spatial pattern of a particular variable do 
it for more than one season. However, no single model 
exhibits the best performance in the simulation of all 
these spatial patterns (Supplementary Tables A11–A20), 
highly depending on the variable considered, as also 
observed for the circulation features evaluated from indices 
(Supplementary Tables A2–A10).

Given the large diversity of model performance for the 
different features and spatial patterns considered, our results 
highlight the importance of conducting a process-based 
model evaluation when selecting the GCMs or ESMs to 
force regional models. In the case of CMIP6 models and 
South America, the rankings provided in Tables A2-A10 
can be useful to guide the selection of model output for 
dynamical downscaling. For example, for RCM simulations 
with a focus over northern South America, the features 

listed in Table 1 could be among the most relevant. The 
corresponding rankings suggest that output from the family 
of GFDL models could be useful for dynamical downscaling, 
since it has a good representation of the seasonal behavior 
of the NASH and ENSO related frequencies. Another good 
candidate could come from the family of MPI-ESM models, 
which have a good representation of the trade winds, the 
easterly VIMF and the latitude of the NASH. In contrast, 
for a domain focused on southwestern South America, the 
relevant features could be like those listed in Table 2. In 
this case, the best compromise could be offered by output 
from FGOALS-f3-L, with a good representation of westerly 
winds, westerly VIMF, the SHSJ and the SPSH. The CESM2 
model family also looks as a good source, followed by the 
family of MPI-ESM. Note that the GFDL model family does 
not stand out for the features in Table 2.

6 � Summary and conclusions

This work addresses an evaluation of a large set of CMIP6 
models (57 models available at https://​esgf-​node.​llnl.​
gov/​search/​cmip6) in simulating key spatial patterns and 
circulation features over South America. Our findings 
provide valuable guidance for selecting outputs from specific 
GCMs and ESMs as boundary conditions for regional 
simulations in the South American domain.

Although many previous studies have focused on the 
evaluation of climate models in their simulation of the 
spatial patterns of different variables over South America 
(mainly air surface temperature and precipitation at annual 
and seasonal scales) (e.g. Yin et al. 2013; Gonzalez et al. 
2014; Gulizia and Camiloni 2015; Palomino-Lemus et al. 
2015, 2017; Sierra et  al. 2015; Tedeschi and Collins 
2015; Bonilla-Ovalle and Mesa-Sánchez 2017; Zazulie 
et al. 2018; Rivera and Arnould 2020; Vasconcellos et al. 
2020; Almazroui et al. 2021; Arias et al. 2021b; Díaz et al. 
2021; Ortega et al. 2021; Vale et al. 2021; Varuolo-Clarke 
et al. 2021; Firpo et al. 2022; Vicente-Serrano et al. 2022; 
Marianetti et  al. 2024), fewer studies have focused on 
specific circulation features (Barros and Doyle 2018; Sierra 
et al. 2018, 2021; Flores-Aqueveque et al. 2020; Olmo et al. 
2022b; Valencia and Mejía 2022; Agudelo et al. 2023; Arias 
et al. 2023; Bazzanela et al. 2024; Correa et al. 2024) and 
even fewer have addressed boundary conditions relevant for 
regional simulations.

Recent work by Zhang et al. (2024) assessed 37 CMIP6 
models in simulating large-scale driving fields over the 
South American domain for the Coordinated Regional 
Climate Downscaling Experiment (CORDEX). This work 
is an important step for a systematic evaluation of CMIP6 
models in South America. As a further contribution to 
achieve a robust evaluation of CMIP6 models, our study 

Fig. 14   Climatological Vertically Integrated Heat Flux (VIHF) esti-
mated from the dry static energy (DSE; Eqs. 3 and 4) across the a)-b) 
northern, c)-d) southern, e)-f) western, and g)-h) eastern boundaries 
of the South American domain (see Fig. 1b) for December-February 
(DJF) and June–August (JJA) for the different CMIP6 models avail-
able and the reference ERA5 dataset (thick black line). For compari-
son, the multimodel ensemble is shown (thick dotted black line)

◂
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focuses on specific circulation features relevant to South 
America’s climate and addresses how models represent 
moisture and heat fluxes across the continent’s boundaries—
critical elements for regional simulations forced by global 
climate models.

