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Abstract
The effects of global warming on the regional climate of southern South America (SSA) during the recent
decades have been exhaustively documented with consistency throughout the literature. However, the
projected changes on temperature- and precipitation-related climate hazards depict an important
uncertainty, mostly in the intensity of the changes. This work assessed a set of CMIP5 and CMIP6 global
climate models (GCMs) in reproducing the observed atmospheric circulation patterns (CPs) over SSA and
their expected changes for the 21st century. Furthermore, the attribution of the seasonal precipitation
changes to changes in the CPs was explored for the late future (2070–2100). GCMs were generally able
to represent the variety of CPs and their seasonal frequencies, although presenting more deficiencies in
capturing their respective precipitation patterns over SSA. Larger model agreement was found in the
increasing and/or decreasing frequency of specific CPs for the near future (2040–2070) than for the late
future, when model spread became more noticeable. Particularly, CPs associated with larger positive
rainfall anomalies over southeastern South America -a hotspot for precipitation extremes- are expected to
become more frequent in the near future, whereas their changes in the longer-term are more uncertain.
When performing an attributional study, precipitation changes showed important differences between
GCMs and were often associated with changes in the intra-pattern variability rather than in the CPs
changing frequency. In this way, the modification of the precipitation regime of SSA may not be explained
only by changes in the large-scale circulation but probably also by other regional-to-local features.

1. Introduction
During the recent decades, Southern South America (SSA, roughly between 52-74°W and 22-57°S) has
experienced the impact of global warming in several regional climatic features including an
intensification of extreme weather conditions such as record-breaking temperatures, persistent heatwaves
and droughts and heavy storms. These climate hazards lead to multiple socio-economic and
environmental impacts (IPCC 2021). 

SSA rainfall is modulated by both large- and regional-scale forcings. Rainfall in central Chile increases
southward from very dry conditions along the Atacama Desert to more than 3000 mm in southern Chile
and is usually associated with the passage of mid-latitude cold fronts in the cold season (April to
September) (Quintana and Aceituno 2012). Eastward from the Andes, the northwestern portion of
Argentina and Argentinian Patagonia have much drier conditions, mainly due to the topographic blocking
effect of the Andes mountains on the extratropical disturbances embedded in the mid-latitude westerlies.
Conversely, southeastern South America (SESA) has a uniform rainfall annual cycle with large amounts
of precipitation, frequently caused by extreme events. They are typically associated with extratropical
synoptic systems during the cold season, cyclogenesis during the transition seasons and mesoscale
convective systems in the warm season (October–March) (Cavalcanti 2012). Other forcings can be
mentioned, such as the role of the Atlantic and Pacific oceans: sea surface temperature (SST) anomalies
in the equatorial Pacific and western Indian Ocean -related to El Niño–Southern Oscillation (ENSO)-
induce circulation anomalies that promote heavy rainfall over SESA especially during spring (Robledo et
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al. 2013). Moreover, positive SST anomalies over the southwestern Atlantic basin together with a weak
activity of the South Atlantic Convergence Zone (SACZ) are linked with positive rainfall anomalies during
summer (Doyle and Barros 2002). Another key ingredient favouring extreme rainfall over SESA is the
availability of heat and moisture from the South American Low Level Jet (SALLJ), advecting warm and
humid air from the Amazonas (Salio et al. 2007; Penalba and Robledo 2010). 

In terms of long-term variability, upward precipitation trends have been observed over southeastern South
America -SESA, covering northeastern Argentina, southern Brazil and Uruguay- while downward trends
were detected in central and southern Chile (Olmo et al. 2020). Although the observed changes are
expected to intensify during the 21st century, the confidence in future precipitation patterns varies among
regions and on the spatio-temporal resolution of the climate modelling experiment employed for the
projections (Almazroui et al. 2021; Blázquez and Solman 2020; Diaz et al. 2020; Olmo et al. 2022). This is
due to different challenging aspects of climate modelling, such as the variety of models and
parametrizations, emission scenarios and natural variability (Lehner et al. 2020).

The use of global climate models (GCMs) is essential for understanding multiple physical processes
involved in the climatic system, as well as for interpreting its long-term past and future changes. The
Coupled Model Intercomparison Project (CMIP) moves forward in a collaborative experiment designed for
these purposes, making multi-model outputs for different scenarios available in a standardised format.
However, the dispersion among these simulations is still important and has a strong influence on
decision-making and climate adaptation policies under global warming (IPCC 2021). Moreover, despite
climate change being human-induced by an exacerbated emission of greenhouse gases to the
atmosphere, the attribution of climate change to different mechanisms involved in the climate system
can ease our interpretation of the observed and projected changes contributing to the climate modelling
research.

