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RESUMEN

Se estudió una serie temporal de precipitación regional formada por siete registros meteorológicos de Chile 
centro-sur (SCC; 37º-42º S) que cubren el periodo 1900-2019. Como primer objetivo, se investigaron cambios 
en el periodo de retorno (RP, por sus siglas en inglés) de eventos extremos de precipitación estacional (SEE) 
secos (< P20) y húmedos (> P80) para cada estación del año. Observamos una reducción del RP de SEE húmedos 
durante 1900-1950 en todas las estaciones del año. Por otro lado, el RP de SEE secos muestra una reducción de 
1950 al presente en todas las estaciones del año. Este fenómeno es notorio desde 1900 en el verano e invierno, 
y desde 1930 en otoño. La primavera registra un RP constante de 1990 al presente. Como segundo objetivo, 
estudiamos posibles relaciones entre la variabilidad de la precipitación estacional y modos climáticos tales como 
el modo anular del sur (SAM) y el índice tripolar (TPI) de temperatura superficial del mar (SST) del Océano 
Pacífico. Los SEE de verano y otoño registraron una correlación negativa significativa con el índice SAM a 
escala interanual y decadal, mientras que los SEE de invierno y primavera exhibieron una correlación positiva 
significativa con variaciones de la SST de múltiples regiones del Océano Pacífico (incluidos los trópicos y 
Nueva Zelanda) y el Océano Austral (mar de Amundsen-Bellingshausen). Finalmente, confirmamos que el 
SAM modula fuertemente la precipitación en SCC, especialmente en otoño, y que la variabilidad de SEE en 
SCC está considerablemente asociada a modos climáticos de origen tropical y extratropical.

ABSTRACT

We study a regional precipitation time series built upon seven meteorological records from south-central Chile 
(SCC; 37º-42º S), which altogether cover the period 1900-2019. As a first objective, we investigated changes 
in the return period (RP) of dry (< P20) and wet (> P80) seasonal extreme events of precipitation (SEE) for 
each season. We observed a reduction in the RP of wet SEE during 1900-1950 in all seasons. Moreover, the 
dry SEE RP shows a reduction from 1950 to the present in all seasons. This phenomenon is noteworthy since 
1900 for summer and winter, and since 1930 for autumn. Spring registers a constant RP value from 1990 
onwards. As a second objective, we study possible relationships between seasonal precipitation variability 
and climate modes, such as the Southern Annular Mode (SAM) and the Tripole Index (TPI) of sea surface 
temperature (SST) over the Pacific Ocean. Summer and autumn precipitation showed a significant negative 
correlation with SAM activity at interannual and decadal scales, while winter and spring precipitation recorded 
a significant positive correlation with SST variability over multiple regions of the Pacific Ocean (including 
the tropics and New Zealand) and the Southern Ocean (Amundsen-Bellingshausen Sea). Finally, we confirm 
that SAM strongly modulates precipitation in SCC, especially in autumn, and that SEE variability in SCC is 
considerably associated with climate modes of tropical and extra-tropical origin.

Keywords: extreme seasonal precipitation events, south-central Chile, southern annular mode (SAM), Tripole 
Index of sea surface temperature of the Pacific Ocean (TPI).
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1. Introduction
The south-central region of Chile (SCC; 37º-42º S) 
is characterized by a meridional transition from 
the Mediterranean climate to the north, to the west 
coast climate to the south, with a marked oceanic 
influence along its western part (Sarricolea et al., 
2017). This area has been experiencing a persistent 
dry period (called “mega-drought”, MD) since 2010, 
with only few similar events in a millennial context 
(Garreaud et al., 2017). This extreme dry interval 
is framed within a severe multidecadal reduction in 
annual precipitation in SCC (Quintana and Aceituno, 
2012; González-Reyes and Muñoz, 2013; Boisier 
et al., 2018), and marked streamflow reductions of 
the main rivers of the region (Muñoz et al., 2016; 
Fernández et al., 2018). One point to note is that the 
most important inter-annual climate mode for SCC 
climate is El Niño Southern Oscillation (ENSO), the 
leading large-scale mode inducing droughts in many 
regions of the globe (Schubert et al., 2016). ENSO 
has shown mainly neutral conditions during this 
MD extreme period, except for the winters of 2010 
(La Niña) and 2015 (strong El Niño), which did not 
induce a departure from the dry conditions (Garreaud 
et al., 2017; Muñoz et al., 2020).

