
1. Introduction
Arising recognition has lately been seen on climate extremes that occur close together in space or time, since the 
combination of drivers and hazards contributes to societal or environmental risk. In this context, the Intergovern-
mental Panel on Climate Change (IPCC) defines a compound event (CE) when two or more extreme events occur 
simultaneously or successively, when different extreme events combined imply an amplification of the impacts, 
or when individual events that are not extreme by themselves can lead to an extreme event or impact when they 
occur together, inducing an emerging risk (IPCC, 2012). Thereby, the scientific community sustains that a better 
understanding of CE provides the basis for assessing potential high impact events in future projections and can 
improve the inter-communication between the different disciplines and decision makers (Bevacqua et al., 2021; 
Zscheischler et al., 2018).

Temperature and precipitation compound extremes have been widely analyzed in different scales and regions 
around the world, such as record-breaking warm and dry seasons or the joint occurrence of heavy precipitation 
and extreme temperatures, using both observations and model outputs (Hao et al., 2018; Orth et al., 2021; Ridder 
et al., 2021; Tencer et al., 2014; Vogel et al., 2020; Wu et al., 2021). Many socio-environmental impacts are asso-
ciated with extremely hot and dry conditions, such as increasing tree mortality and insect outbreaks, heat stress, 
spread of diseases, fire enhancement and crop failure, whereas social inequality contributes to the increasing risk 
(Brouillet & Joussaume, 2019; Orth et al., 2021; Silva et al., 2020). Focused over Africa, Weber et al. (2020) 
assessed the influence of multiple CE on population exposure in a climate change scenario, highlighting that 
the projected increasing exposure was mainly driven by the interaction between these climate hazards—such as 
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compound heatwaves (HWs) and droughts—and population growth. Thus, this kind of evaluation is critical for 
climate-related policy making.

Lately, the occurrence of CE over South America (SA) has received increasing attention. SA is a continent with 
important emerging economies, rainfed agricultural activities, expanding populations and urban centers. A rising 
trend in flood-associated damage and documented effects of HWs on mortality stand out over SA (Almeira 
et  al.,  2016; IPCC,  2021; Marengo et  al.,  2022; Vörösmarty et  al.,  2013). Recent episodes of intense HWs 
during anomalous dry conditions over central SA were associated with specific hazards, such as wildfire risk 
and water insecurity, that affected human activities and natural systems (Marengo et al., 2021). Previous works 
pointed out the occurrence of diverse compound extremes across the different regions of SA. At the daily scale, 
extreme temperatures notably enhance the likelihood of heavy precipitation events over southern SA, exhibiting 
upward trends in the recent period, particularly during the austral warm season. These events were associated 
with specific large-scale atmospheric circulation patterns that determine their occurrence in sectorized areas of 
southern SA, including the influence of El Niño (Gulizia & Pirotte, 2021; Olmo et al., 2020; Tencer et al., 2016). 
Moreover, robust increases on dry and warm compound extremes were detected over northern SA, affected by the 
occurrence of this oscillation (Hao et al., 2018; Zscheischler et al., 2017). This is expected to intensify based on 
future projections of different climate models (Coppola et al., 2021; Wu et al., 2021).

Earth system models (ESMs) have been designed to describe large-scale climate characteristics and the potential 
evolution of climate under future emission scenarios (Moss et al., 2010). However, ESMs still show major defi-
ciencies when it comes to representing specific processes that may condition the regional climate. For instance, 
they have limitations in simulating certain physical processes such as frontal or convective systems, which may 
result in uncertainties in capturing the observed dependence between precipitation and temperature and further 
lead to some discrepancies when assessing the evaluation of CEs (Hao et al., 2018). In this sense, regional climate 
models (RCMs) produce high-resolution climate information needed to assess impact and decision-making poli-
cies. They can capture regional scale forcings that ESMs cannot reproduce, such as land-sea contrast and topog-
raphy (Ambrizzi et al., 2018; Di Luca et al., 2016). This is particularly valuable over SA, where the main climatic 
features are strongly influenced by the presence of the Andes Mountain range, which extends longitudinally over 
the continent and is related to the contrasting climate over its eastern and western sides. The Andes mountains 
act as a topographic barrier for the zonal flow, favor the meridional exchange of air masses and alter the initiation 
and maintenance of convective systems (Espinoza et al., 2020; Rasmussen & Houze, 2016).

RCMs have demonstrated skills in reproducing the main features of individual temperature and precipitation 
extremes over SA (Carril et al., 2016; Dereczynski et al., 2020; López-Franca et al., 2016; Olmo & Bettolli, 2021; 
Reboita et al., 2021; Solman et al., 2019). Tencer et al. (2016) has examined over La Plata basin—the second basin 
of SA in terms of river discharge and size—the RCMs potential for simulating compound temperature and precip-
itation extreme events, displaying good skills in representing the temperature-precipitation dependance, although 
the spatial pattern was not adequately captured. More recently, based on the framework given by the Coordinated 
Regional Climate Downscaling Experiment (CORDEX), a growing number of RCMs simulations with increasing 
temporal and spatial resolution is available over SA, therefore motivating the analysis of compound extremes over 
the continent using RCMs. In relation to this, Coppola et al. (2021) identified some regions of SA as hotspots for 
increasing compound HWs and extreme precipitation events in the future using RCMs and ESMs.

Hence, the potential for critical economic damage and loss of lives motivates a deeper understanding of these 
climate hazards and their future changes in a context of global warming. In this context, we make use of the 
high-resolution RCMs from the recent project embedded in the CORDEX framework, the Coordinated Output 
for Regional Evaluation (CORE) (Giorgi et al., 2022; Gutowski et al., 2016). Thereby, the aim of this work is to 
evaluate the representation of different compound climate extreme events over SA by a set of CORDEX-CORE 
RCMs, considering their historical period and future projections under different climate change scenarios.