Classifications of atmospheric circulation patterns (CPs) can provide useful information in climate
variability studies and process-based model evaluations. Particularly, CPs represent a valuable
perspective for model assessment on the large-scale physical mechanisms behind the regional and local
climate (Prein et al. 2019). This approach has been exhaustively used in the literature, showing its
potential in different implementations around the world (Bettolli et al. 2014; Gibson et al. 2016;
Schuenemann and Cassano 2010; Faranda et al. 2020; Espinoza et al. 2021). Recently, Olmo and Bettolli
(2021) described the main atmospheric features over SSA based on a Self-Organising Maps (SOM)
clustering technique of middle-level geopotential height anomalies. The obtained CPs were able to
differentiate multiple precipitation patterns related to extreme events over SESA - that is a remarkable
hotspot for extreme rainfall events. These CPs were then used in the design of empirical statistical
downscaling models (ESD) for precipitation extremes in the region (Olmo et al. 2022). The authors
detected an increasing model uncertainty in the ESD precipitation projections over SESA for the late 21st
century, partially caused by GCMs spread. ESD strategies make use of the relationship between large-
scale predictors and the predictand variable to generate high-resolution outputs based on GCM predictor
information (Maraun and Widmann 2018). Thus, evaluating the CPs representation by the GCMs may
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help to ascertain our confidence in future precipitation projections. Furthermore, using a weather-typing
approach for climate change attribution has been proposed in different studies showing its potential to
diagnose changes in different climate regimes (Schuenemann and Cassano 2010; Cahynová and Huth
2016; Olmo et al. 2020; Espinoza et al. 2021; Prein and Mearns 2021). In this way, this is an interesting
path to assess GCM performance and disentangle future rainfall changes over SSA that has not been
substantially explored yet.

Thereby, the aim of this work is the assessment of a set of CMIP5 and CMIP6 GCMs in simulating the
observed CPs identified over SSA in a previous study (Olmo and Bettolli 2021) considering their historical
periods: 1979-2005 and 1979-2014, respectively. Furthermore, to analyse their changes in a context of
global warming based on the worst-case scenarios in each experiment (RCP8.5 and SSP5-8.5), with the
intention of better comprehending model uncertainty in precipitation changes for the 21st century
through an attributional analysis.

2.	Data and methods
2.1 Data

The GCMs evaluation was based on a SOM classification of 16 CPs constructed in a previous study
using daily geopotential height anomalies at 500 hPa (Z500) over SSA (Figure 1a) and observational
rainfall from an interpolation of meteorological stations, obtained by a bilinear scheme (Olmo and Bettolli
2021). This precipitation dataset was inter-compared with other precipitation products containing
information from different sources and was found to be suitable for describing the precipitation features
over SSA. 

The SOM clustering technique generates a topologically ordered map of nodes (or CPs) organising the
daily input fields by iteratively updating the representative nodes based on a non-linear neural network
algorithm (Kohonen, 2001). Details about how this methodology was employed can be found in Olmo
and Bettolli (2021). In that study, reference data were taken from the European Centre for Medium-Range
Weather Forecast ERA-Interim reanalysis during 1979-2017 (Dee et al. 2011). Here, in the case of the
model simulations, Z500 anomalies were estimated for a set of 6 CMIP5 and 6 CMIP6 GCMs listed in
Table 1 (Taylor et al. 2012; Eyring et al. 2016) during their historical periods (1979-2005 and 1979-2014,
respectively) and the projections for the 21st century under the worst-case scenario in each experiment
(RCP8.5 and SSP5-8.5, respectively). This was done by subtracting the Z500 daily annual cycle in each
grid point considering the historical period of each CMIP experiment as reference. For comparison
purposes, all GCMs were regridded to a common grid of 2° using a bilinear scheme. Additionally, we used
GCMs precipitation outputs during the historical and future periods re-gridded to a common grid of 2°
through bilinear interpolation for comparison purposes.

Table 1 List of GCMs from the CMIP5 and CMIP6 experiments used in this study.
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Model
name

Experiments Resolution Institute Reference

CanESM2 CMIP5 historical (1979-2005)
and RCP8.5 (2041-2100)
(r1i1p1 run)

2.8° × 2.8° Canadian Centre for
Climate Modelling and
Analysis, Canada

Kirchmeier-
Young

et al. 2017

CMCC-
CMS

1.9° x 1.9° Centro Euro-
Mediterraneo per I
Cambiamenti Climatici,
Italy

Fogli et al.
2009

CNRM-
CM5

1.4° × 1.4° Centre National de
Recherches
Meteorologiques/

Centre Europeen de
Recherches et de
Formation

Avancee en Calcul
Scientifique, France

Voldoire et
al. 2011

MPI-ESM-
LR

1.9° × 1.9° Max Planck Institute for
Meteorology, Germany

Giorgetta
et al. 2013

MPI-ESM-
MR

1.9° × 1.9°

NorESM1-
M

1.9° × 2.5° Norwegian Climate
Centre, Norway

Bentsen et
al. 2013

CanESM5 CMIP6 historical (1979-2014)
and SSP585 (2041-2100)
(r1i1p1f1 run)