The year-to-year precipitation variability in SCC 
is related to the frequency of frontal systems arriving 
from the Pacific Ocean. Such frequency is, in turn, 
modulated by the interannual variability associated 
with ENSO, in particular by the dynamics of the 
Southeast Pacific Subtropical Anticyclone (SPSA) 
and blocking in the Amundsen-Bellingshausen 
sector (Aceituno, 1988; Montecinos and Aceituno, 
2003). When El Niño (La Niña) events occur, a 
reduction (increase) of precipitation is expected 
in SSC during the ENSO peak in summer (Mon-
tecinos and Aceituno, 2003). Additionally, high 
latitude climatic forcing, such as that represented 
by the Southern Annular Mode (SAM)—also called 
Antarctic Oscillation (AAO)—has also been re-
lated to the seasonal precipitation variability and 
its reduction trend in SCC (Garreaud et al., 2009; 
Villalba et al., 2012; González-Reyes and Muñoz, 
2013; Boisier et al., 2018). Previous hydroclimatic 
reconstructions using tree rings have shown decadal 
to multi-decadal features in the SCC hydroclimate. 
For instance, Muñoz et al. (2016) and Barria et al. 
(2018) identified significant and positive signals 

between streamflow variations of the Bio Bio River 
and the Pacific Decadal Oscillation (PDO) over the 
last-half millennia. In addition, Boisier et al. (2018) 
have shown that temporal precipitation variability in 
many regions of Chile (including SCC) responds to 
positive and negative PDO phases. However, climate 
variability modes of periods longer than those of the 
PDO and rooted in further Pacific regions (e.g., the 
tropics and New Zealand), such as those expressed 
by the Interdecadal Pacific Oscillation (IPO) and 
the Tripole Index (TPI, Henley et al., 2015), have 
not been explored for the SCC region yet. Recently, 
the IPO activity has been shown to be related to 
inter-annual precipitation variations in Chile, e.g., 
in the southern sub-region of the Mediterranean An-
des (~ 34º-37º S), particularly since 1975 onwards 
(González-Reyes et al., 2017).

Historical precipitation measurements present 
a high relevance to explore the temporal behavior 
of dry and wet seasonal extreme events (SEE) in a 
long-term context. In addition, understanding the 
temporal variations of SEE in annual, decadal, and 
multi-decadal contexts is also highly useful, because 
such variability delivers a broad temporal view of 
phenomena that could be associated with natural and/
or anthropogenic climate forcing. Although several 
articles have assessed changes in precipitation in SCC 
(e.g., Quintana and Aceituno, 2012; González-Reyes 
and Muñoz, 2013; Boisier et al., 2018), they have 
not attempted a robust evaluation of return periods 
of wet and dry SEE. A fundamental climate change 
manifestation in meteorological variables such as 
precipitation is its alteration at multiple time scales 
(e.g., from seasonal to multi-decadal) and also spa-
tial scales (e.g., from local to global). In this sense, 
understanding changes in seasonal precipitation in 
regions such as SCC is relevant due to a broad di-
versity of socio-ecological implications. In particular, 
SCC concentrates more than 55% of agro-industrial 
activities (CDEC-SIC, 2011; INE, 2019). Concerning 
power generation, over 50 hydroelectric complexes 
supplying more than 70% of the hydroelectric power 
to the Chilean electric grid (SIC) are located within 
SCC. Within this framework, the specific goals of this 
study are: i) to determine the return periods of dry and 
wet SEE in SCC for 1900-2019, and ii) to evaluate 
the relationship between seasonal precipitation vari-
ability in SCC and large-scale climatic mechanisms.
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2. Data and methodology
The study area is located in Chile, along the south-
western coast of South America, between 37º and 
42º S (Fig. 1). Precipitation concentrates during 
austral winter months (July to August, JJA), with an 
increasing gradient southward.