2. Data and Methods
2.1. Reference Data Set and Climate Model Simulations

CEs were calculated during the reference period 1981–2010 considering daily maximum temperature 
and daily precipitation data (Tx and Pr, respectively) from the ERA5 reanalysis at a spatial resolution of 
0.25° (∼28 km) as reference ERA5 is the fifth-generation reanalysis produced by the European Center for 
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Medium-Range Weather Forecasts. The analysis is produced with a 1 hr time-step, using a 4D-Var assim-
ilation scheme. Data are provided on 137 vertical levels up to 0.01 hPa (Hersbach et al., 2020). Although 
ERA5 has evidenced some differences in the representation of surface variables compared to observational 
records from meteorological stations, it was found to adequately represent the spatial patterns and long-term 
variability of climate extremes in large portions of SA (Balmaceda-Huarte et al., 2021). This data set is one 
of the few gridded products available for both variables of interest at a daily scale and for the climatological 
reference period over SA, while its relatively high spatial resolution makes it suitable to compare with the 
RCM outputs. As an additional sensibility analysis, the representation of climate extremes by ERA5 was 
compared to another observational product to consider observational uncertainty, which is a known issue 
over SA (Condom et al., 2020; Sun et al., 2018). The CPC Global Unified daily gridded data set (CPC, Xie 
et  al., 2007), which is constructed using in-situ information and corrections through satellite data and is 
available at 0.5° of spatial resolution.

In terms of numerical models' simulations, two CORDEX-CORE RCMs are available for both variables of inter-
est: REMO2015 (Remedio et al., 2019) and RegCM4v7 (Giorgi et al., 2012) at a spatial resolution of 0.22°. 
Three earth system model-regional climate model combinations comprise the CORDEX-CORE model ensemble 
(Table 1). Besides considering the historical model outputs (1981–2010) and given that reliable knowledge on the 
future climate change signal (CCS) of compound extremes is necessary for adaptation and mitigation strategies, 
the future projections of the Representative Concentration Pathways (RCPs) 2.6 and 8.5 low and high-emission 
scenarios (Moss et al., 2010) were considered to analyze the expected changes in a context of global warming. 
Specifically, the 30-year period 2070–2099 (late 21st century) was selected to assess the CCS. To perform a 
spatially consistent analysis, these data were regridded to the same 0.25° resolution of the ERA5 data. The 
ESMs from the Coupled Model Intercomparison Projects Phase 5 (CMIP5) (Taylor et al., 2012) used to drive 
the higher-resolution models—outlined in Table 1—were also employed and compared in this work, all of them 
regridded into a common grid of 2°.

2.2. Methods

2.2.1. Definition of Hazards

Following the methodology employed in the assessment of CE over Africa by Weber et al. (2020), the time-series 
of these events were estimated in ERA5 and the different model outputs for their historical and future scenarios. 
The individual events used to study the compound extremes were:

1.  HWs: when Tx was above its 95th percentile (estimated during the reference period) for at least three consec-
utive days.

2.  Extreme Rainfall (ER): when Pr was above its 95th percentile, estimated during the rainy days (greater or 
equal to 1 mm/day) of the reference period.

3.  Dry-Spells (DSs): when Pr was less than 1 mm/day for at least five consecutive days.

Different studies have addressed the evaluation of dry conditions over SA and have considered different meth-
odologies for this purpose, usually working at a monthly or seasonal time-scale, and including some commonly 
used indices such as the Standard Precipitation Index and the Standard Precipitation-Evaporation Index (de 
Madeiros et  al.,  2022; Iacovone et  al.,  2020; Libonati et  al.,  2022; Penalba & Rivera,  2016) and also some  

RCM (label) RCM acronym CMIP5 ESM ESM resolution Reference

RegCM4v7 RegCM HadGEM2-ES 1.9° × 1.2° Giorgi 
et al. 

(2012)
MPI-ESM-MR 1.9° × 1.9°

NorESM1-M 2.5° × 1.9°

REMO2015 REMO HadGEM2-ES 1.9° × 1.2° Teichmann 
et al. 

(2020)
MPI-ESM-LR 1.9° × 1.9°

NorESM1-M 2.5° × 1.9°

Table 1 
Regional Climate Models (RCMs) and Their Driving Earth System Models (ESMs) Used in This Study
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simplified estimations such as dry-day frequencies (Espinoza et al., 2019). In the present study, we account for 
dry sequences with a minimum required length to guarantee meteorological dry conditions, such as in Weber 
et  al.  (2020) working with CEs over Africa. It is important to mention that, to evaluate the incidence of the 
minimum number of dry days used to define a dry-spell in the CE results, a sensibility analysis was performed, 
varying this threshold from 5 to 10 days. Even though the quantity of CE was clearly reduced when lengthening 
the DSs, the general spatial pattern of CE and their future projections did not change, with the same areas being 
affected by these climate hazards (not shown). Hence, any policy making informed by these results would still 
focus on the same areas independently of this methodological choice.

The occurrence of CE as defined in this study comprises the combination of two different individual events as 
described above, that can occur coincidentally (simultaneously, in at least 1 day) or sequentially within a certain 
time-period (up to 7 days). These definitions represent multivariate and temporally compounding climate events, 
respectively, which can contribute to socio-economic and environmental risk and population exposure (Hao 

et al., 2018; Zscheischler et al., 2018). In this way, the different CE evaluated 
here (Table 2) were estimated from the ERA5 reference data set, the CPC 
data set and for each climate model (RCM and ESM) and scenario.

2.2.2. Evaluation Framework

In a first step, the representation of the individual events considered to detect 
the occurrence of CE was evaluated in ERA5 and in each model simulation 
for the current climate conditions (1981–2010 reference period). RCM and 
ESM ensembles of biases were constructed for the sake of conciseness (the 
RCM and ESM ensembles have six and five members, respectively). Particu-
larly, the extreme percentiles and climatological patterns of the individual 
events were studied. Note that for the ESMs biases, the ERA5 reference was 
used in the same grid resolution as the ESMs, that is, 2°.