2.8° × 2.8° Canadian Centre for
Climate Modelling and
Analysis, Canada

Swart et al.
2019

INM-CM5-
0

1.5° × 2.0° Russian Institute for
Numerical
Mathematics, Russia

Volodin et
al. (2017)

MPI-
ESM2-1-
HR

0.9° × 0.9° Max Planck Institute for
Meteorology, Germany

Mueller et
al. (2018)

MPI-
ESM2-1-
LR

1.9° × 1.9°

NorESM2-
LM

1.9° × 2.5° Norwegian Climate
Centre, Norway

Bentsen et
al. 2013

NorESM2-
MM

0.9° x 1.2°
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2.2 Methods

CPs evaluation

First, the simulated daily Z500 anomalies fields were projected into the reanalysis-based SOM based on
the Euclidean distance to each CP centroid, so each GCM daily field is assigned to one of the sixteen CPs
presented in the SOM. Additionally, the general warming of the atmosphere causes an elevation of the
geopotential levels due to thermal expansion, which is why Z500 presents an upward trend in a climate
change scenario (Maraun and Widmann 2018). In order to project the future Z500 anomalies fields to the
SOM, this trend was filtered prior to the CP assignment. Since the removed trend corresponds to a shift of
Z500 mostly caused by global warming, the resulting anomalies indicate changes mainly due to
dynamical atmospheric changes (Faranda et al. 2020). Furthermore, the accuracy of the assignment of
the GCMs daily fields to the reference (ERA-Interim) SOM nodes -usually called model projection onto the
cluster centroid- was quantified through a quantization error, that is calculated as the average Euclidean
distance between the input daily fields and the reference dataset (Quagraine et al. 2020). This error can
tell whether the simulated fields are within the reanalysis catalogue of Z500 configurations. 

The representation of the CPs was assessed based on their seasonal frequency for each GCM,
considering the warm and cold austral seasons (October to March and April to September, respectively).
This was replicated for the historical period of each CMIP experiment and for the near and late-future
periods (2040-2070 and 2071-2100, respectively). 

For the historical period, precipitation anomalies were constructed for each CP in the reference
observational dataset and the GCMs using the common reference period 1986-2005. Their significance
was tested by means of a student’s t-Test with the alternative hypothesis that the true difference in
means is not equal to zero (the difference between the climatological mean and the conditional mean to
the occurrence of a CP, as expressed by the corresponding anomalies values), with a confidence level of
95% (Wilks 2019). Model performance in reproducing those spatial patterns was synthesised through
heatmaps and Taylor diagrams (Taylor 2001). These diagrams quantify the degree of statistical
similarity between the reanalysis dataset and the different GCMs, showing the Spearman correlation
coefficient, the normalised standard deviation and the centred root mean squared error. Statistical
significance was analysed by means of a Spearman correlation test (between two samples) and a two-
sided F-test for the comparison of the modelled and observed spatial variance (in the case of the
standard deviation) (Wilks 2019).

Attribution method

Precipitation changes in the late future as depicted by the set of GCMs were analysed through the
attribution method developed in Schuenemann and Cassano (2010), performing a linear decomposition
of the rainfall changes based on precipitation and CPs frequencies and intensities. Similar procedures
were considered in the literature to interpret future climate changes in different regions, highlighting the
potential of a CPs approach (Cassano et al. 2007; Cattiaux et al. 2013, Cahynová and Huth 2016). For
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clarity, a similar explanation to the one shown by Schuenemann and Cassano (2010) is presented here.
One can account for precipitation changes due to changes in atmospheric circulation by analysing the
frequency of each CP, starting from equation 1:

Here, the total precipitation at a grid cell (PP) can be obtained by adding up the contribution of each CPi,
which can be obtained as the product between the frequency of the CP (fi) and the average daily
precipitation during those days with CPi (pi). This procedure can be disentangled for the warm and cold
seasons, separately, and can be replicated for any climatological period of interest, like the reference
period 1986-2005 and the late-future period 2071-2100. Moreover, future precipitation changes can be
attributed to changes in CPs frequency () and to changes in precipitation intensities when occurring
specific CPs (). In this way, the future precipitation can be expressed as:

In equation (3), the first term corresponds to the precipitation in the reference historical period. The
second term represents future changes only due to changes in daily rainfall intensities - whereas the CP
frequency remains the same - and is referred to as intrapattern variability component. These changes
include thermodynamic processes occurring when a specific CP takes place that may change
precipitation amounts, such as water vapour availability and evaporation processes. The third term is
referred to as pattern frequency change and reflects changes that happen due to a changing frequency of
CPs in the future, keeping the related daily precipitation amounts as they were in the past. Hence, this
term is explained by some CPs occurring more and others less frequently, associated with changes in
atmospheric circulation. The fourth and last term is due to changes in CPs frequency acting on rainfall
changes, which is referred to as the combined component, usually a residual term with smaller
magnitude than the other terms.