In order to study the seasonal variations of pre-
cipitation in SCC, we analyze precipitation measure-
ments from seven meteorological stations located 
in the cities of Concepción, Los Ángeles, Temuco, 
Valdivia, Osorno, and Puerto Montt. All of them are 
managed by the Chilean Meteorological Directorate 
(DMC, Fig. 1). Together, these stations cover the 
period 1900-2019 (Table I). Based on the significant 
inter-station Pearson correlation coefficients obtained 
for the interannual scale for 1961-1990 (r range be-
tween 0.6 and 0.87; critical r = ± 0.55; P < 0.001), we 
grouped the seven precipitation records to generate 12 
monthly and four seasonal regional SCC time series. 
A similar clustering of precipitation records was used 

by Montecinos and Aceituno (2003) based on PCA. 
The precipitation records used present low levels 
of missing values (0 to 3.7%, see Table I), which is 
why these records were not previously gap-filled.
Moreover, although these records comprise different 
measurement periods, the high inter-station Pearson 
correlation coefficients (0.6 to 0.87) indicate that the 
variance of the regional SCC series should not present 
significant variations (Osborn et al., 1997). This point 
supports the methodology for the proper estimation 
of extreme events. To form the seasons, summer 
was considered as December of the previous year, 
and January and February of the assigned year (e.g., 
December 1901 plus January and February 1902 were 
used to construct the 1902 summer precipitation); 
autumn was considered from March to May (MAM), 
winter from June to August (JJA), and spring from 
September to November (SON). By construction, 
only summer covers the period 1901-2019; the rest 
of the seasons cover 1900-2019. Because of the 
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Fig. 1. (a) Spatial representation of the main large-scale climate modes that affect precipitation variability over 
south central Chile (SCC). ENSO refers to El Niño Southern Oscillation, PDO to Pacific Decadal Oscillation, IPO 
to Interdecadal Pacific Oscillation, and SAM to Southern Annular Mode or Antarctic Oscillation (AAO). (b) Loca-
tion of the seven meteorological stations used in this study. All meteorological stations are managed by Dirección 
Meteorológica de Chile (DMC). More details of each station are summarized in Table I.
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differences between the average amounts of precip-
itation between individual records (Table I), each 
month of each station was standardized with respect 
to its monthly average during 1961-1990, which was 
assigned 100%. In this way, four seasonal series were 
extracted for each station and, subsequently, a sea-
sonal mean was calculated with respect to the value 
obtained (in percentage) for each station.

To evaluate the return period of dry and wet 
SEE, we used values less than the 20th percentile 
(< P20; dry seasons) and values greater than the 80th 
percentile (> P80; wet seasons), where P20 and P80 
were calculated from each seasonal precipitation 
time series. For the estimation of the return periods 
of dry and wet SEE, we used a kernel estimation 
technique with a Gaussian function and 15-year 
bandwidth. The kernel-based estimation allows for 
the detection of nonlinear and non-monotonic trends 
without imposing parametric restrictions. A smooth 
kernel function produces a more realistic estimation 
of extreme events such as droughts and wet spells. 
We calculated a confidence interval at P < 0.05 based 
on 2000 bootstrap resampling steps to estimate bias 

and variance properties (Cowling et al., 1996). We 
computed the kernel estimation and bootstrap algo-
rithm in the free R Project platform software (R Core 
Team, 2020).

To evaluate potential relationships between 
seasonal precipitation and large-scale climate 
modes that affect the SCC region, we considered 
two climatic indexes that represent the decadal 
variability related to the Pacific basin and the high 
latitudes, respectively. For the former, we used 
the TPI proposed by Henley et al. (2015), which 
is based on the difference between SST over the 
central equatorial Pacific and the average of SST 
in the Northwest and Southwest Pacific. We used 
the unfiltered monthly TPI index based on the 
ERSST V4 data set (Huang et al., 2014). For the 
latter, we explore possible relationships between 
SEE in SCC and the SAM. We used the SAM index 
calculated by Visbeck (2009), available from 1860 
onwards. SAM consists of a barotropic meridional 
pressure dipole between latitude circles centered 
at 45º and 60º S, and represents the first mode of 
extra-tropical climate variability in a wide range of 

Table I. List of the meteorological stations used in this study.*

Code Station name
(latitude; longitude)

