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A B S T R A C T   

Southern South America (SSA) is an extended region where temperature and precipitation daily extreme events 
have several impacts on the different socio-economic activities. In this work, their individual and compound 
occurrence over SSA and their association with atmospheric circulation were studied during 1979–2015, using 
meteorological stations and the CPC gridded dataset. Results were generally in good agreement between both 
datasets. The occurrence of a warm night (minimum temperature exceeding the 90th percentile) or a cold day 
(maximum temperature below the 10th percentile) significantly increases the probability of heavy precipitation 
(daily precipitation exceeding the 75th percentile) in southern Chile and southeastern South America. These 
compound events were regionally conditioned by specific circulation types. In addition, both individual and 
compound extremes showed trends in the different sub-regions. On one hand, heavy precipitation exhibited a 
significant increase over central-eastern Argentina and Uruguay, northeastern Argentina and southern Brazil 
during the warm season, and a significant decrease in central and southern Chile during the cold season. On the 
other hand, warm (cold) extremes generally presented significant upward (downward) trends. Compound events 
showed significant positive trends for selected regions, in some cases coincident with trends in individual ex-
tremes. Changes in the frequency of circulation patterns were found to partly influence some of these trends, like 
the increases in heavy precipitation and warm extremes during the warm season.   

1. Introduction 

Climate extremes that occur close together in space or time have 
lately become more recognised, since the combination of drivers and 
hazards contributes to societal or environmental risk. In this context, the 
Intergovernmental Panel on Climate Change (IPCC) defines a compound 
extreme event 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 lead to an extreme event or impact when they 
occur together, inducing to an emerging risk (IPCC, 2012). Zscheischler 
et al. (2018) argue that a better understanding of compound events can 
improve projections of potential high impact events and can provide a 
better intercommunication between the different disciplines and 

decision makers. 
Temperature and precipitation compound events have been widely 

analysed in different scales and regions around the world (Tencer et al., 
2014; Orth et al., 2016; Hao et al., 2018a). However, the investigation 
on compound extremes, their changes and impacts in southern South 
America (SSA) (approximately 22–57�S, 50–70�W) has received only 
limited attention so far. SSA is one of the most populated regions of 
South America, where large cities such as Buenos Aires, Rosario and 
Santiago de Chile are located. The region is exposed to extreme events 
that strongly affect socio-economic activities, energy demand and 
health. Heavy precipitation events have responses of the landscape, 
surface water and aquifer systems, often leading to overflows and floods 
in many regions of SSA, causing several fatalities and great economic 
losses (Gatti et al., 2019; Esper Angillieri et al. 2017; Jordan et al., 
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2015). Even more, Almeira et al., 2016 evidenced the effect of summer 
heatwaves in mortality in Buenos Aires and Rosario, particularly for 
elderly population. Hence, the combination of these extreme events may 
lead to larger and widespread impacts to human society and the envi-
ronment than those from individual extremes alone (Hao et al., 2018b; 
IPCC, 2012). In this regard, previous works have evidenced the joint 
occurrence of extremes in some areas of SSA. Tencer et al. (2016) ana-
lysed daily extreme temperature and heavy precipitation compound 
events during the period 1961–2000 focused on La Plata Basin. The 
authors showed that, for the warm season, the probability of heavy 
precipitation significantly increases with warm nights occurring simul-
taneously, and with cold days on the next day of the heavy precipitation 
event. Based on monthly data of three reference meteorological stations 
over central Argentina, Barrucand et al. (2014) showed that warm and 
dry conditions were significantly more frequent than cool and dry 
conditions. 

Several studies on individual extremes have shown changes in terms 
of their frequency and intensity during the recent period in SSA (Donat 
et al. 2013; Rusticucci, 2012; Skansi et al. 2013). Rusticucci et al. (2016) 
found, for the central region of Argentina, that trends of temperature 
extremes showed warming conditions, with a significant decrease in the 
frequency of cold nights and days and a significant increase in the warm 
days, though important intermonthly variability was detected. For 
heavy precipitation, Re and Barros (2009) and Penalba and Robledo 
(2010) found in southeastern South America predominantly positive 
trends during the second half of the 20th century, especially in the fre-
quency and intensity of this event during austral summer and spring. 
Nevertheless, no studies have been done about temporal variability and 
trends in extreme temperature and heavy precipitation compound 
events in the recent period over SSA. 

Classifications of atmospheric circulation are useful for studying past 
and recent climatic changes and comprehend the links between large- 
scale atmospheric processes and local weather (Cahynov�a and Huth, 
2016). The occurrence of temperature and precipitation extremes over 
South America has been associated with diverse forcings in different 
temporal scales, such as sea surface temperature anomalies, tele-
connection patterns, synoptic systems, and more (Cavalcanti, 2012; 
Rusticucci et al., 2016; Penalba et al., 2013, 2016). For describing at-
mospheric circulation, a typical procedure is the classification of cir-
culation patterns (CPs). These classification schemes are practical tools 
for studying different aspects of climatic surface variables; in particular, 
the attribution of observed trends and future changes (Cahynov�a and 
Huth, 2016). Changes in atmospheric circulation are important for local 
climate change since they could lead to greater or smaller changes in 
climate in a particular region than elsewhere (IPCC, 2012). Analyses of 
attribution of climate change by CPs were done for other regions 
(Cahynov�a and Huth, 2009; Nilsen et al., 2014; Fleig et al., 2015) and 
assessed the fraction of climatic trends that can be attributed to a 
changing frequency of CPs. Notwithstanding, this approach has not been 
explored in SSA yet, and even less for extreme events. 