In the present study, this method was used to assess future rainfall changes over SSA for 2071-2100 with
respect to 1986-2005, considering the warm and cold seasons, separately. The procedure was done
individually for each GCM and a model ensemble for each CMIP experiment was estimated for the sake
of conciseness. Furthermore, model uncertainty was addressed by a signal-to-noise analysis: following
Coppola et al. (2021), the average change of the model ensemble was compared to the standard
deviation computed within each ensemble member (that is, each GCM). If the absolute value of the ratio
between the average change and the standard deviation is greater than one, then these changes are
robust and can be considered different from the noise associated with intermodel variability.

3. Results
3.1 GCMs capability in the historical period
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The dominant atmospheric configurations over SSA presented in Figure 1a depict the 16 CPs of Z500
anomalies identified by Olmo and Bettolli (2021) through a SOM clustering. The CPs are topologically
ordered in the SOM, with the corner patterns representing CPs that differ the most from each other. The
CPs presented positive and negative structures that disturb the typical westerly flow of mid-latitudes. In
the bottom SOM, anticyclonic centres (positive anomalies) mostly cover the domain, producing an upper-
level ridge often centred in the southern Atlantic Ocean. In the middle-right SOM, negative Z500
anomalies were mainly observed in the Atlantic Ocean, with different intensity and location among CPs.
When analysing the top-right SOM, wide negative centres positioned over the Atlantic Ocean entered the
continent, while positive anomalies were located in the southern Pacific Ocean. In the case of the top-left
SOM, an anomalous cyclonic centre affected the southern Pacific Ocean and southern tip of South
America and an anticyclonic centre positioned over the Atlantic Ocean. This structure of negative
anomalies over the Pacific Ocean allows the intrusion of cold and humid air from the south-west to
southern Chile, while the positive anomalies in the Atlantic Ocean favours warmer and humid air from
lower latitudes east of the Andes.

The spatial patterns of rainfall anomalies associated with each CP are illustrated in Figure 1b for the
warm and cold seasons (left and right panels, respectively). The variety of configurations at the middle-
level atmosphere represented in the SOM were able to differentiate precipitation structures in different
areas of the domain. During the warm season, CPs in the top of the SOM enhanced rainfall over
sectorised areas of SSA, from central Argentina to southern Brazil (from left to right in the SOM),
following the shift of the Z500 structures to the east. In a previous study, these CPs were found to
statistically enhance the occurrence of extreme rainfall events in areas like SESA (Olmo and Bettolli
2021). Whereas CPs at the bottom SOM typically depicted negative rainfall anomalies over SESA and
positive anomalies in central and southern Argentina. West of the Andes, CP14 and CP13 were related to
larger precipitation amounts in central and southern Chile, while CPs in the middle SOM tended to show
negative rainfall anomalies over the region. During the cold season, negative anomalies were more
predominant throughout most of SSA for the CPs at the top SOM - related to this season being drier in
central SSA - and enhanced precipitation was seen for the bottom-right CPs.

In terms of model evaluation, the quantization errors when projecting the Z500 GCMs fields were first
estimated for the historical and are available in Table S1 (see Supplementary Material). The errors found
for the historical simulations were, in most cases, of the same order or less than those found for the
reanalysis, so the synoptic patterns simulated by the GCMs were typically included within the ERA-Interim
reanalysis data space. Only CNRM-CM5 and INMCM5 presented average quantization errors larger than
in the reanalysis, but close to them anyways. The representation of this classification of CPs by the
selected GCMs was then evaluated by studying the frequency of days distributed within the SOM in each
model (Figure 2a). GCMs were generally able to capture the distribution of days for each CP as depicted
by ERA-Interim, with larger frequencies at the bottom-right (as CP4) and top-left CPs (as CP13) in the
SOM during both seasons of the year, between 9% and 11% of days in each case, although CPs located at
the top-right SOM also showed high frequencies during the cold season. Models tended to underestimate
the maximum frequencies in CP4 and CP13 for the warm and cold seasons, respectively, such as MPI-
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ESM-LR and CNRM-CM5. Other structures like CP9 and CP11 were usually overestimated, especially
during the warm season. Note that, following the topological order of the SOM, the underestimations of
specific patterns were typically balanced by overestimations of the neighbour nodes (and the other way
around). This is due to models not capturing the exact differences between similar nodes, at least not in
the way the ERA-Interim reanalysis depicts them. 