In the following step, the CE assessment was performed based on their mean 
annual frequency (number of CE) and duration (in the case of coincident 
events, the persistence of CE as depicted by the number of consecutive days 
identified with a CE). The CCS under the RCP 2.6 and 8.5 scenarios was 
analyzed in terms of the difference in the frequency and duration of CE 
during the late 21st century (2070–2099), compared to the reference period. 
Additionally, model uncertainty in the future projections was addressed 
through a signal-to-noise analysis. To test the robustness of the results, the 
average change of the RCM ensemble was compared to the standard devi-
ation computed within each ensemble member. Therefore, if the absolute 
value of the ratio between the average change and the standard deviation was 
greater than one, then these robust changes as depicted by the RCM ensemble 
can be considered different from the noise associated with the inter-model 
variability (Coppola et al., 2021).

To obtain regional summarized results, the seven sub-regions selected over 
SA for the latest IPCC report were used (Iturbide et al., 2020). This enables 

Type of occurrence Definition Combination Acronym

Coincident Simultaneous occurrence of the individual events for at least 1 day 
(same day or days)

Heatwaves and extreme rainfall HW + ER.c

Heatwaves and dry-spells HW + DS.c

Sequential One individual event occurs after the other (considering a time 
period from 1 day and up to 7 days).

Heatwaves and extreme rainfall HW + ER.s

Heatwaves and dry-spells HW + DS.s

Dry-spells and extreme rainfall DS + ER.s

Table 2 
Compound Events Definitions, Following the Work by Weber et al. (2020)

Figure 1. South American continent. Shaded contours indicate the topography 
as depicted by ERA5 (in meters). The seven sub-regions over South America 
according to the Intergovernmental Panel on Climate Change sixth report 
(adapted from Iturbide et al., 2020) are also plotted: NWS, Northwestern 
South America; NSA, Northern South America; SAM, South American 
Monsoon; NES, Northeastern South America; SWS, Southwestern South 
America; SES, Southeastern South America; SSA, Southern South America.
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us to provide specific regional climatic information useful for decision makers and stakeholders. Furthermore, 
to ease the interpretation of the results, a topographical map of SA with the different IPCC climatic regions is 
provided in Figure 1.

3. Results and Discussions
3.1. Individual Events

Initially, the main features of the individual events considered to define the CE occurrence were explored over 
SA. Figure 2 (top panels) presents the 95th percentile of Tx—during the 1981–2010 reference period—used as 
threshold to define a HW (when Tx is above this value for, at least, three consecutive days). For brevity, results 
are plotted for the REMO and RegCM RCM ensembles, separately. Results for the ESMs ensemble are also 
presented for comparative purposes, whereas  the performance of the individual ESMs is available in Figure S1 in 
Supporting Information S1 (see Supporting Information S1). East of the Andes, the maximum temperatures were 
found according to the observations over South American Mooson (SAM), decreasing to the Atlantic coast and 
presenting the minimum values in Southern South America (SSA) (Figure 2, top row, left panels). The presence 
of the Andes orographic barrier was evident mainly in the RCM ensembles, which presented an intense zonal 
gradient in the proximity of the Andes, indicating the minimum values of this percentile over the highest areas 
of Perú, Bolivia, and Argentina. The ESMs ensemble exhibited a more homogeneous spatial pattern due to their 

Figure 2. Main features of temperature-related events during the reference period 1981–2010: 95th percentile of daily maximum temperature (Tx, top row); heatwave 
duration (bottom row). The maps in the left panels show the mean climatological fields for the ERA5 and CPC Global Unified daily gridded data sets, while the right 
panels display the model biases with respect to the ERA5 reference. Results are plotted for the REMO and RegCM regional climate models and for the driving earth 
system models ensembles, separately.
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lower resolution, not being able to capture the Tx spatial variability related to the Andes and over the rest of SA 
and highlighting the added value of RCM simulations in depicting these features.

In terms of model biases (Figure 2, top row, right panels), both RCMs tended to overestimate the 95th percentile 
of Tx, particularly REMO over Amazonia Northern South America (NSA) and RegCM also over southeastern 
South America (SESA, part of SES), in agreement with results by Coppola et al. (2021) for warm extreme indi-
ces. This last RCM ensemble showed an underestimation of extreme temperatures over the Andes and in some 
areas of the Amazonia (parts of Northwestern South America [NWS] and Northern South America [NSA]). The 
ESMs also depicted intense and spatially varied biases in SSA, probably related to a misrepresentation of the 
Andes topography.

The persistence of these extreme temperature conditions is reflected in the maps of HW duration of Figure 2 
(bottom row, left panels), where the maximum durations were found over central Brazil and northern SA (SAM 
and Northeastern South America [NES]), larger in ERA5 than in CPC, and were of about 6–7 days in the RCM 
ensembles. Both RCM ensembles similarly reproduced this feature, slightly overestimating the HW duration over 
SA and presenting more discrepancies with the ERA5 reference in NSA and SAM, which were congruent with 
the bias patterns of the driving ESMs. Note that the overestimation of HW duration in the ESM ensemble over 

Figure 3. Main features of precipitation-related events during the reference period 1981–2010: 95th percentile of daily precipitation (Pr, top row); dry-spells duration 
(bottom row). The maps in the left panels show the mean climatological fields for the ERA5 and CPC Global Unified daily gridded data sets, while the right panels 
display the biases with respect to the ERA5 reference. Results are plotted for the REMO and RegCM regional climate models and for the driving earth system models 
ensembles, separately.
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Figure 4. Mean annual frequency and mean duration of coincident heatwaves (HWs) and dry-spells and coincident HWs and extreme rainfall (HW + DS.c and 
HW + ER.c, respectively) during the reference period 1981–2010. The maps in the first and third row show the mean climatological fields and the second and fourth 
rows display the biases with respect to the ERA5 reference. Results are plotted for the REMO and RegCM regional climate models and for the driving earth system 
models ensembles, separately.
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these areas was present in all the individual ESMs but in HadGEM2-ES, which showed an opposite bias over 
these regions (see Figure S1 in Supporting Information S1).