Start year/
end year

(% missing)

Total annual 
precipitation

(1961-2000) (mm)

Altitude
(m)

CON Concepción, Carriel Sur
(36.78 S; 73.05 W)

1900/
2019(0)

1100 12

LAG María Dolores, Los Ángeles
(37.40 S; 72.42 W)

1918/
2019(3.2)

1059 120

TCO Temuco, Maquehue
(38.76 S; 72.62 W)

1950/
2019(2.4)

1135 86

PIC Valdivia, Pichoy
(39.65 S; 73.08 W )

1958/
2019(1.5)

2287 18

VAL Valdivia, Isla Teja
(39.79S; 73.25W)

1900/
2005(0)

1823 15

OSO Cañal Bajo
(40.61 S; 73.05 W)

1960/
2019(0.3)

1318 61

PMT Puerto Montt, El Tepual
(41.44 S; 73.08 W)

1900/
2019(3.7)

1739 87

*The Valdivia Isla Teja precipitation record (VAL) has been compiled and managed by 
Universidad Austral de Chile. The rest of stations are managed by Dirección Meteorológica 
de Chile (DMC). Latitude and longitude are expressed in decimal degrees.
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time scales in the southern hemisphere (Thompson 
et al., 2000; Marshall, 2003). For this exploration, 
we correlate our seasonal precipitation time series 
with two gridded products: geopotential height at 
500 hPa from NCEP-NCAR (Kalnay et al., 1996; 
Z500, 2º × 2º horizontal resolution) for 1948-2019, 
and monthly SST (ERSST V4; 2º × 2º horizontal 
resolution; Huang et al., 2014) for 1900-2019. 
Additionally, in order to detect possible non-linear 
relationships between SEE events and their climate 
forcings, we calculated Z500 and SST composite 
maps for the wettest (> P80) and driest (< P10) 
subsets from each season. Finally, we explore the 
existence of common and significant cycles between 
seasonal precipitation and the climate modes using 
a multi-taper spectrum estimator, implemented in 
the R PowerSpectrum package.

3. Results
The regional long-term instrumental precipitation 
record from SCC allows us to analyze the return 
periods of dry and wet SEE for each season during 
1900-2019. For summer, we identify a return peri-
od (RP) reduction for wet SEE, specifically from 
~ 7 to ~ 4 years during 1920-1950, followed by 
an increase up to of ~ 20 years from 1950 to the 
present (Fig. 2a). Conversely, summer dry SEE 
exhibits a sustained RP reduction during the whole 
period, from ~ 15 years around 1900 to ~ 3 years 
in 2019. For autumn (Fig. 2b), wet SEE exhibits 
a notable RP increase during the first 50 years of 
the 20th century, from ~ 2.5 years in 1900 to ~ 7.5 
years around 1950. After this, a less pronounced 
increase reaches ~ 20 years in recent decades. The 
RP of autumn dry SEE shows an approximately 
steady value of 7.5 years during 1900-1910, with 
an increase around 1940 and a subsequent sustained 
reduction towards the present, reaching values of 
~ 3 years in 2019 (Fig. 2b). For winter (Fig. 2c), 
wet SEE exhibits an RP increase from 1900-1950, 
from 3 years in the early 1900s to ~ 5 years around 
1950. During the second half of the 20th century 
until today, this season shows an RP increase for wet 
SEE. A different pattern was observed for the RP of 
winter dry SEE, for which a sustained reduction has 
been observed from 1900 to date, decreasing from 
~ 8 years at the beginning of the 20th century to ~ 3 

years. For spring (Fig. 2d), the RP of wet SEE shows 
values of ~ 4 years during 1900-1930, followed by 
a marked increase towards the present, with values 
of ~ 15 years in 2019. Contrastingly, the dry SEE 
shows a quite stable RP (~ 7 years) during 1900-
1950, which decreases slowly towards the present. 
In addition, we identified a notorious RP reduction 
of dry SEE since 1950 followed a constant value 
from 1990 onwards, reaching values of ~ 4 years 
in 2019.