In this context, the purpose of the present work is to evaluate both 
the individual and compound occurrence of daily extreme temperature 
and heavy precipitation events in SSA during the recent period, 
comparing their representation in two different observational datasets. 
The main objectives are to analyse the trends on individual and com-
pound extreme events in different regions of SSA and to assess the in-
fluence of atmospheric circulation on the spatial distribution and 
temporal changes of these events. 

2. Data and methodology 

2.1. Observed surface data 

We employed daily accumulated precipitation (Pr) and maximum 
and minimum temperature (Tx and Tn, respectively) observed at 
meteorological stations, during the period 1979–2015 in SSA (Fig. 1). 

Data were provided by the National Weather Services of Argentina, 
Brazil, Paraguay and Uruguay, and the Center for Climate and Resilience 
Research of Chile. 178 out of 225 meteorological stations that were 
originally available around SSA were selected with less than 5% of 
missing data in most of them. Only few meteorological stations with less 
than 20% of missing data were also used in southern Brazil to guarantee 
spatial coverage. A quality control was performed for each selected 
station with special focus on possible outliers in the time series (Penalba 
et al., 2004; Rusticucci and Barrucand, 2001). Also, given that SSA is an 
extended region of South America characterized by a wide variety of 
climates, a regionalization of meteorological stations was used in some 
analyses for the sake of conciseness. In particular, the methodology 
employed by Castellano and De Gaetano (2016), based on Ward’s 
clustering method, was used to objectively explore the regional behavior 
in the occurrence of individual and compound extremes. Meteorological 
stations were grouped according to how regularly different pairs of 
stations presented an extreme event of the same nature (see Section 2.2 
for definition of extreme event), and a distance matrix was constructed 
from similarity measures between each pair of stations. Finally, Ward’s 
method of hierarchical clustering (Ward, 1963) was applied to this 
distance matrix and stations were grouped. This procedure was repli-
cated for all the extremes studied in this work, yielding different 
numbers of regions (between 4 and 8). The final number of clusters was 
then defined considering, in addition, the regional characteristics and 
climates regimes of the region (Prohaska, 1976). These regions are 
presented in Fig. 1. 

In order to perform climate studies of spatial and temporal vari-
ability of extremes, long records of high-quality and high-resolution 
observational datasets are necessary. Moreover, since the occurrence 
of compound extremes is rare, the study of their long-term changes 

Fig. 1. Meteorological stations used in the study during the period 1979–2015. 
Colours and numbers indicate different climate regions: R1: northern Chile 
(arid and cold); R2: central and southern Chile (humid and cold); R3: arid di-
agonal region (dry); R4: Argentinian Patagonia (mainly dry and cold); R5: 
central-eastern SSA (humid and temperate); R6: northeastern Argentina and 
southern Brazil (humid and warm). CPC gridded precipitation and temperature 
were considered within the green box (land only), whereas ERA-Interim cir-
culation was studied within the blue box. (For interpretation of the references 
to colour in this figure legend, the reader is referred to the Web version of 
this article.) 
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strongly depends on the existing data. In agreement, Hao et al. (2018b) 
concluded that efforts for understanding compound extremes should 
include observations with improved data availability, statistical model 
development and model simulations with improved representation of 
physical processes. However, in some areas of SSA, the density of 
meteorological stations may be low, and their temporal coverage may 
also be limited. Therefore, the study of the joint occurrence of extreme 
temperature and heavy precipitation should consider different per-
spectives and as much available information as possible. In line with 
this, the representation of daily individual and compound extremes was 
also evaluated in the daily gridded CPC Global dataset (CPC) from the 
NOAA Climate Prediction Center, with a resolution of 0.5�x0.5� (Xie 
et al., 2010), considering the same 3 variables. 

2.2. Individual and compound extreme events definition 

The IPCC has mentioned in its special report on “Managing the Risks 
of Extreme Events and Disasters to Advance Climate Change Adapta-
tion” (IPCC, 2012) that compound events can be viewed as a special 
category of climate extremes, which are extreme either from a statistical 
perspective or associated with a specific threshold. In this work, 
percentile-based thresholds were used taking into account results from 
previous works over the region (Robledo et al., 2019; Tencer et al., 2014, 
2016; Penalba and Robledo, 2010; Rusticucci et al., 2016) and the rec-
ommendations by Hao et al. (2018b) for studying the compound tem-
perature and precipitation extremes. Following the methodology used in 
Tencer et al. (2016), daily heavy precipitation events (Pr75) were 
defined as those days when the accumulated precipitation exceeded the 
75th percentile of the empirical distribution of rainy days (Pr � 1 mm). 
This percentile was based on a 29-days moving window centered on 
each calendar day. Similarly, warm days (nights) (Tx90, Tn90) corre-
sponded to those days when Tx (Tn) exceeded the 90th percentile of the 
empirical distribution of all days, considering a 15-days moving win-
dow. Cold days (nights) (Tx10, Tn10), were recorded when Tx (Tn) was 
below the 10th percentile of its empirical distribution, with the same 
moving window. Then, a compound extreme event was defined as the 
joint occurrence of one of the mentioned temperature extremes and a 
Pr75 event. A 3-day window was considered for this definition, in order 
to bear in mind the different span of time for measurements of daily 
precipitation (12 UTC to 12 UTC of next day) and extreme daily tem-
peratures (12 UTC and 0 UTC of the same local day). 

The dependence between extremes was tested using a contingency 
table, by applying a 1-tailed chi-squared test at the 5% level of signifi-
cance (Tencer et al., 2014; Wilks, 2011). The null hypothesis for this test 
is that the events are independent and, in consequence, the occurrence 
of Pr75 is not conditioned by a temperature extreme. Under this hy-
pothesis, the expected joint probability can be calculated as the product 
of the two individual event probabilities and compared with the 
observed joint probability. 