Furthermore, the correspondence in this representation was quantified based on correlations between the
CPs frequencies of ERA-Interim and each GCM (Figure 2b). Note that these correlation values are only
taken as indicators of how well the models reproduce the frequency distribution among the SOM and are
not considered as a robust statistical measure. Relatively high correlation values were found, usually
between 0.5 and 0.75. No distinctive behaviour was detected between CMIP experiments or between
seasons of the year, although the patterns at the top of the SOM showed significant correlations for most
of the GCMs in the warm season (CP14-16), while the same was found for the patterns at the bottom of
the SOM during the cold season (CP2-4). The lowest correlations were found in the CMCC-CMS and MPI-
ESM-LR models during the warm season, while the highest correlations were found for NorESM1-M and
CanESM5, always significant and of 0.76 and 0.73 in the cold and warm seasons, respectively.

In the following step, models were assessed in terms of how well they simulated the rainfall patterns over
SSA associated with each CP. The analysis of these spatial patterns was synthesised through Taylor
diagrams for the nodes at the corners of the SOM (CP1, CP4, CP13 and CP16 in Figure 3a) showing one
point for each model and one square for each CMIP experiment ensemble. The spatial correlation and
normalised standard deviation (SD) values depicted in these diagrams but for all the CPs were also
illustrated as heatmaps (Figure 3b). Models underestimated the spatial variability of rainfall anomalies in
SSA (since the cloud of points was always below the line of 1 SD) and generally presented low-to-
medium correlations, although some models reached values of around 0.8 like NorESM2-LM in CP16 in
the warm season. No clear differences were identified between seasons and CMIP experiments, although
the Norwegian GCMs NorESM1-M from CMIP5 and NorESM2-LM and NorESM2-MM from CMIP6 typically
showed the highest correlation values among CPs (significant in most of the cases). In terms of SD,
CanESM2 (NorESM2-MM) exhibited the smallest differences with the reference dataset for the warm
(cold) season, while CP9 was the most underestimated during the warm season. CMIP6 models seemed
to show less intensity differences in the CP structures, as they were found to be more significantly similar
to the observations in terms of their spatial variance (marked with asterisks in the heatmap). In addition,
the maps for CMIP5 and CMIP6 ensembles were illustrated in Figure S1 (Supplementary Material). As
presented in the Taylor diagrams of Figure 3a, they showed large underestimations of the spatial
variability -with reduced rainfall values over all the domain- probably due to these patterns being
constructed as the average of the individual model anomalies. This strengthens the importance of
assessing models individually and is valuable information for understanding model projections of
rainfall as will be discussed later in the attributional analysis. 

Thus, the different GCMs were able to identify the link between large-scale circulation and precipitation
variability over SSA, although showing some limitations in reproducing the correct structures of rainfall
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anomalies and often differing among them as measured by the metrics analysed here.

3.2 CPs future projections

In a global warming scenario, atmospheric circulation may present dynamic and thermodynamic
changes at a regional scale that can modulate precipitation variability and intensities. It is well known
that large-scale variables -such as geopotential height and winds in the mid-level atmosphere- are
generally better represented in GCMs than surface variables (Maraun and Widmann 2018), which is the
motivation behind assessing precipitation changes and model spread based on a weather-typing
approach. In this line, the temporal evolution of CPs frequencies for the near and late future periods
(2041-2070 and 2071-2100, respectively) was analysed in terms of the percentage of change compared
to the reference period 1986-2005 (Figures 4 and 5). 

The quantization errors for the late-future period (2070-2100) are available in Table S1 (see
Supplementary Material). As shown in the previous section, the errors found for the historical period were
similar among GCMs and reanalysis. Furthermore, these errors were generally of similar value during the
future scenarios, indicating an acceptable extrapolation of the reanalysis-trained classification of CPs for
the late 21st century.

In the near future (Figure 4), CPs in the top row SOM -such as CP15 and CP16, depicting a dipolar
structure of Z500 anomalies leading to a mid-level trough propagating to the east- are expected to
become more frequent during the warm season, which is consistent among most of the GCMs from both
CMIP5 and CMIP6 experiments used in this study. In these CPs, models presented more differences in the
intensity of the changes, with changes near 15% in most of the simulations but up to 30% in MPI-ESM-LR.
CPs in the bottom-left SOM generally showed reduced frequencies -like CP1 and CP2- in most of the
GCMs, while the rest of the patterns in the SOM (such as CP7 and CP11) did not present clear and
congruent changes among models. During the cold season, the frequency of CPs in the near future is
more similar to the historical period than in the warm season. Changes in CPs frequency were more
pronounced for CP2 and CP7 showing increases in many of the selected GCMs, particularly from the
CMIP5 experiment. Moreover, CPs in the top of the SOM showed slight diminutions -larger for CP15 and
CP16- mostly for the CMIP5 simulations.