On the one hand, we identified significant rela-
tionships between the SCC seasonal precipitation 
time series and large-scale climate modes, in partic-
ular SAM for the high latitudes, and the TPI, which 
accounts for SST multidecadal variations in the 
Pacific basin. For summer (Fig. 3a), we identified 
that precipitation presents a significant negative 
relationship with synchronous SAM during 1901-
2011 (r = –0.33, P < 0.001). For this relationship, we 
identified common and significant periodicities of 
~ 6 and 11 years (P < 0.10). The relationship between 
both series increases in terms of Pearson correlation 
when using a cubic spline filter of 11 years (r = –0.59, 
P < 0.001). For autumn (Fig. 3b), a significant neg-
ative relationship is obtained when using February 
to May SAM activity (e.g., SAM leading SCC pre-
cipitation by one month) for 1900-2011 (r = –0.45, 
P < 0.001), with significant periodicities of ~ 6, 8, 
11 and ~ 15 years, and a stronger Pearson correlation 
when a cubic spline filter of 11 years is applied (r = 
–0.62, P < 0.001). In the case of winter precipitation 
(Fig. 3c), a significant relationship is found with 
the synchronous TPI during 1900-2019 (r = 0.30, 
P < 0.001), with common and significant periodici-
ties of ~ 6, 9 and 13 years (P < 0.10). During spring 
(Fig. 3d), we identified a significant relationship 
between the precipitation variability and the con-
current TPI (r = 0.45, P < 0.001), with common and 
significant periodicities of ~ 6, 14, 17 and 32 years (P 
< 0.10). We did not identify significant correlations 
between the summer and autumn precipitation time 
series and the TPI during 1900-2019.

On the other hand, the spatial correlation field 
using Z500 exhibits significant relationships with 
summer and autumn precipitation variability. Sum-
mer precipitation shows significant correlations with 
synchronous Z500 mostly over the Amundsen-Bell-
ingshausen Sea (ABS) (Fig 3e; critical r = ± 0.23; 
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P < 0.05). In contrast, high correlations are found with 
Z500 for autumn, when this field leads by one month 
(February to May). Correlations are mostly positive 
and significant over Antarctica and ABS, while over 
SCC, southern South America, and eastward from 
New Zealand, correlation coefficients are significant 
but negative (Fig. 3f; critical r = ± 0.23; P < 0.05). In 
the case of winter precipitation, we find significant 
positive correlation coefficients with SST over ABS 
and the El Niño 3.4 region on the Equatorial Pacific 
for 1900-2019 (Fig. 3g; critical r = ± 0.18; P < 0.05). 
In addition, significant negative correlation values 
are mostly identified around New Zealand. During 
spring, our precipitation time series shows stronger 
correlation values compared with winter, with sig-
nificant positive values over ABS and Equatorial and 
North Pacific (Fig. 3h; critical r = ± 0.18; P < 0.05). 
Furthermore, significant negative correlation values 
are obtained in the Pacific Ocean north of New Zea-
land. Besides, significant correlations were obtained 
between precipitation and Z500 from NCEP-NCAR 

during the period 1948-2019 for winter and spring 
(Fig. S1 in the supplementary material), although 
not between precipitation and the SAM index from 
Visbeck (2009) for the longer 1900-2011 period. 
Specifically, a spatial structure similar to the one 
obtained for autumn was found, i.e., negative coef-
ficients in mid-latitudes and positive values in high 
latitudes, in particular over the ABS. In turn, the 
correlation map obtained between precipitation and 
SST exhibits lower values for summer and autumn 
than for spring within 1900-2019 (see Fig. 3h). For 
autumn, significant negative correlation coefficients 
are found north of New Zealand (Fig. S1).

4. Discussion
Due to the long and complete precipitation records 
along the SCC region, we have been able to analyze 
the seasonal precipitation variability during 1900-
2019 in this temperate ecoregion of South America. 
Our results exhibit an RP reduction of dry SEE for 
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all seasons towards the present, especially after 
1950. We identified that SAM plays a relevant role 
on the SCC precipitation variability during summer 
and, in particular, autumn (Fig. 3a, b). Indeed, a 
significant relationship between precipitation and 
SAM for autumn was identified by González-Reyes 
and Muñoz (2013) using the historical precipitation 
record of Valdivia that starts in 1853. However, to 
our best knowledge, neither the decadal linkage with 
SAM described in this study, nor the significant spa-
tial correlations over the ABS had been previously 
reported. Similarly, the significant relationships for 
summer and autumn between precipitation and the 
synchronous SAM activity are novel contributions. 
However, the wide spatial range of this climatic 
relationship was also identified by, e.g., Holz et al. 
(2017) by assessing the climatic control of forest 
fires in Chile and Argentina within 37º-54º S, thus 
confirming the strong influence on dry and warm con-
ditions and consquently on climate risk in southern 
South America.