In order to visualize the strength of the relationship, the observed 
conditional probability of each compound extreme was presented as a 
ratio (Equation 1) over the expected probability of heavy precipitation 
in the absence of a relationship, that is the probability of Pr75 alone. 

Ratio ¼
PðPr75 j TextremeÞ

PðPr75Þ
¼

PðPr75 j TextremeÞ
0:25*Pðrainy daysÞ

Equation 1: Ratio between the observed conditional probability of 
each compound extreme event over the expected probability of heavy 
precipitation in the absence of a relationship. 

In this way, ratios between 0 and 1 imply that the probability of the 
compound event is smaller than the probability of heavy precipitation 
alone, then the temperature extreme do not condition the precipitation 
event. On the other hand, ratios bigger than 1 mean that the occurrence 
of a temperature extreme increases the probability of heavy precipita-
tion. The study was carried out separately for the austral warm (October 

to March) and cold (April to September) seasons. For each season, mean 
seasonal values of the percentiles used to define the extremes are pre-
sented in the supplementary material (Fig. S1). 

2.3. Synoptic circulation 

For the description of atmospheric circulation in SSA, daily CPs were 
generated by a obliquely rotated T-mode principal components analysis 
classification (PCA), which stands for its temporal and spatial stability, 
its ability to reproduce predefined dominant patterns, and little depen-
dence on pre-set parameters (Stryhal and Huth, 2018; Huth, 2000). We 
considered daily geopotential height at the 500 hPa level (z500) from 
the ERA-Interim reanalysis of the European Center for Medium-Range 
Weather Forecasts (Dee et al., 2011). z500 fields form the columns in 
the input matrix X, whereas grid points form the rows. The method 
consists in expressing a data matrix as a product of two matrices X ¼ Z 
F’, where Z is the matrix of component scores and F the matrix of 
component loadings. Each component explains a fraction of the total 
variance and they are orthogonal (uncorrelated). The orthogonality 
constraint in synoptic patterns turns out to be unrealistic and therefore, 
oblique rotations relax this constraint to gain accuracy in the interpre-
tation of the patterns. The oblimin rotation algorithm then computes the 
matrix of oblique rotation Q such that F Q ¼ S, where S is the new 
structure loading matrix which contains the correlation of the original 
variables X with the oblique factors. Finally, each daily z500 field is 
grouped with the pattern for which it has the highest structure loading. 
More details about this methodology can be found in Huth (2000) and 
Lattin et al. (2003). Circulation types were determined based on daily 
z500 fields over an extended domain (Fig. 1) for the warm and cold 
season separately, in the period 1979–2015. The criteria for choosing 
the number of patterns was to retain the first principal components ac-
counting for 99% of the explained variance. Also, a “scree test” was 
employed to obtain the number of clusters looking for the elbow in the 
curve (Lattin et al., 2003). This classification resulted in 8 dominant CPs 
for each season of the year. 

In order to analyse the association between joint extremes and CPs, 
the probabilities of compound events given a specific CP were compared 
to their climatological probabilities by performing a binomial test, at the 
5% level of significance (Wilks, 2011) at each station point or grid point 
for CPC, under the null hypothesis that there is no difference between 
both probabilities against the alternative hypothesis that the probability 
of an extreme event conditioned to a specific CP was greater than the 
climatological probability of that event. Thus, the rejection of the null 
hypothesis indicates that the specific CP significantly enhances the 
occurrence of the extreme. 

2.4. Trends and attribution of climatic change 

Observed trends of extreme events frequency were estimated for 
every station and grid point in the complete period 1979–2015. 
Although a 37-years period may seem relatively short, it was the longest 
period when a fair balance between the spatial and temporal coverage 
was obtained. The non-parametric Mann-Kendall test was used to 
determine the presence of monotonic upward or downward trends 
(Libiseller and Grimvall, 2002). Linear regression was also employed for 
comparison purposes (Chambers, 1992). Both trends were statistically 
tested at the 5% level of significance. 

In order to assess the proportion of long-term climate changes on 
extreme events directly linked to circulation changes, the method of 
circulation-induced or “hypothetical” linear trends was employed 
(Cahynov�a and Huth, 2009; Nilsen et al., 2014; Fleig et al., 2015). This 
method assumes that changes in CPs frequencies are the only factor 
causing the observed climatic trends. All days classified with the same 
CP are considered to lead to the same expected climatic value of a given 
variable for each month. In this case, the expected values were the 
monthly mean frequencies of the extreme events conditioned to each CP 
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(averaged over the whole period, e.g., all Januaries of 1979–2015). 
Daily circulation-induced time series were generated by assigning the 
respective conditional monthly mean to the days within each of the 12 
months when the specific CP occurred. From these, the 
circulation-induced time series of seasonal frequencies were obtained 
and their linear trends were calculated. These “hypothetical” (circu-
lation-related) trends were then compared to the observed changes by 
dividing them by the observed linear trend of the extreme event. The 
generated trend ratio would be around 1 if the extreme event trend was 
caused only by changes in CPs frequencies. To avoid dividing the 
circulation-related trends by small values associated with insignificant 
real changes, only meteorological stations with observed trends signif-
icant at the 5% level were considered. It should be mentioned that some 
of the trends may not be attributable to changing CPs frequencies only, 
and other causes such as the changing internal properties of the CPs, also 
known as within-type changes, may be responsible for the observed 
climatic trends (Cahynov�a and Huth, 2009), which represents a limita-
tion of the method. A detailed description of this method can be found in 
Cahynov�a and Huth (2009, 2016). 