Similarly, some features of precipitation-related events are displayed for extremely wet and dry conditions 
(Figure 3, top and bottom rows, respectively). Results of the individual ESMs are presented in Figure S2 in 
Supporting Information S1. The spatial distribution of ER as depicted by the 95th percentile of Pr (estimated for 
the period 1981–2010, considering rainy days only) is presented in Figure 3 (top row). Maxima was found over 
SESA and the Amazon basin, although ERA5 presented lower values over this last region than CPC. REMO over-
estimated the extreme intensities over all SA—and especially in the proximity of the Andes—whereas RegCM 
showed a more heterogeneous pattern of biases, underestimating this Pr feature over SESA and parts of the 

Figure 5. Mean annual frequency of sequential compound events (heatwaves [HWs] and dry-spells (DSs), HWs and extreme rainfall (ER), DSs and ER) during the 
reference period 1981–2010. The maps in the top row show the mean climatological fields and the bottom row displays the biases with respect to the ERA5 reference. 
Results are plotted for the REMO and RegCM regional climate models and for the driving earth system models ensembles, separately.
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Figure 6.
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Amazonia (NSA and SAM) compared to the ERA5 reference. RCMs depicted remarkably larger values of this 
percentile than the driving ESMs, mostly due to a differentiated representation of convective activity that plays 
a major role enhancing ER events (Rasmussen & Houze, 2016; Salio et al., 2007). This wet bias identified in 
the ESM-driven RCM simulations is consistent with results from Olmo and Bettolli (2021) who pointed out the 
overestimation of Pr—particularly in extremes—in the CORDEX-CORE RCM evaluation runs, that is, driven 
by reanalysis data. Furthermore, the overestimation of orographic precipitation is a well-known feature of the 
RCMs over the Andes (Bettolli et al., 2021; Remedio et al., 2019; Teichmann et al., 2020). The ESMs showed 
their largest underestimation over SES (the greatest by NorESM1-M as illustrated in Figure S2 in Supporting 
Information S1), which has been highlighted in the literature as one of the hotspots for heavy rainfall events in 
terms of their frequency and intensity and their related impacts (Bettolli et al., 2021; Cavalcanti et al., 2015).

Moving to the DSs evaluation (Figure 3, bottom row), the persistence of these events in the reference data set was 
found to be larger over central and northeastern Brazil (SAM and NES) than in the rest of SA, excluding northern 
Chile (north of Southwestern South America [SWS]) where the Atacama Desert is located, and rain occurrence 
is rare. NES is characterized by rainfall scarcity and has been the scene of multiple major droughts, typically 
associated with large-scale phenomena such as El Niño, a northward displacement of the Intertropical Conver-
gence Zone and wind motion anomalies affecting the descending branch of the Walker circulation (de Medeiros 
et al., 2020). In this regard, the DS duration maxima over Brazil (portions of SAM and NES) was overestimated 
in all model ensembles but more pronounced in RegCM which, in addition, presented greater biases compared to 
ERA5 over the Andes and in Argentinian Patagonia (SSA).

This preliminary evaluation of the individual events involved in the CE occurrence results helpful to understand 
the spatio-temporal variability of CE and to characterize model performance in the different cases, which will be 
discussed in the following section.

3.2. Compound Events

The characterization of coincident CE is presented in Figure 4. Results of the individual ESMs are available 
in Figure S3 in Supporting Information S1. The maximum frequencies of HWs and DSs (HW + DS.c) were 
observed over central-eastern Brazil and SESA (portions of SAM, NES, and SES)—generally more than two 
events per year—which were the areas of SA that also depicted the highest extreme Tx values and the longest 
duration of the individual events (Figure 2). Whereas the minimum values were identified in western Amazon and 
NSA, with almost null frequencies. The comparison between ERA5 and CPC showed a good agreement among 
both data sets, although ERA5 depicted larger maximum frequencies than CPC. REMO generally underestimated 
the mean annual frequencies and RegCM presented a more varied pattern of biases comparable to the ESMs 
ensemble but exhibiting some overestimations east of the Andes of about 0.9 days. Again, HadGEM2-ES differed 
from the other ESMs as it tended to underestimate the HW + DS.c frequency over SAM and NSA (Figure S3 in 
Supporting Information S1). Moreover, the Argentinian and Chilean Patagonia—in SWS and SSA—showed a 
relative maximum, which was underestimated by the RCMs in about 2 days. In terms of CE duration, the center of 
maximum lengths—of about 6–8 consecutive days—was found over central Brazil (SAM), located a little to the 
east than the region with the maximum frequencies. Both RCM ensembles well-simulated the spatial distribution 
of this index, while RegCM tended to overestimate the durations over SES and SAM.