We suggest also that the current positive decadal 
trend of SAM observed in some months, as reported 
in several studies (e.g., Villalba et al., 2012; Eyring 
et al., 2013; Gillett et al., 2013; Abram et al., 2014), 
has caused the reduction in RP of dry SEE in SCC 
towards the present, particularly for summer and 
autumn. The positive SAM trend has been attributed 
to stratospheric ozone depletion and increased green-
house gases concentration (Eyring et al., 2013; Gillett 
et al., 2013). Our results show a dipole in the Z500 
correlation field, with strongest values for autumn 
(Fig. 3e). This points to variability in the mid- to 
high-latitudes circulation of the southeastern Pacific 
Ocean, where an anomalous equatorward (poleward) 
gradient of Z500 values induces a southward (north-
ward) migration of the westerly storm track, hence 
resulting in anomalously dry (wet) conditions over 
SCC (Gillett et al., 2006; Garreaud et al., 2009). In 
fact, our results show more recurrent dry conditions 
along SCC for autumn. Moreover, winter and spring 
modes of precipitation variability within SCC show 
teleconnections with SST patterns from different 
regions along the Pacific and the southern oceans 
(ABS). In addition, we identify a marked telecon-
nection (negative correlation values) between winter 
and spring precipitation and the SST around New 
Zealand. Explaining the dynamics of the current MD 

in Chile, a recent work by Garreaud et al. (2020) has 
shown a similar teleconnection with SST around New 
Zealand at the interannual scale. Furthermore, our 
work supports previous studies that have shown the 
relationship between precipitation in SCC and SST 
within the tropical Pacific (Aceituno, 1988; Mon-
tecinos and Aceituno, 2003; Garreaud et al., 2009; 
Quintana and Aceituno, 2012).

Additionally, composite maps of Z500 and SST 
anomalies with respect to the 1981-2010 period, 
based on the wettest (> P80) and driest (< P10) SEE 
years, show a clear spatial structure. On the one hand, 
for the wettest summer events, we identified positive 
Z500 anomalies in high latitudes (e.g., Antarctica and 
ABS), and negative values in the mid-latitudes (e.g., 
SCC, Fig. 4a). For the wettest autumn SEE (Febru-
ary to May), a similar but more intense pattern as in 
summer is recognized on Z500 (Fig. 4b). In the case 
of the wettest winter SEE, positive SST anomalies are 
observed in high latitudes (e.g., ABS), while negative 
values are obtained across the equatorial Pacific and 
east of New Zealand (Fig. 4c). For the spring wet-
test events, their SST composite exhibits positive 
anomalies along the equatorial Pacific (e.g., Niño 3.4 
region) and high latitudes (e.g., ABS), while negative 
SST values are particularly identified north of New 
Zealand (Fig. 4d). On the other hand, the driest SEE 
exhibits positive Z500 composite anomalies on the 
Southern Ocean during summer, while negative 
anomalies are identified on high latitudes (such as 
Antarctica and ABS) and mid-latitudes (e.g, SCC, 
Fig. 4e). The autumn (February to May) driest SEE 
exhibits negative Z500 anomalies on high latitudes 
(e.g., ABS), while it displays positive anomalies 
over New Zealand and the southern portion of South 
America (Fig. 4f). The composite of driest winter 
SEE shows positive SST anomalies to the south and 
north of New Zealand, and also on the Chilean Pacific 
coast; by contrast, negative SST values are identified 
along the equatorial Pacific (Fig. 4g). For the driest 
spring events, the composite of SST anomalies ex-
hibits strong negative SST values along the equatorial 
Pacific, while positive anomalies are particularly 
observed to the north of New Zealand (Fig. 4h).