3. Results 

3.1. Compound extreme events 

For the warm season, Fig. 2a shows the ratios between the observed 
probability of each compound extreme event over the expected proba-
bility in the absence of a relationship at station points (left panels) and at 
the CPC grid points (right panels), whereas Fig. 2b shows the corre-
sponding seasonal average frequency (SAF) of compound extremes to 

get a full picture of the climatology of compound extremes in SSA. A 
positive relationship between warm nights and heavy precipitation 
(Pr75þTn90) was observed over the whole SSA region, stronger and 
significant in southern Chile and northeastern Argentina (R2 and R5) 
(see Section 2.2 for methodology). This result implicates that the 
probability of having Pr75 highly increased due to the occurrence of 
Tn90, probably associated to instability conditions common in the warm 
season, that leads to the development of precipitating systems in regions 
where this compound event is more frequent (R2, R3, R5 and R6) 
(Fig. 2b). Warm days and heavy precipitation occurring together 
(Pr75þTx90) only showed an increase in the probability of Pr75 given 
the extreme temperature in R5, however ratios and SAFs found were 
smaller than the ones observed for Pr75þTn90. Ratios in the other re-
gions were below 1, which means that Pr75 resulted inhibited when 
extreme maximum temperature occurred in these sectors. Cold nights 
generally inhibited the occurrence of Pr75, with only few stations in the 
coastal part of R4, where Pr75þTn10 presented small ratios above 1. 
However, this event was the least frequent of all compound extremes 
studied over SSA, with SAFs lower than 2 events per season over most of 
the region (Fig. 2b). On the other hand, cold days and heavy precipi-
tation (Pr75þTx10) showed significant and positive relationships over 
all SSA, probably related to the passage of cold fronts. This compound 
extreme was the most frequent over SSA and, particularly, in R1 and R6, 
with SAFs up to 8 in the meteorological stations database. However, in 
some sectors like R4, where Pr75þTx10 signal was high, frequencies 
found were low. This implicates that, despite occurring only few times, 
these events were highly influenced by the temperature extreme. 

During the cold season, relationships between extremes exhibited 
similar patterns to the warm season (Fig. 3a and b). Notwithstanding, 

Fig. 2. a) Ratios between conditional and expected probabilities of extreme events over SSA for the warm season. On the left (right) panel, stations (CPC) results are 
shown. Filled symbols on stations indicate a significant relationship at the 5% level; b) seasonal average frequencies of each compound event (SAF) for the warm 
season (expressed as the average number of events). 
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Pr75þTn90 ratios and frequencies resulted higher particularly in R4 
and, in the case of Pr75þTx10, R3 exhibited an increase in the rela-
tionship. On the contrary, a decrease in the ratios for this compound 
extreme was observed in R2 and R5, though frequencies were higher. 

When analysing compound extremes as depicted by CPC, it was 
found that this dataset well reproduced the relationships between ex-
tremes, both in the magnitude and in the spatial distribution of ratios 
during the two seasons of the year (Figs. 2 and 3). However, it tended to 
overestimate the frequencies of compound events in both seasons. 
Indeed, CPC tended to overestimate both the probability and SAF of 
Pr75, particularly in R5 and R6 for the warm season (Fig. S2 in sup-
plementary material). Since the probability of Pr75 is constructed as a 
product of 0.25 and the probability of rainy days, the observed over-
estimation of compound extremes frequency could be mainly due to the 
overestimation of the frequency of rainy days. 

From the above analysis, it was evident that the most relevant 
compound events in SSA were Pr75þTn90 and Pr75þTx10, in both 
seasons. Even more, by analysing the joint occurrence of these com-
pound extremes (not shown), it was found that they often happened 
together, depending on the region and season of the year. In more than 
45% of Pr75þTn90 events detected in southern Chile (R2) during the 
warm season, also a Pr75þTx10 event occur, probably associated with 
instability and warm conditions previous to the passage of a system, that 
then decreased the temperature during the day, leading to a Pr75þTx10 
event. For Argentinian Patagonia (R4) and southeastern South America 
(R5 and R6), this percentage was around 20–30% during the warm 
season, and about 15% during the cold season. For these reasons, the 
following analyses will not address the other compound extremes. 

3.2. Seasonal trends of individual and compound extreme events 

Trends in compound extremes frequency can be dominated by one of 
the individual extremes involved. Even more, since the former ones 
result sub-samples of the individual events, it is important to also 
evaluate their temporal changes. For this reason, trends in individual 
and compound events in each station and grid point were analysed (see 
Figs. S3a and S3b for individual events). In order to summarize the re-
sults, areal average time series were considered as representative of each 
region (Figs. 4 and 5). 

For the warm season, Pr75 showed positive and significant trends in 
R5 and R6, stronger in this last one, contrasting with the rest of SSA, 
where lower and non-significant changes were observed (Fig. 4a). In the 
CPC database, despite its trends presented the same sign as the meteo-
rological stations, no region showed significance in its changes, and 
tended to overestimate Pr75 seasonal frequencies, particularly in R5 and 
R6. Tn90 exhibited significant upward trends in all the regions for the 
stations (Fig. 4a), except for R1, which showed a non-significant 
decrease. CPC generally underestimated Tn90 trends, and only 
showed significant changes in R3. For Tx90, significant positive trends 
were found over all SSA, in all the regions for both datasets, except for 
R1 where significant trends were only found in the meteorological sta-
tions. On the opposite, decreases for Tn10 and Tx10 were generally 
found: R3 showed significant negative trends for Tn10 in the stations, 
whereas R3, R5 and R6 presented significant decreases in Tx10 for both 
datasets. In addition, CPC underestimated the significant decrease in R1 
detected in the stations data. 