In the case of coincident HWs and ER (HW + ER.c in Figure 4), the frequency of these events is almost nule 
throughout the continent, with an average of less than 0.5 events per year as the maximum values over SSA. This 
was probably due to heavy precipitation occurring commonly after extreme warm conditions, that provide the 
instability needed for the rainfall episode and the temperature decrease afterward (Tencer et al., 2016). Given the 
short mean duration of HW + ER.c, model biases are sensible to small differences, showing slight overestimations 
by the RCMs in the areas where these models present more frequent HW + ER.c, whereas the pattern for the 

Figure 6. Projected changes under the Representative Concentration Pathway (RCP) 2.6 and 8.5 scenarios during the late 21st century (2070–2099) for the mean 
annual frequency of coincident heatwaves and dry-spells (HW + DS.c): (a) Maps of changes, expressed as the difference in the number of days compared to the 
reference period (1981–2010) based on the Coordinated Regional Climate Downscaling Experiment-Coordinated Output for Regional Evaluation regional climate 
model (RCM) ensemble. Black dots indicate areas where the change signal is robust; (b) Boxplots of the changes for the individual RCMs and their driving earth system 
models (ESMs), separated according to the seven Intergovernmental Panel on Climate Change regions. Boxes indicate the 25th, 50th and 75th percentiles and their 
whiskers show the 5th and 95th percentiles and were created in the native model resolutions. Colors indicate the different ESMs, whereas the ensembles are presented in 
gray. Light and dark tones indicate the RCP 2.6 and 8.5 scenario (left and right, respectively).
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ESMs ensemble was similar to the RCM results, although the pattern of slight overestimations was mainly due to 
the MPI-EM-LR and MPI-ESM-MR simulations (see Figure S3 in Supporting Information S1).

Results of the sequential CE assessment are presented in Figure 5, whereas the individual performances of the 
driving ESMs are illustrated in Figure S4 in Supporting Information S1. The joint occurrence of HWs and DSs 
but, in this case, sequentially (HW + DS.s), exhibited a much-reduced number of events over all SA (Figure 5, 
first row) when compared with the coincident CE of Figure 4. The maximum average annual frequencies were of 
about 1 in ERA5 over SES and near 0.5 in the rest of SA, like CPC. These smaller frequencies in the sequential 
CE may be due to the temperature-precipitation interaction, as the atmospheric feedback between dry conditions 
and warm temperatures occurring together—that is, simultaneously—mainly promotes the simultaneous occur-
rence of this CE. Both RCM ensembles depicted similar performances, slightly underestimating the frequencies 
over SES, like the ESMs.

The HWs and ER sequential CE (HW + ER.s) showed larger frequencies in most of the continent than the coin-
cident event, with maximum values over NWS as depicted by ERA5 (see Figure 5, second row), which is related 
to the warm and humid conditions and the intense rainy season there (Espinoza et al., 2021). CPC reproduced this 
spatial pattern similarly, but with smaller frequencies over northwestern SA. Despite showing larger biases than 
the driving ESM ensemble, the RCMs evaluation was more satisfactory in terms of CE frequencies for the REMO 
ensemble, since RegCM presented higher and extended overestimations over this area.

The last sequential CE assessed here was the occurrence of DSs followed by an ER event (DS + ER.s in Figure 5, 
third row), being SES the main hotspot for this CE. ERA5 and CPC agreed in their representation of this CE, 
although ERA5 did not detect the maximum frequencies in some areas of NWS shown in the CPC data set. 
RegCM identified a clearly overestimated maximum center over NWS, which was not observed in the REMO 
ensemble. Particularly over SES and SSA, the RCMs notably underestimated these values, with a bias of more 
than 1 day per year. In this case, although the differences with respect to ERA5 seemed more intense in the RCM 
ensembles than in the ESMs for specific regions of SA, both ensembles identified the same areas as hotspots 
for CE occurrence. As presented in Figure S4 in Supporting Information S1, NorESM1-M strongly overesti-
mated DS + ER.s frequency over SES—in accordance with its underestimation of ER intensities discussed in 
Section 3.1—whereas the MPI models showed large overestimations through NSA. Note, however, that the ESMs 
provide much less spatial detail—which is one clear benefit of the higher-resolution RCMs—and the differences 
in grid resolution may interfere in the biases values.

3.3. Climate Change Signal

For the assessment of the expected changes on CE during the late 21st century (2070–2099), the CCS was 
estimated as the difference between the mean annual frequency (or duration) in this future period and in the 
1981–2010 reference. Focus was put on the CE that were the most remarkable in the historical evaluation, 
presenting the largest frequencies in different areas of SA.

Figures 6a and 7a show the results for the projected frequency and duration, respectively, of coincident HWs 
and DSs CE (HW + DS.c) in the ensemble of all CORDEX-CORE RCMs over SA. The areas where the signal 
was higher than the noise within the model ensemble are dotted, and those changes are hereinafter mentioned as 
robust (see Section 2.2 for more details). For more insight, Figures 6b and 7b synthesize in boxplots the CCS in 
each individual RCM and in their driving ESMs, which was replicated for the RCP 2.6 and 8.5 scenarios and for 
each of the seven IPCC sub-regions over SA.

HW + DS.c are projected to be more frequent in the late 21st century, especially in NSA, northern Chile (north 
of SWS) and large areas of SES. These changes are notably larger when considering the worst-case scenario 
(RCP 8.5), with expected increases close to 10 days per year. The duration of this CE showed future increments 

Figure 7. Projected changes under the Representative Concentration Pathway (RCP) 2.6 and 8.5 scenarios during the late 21st century (2070–2099) for the mean 
duration of coincident heatwaves and dry-spells (HW + DS.c): (a) Maps of changes, expressed as the difference in the number of days compared to the reference period 
(1981–2010) based on the Coordinated Regional Climate Downscaling Experiment-Coordinated Output for Regional Evaluation regional climate models (RCM) 
ensemble. Black dots indicate areas where the change signal is robust; (b) Boxplots of the changes for the individual RCMs and their driving earth system models 
(ESMs), separated according to the seven Intergovernmental Panel on Climate Change regions. Boxes indicate the 25th, 50th, and 75th percentiles and their whiskers 
show the 5th and 95th percentiles and were created in the native model resolutions. Colors indicate the different ESMs, whereas the ensembles are presented in gray. 
Light and dark tones indicate the RCP 2.6 and 8.5 scenario (left and right, respectively).
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particularly over NES and extended to NSA—clearly intensified in RCP 8.5—whereas only slight differences 
between both emission scenarios were found in the rest of the continent. The RCM ensemble results for both 
the frequency and duration of HW + DS.c were robust over most of SA, evidencing a good agreement among 
RCM simulations. It is worth mentioning that the projected increases in HW + DS.c over NSA and NES agree 
with the observed changes of individual events documented in the literature, indicating an intensification of the 
extreme warm conditions and a decline in precipitation amounts (Dereczynski et al., 2020; Regoto et al., 2020). 
Moreover, even though the changes are smaller over SES, the robust increases in this CE follow the detected 
upward trends in warm extremes in the historical period. Whereas the precipitation changes are more variable 
and season-dependent over the region, with more heterogeneous changes in dry conditions and increases in ER 
events that are projected to intensify in the future (Ceron et al., 2020; Dereczynski et al., 2020; Olmo et al., 2020; 
Regoto et al., 2020).