Our study expands on this by evaluating CMIP6 models 
in terms of their simulation of key circulation patterns, such 
as the Atlantic Trade Winds, the Pacific Westerlies, the 
Bolivian High (BH), the Subtropical Jet, the Polar jet, and 
the regional Walker and Hadley cells. We also analyzed the 
models’ ability to reproduce ENSO-related SST anomalies 
and the associated Niño3 index spectrum, as well as moisture 
and heat fluxes across South American boundaries, which 
are crucial for regional downscaling.

We used the Taylor Skill Score (TS) to rank the models 
according to their simulation of the spatial patterns consid-
ered (Figs. 2, 5, 8, 9, 10, 11, 12, 13, 14 and Supplementary 
A2–A4). For the features evaluated from index estimates 
(Figs. 3, 4, 6, 7, 13, 14 and Supplementary A1–A2), we used 
the correlation coefficient and the root mean square error 

(RMSE). Figures A5-A7 and Tables A2-A20 summarize the 
ranking obtained from our analysis. In Supplementary Figs. 
A5-A7, a Ranking Score (RS) close to 1 (red colors) indi-
cates a better model performance while a RS close to 0 (blue 
colors) correspond to a poor performance. Tables A2-A20 
list the best 5 models in the simulation of each feature/spatial 
pattern considered.

The CMIP6 models show higher skills at simulating 
the seasonal patterns of SLP/SST (Tables A15–A16), with 
medium skills simulating 850 hPa/200 hPa winds (Tables 
A11-A12) and the vertical structure of the moisture/heat 
fluxes across the South American boundaries (Tables A19-
A20). In particular, the vertical structure of the moisture 
and heat fluxes across the domain boundaries is better 
represented for the eastern and western boundaries (zonal 
fluxes) (Figs. 13, 14 and Supplementary Tables A19–A20). 
The poorest performance is observed for the seasonal pat-
terns of precipitation (Table A18) and the El Niño SSTAs 
(Table A17). This poor ENSO simulation is also identified 
in the Fourier spectrum of the Niño3.4 index, since a first 

Table 1   Top 5 models according to their performance for some of the evaluated features (based on correlation), including examples that could 
be more relevant for northern South America

See Supplementary Tables A2–A8

Ranking Trade Winds ENSO Spectrum NASH latitude NASH longitude NASH strength VIMF North JJA VIMF East JJA

1 SAM0-UNICON EC-Earth3-CC IPSL-CM6A-LR GFDL-CM4 GISS-E2-1-G EC-Earth3-
Veg-LR

CMCC-CM2-HR4

2 GISS-E2-1-G CIESM CAS-ESM2-0 GISS-E2-2-H GFDL-CM4 EC-Earth3-Veg E3SM-1–0
3 FGOALS-g3 GFDL-ESM4 MPI-ESM-1–2-

HAM
IPSL-CM6A-LR BCC-CSM2-MR EC-Earth3-CC CMCC-ESM2

4 E3SM-1–1 INM-CM4-8 EC-Earth3-
Veg-LR

EC-Earth3 GISS-E2-2-H GFDL-ESM4 MPI-ESM1-2-HR

5 MPI-ESM-1–2-
HAM

FIO-ESM-2–0 GFDL-CM4 GISS-E2-1-G INM-CM5-0 EC-Earth3-
AerChem

CanESM5

Table 2   Top 5 models according to their performance for some of the evaluated features (based on correlation), including examples that could be 
more relevant for southwestern South America

See Supplementary Tables A2–A8

Ranking Westerlies 
strength

SHSJ latitude SPSH latitude SPSH longitude SPSH strength VIMF South JJA VIMF West JJA

1 FGOALS-f3-L SAM0-UNICON CESM2-
WACCM

BCC-CSM2-MR NorCPM1 EC-Earth3-CC MPI-ESM1-2-LR

2 ACCESS-CM2 CESM2 E3SM-1–0 CESM2-
WACCM

FIO-ESM-2–0 CESM2-
WACCM

FGOALS-f3-L

3 IPSL-CM5A2-
INCA

FGOALS-f3-L NorESM2-MM MPI-ESM1-
2-HR

EC-Earth3-Veg NorCPM1 MRI-ESM2-0

4 MPI-ESM-1–2-
HAM

GISS-E2-1-H E3SM-1–1-ECA SAM0-UNICON GISS-E2-2-H CIESM EC-Earth3-Veg-LR

5 CanESM5 CMCC-
CM2-SR5

SAM0-UNICON INM-CM4-8 FGOALS-f3-L MPI-ESM1-2-LR EC-Earth3-
AerChem
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group of models underestimate the dominant ENSO fre-
quency (4–5 years) with frequencies about 2–3 years while 
a second set of models show longer frequencies of more than 
5 years (Supplementary Fig. A2c).