As a novel contribution, we present evidence 
that variations at the interdecadal scale within dif-
ferent regions of the Pacific, as quantified by the 
TPI index, correlate well with the RP reduction of 
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dry SEE in SCC for winter and spring. This process 
also supports the intensification of the Southeast 
Pacific subtropical anticyclone, particularly in 
winter (Garreaud et al., 2020). The seasonal control 
of tropical and extra-tropical climate modes over 
the SCC precipitation variability was also found 
by Barria et al. (2018), comparing streamflow re-
constructions from tree-rings in the Bio Bio River 
basin. In the same basin, Muñoz et al. (2016) found 
interannual and interdecadal signals of ENSO and 
SAM analyzing an annual streamflow reconstruc-
tion of the Bio Bio River. Both in that work and 
also in the study by Fernández et al. (2018), the 
extremely low flows of the Maule (36º-37º S), Bio 
Bio (37º-38º S), Imperial (39º S) and Puelo (42º-43º 
S) rivers showed an increase in their frequency 
and a consequent shortening of their RP down to 
one to two consecutive years. Also, Muñoz et al. 
(2016) proposed a strengthening in the SAM signal 
towards the south, which was also demonstrated in 
the annual Baker streamflow reconstruction (~48º 
S) developed by Lara et al. (2015), which showed 
a strong SAM signal.

Some of these findings open new questions about 
the future evolution of SEE and the complexity asso-
ciated with their attribution to anthropic and natural 
causes. This type of information is key to inform-
ing climate change policies and adaptation actions 
(IPCC, 2014). The science of climate extreme events 
in the context of the current climate change scenario 
becomes more relevant for Chile, a country classified 
among the most vulnerable to climate change (NDC, 
2015; MMA, 2017), especially due to the drought 
projected for this South American region (Bozkurt et 
al., 2018). Although the projected drier-than-normal 
conditions for Chile are very consistent (Boisier et 
al., 2018; Garreaud et al., 2020), a comprehensive 
understanding of the long-term evolution of wet SEE 
has direct effects on public infrastructure planning, 
since its design usually relies on risk assessments 
calculated from flood return periods.

Future research should focus on the interaction 
of decadal to synoptic anomalous conditions leading 
to SEE, in order to: 1) identify precursors, define 
thresholds, and generate early alarms of weather 
and climate extremes to protect the population and 
socio-ecological structures, and 2) contribute to ad-
aptation strategies under climate change.

5. Conclusions
Our findings indicate that wet SEE in SCC showed a 
year-round reduction in their seasonal return periods 
during the first half of the 20th century, followed by 
an accelerated decrease until the present. Such virtual 
absence of wet SEE could be imposing new condi-
tions for the ecosystems and the socio-hydrological 
frameworks used for risk aversion and planning. In 
the case of dry SEE, we found a marked reduction 
in their return periods for summer and winter since 
1900, and since 1930 for autumn. For spring, a re-
duction has been observed since 1950, although a 
constant return period has been recorded from 1990 
onwards. The increase of dry SEE is possibly the 
clearest signal of climate change recorded by this 
study, supporting the growing research evidence of 
drought occurrence in Chile and its impacts.

These SEE changes are apparently driven by 
distinct extra-tropical and tropical climate modes, 
respectively. We confirm that SAM is a main 
climate mode related to the precipitation variabil-
ity in south-central Chile, especially for autumn. 
Furthermore, this relationship holds for summer 
and autumn both at interannual and decadal scales 
during the 20th century and the first decade of the 
21st century. Besides, the winter and spring precip-
itation variability in south-central Chile presents 
significant linkages with SSTs of multiple regions 
throughout the Pacific basin (including the tropics 
and New Zealand) and the Southern Ocean (ABS), 
as quantified by the strong relationship with the 
TPI. These results provide new evidence on the 
relationship between climate variability rooted in 
the Pacific ocean and high latitudes, respectively, 
and changes in the seasonal precipitation regimes 
in south-central Chile and north Patagonia.

The changes and trends of the seasonal and annual 
extreme events, especially drought, combined with 
the climate projections for this region of Chile, which 
indicate a drier future under different climate change 
scenarios, reinforce the importance of developing and 
implementing climate change adaptation actions in 
Chile to reduce climate risk in the future.