In the case of compound events, regional average series of regions 
with higher SAF were presented in Figs. 4b and 5b. During the warm 
season (Fig. 4b), significant upward trends in compound extremes were 
found in the stations of R3 and R6. Pr75þTn90 trend was in agreement 

Fig. 3. Same as Fig. 2, but for the cold season.  
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with the trends in the individual events, whereas Pr75þTx10 trend did 
not coincide with the trend in individual extremes, suggesting that the 
increases found in the compound event were mainly dominated by the 
upward trend in Pr75 over Tx10 negative trend (Fig. 4a). In R5 instead, 

where individual events trends showed a similar behavior that in R6, no 
significant trends were detected for compound events in the meteoro-
logical stations. In this region, Pr75þTx10 only showed a positive trend 
in CPC. In R3, a positive trend was found for Pr75þTn90 in agreement 

Fig. 4. Regional average temporal series of seasonal frequencies of individual and compound extreme events (a) and b), respectively) by sub-regions for the warm 
season. Upward and downward triangles indicate significant trends over each dataset. Linear trends are also included. 

Fig. 5. Same as Fig. 4, but for the cold season. 
(a) two-column fitting image (b) single-column fitting image. 
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with the upward trend in Tn90 for the stations. Pr75þTx10 presented 
increases in CPC, but with no correspondence with individual events. As 
observed for Pr75 events, this dataset tended to overestimate the sea-
sonal frequencies of compound extremes. 

The increase in Pr75 detected for R5 and R6 in the stations data was 
in agreement with results by other authors (Penalba and Robledo, 2010; 
Haylock et al. 2006; Re and Barros, 2009), who observed increases in 
daily extreme precipitation using different thresholds and seasons over 
the second half of the 20th century. Particularly, the portions of SSA 
where Pr75 was more frequent and showed the greatest trends is 
affected by the South American low level jet (Rasmussen and Houze, 
2016). 

For temperature, results found in the present work showed gener-
alized increases in warming conditions over almost all SSA. It was found 
that the number of regions with significant changes in temperature ex-
tremes was higher for warm extremes than for cold ones. This is in 
agreement with results by other authors for specific regions in SSA. 
Burger et al. (2018) pointed out significant warming trends during this 
season in part of R1, more noticeably in Tx, mainly for inland stations. 
Over central Argentina (portions of R3, R5 and R6), Rusticucci et al. 
(2016) also documented warming conditions, especially in October and 
November, though with high inter-monthly differences. When evalu-
ating the relationship with atmospheric circulation, the authors pointed 
out that the intensification of the western part of the Atlantic anti-
cyclone, which fosters warm air advection from the north, agreed with a 
greater frequency of warm extremes and with a lower frequency of cold 
extremes. Not only the positive trends in individual extremes, but also 
the upward trend in Pr75þTn90 were in accordance with Kunkel 
(2003), who discussed that more events of heavy precipitation are ex-
pected with global warming, since water vapor availability for the 
precipitation systems tend to increase in a warmer atmosphere through 
the Clausius-Clapeyron equation, which describes the water holding 
capacity in the atmosphere. Even more, given that temperatures are 
expected to increase near the surface and decrease in the upper tropo-
sphere, thermodynamic instability needed for deep convection is also 
favored (Re and Barros, 2009). However, the temperature scaling of 
precipitation extremes is influenced by the different scales, the role of 
specific humidity, precipitation efficiency and regional weather pat-
terns, which highlights the complexity of studying changes in intense 
rainfall events (Du et al., 2019; Drobinski et al., 2018; Barbero et al. 
2017). 

During the cold season (Fig. 5a), the stations detected significant and 
positive trends in Pr75 for R6. In the rest of SSA, results were not sig-
nificant for the stations. In R2, both datasets exhibited a decrease in 
Pr75, but the trend detected by CPC was much stronger than in the 
stations data and was statistically significant. Trends for Tn90 were 
smaller than during the warm season, and only R6 presented significant 
positive changes for the stations data. In the case of Tx90, trends were 
similar to the warm season, with positive and significant changes in both 
datasets in most of SSA (R3 to R6). In southern Chile (R2), only CPC 
presented significance in the positive trend. For Tn10, results were more 
variable among the regions and between both datasets, while for Tx10, 
downward trends were found all over SSA in the two datasets, though 
CPC overestimated them in most of the regions. Significance was found 
for Tx10 in the stations only in R3, whereas CPC showed stronger and 
significant changes in R4 to R6. 

For compound events during this season, decreases in Pr75þTn90 
were found in R2 and R5, while R6 exhibited significant positive trends 
in the stations (Fig. 5b). CPC overestimated the seasonal frequencies in 
all the regions and did not present significant changes in any of them. 
For Pr75þTx10, a significant upward trend was found for R6 in the 
meteorological stations. CPC overestimated the frequencies in all re-
gions and indicated significant positive changes for R5. As discussed in 
Section 3.1, the CPC overestimation of the probability of rainy days 
could be responsible of higher frequencies of Pr75 and, in consequence, 
a larger number of compound extremes compared to the stations. 

Results for the cold season were congruent with previous studies. In 
particular, the decline observed for Pr75 in R2 is consistent with 
Quintana and Aceituno (2012), who found a downward trend in annual 
precipitation in the southern portion of central Chile, highly controlled 
by large-scale factors, resulting from a reduction in both the frequency of 
wet days and the intensity of precipitation. In addition, the increase 
detected in Tx90 for Argentinian Patagonia (R4) during this season was 
in accordance with Rusticucci and Barrucand (2004), who found similar 
results during the second half of the 20th century. 