In the late future (Figure 5), a reduced agreement was found among GCMs, both in the sign and the
intensities of the changes in CPs frequencies, mostly during the warm season. For instance, the CPs
located in the top SOM that presented increases for the near future (CP15 and CP12) show the largest
number of models agreeing in the upward (downward) trends in the CP frequency, but notably differing in
the magnitude of the change. However, most of the CMIP6 models showed reductions in their frequency,
especially in CP16. Reductions were also found for CP12, but with larger agreement among simulations,
which were nearly 30% in most of the cases and up to 50% in CanESM2. CPs at the bottom-left SOM
tended to present increases in their frequency such as CP2, which was consistent especially in the CMIP6
experiment. Whereas the rest of the CPs showed both slight positive and negative changes among GCMs,
of lower magnitude in CPs like CP4 and CP8. During the cold season, the agreement among models from
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both CMIP experiments was clearly larger, with CPs at the bottom-left SOM -depicting positive Z500
anomalies related to anticyclonic structures in most of SSA- presenting large increases compared to the
reference period. Other CPs like the ones in the top of SOM, showing both cyclonic and anticyclonic
centres of varied intensity and location over SSA, presented a reduction in their frequency that has
consistency among GCMs, indicating, for instance, favourable large-scale conditions for less rainfall in
some areas of central SSA and SESA during this season. Note, however, that precipitation in those
regions could present increases anyway, which may be due to the contribution of other CPs during this
season and will be discussed in following lines.

As described in Section 2.2, total precipitation changes for the late-future period (2070-2100) were
decomposed into the contribution of changes in intrapattern variability, pattern frequency and a
combined component where the larger agreement (or robustness) among GCMs was indicated with dots
(Figure 6). Model ensemble was constructed by averaging the changes of individual simulations in each
CMIP experiment. Focusing mainly over the continent, mean precipitation is expected to increase
(decrease) over most of SSA east of the Andes (central and southern Chile), but particularly over southern
SESA and mostly during the warm season. The intensity and robustness of these changes were larger for
the CMIP5 set of models, whereas CMIP6 depicted even reductions in rainfall over SESA during the cold
season (probably related to the decreasing frequency of structures like CPs in the top of the SOM), but
with less agreement among simulations. Recall that models have some difficulties and differences when
reproducing the link between the large-scale patterns and rainfall anomalies (as shown in Figure 3 and
Figure S1), which may be related to the low agreement in precipitation future changes based on the CPs
frequency component. The intrapattern variability component -that is, changes within the CPs
themselves- frequently dominated the rainfall changes, as it presented a very similar pattern with the
Total change. Recall that this component is due to changing characteristics of the related weather within
the patterns (Cahynová and Huth 2016). They could be related to the varying intensity and shape of the
systems of the different CPs and to other mechanisms beyond the synoptic scale. On the other hand, the
other two components of the decomposition were of about one less order of magnitude and presented
less agreement among GCMs. The pattern frequency change was related to a slight increase in rainfall
during the warm season over southern SESA, especially in the CMIP5 set that depicted robust changes
among the model ensemble. This could be related to the positive changes detected in the CMIP5
simulations for the frequency of patterns in the top of the SOM, such as CP15 and CP16. Whereas CMIP6
ensemble presented a decline in mean precipitation in northeastern SESA and in central and southern
Chile during the cold and warm seasons, respectively, in line with results from Figure 5. Over the rest of
SSA, sligh positive changes were detected in the cold season, but with no clear agreement among
simulations. Note that the contributions from the last term (combined component) usually complemented
with the pattern frequency change, partly cancelling each other, which is why the intrapattern variability
dominated the future changes. 

These results indicated that the expected changes in mean precipitation over SSA as depicted by these
GCMs are not mainly due to a changing frequency of the CPs found in the SOM and could probably be
related to other regional-to-local phenomena. Furthermore, even though a good agreement was found
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between GCMs for the near future -mostly in the sign of the changes- a considerable dispersion among
the CPs projections was found by the end of the century. Since the agreement among simulations in the
long-term changes of the CPs frequency is not large enough, it becomes difficult to infer robust results
regarding the future link between the large-scale patterns and rainfall changes.