When analyzing each individual model simulation (Figures  6b and  7b), both the frequency and duration of 
HW + DS.c tended to present more spatial variability in RCP 8.5 than in RCP 2.6, as depicted by the larger 
boxes. In the case of the frequency (Figure 6b), the main CCS of the driving ESMs was generally conserved in 
the RCM simulations—as can be observed, for instance, in the median of the changes of NSA, SWS and SES, 
the highlighted areas in Figure  6a—although the higher-resolution models added spatial detail in the results 
and therefore they depicted larger variability in the boxplots. Although the signal-to-noise analysis discussed in 
Figure 6a showed a general good agreement among the different simulations, the change rate presented some 
differences among models in specific regions: the REMO ensemble exhibited less changes than RegCM such as 
in SAM and SES, whereas the NorESM1-M ESM and its corresponding RCMs tended to show more reduced 
changes than the rest of the simulations. Furthermore, the CCS in the southern tip of the continent (SSA) depicted 
larger positive changes in the ESMs than in the RCMs, particularly for the high-emission scenario. Hence, there 
is some level of model uncertainty in the projections of HW + DS frequency, especially at the regional scale, 
which motivates the use of high-resolution data to assess these local changes but keeping in mind the possible 
deviations from the coarse-resolution models. In the case of HW + DS.c duration changes (Figure 7b), the RCM 
ensembles presented greater (lower) changes and more spatial variability than the ESMs over NWS and SWS 
(SWS and SES), evidencing some discrepancies between the higher-resolution models and their driving ESMs.

Similarly to the previous analysis, Figures 8a and 9a show the CCS maps for the mean annual frequency of two 
sequential CE: HWs and DSs (HW + DS.s) and DSs and ER (DS + ER.s). For HW + DS.s (Figure 8a), the largest 
and most robust increases were found over NWS, whereas slight positive and negative changes could be detected 
in the rest of the continent, but generally not robust enough. An intensification of the changes was evident when 
analyzing the worst-case scenario (RCP 8.5), especially over NWS but also in the positive (negative) changes over 
SSA (NES), showing more agreement among the RCM ensemble over SSA. In the case of DS + ER.s (Figure 9a), 
this region standed out as the main area with a robust increasing number of this CE, even in the RCP 2.6 scenario. 
The intensity of these changes over SES was similar in RCP 8.5 but extended over large portions of the continent. 
Contrarily, a reduction (though not robust) in DS + ER.s was projected over NSA—exhibiting a dipole struc-
ture in the CCS pattern over the Amazon basin—and the southern surroundings of the Andes Mountain range, 
particularly over southern Chile (SWS).

In addition, a more comprehensive analysis of the CCS for the frequency of HW + DS.s is provided in Figure 8b, 
in the same way as it was done for HW + DS.c. The RCMs depicted larger changes (and more spatial variability 
given the bigger boxes) than their driving ESMs in regions like NWS, NSA, SWS, and SAM, where the projected 
changes typically showed increases in the frequency of this CE. On the other hand, the negative changes over 
NES shown in the RCM ensemble (Figure  8a) was generally consistent among the individual RCM simula-
tions, whereas their driving ESMs showed changes near zero (but with slightly positive values) and no spatial 
variability over the region. In this regard, the information provided by the RCMs over NES added more spatial 
detail and even turned the projections into negative changes in their ensemble (although not robust, according 

Figure 8. Projected changes under the Representative Concentration Pathway (RCP) 2.6 and 8.5 scenarios during the late 21st century (2070–2099) for the mean 
annual frequency of sequential heatwaves and dry-spells (HW + DS.s): (a) Maps of changes, expressed as the difference in the number of days compared to the 
reference period (1981–2010) based on the Coordinated Regional Climate Downscaling Experiment-Coordinated Output for Regional Evaluation regional climate 
models (RCM) ensemble. Black dots indicate areas where the change signal is robust; (b) Boxplots of the changes for the individual RCMs and their driving earth 
system models (ESMs), separated according to the seven Intergovernmental Panel on Climate Change regions. Boxes indicate the 25th, 50th, and 75th percentiles 
and their whiskers show the 5th and 95th percentiles and were created in the native model resolutions. Colors indicate the different ESMs, whereas the ensembles are 
presented in gray. Light and dark tones indicate the RCP 2.6 and 8.5 scenario (left and right, respectively).
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to the signal-to-noise analysis). In the case of DS + ER.s (Figure 9b), the negative changes identified in the 
RCM ensemble over NSA were mainly due to the RegCM simulations, which presented a general negative CCS 
that differed from the driving ESMs. RegCM also depicted a larger spatial spread than the REMO simulations, 
which did not exhibit clear changes as the median of the different simulations was around cero. This result was in 
line with the non-robust findings in the RCM ensemble maps illustrated in Figure 9a. In the rest of the regions, 
both the magnitude and the spatial spread of the CCS were in good agreement among the different ESMs and 
RCMs, like the increases expected over SES. Over SWS and SSA—which tended to present a reduction in the 
frequency of DS + ER—the comparison between ESMs and RCMs showed a lower difference in the number 
of days in the RCMs, with even negative values in their whiskers and boxes that were not found in their driving 
ESMs (compared to the reference period). This could be related to the poorer spatial resolution of the ESMs and 
their limitations in simulating the influence of the Andes complex topography, which can be more successfully 
represented by the RCM models.