3.3. Relations with synoptic circulation 

In order to analyse the synoptic circulation associated with individ-
ual and compound extremes, the relationship between CPs and the 
occurrence of each extreme event was studied for the warm and cold 
season separately. To this end, different circulation classifications of all 
days within each season of the year were performed. Fig. 6a shows the 
composites of daily anomalies of 500 hPa geopotential height for each 
CP during the warm season (CPw), whereas Figs. 6b and S4a (see Sup-
plementary Material) show the percentage of days in each CPw when a 
compound and individual extreme event occurs, respectively. Figs. 7 
and S4b show the respective results for the cold season. Circulation types 
exhibited positive and negative structures or centers that disturb the 
typical westerly flow of mid-latitudes at this level of the atmosphere. 
During the cold season, the centers’ anomalies were more intense and 
located further north than in the warm season, in agreement with the 
seasonal behavior of the systems. This is the main reason to perform 
circulation classifications separately for the two seasons. Moreover, 
even though the number of CPs found was the same for each season, 
some of them had different configurations and therefore their regional 
effects on surface extremes were also different. 

It was found that some CPs significantly enhanced the regional 
occurrence of individual and compound extremes (see Section 2.3 for 
methodology). CP1w was linked with both compound events in southern 
Chile (R2) in more than 12% of the days when this pattern was present 
(Fig. 6b). The associated circulation exhibited a strong center of nega-
tive anomalies in the southern Pacific Ocean favoring the occurrence of 
these extremes. This pattern presented some similarities with CP7w, 
which also favored both events in R2, though with a more weakened 
negative center in the Pacific Ocean. Under the influence of CP6w, in 
around 10% of the days a Pr75þTn90 event was happening in southern 
Chile and central-northeastern Argentina (R2, R5 and R6). For 
Pr75þTx10, this percentage was similar. In these regions, CP6w, which 
represents a short-wave disturbance dominating SSA, significantly 
increased the probability of having Pr75 occurring together with Tn90 
or Tx10. The configuration of anomalies over the Pacific Ocean favored 
the intrusion of cold and humid air from the south-west that locates the 
extreme events little further north in R2 (when comparing with the ef-
fect of CP1w and CP7w). Whereas the dipolar structure of negative 
anomalies extended to the southern sector of SSA and positive anomalies 
over the Atlantic Ocean, allowed more humid and warm air from lower 
latitudes to enter the region stimulating instability conditions over R5 
and R6. This was in accordance with the low-level circulation charac-
terized by Rasmussen and Houze (2016), that enhances intense precip-
itation events over those areas. In the case of CP8w, a wide negative 
center was found in the Atlantic Ocean, which entered the continent and 
was related with Pr75þTx10 in R5 and R6 and with Pr75þTn90 in the 
last region. CP4w and CP5w (the less frequent patterns of the warm 
season) were related to Pr75þTx10, particularly in R6 for the first one 
and more widespread east of the Andes for the last one. Both patterns 
showed a dipolar structure of anomalies which favored the cold air 
intrusion from the southeast in the former and south in the latter, 
locating the extremes in different regions. 

When analysing the effects on individual extremes (Fig. S4a), 
different CPs took leading roles. For instance, CP4w and CP5w favored 
Tx10 east of the Andes while CP6w and CP8w favored these events in 
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Southern Chile and Southern Argentina (R2 and R4). Tx10 in R1 and R3 
(northern Chile and northwestern Argentina) was linked to CP3w 
occurrence. CP1w favored the occurrence of Tn90 over almost the whole 
region analysed, while CP3w and CP6w had influence over the southern 
(R2 and R4) and northern (R3, R5 and R6) regions respectively. As it was 
expected, the effects of the CPs on Pr75 were more restricted to local 
regions and similar to joint extremes as the sample size is reduced to 
these events (Fig. S4a). 

For the cold season, effects of the CPs on compound events were less 
widespread than in the warm season and conditioned to some specific 
CPs (Fig. 7). CP1c exhibited a similar structure than CP1w, with a center 
of negative anomalies in the southern Pacific Ocean associated to the 
occurrence of both compound extremes in R2. CP2c showed congruent 
results with CP4w in the extremes frequencies, favoring Pr75þTx10 in 
southern Brazil (R6) due to the configuration of anomalies that lead to 
the intrusion of cold air masses to lower latitudes, typical of this season 
of the year. In the case of CP3c, which was similar to CP6w pattern but 

with stronger anomalies located further north, Pr75þTn90 and 
Pr75þTx10 were enhanced along Chile (R2 and the southern portion of 
R1). Unlike the warm season, this pattern only favored Pr75þTn90 in 
central Argentina (R5) and was also related with Pr75þTx10 over R4, 
being the only pattern associated with compound extremes over this 
region. When analysing individual extremes (see Fig. S3b in Supple-
mentary Material), it was clear the effect of CP2c on cold extremes over 
the whole region of Southern South America, but as described earlier, its 
influence on joint extremes was confined to southern Brazil. CP4c and 
CP6c also contributed with cold temperatures but in R3, R5 and R6, 
whereas CP3c and CP1c contributed with warm extremes over these 
regions (Fig. S4b). 

It is of interest to highlight that the relationship between CPs and 
extreme events (both individual and compound) was also analysed for 
CPC, finding similar results to the station points (not shown). 

Fig. 6. a) composites of 500 hPa geopotential height anomalies for each daily circulation pattern for the warm season (CPw) (in meters); b) percentage of days in 
each CPw when a compound extreme event occurs. Only stations with statistically significant results were plotted. 
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3.4. Attribution of trends in extreme events 

Efforts to associate precipitation and temperature variability with 
tropospheric circulation over southern South America have been the 
focus of different studies from different perspectives (Saurral et al., 
2016; Maenza et al., 2017; Quintana and Aceituno, 2012; Barrucand 
et al., 2008). Understanding the physical mechanisms behind their 
trends continues to be one of the biggest challenges, particularly when it 
comes to extremes. Among few studies addressing this topic, Robledo 
et al. (2019) found that trends in the intensity of daily heavy precipi-
tation (Pr75 intensity) in central-eastern Argentina could be related to 
the combined influence of both multidecadal variability and trends of 
tropical ocean SST anomalies. Rusticucci et al. (2016) found that the 
intensification of the western part of the Atlantic anticyclone, inducing 
warm and humid air advection from the north, agreed with greater 
frequencies of warm extremes (Tn90 and Tx90) and with lower fre-
quencies of cold extremes (Tn10 and Tx10). 