4.	Discussion and final remarks
The present study aimed to assess a set of 12 GCMs from the CMIP5 and CMIP6 experiments in
reproducing a classification of CPs and its relationship with rainfall variability. This work contributes to
the still incipient attributional studies on rainfall future projections over southern South America (SSA) by
the decomposition of precipitation changes due to i) pattern frequency changes; ii) intrapattern variability
changes; iii) residual component. The analyses rely on the reanalysis-based Self-Organizing Maps (SOM)
classification of Z500 anomalies generated by Olmo and Bettolli (2021). 

The range of atmospheric configurations presented in the SOM depicted positive and negative structures
of Z500 anomalies that disturb the typical westerly flow of mid-latitudes. CPs located at the top-right of
the SOM showed a shift to the east of the Z500 anomalies, leading to enhanced rainfall in sectorised
areas of SESA following this movement of the mid-level structures. These atmospheric configurations
were previously associated with enhanced occurrence of extreme precipitation events in SESA (Olmo and
Bettolli 2021; Martinez and Solman 2022), which may be largely contributing to the positive mean rainfall
anomalies identified here.

During the historical period, GCMs were able to simulate the seasonal frequencies of days assigned to
each CP in the SOM, exhibiting more limitations in capturing the spatial structure of rainfall anomalies
associated with each of them, like in the case of anomalous anticyclonic Z500 structures. The poor
model representation of this link between the large-scale mechanisms and the rainfall anomalies is a
limitation when trying to perform an attribution of the future changes based on a classification of CPs. 

When analysing the near-future (2041-2070) frequencies of the CPs, larger model agreement was found
for the warm season changes than for the cold season, with consistent increases in CPs in the top SOM
among GCMs from both CMIP5 and CMIP6 experiments. Based on the link CPs-precipitation studied here,
these changes are in line with rainfall increases over SESA, which is a region where the literature indicates
positive changes in precipitation accumulations largely related to extreme events (Blázquez and Solman
2020; Díaz et al. 2020; Almazroui et al. 2021; Olmo et al. 2022). Models presented more differences in the
intensity of the changes, although for the late-future period (2070-2100) a much-reduced agreement was
found among GCMs, both in the sign and the intensities of the changes in CPs frequencies, especially
during the warm season. In comparison, model agreement was larger during the cold season, with CPs at
the bottom-left SOM -depicting positive Z500 anomalies related to anticyclonic structure- presenting large
increases compared to the reference period. Thereby, the increases in these sorts of patterns could be
depicting a shift in the winter precipitation regime over SSA. 
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In order to link the CPs changes with future rainfall in the late-future, an attributional analysis linearly
decomposing the future rainfall changes following Schuenemann and Cassano (2010) was performed. It
was found that changing internal properties of individual CPs -that is, the intrapattern variability
component- dominated the total change compared to the pattern frequency change, which was partly
related to: i) increases in the warm-season mean rainfall over southern SESA in the CMIP5 models; ii)
decreases over central and southern Chile in the CMIP5 models. Note that, since a considerable
dispersion was detected among the CPs projections by the end of the century, it becomes difficult to
assert that rainfall changes -like the ones expected for SESA (Olmo et al. 2022)- can be explained by the
CPs changing frequency only. This may be due to poor or differentiated representation of the CPs-rainfall
link between models and with the observations, affecting the attributional analysis. However, these
results could tell that precipitation changes over SSA may not be explained only by changes in the large-
scale circulation but probably also by other regional-to-local features, such as water vapour availability
and transport, smaller-scale atmospheric interactions and land-use changes. This agrees with multiple
studies on CPs attribution in different regions, indicating that the intrapattern variability can be largely
influencing the observed and future changes (Nilsen et al. 2014; Fleig et al. 2015; Cahynová and Huth
2016; Seager et al. 2019). Locally, Olmo et al. (2020) that employed a hypothetical-trend attributional
method with in-situ observations over SSA. The authors found that, although CPs changing frequency
would be responsible for a large portion of the observed warm season warming, rainfall changes are only
partially influenced by them. Recently, Herrera-Lorméndez et al. (2023) showed that the long-term
changes in precipitation over Europe -such as the summer drying- not only arise from CPs frequency
changes but changing characteristics within the patterns often dominate the future projections. In this
line, most of the analyses of CPs attribution of climate change agree that the fraction of the climatic
trends that can be attributed to the CPs changing frequency is larger and more consistent for temperature
than for precipitation, which typically has more heterogeneous and irregular trend patterns (Cahynová
and Huth 2009; Schuenemann and Cassano 2010; Stryhal and Huth 2018). 

It becomes relevant to mention that even though SESA has been identified as a region with remarkable
rainfall changes (IPCC 2021), GCMs trends and projections still have strong discrepancies. This was
associated with GCMs internal variability and misrepresentation of different forcings including the
tropical Atlantic multi-decadal variability, the stratospheric ozone depletion and the increase in
greenhouse-gases concentrations (Diaz et al. 2020; Varuolo-Clarke et al. 2021).