4. Summary and Final Remarks
This study presents an unprecedented characterization of multiple temperature and precipitation CEs over SA, 
a continent with emerging economies and exposed population where extreme climate conditions are projected 
to intensify (IPCC, 2021). The current climate conditions (1981–2010) and future changes of CE during the 
late 21st century (2070–2099) were assessed using the CORDEX-CORE ensemble of RCMs over SA and their 
driving ESMs, considering the ERA5 reanalysis as reference. Like Weber et al.  (2020), focus was put on the 
climatological frequency and duration of CE considering the joint occurrence of HWs, ER and DSs, which were 
separated in coincident (simultaneous, in at least 1 day) and sequential events (within a time-period up to 7 days). 
Their CCS was investigated under the RCP 2.6 and 8.5 emission scenarios.

The spatial pattern of the individual events considered to estimate the CE occurrence were adequately reproduced 
by the RCMs, exhibiting more discrepancies in extreme precipitation (often showing large overestimations in 
agreement with Olmo and Bettolli (2021)) than in the temperature-related indices, although temperature biases 
are also evident over SA in the different RCMs (Llopart et al., 2017; Reboita et al., 2014; Remedio et al., 2019). 
The influence of the Andes Mountain range in these patterns was more evident in the RCMs than in their driving 
ESMs, as they depicted less detail due to lower resolution, not being able to capture the spatial variability, like 
in the case of extreme temperatures. Although assessing the rationale behind the RCMs performance is beyond 
the scope of this study, it may involve some misrepresentations of convective activity and sub-grid processes, 
as well as regional-scale mechanisms such as the South American low-level jet (SALLJ), that is responsible for 
these climate extremes in regions like southeastern SA (Carril et al., 2016; Cavalcanti et al., 2015) and remote 
climate forcings such as El Niño-Southern Oscillation (Coelho et al., 2016) which influence is inherited from the 
driving ESMs.

In terms of CE, the frequency of coincident HWs and DSs—HW + DS.c—(sequential DSs and ER, DS + ER.s) 
was remarkable over central-eastern Brazil and southern SA (southeastern SA), whereas the other CE like coinci-
dent HWs and ER or sequential HWs and DSs depicted weak frequencies throughout the continent. Moreover, the 
RCMs were able to adequately reproduce the main features of CE, although with some regional differences such 
as a general underestimation of the maximum frequencies of these CE in northeastern Brazil and southeastern 
SA, respectively. These detected hotspots were in line with previous climatic observational characterizations over 
the continent, demonstrating the RCMs ability to capture the spatial variability of these climate extremes (Bettolli 
et al., 2021; de Medeiros et al., 2020; Marengo et al., 2022). However, some discrepancies among the REMO and 
RegCM ensembles were detected in areas like Amazonia and southeastern SA when considering ER as one of 
the extreme events involved in the CE occurrence (for HW + ER.s and DS + ER.s). Heavy rainfall is a complex 
phenomenon even for the high-resolution modeling, especially in areas like southeastern SA, where the combi-

Figure 9. Projected changes under the Representative Concentration Pathway (RCP) 2.6 and 8.5 scenarios during the late 21st century (2070–2099) for the mean 
annual frequency of sequential dry-spells and extreme rainfall (DS + ER.s): (a) Maps of changes, expressed as the difference in the number of days compared to the 
reference period (1981–2010) based on the Coordinated Regional Climate Downscaling Experiment-Coordinated Output for Regional Evaluation regional climate 
models (RCM) ensemble. Black dots indicate areas where the change signal is robust; (b) Boxplots of the changes for the individual RCMs and their driving earth 
system models (ESMs), separated according to the seven Intergovernmental Panel on Climate Change regions. Boxes indicate the 25th, 50th, and 75th percentiles 
and their whiskers show the 5th and 95th percentiles and were created in the native model resolutions. Colors indicate the different ESMs, whereas the ensembles are 
presented in gray. Light and dark tones indicate the RCP 2.6 and 8.5 scenario (left and right, respectively).
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nation of multiple factors at different spatio-temporal scales—such as mesoscale convective activity, frontal 
systems, the strengthening of the SALLJ and baroclinic instability conditions—strongly modulate the occurrence 
of these events (Lavín-Gullón et al., 2021; Solman et al., 2021). Furthermore, the Amazon represents the largest 
tropical rainforest in the world—where land-atmosphere interactions imply essential dynamical components of 
the climatic system—and precipitation variability is strongly affected by the Andes orographic effect, that inter-
acts with regional atmospheric circulation, evidencing seasonal-to-intraseasonal circulation patterns (Espinoza 
et al., 2021; Sierra et al., 2021). All these phenomena denote the complex modeling tasks to represent climate 
extremes over SA, which is critical knowledge to enlighten the future expectations of climate hazards.

In this line, it is worthwhile mentioning that model evaluation is notably dependent on the choice of the refer-
ence data set, therefore, caution may be taken when interpreting the RCM biases. Observational uncertainty is a 
common issue over SA due to the sparseness of meteorological stations and their often-limited temporal coverage, 
especially in areas like Amazonia and the Andes Mountain range, but also on highly populated regions such as 
southeastern SA (Condom et al., 2020; Sun et al., 2018). Hence, we explored the differences between ERA5  and 
the CPC observational data set. Although there were also some discrepancies detected in the frequency and dura-
tion of CE, both datasets identified the same areas as hotspots for the occurrence of CE. Note that we used the 
ERA5 reanalysis as it has the benefit of introducing different observations through the data assimilation process 
and has a similar spatial resolution to the one presented in the CORDEX-CORE RCMs.