Results found in the previous section showed that individual and 

compound extremes are regionally related to flow anomalies at middle 
levels of the atmosphere. Therefore, it is of interest to evaluate to what 
extent the detected temporal changes in frequency of extremes may be 
attributed to changes in circulation. To this end, linear trends of CPs 
seasonal frequencies were estimated (Table 1). Some patterns presented 
significant trends, positive for CP3w and negative for CP1w and CP3c, 
whereas other CPs showed slight changes (though non-significant), such 
as the increase in CP6w. Thus, the decrease in CP3c frequency may be 
associated with the downward frequency of compound events in R2. 

Fig. 7. Same as Fig. 6, but for the cold season.  

Table 1 
Linear trends of CPs seasonal frequencies expressed as days per 37 years (period 
of study). Bold values indicate significant changes.  

CP1w CP2w CP3w CP4w CP5w CP6w CP7w CP8w 

¡7 � 1 6 � 2 0 4 3 � 3 

CP1c CP2c CP3c CP4c CP5c CP6c CP7c CP8c 

3 1 ¡5 2 � 3 2 0 0  
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While upward frequencies in compound extremes in R5 and R6 may be 
related to the increases in CP6w, which favors warm and humid flow 
from the north in agreement with the results from Rusticucci et al. 
(2016) for individual extremes. 

In order to explore if these changes in CPs frequencies, considering 
the combinations of all CPs in each season, influences the occurrence of 
individual and compound extremes, ratios between circulation-related - 
“hypothetical” - and observed seasonal trends were calculated (see 
Section 2.4 for methodology). This analysis was performed for both 
stations and CPC data, with no noticeable differences between them. For 
brevity, the analysis is only shown for the stations data in the boxplots 
presented in Figs. 8 and 9, separately for each sub-region in the two 
seasons of the year. Only stations with observed linear trends significant 
at the 5% level of confidence were chosen for the comparison. Addi-
tionally, for compound events, emphasis was made in those regions with 
high seasonal average frequencies and where the observed trends were 
stronger and significant (Fig. 9). 

During the warm season, Pr75 trends were explained by circulation 
changes in about 50% in R5, whereas trend ratios for the other regions 
exhibited values around 25% or less (Fig. 8a). In relation to temperature 
events, warm extremes showed mostly positive trend ratios, while cold 
extremes presented lower values, close to zero. For Tn90, mean values of 
trend ratios were always positive, about 20–30% in R3, R5 and R6, 
though in R5, high variability among meteorological stations was 
detected. In Chile, these ratios presented less spatial variability and an 
average value of 20%. In the case of Tx90, trend ratios were more 
regionally homogenous than in Tn90, mostly positive and up to 75%. 
For Tn10 and Tx10, no clear links between circulation changes and 
trends were found, since trend ratios were regularly distributed around 
zero. During the cold season (Fig. 8b), this method generally failed to 
interpret the observed changes for Pr75 and Tn90. In the case of Tx90, 
increases in R1 and R4 could be associated with CPs changing frequency 
in an average value of 20% and 30%, respectively. For Tn10, significant 
trends in R6 (Fig. S3) may be attributed to circulation changes in about 
20%, whereas Tx10 trends in R2 and R4 were partially explained by 
changes in CPs frequency. 

When attributing trends in compound extremes for the stations data 
to CPs changes, more clear signals were observed for Pr75þTn90 and 
Pr75þTx10 in R5, though there was important variability within 

Fig. 8. Boxplots of the ratios between “hypothetical” (circulation-related) and observed seasonal trends of individual extremes at meteorological stations by sub- 
regions (1–6) for: a) warm season; b) cold season. Only stations with significant trends at the 5% level were considered (the number of stations considered in 
each region is shown in red). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 9. Boxplots of the ratios between “hypothetical” (circulation-related) and 
observed seasonal trends of selected compound extremes at meteorological 
stations in the regions of interest for: a) warm season; b) cold season. Only 
values with significant observed trends at the 5% level were considered. 
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stations (Fig. 9). No clear influence on climatic trends was found for R3, 
where trend ratios were around zero for Pr75þTn90 and even negative 
for Pr75þTx10, indicating that their changes may not be only related 
with large-scale circulation and may be caused by some other local 
factors too (Cahynov�a and Huth, 2016). In the cold season, changes in 
joint extremes for R5 and R6 were related to circulation changes, with 
trend ratios that averaged between 15% and 25% (Fig. 9b), whereas 
maximum values reached 50%. R2, characterized by a decrease in 
compound extremes according to the stations data (Fig. 5b), showed 
ratios around 25% and up to 50% for Pr75þTx10, while values for 
Pr75þTn90 were close to zero. 

4. Discussion and conclusions 

Southern South America (SSA) is a wide region with different cli-
mates, exposed and sensitive to extreme events. Even more, these events 
occurring together can magnify the effects of them alone. Therefore, 
their characterization and study constitute the basis not only for un-
derstanding their possible evolution in a changing climate but also for 
determining the exposure and vulnerability of societies and social- 
ecological systems. 