In addition, the use of only one CPs classification may limit the attributional analysis as some
methodological choices such as the number of patterns, the domain and variable of study and even the
clustering technique can contribute to the uncertainty in the circulation patterns analysis. Furthermore,
including both dynamic and thermodynamic variables in the clustering procedure may have a potential
additional contribution to study the future changes in the CPs (Prein et al. 2019), and is an attractive path
in follow-up experiments over SSA.

Note that the GCMs may present different climate sensibility, that is, models are subject to changes under
global warming scenarios. Models with high climate sensibility overstate the global cooling effect due to
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clouds and aerosols interactions, whereas less sensible models have been found to be more consistent
with observed differences in temperature between the northern and southern hemispheres and, thus, may
result in more accurate depictions of projected climate change (Wang et al. 2021). In particular, the model
NorESM1-M has been identified as a GCM with low climate sensibility, indicating lower long-term changes
in the model output (Giorgi et al. 2012; Olmo et al 2022). Thus, it is important to account for such model
behaviour -which can have differentiated performance among regions- as it may affect the outcomes of
different attributional studies. Thus, given this sensibility and the dispersion in model performance as
found in this work, a larger set of GCMs would be optimal to account for model spread and to ascertain
our confidence in future climate scenarios.

Overall, this work highlights that GCMs have skills for simulating the association between large-scale CPs
and precipitation over SSA, although some CPs-precipitation links were poorly reproduced. Models have a
notable spread -especially in the intensity of the changes- which increases model uncertainty in future
projections. Hence, the reproduction of other dynamical forcings such as SST patterns, teleconnection
processes and the role of model internal variability should be considered for a deeper insight into GCMs
performance, particularly in regions like SSA where rainfall has a strong modulation by climate
oscillations like ENSO. Thus, performing a cross-time scales assessment can provide additional
information on the interaction between the large and synoptic scales (Muñoz et al. 2017). All of this
should be considered to generate plausible climate change scenarios. Follow-up studies should focus on
using different CP classifications and other sensibility analysis including different variables and
statistical methods for the attributional analysis.
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Figure 1

SOM classification over SSA, adapted from Olmo and Bettolli 2021: a) Z500 anomalies (raw) for each CP
of the SOM in shaded (contours); b) Precipitation anomalies associated with each CP. Only significant
anomalies are plotted (95% level of confidence). The bottom square shows the disposition and number of
CPs in the SOM.

Figure 2

a) Heatmaps of node frequency difference (bias in percentage) along the SOM classification for each
CMIP5 (first row) and CMIP6 (second row) GCM during their historical periods (1979-2005 and 1979-
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2014, respectively) in the warm and cold seasons. ERA-Interim frequency of days along the SOM is
shown for comprehensive purposes (first column); b) Pearson correlation between the observed SOM
frequencies (ERA-Interim) and the GCM simulated ones. The bottom square shows the disposition and
number of CPs in the SOM.

Figure 3
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a) Taylor diagrams for the simulated rainfall patterns associated with the CPs located at the corners of
the SOM for each GCM (CP1 and CP4 in the bottom rows and CP13 and CP16 in the top rows). Blue (red)
points correspond to CMIP5 (CMIP6) individual models, whereas each experiment ensemble is presented
with a filled square. Points outside the diagram correspond to negative spatial correlation values; b)
Correlations and normalised standard deviation (SD) as shown in the Taylor diagrams but for all the 16
CPs in the SOM. Significant correlations and, for the SD, non-rejected equal variances (at the 95% level of
confidence) are shown with an asterisk. The square shows the disposition and number of CPs in the
SOM.
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Figure 4

Changes in the frequency of the CPs for the near future (2041-2070) compared to the historical reference
period 1986-2005. Each bar corresponds to a different GCM (from left to right, CMIP5 and CMIP6
models), considering the worst-case scenario in each CMIP experiment. The square below the colorbar
shows the disposition and number of CPs in the SOM.
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Figure 5

Same as Figure 4 but for the late future (2071-2100), considering the worst-case scenario in each CMIP
experiment.
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Figure 6

Attributional analysis for precipitation changes during the late future period 2071-2100 as depicted by the
CMIP5 and CMIP6 model ensembles (the average of the changes of individual simulations for the worst-
case scenario in each experiment) during the warm and cold seasons, separately. From top to bottom
rows, rainfall changes compared to the historical periods due to: total precipitation; intrapattern variability
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component; pattern frequency component and the combined (residual) component. Grid cells with
significant changes in the model ensemble are shown with dots.
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