This shows that although the models show a very good 
skill simulating the seasonal SST patterns (Table A16), they 
show strong biases simulating the ENSO-related SSTAs 
and their frequencies (Table A17 and Supplementary Fig. 
A2), suggesting challenges in the simulation of interannual 
variability in eastern Pacific SSTs. The CMIP6 biases 
in ENSO simulations have been widely reported in the 
literature. For instance, CMIP6 models exhibit challenges 
to adequately simulate the ENSO peak activity during boreal 
winter (a.k.a ENSO seasonal phase-locking), associated 
with difficulties in their simulation of the seasonal cycle 
of the zonal SST gradient in the equatorial Pacific during 
boreal spring and autumn (Liao et al. 2021), affecting the 
zonal wind-SST feedback (Beobide-Arsuaga et al. 2021). In 
particular, the simulation of the cold tongue strength over 
the equatorial western Pacific largely modulates the ENSO 
SST biases in these models (Jiang et al. 2021). In addition, 
CMIP6 models underestimate ENSO teleconnections in the 
Southern Hemisphere due to underestimations in wave trains 
from the tropical Pacific to the Amundsen Sea (Fang et al. 
2024), which is particularly relevant for South America.

The CMIP6 models exhibit a very good resemblance 
of the seasonal SLP patterns (Table  A15) but their 
performance in the representation of the subtropical highs 
over the surrounding oceans of South America is much 
poorer, particularly for the longitudinal location of these 
anticyclones (Supplementary Fig. A1). In addition, the 
CMIP6 models better simulate the annual cycle of the 
Westerlies strength (Fig. 4a) than that for the Westerlies 
latitudinal location (Fig. 4b) and the Trade Winds index 
(Fig. 3). In general, the models better resemble the upper-
level circulation associated with the BH, as well as the 
Subtropical and Polar Jets, than the lower-level circulation, 
in terms of the annual cycle of these features (compare 
Figs. 3, 4 with Figs. 6, 7). Bazzanela et al. (2024) highlight 
the satisfactory performance of the CMIP6 models in their 
simulation of the BH position.

Note that some models represent a too strong influx 
of moisture through the northern boundary (Fig. 13a, b), 
which would be available for moist processes within an 
RCM simulation for South America. Other models are on 
the other side of the spectrum. In the case of the zonal 
VIMF, some models represent a too strong easterly flow 
on the western boundary over tropical latitudes (Fig. 13f), 
which might represent a boundary condition that could 
weaken some patterns of convergence over the eastern 
Pacific, relevant for tropical South America. A similar 
situation could happen over the southeastern boundary 
(Fig. 13g), regarding westerly flow and convergence over 

the southern Atlantic. This information is relevant for the 
interpretation and/or model configuration for downscaling 
with limited area models (including RCMs).

In conclusion, our study provides clear evidence that 
CMIP6 models perform better in simulating large-scale 
circulation patterns than in capturing regional precipitation 
and SST variability. Furthermore, no single model excels 
across all the evaluated features, underscoring the need for 
a process-based model evaluation when selecting GCMs 
or ESMs for regional simulations in South America. To 
our knowledge, this is the first comprehensive evaluation 
of CMIP6 models that considers such a broad range of 
climate features over the entire South American continent.

While this study does not delve into the causes of 
model biases, the rankings provided here offer a valuable 
foundation for further research aimed at understanding 
these biases in detail. Therefore we encourage further 
studies to analyze climatic processes related to the biases 
in the specific spatial patterns and circulation features 
identified in this work. The evaluation provided in this 
study serves as a first step toward selecting optimal CMIP6 
models for regional climate simulations, which are critical 
for assessing the impacts of climate change on a highly 
vulnerable continent like South America (Castellanos 
et al. 2022) that faces significant adaptation challenges 
(Cavazos et al. 2024). 
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