This work shows that some regions of SSA region are the scene not 
only of individual precipitation and temperature extremes but also of 
daily precipitation and temperature extremes occurring together. Pr75 
associated mostly with Tn90 and Tx10 were found to be the most 
frequent compound events, particularly in southern Chile and north-
eastern SSA (Figs. 2 and 3). Temporal changes were detected for both 
individual and compound extremes over different regions of SSA. Pr75 
presented positive trends in central-eastern Argentina and northeastern 
SSA, significant for the first one in the warm season and for the last one 
during both seasons (Figs. 4a and 5a). A decrease was observed for 
southern Chile during the cold season as well, but only in the CPC 
dataset. In addition, warming conditions were mainly observed, with 
significant increases in Tn90 and Tx90 and significant decreases in Tn10 
and Tx10 in both seasons. Overall, Tx showed more homogeneous trends 
that Tn over SSA. Previous studies have found generally larger rates of 
warming from Tn than from Tx (Donat et al. 2013; Skansi et al. 2013). 
However, this discrepancy could be due to the sensibility of trends to the 
period of study and to the season used for constructing the indices. 
Compound events exhibited significant upward trends for some regions 
(Figs. 4b and 5b): Pr75þTn90 in the arid diagonal region during the 
warm season and in northeastern SSA during both seasons, whereas 
Pr75þTx10 showed significant increases in the arid diagonal region and 
northeastern Argentina for the warm season according to CPC and in 
northeastern SSA for the stations data during both seasons. Additionally, 
in agreement with the decline observed in Pr75, decreases in compound 
events were detected in southern Chile during the cold season, though 
those trends were not significant. 

This study also highlights the importance of considering different 
sources of information when addressing the study of extreme tempera-
ture and precipitation in a daily basis, in order to obtain a comprehen-
sive spatial-temporal characterization and to account for observational 
uncertainty as well. This is particularly valuable for regions like SSA, 
where data availability is often sparse and, therefore, continuous as-
sessments integrating new data are needed. In this work, the CPC grid-
ded dataset was used together with station data to characterize 
individual and compound extremes. CPC is one of the few observational 
gridded datasets available at a daily scale for SSA including all the three 
variables of interest (precipitation, minimum and maximum tempera-
ture). These aspects, together with its usefulness for climate model 
evaluation, make it easier to handle and more attractive than station 
data. In general terms, CPC was in agreement with station data as for the 
spatial and temporal characterization of individual and joint extremes. 
CPC often overestimated extremes frequencies, which may be related to 
a larger number of rainy days in this dataset, and presented some dif-
ferences on the long-term temporal variability (trends) with the station 

data. This appeared to be greater in northern Chile, maybe due to the 
lack of spatial coverage of stations in that region. Due to these dis-
crepancies between datasets, the use of different sources of information 
is recommended when evaluating climate extremes in the region. 

Understanding the link between atmospheric circulation and pre-
cipitation and temperature at different time scales over SSA has been the 
subject of different studies (Saurral et al., 2016; Maenza et al., 2017; 
Quintana and Aceituno, 2012). This is an even more challenging task 
when it comes to climate extremes, and when their temporal changes are 
of particular interest (Robledo et al., 2019; Rusticucci et al., 2016). In 
this sense, the present study is a contribution to better understand the 
circulation associated with the spatial-temporal variability of different 
climatic extremes in SSA. It was shown that the occurrence of individual 
and compound extremes was regionally conditioned by specific circu-
lation patterns (Figs. 6 and 7). A dipolar structure of negative geo-
potential height anomalies at 500 hPa over the Pacific Ocean and 
positive anomalies over the Atlantic Ocean favored the intrusion of cold 
and humid air from the south-west contributing to Pr75þTn90 and 
Pr75þTx10 in southern Chile, while enhanced the occurrence of these 
compound extremes over central-eastern Argentina and northeastern 
SSA associated with more humid and warm air from lower latitudes. In 
the cold season, the leading structure that enhanced compound extremes 
presented a similar configuration of anomalies than the one mentioned 
for the warm season, but with flow anomalies more intense and located 
further north. 

The attribution of trends suggested that the changing frequency of 
CPs could explain some of the temporal changes in extremes. During the 
warm season, for individual events, higher trend ratios were found for 
warm extremes in comparison with cold extremes. In this season, the 
influence was more explicit for Tx90, which presented mostly positive 
trend ratios, more regionally homogeneous than for Tn90. This indicates 
that changes in atmospheric circulation would be responsible for a large 
portion of the observed warm season warming, whereas no clear asso-
ciation could be found for trends in cold extremes. Pr75 upward trend in 
central-eastern Argentina and northeastern SSA was associated with 
circulation changes in about 25% and 50%, respectively. For compound 
events, despite more variability within regions, a stronger signal was 
found for central-eastern Argentina. During the cold season, only a small 
influence was found for Pr75þTx10 in southeastern South America and 
southern Chile. This analysis contributes to the still incipient studies for 
the region on attribution of climatic trends to changes in circulation. 
However, results emerged from this approach may not be enough to 
robustly infer about to what extent changes in the frequency of atmo-
spheric circulation patterns are responsible of changes in extremes fre-
quencies. This may be due to the use of a single circulation classification; 
therefore, the use of more synoptic classifications is recommended for 
future studies (Cahynov�a and Huth, 2009). 

Overall, this work exhibited that many regions of SSA are exposed to 
both individual and compound climate extremes, which were charac-
terized by temporal changes in the recent period and were associated 
with specific synoptic circulation patterns. These results motivate 
further studies about compound extremes at different time scales that 
have not been addressed here, such as hot and dry summers occurring 
together, but that were subject of study in different regions of the world 
(Orth et al., 2016; Sedlmeier et al., 2018; Zscheischler et al., 2018). 
Moreover, different classifications of circulation patterns would help to 
better understand the spatial and temporal variability of compound 
extremes as well as different attribution methods would shed light on 
further details of the recent climate changes, and will be subject of future 
studies. 
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