Regarding the future projections of CE, the RCM ensemble usually presented increases in their frequency, espe-
cially the ones identified with remarkable frequency and/or duration in specific regions. HW + DS.c are expected 
to be more frequent in northern SA, northern Chile, and southern Brazil, whereas southeastern SA standed out 
as the region that showed larger frequencies of DS + ER.s for the late 21st century. Although with some regional 
differences, these changes are notably strengthened in the worst-case scenario (RCP 8.5), particularly in areas 
with important metropolitan regions and high-economic development like southeastern SA and eastern Brazil. 
On one hand, the projected increases in HW + DS over northern and northwestern SA agreed with the observed 
long-term trends of individual events, indicating an intensification of the extreme warm conditions and a decline 
in precipitation amounts. Whereas the smaller but still robust changes over southeastern SA followed the detected 
upward trends in warm extremes. On the other hand, the pattern of changes of sequential DS + ER in the different 
areas of SA was in accordance with previous findings in the literature, such as a dipole structure in northern SA 
of increases (decreases) in the dry-days frequency over southern Amazonia (northern Brazil) and the positive 
(negative) changes over southeastern SA (southern Chile) (Espinoza et al., 2019; Olmo et al., 2020).

Precipitation changes are more variable and season-dependent over southeastern SA, with more heterogeneous 
changes in dry conditions and increases in ER events that are projected to intensify in the future (Ceron et al., 
2020; Regoto et al., 2020; Olmo et al., 2022). This seasonality could have some implications upon the devel-
opment of agricultural and hydrological practices in the region. In this regard, the RCMs could capture these 
features of CE on an annual basis, showing that the observed long-term changes are projected to intensify in a 
context of global warming. Furthermore, this encourages their characterization and the study of their long-term 
changes seasonally, as differentiated scenarios could be expected.

Although not always robust, the dipole pattern of changes identified in the sequential CE—and especially in 
DS + ER.s—agreed with the detected increases (decreases) in the dry-days frequency over southern Amazonia 
(northern Brazil) in the historical period as documented by Espinoza et al. (2019). The authors attributed these 
long-term changes to modifications in the sea surface temperature and related fluxes over the tropical Atlantic 
Ocean and in the specific humidity transport, reducing the deep convection in southern Amazonia. Thus, the 
dry-conditions seemed to be controlling the long-term variability of these sequential CE over northern SA. Addi-
tionally, the positive changes over southeastern SA—that were found to be robust even in the RCP 2.6 scenario—
were coincident with previous findings on the increasing number of ER events in the region, probably related 
to modifications in specific atmospheric circulation patterns (Blázquez & Solman, 2020; Olmo et al., 2022). In 
the same line, a decline in precipitation amounts over central and southern Chile has been detected in the liter-
ature working with both observational and model data (Balmaceda-Huarte et al., 2021; Diaz et al., 2020; Olmo 
et al., 2020), which seems to be influencing the future projections of this CE. These diagnostics evidenced the 
differentiated influence that the individual extreme events may have on the projected changes of CE throughout 
the continent. In this way, the RCM ensemble could capture these features, showing that the observed long-term 
changes are projected to intensify in a context of global warming.
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The performance of the ESMs driving the RCM simulations was also explored. The CCS from the ESMs was 
generally well-conserved by the RCMs, as they tended to present similar change rates but with some differences 
in specific regions. RegCM often depicted less changes than REMO—like in the case of coincident HW + DS 
over central and southeastern SA—whereas within the driving ESMs, NorESM1-M—which is considered of 
low climate sensitivity (Giorgi et al., 2022)—and its corresponding RCMs also tended to show a more reduced 
pattern of changes. Recall that these high-resolution models mainly inherit this signal from their driving data, 
although they can introduce some differentiated changes due to their ability to reproduce more sophisticated 
physical processes (Ambrizzi et al., 2018). Essentially, the RCMs added great spatial detail in their representation 
of CE in SA—as the Andes Mountain range—and in the evaluation of the long-term expected changes. Hence, 
although there is some level of model uncertainty, the RCMs provide regional climate information necessary for 
policy making in terms of CE hotspots and their future projections. Therefore, a larger number of high-resolution 
climate simulations would be optimal to infer more robust results in a bigger RCM ensemble, helping us to ascer-
tain the future changes in these climate hazards.

Overall, these findings motivate further research to get more insight into the atmospheric processes associated 
with CE over SA. The climatic drivers behind these CE encompass not only temperature and precipitation—
the two surface variables addressed here—but also other variables such as evapotranspiration and atmospheric 
humidity. In particular, the role of specific humidity and wind at the low-level atmosphere is essential for rainfall 
variability in different areas of SA, where the SALLJ intraseasonal variability modulates precipitation regimes 
(Espinoza et al., 2021). Also, it would be interesting to address the influence of teleconnections such as El Niño, 
which is partially responsible of the variability of climate extremes such as DSs and heavy rainfall (Gulizia & 
Pirotte, 2021; Iacovone et al., 2020; Reboita et al., 2021), including robust increases detected on dry and warm 
CE over northern SA (Hao et al., 2018; Wu et al., 2021). Hence, studying their changes under global warming 
conditions will help us to ascertain the expected changes in CE and the related impacts such as wildfires, water 
deficit for crops and natural vegetation and human health risk (Bitencourt et al., 2021; Marengo et al., 2022).

Data Availability Statement
The different data sets used in this study are available online. ERA5 reanalysis: https://www.ecmwf.int/en/fore-
casts/datasets/reanalysis-datasets/era5. CORDEX model outputs: https://esgf-data.dkrz.de/projects/esgf-dkrz/. 
CPC Global Unified daily gridded dataset observational data set: https://psl.noaa.gov/data/gridded/.
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