Acknowledgments
The authors thank Dirección Meteorológica de Chile 
(DMC) and the Center for Climate and Resilience 



381Precipitation extreme events since 1900

Research (CR2, ANID/FONDAP/15110009). Ac-
knowledgments to Dmitry Vyushin, Josh Mayer, and 
Paul J. Kushner, who developed the PowerSpectrum 
R package. A. González-Reyes thanks the Chilean 
Research Council ANID/PAI/77190101 and ANID/
FONDECYT/1201411 projects. A.A. Muñoz thanks 
the Chilean Research Council ANID/FONDECYT 
/1201714 project, Center for Climate Action (PUCV 
ESR UCV2095); and the Research Nucleus in 
Nature-Based Solutions of the Pontifical Catholic 
University of Valparaíso, grant PUCV39.431/2020. 
MJC thanks the Chilean Research Council ANID/
FONDECYT/11170486 project. We thank the two 
anonymous reviewers that contributed to improving 
this paper.

References
Abram NJ, Mulvaney R, Vimeux F, Phipps SJ, Turner 

J, England MH. 2014. Evolution of the Southern 
Annular Mode during the past millennium. Nature 
Climate Change 4: 564-569. https://doi.org/10.1038/
nclimate2235

Aceituno P. 1988. On the functioning of the southern 
oscillation in the South American sector. Part I: Sur-
face climate. Monthly Weather Review 116: 505-524. 
https://doi.org/10.1175/1520-0493(1988)116<0505
:OTFOTS>2.0.CO;2

Barria P, Peel MC, Walsh KJ, Muñoz A. 2018. The first 
300-year streamflow reconstruction of a high-elevation 
river in Chile using tree rings. International Journal 
of Climatology 38: 436-451. https://doi.org/10.1002/
joc.5186

Boisier JP, Álvarez-Garretón C, Cordero RR, Damiani 
A, Gallardo L, Garreaud RD, Lambert, F, Ramallo C, 
Rojas M, Rondanelli R. 2018. Anthropogenic drying 
in central-southern Chile evidenced by long-term 
observations and climate model simulations. Ele-
menta-Science of the Anthropocene 6: 74. https://doi.
org/10.1525/elementa.328

Bozkurt D, Rojas M, Boisier JP, Valdivieso J. 2018. Pro-
jected hydroclimate changes over Andean basins in 
central Chile from downscaled CMIP5 models under 
the low and high emission scenarios. Climatic Change 
150: 131-147. https://doi.org/10.1007/s10584-018-
2246-7

CDEC-SIC. 2011. Estadísticas de operación 2001-2010. -, 
Santiago, Chile. Available at: https://sic.coordinador.
cl/anuarios/anuario2014/ (accessed on May 2, 2020).

Cowling A, Hall P, Phillips MJ. 1996. Bootstrap confidence 
regions for the intensity of a Poisson point process. 
Journal of the American Statistical Association 91: 
1516-1524. https://doi.org/10.1080/01621459.1996.
10476719

Eyring V, Arblaster J, Cionni I, Sedlácek J, Perlwitz J, 
Young P, Bekki S, Bergmann D, Cameron-Smith P, 
Collins, J. 2013. Long-term ozone changes and associ-
ated climate  impacts in CMIP5 simulations. Journal of 
Geophysical Research: Atmospheres 118: 5029-5060. 
https://doi.org/10.1002/jgrd.50316

Fernández A, Muñoz A, González-Reyes Á, Aguilera-Betti 
I, Toledo I, Puchi P, Sauchyn D, Crespo S, Frene C, 
Mundo I, González M, Vignola R. 2018. Dendrohydrol-
ogy and water resources management in south-central 
Chile: Lessons from the Río Imperial streamflow re-
construction. Hydrology and Earth System Sciences 22: 
2921-2935. https://doi.org/10.5194/hess-22-2921-2018

Garreaud RD, Vuille M, Compagnucci R, Marengo J. 
2009. Present-day South American climate. Palaeo-
geography, Palaeoclimatology, Palaeoecology 281: 
180-195. https://doi.org/10.1016/j.palaeo.2007.10.032

Garreaud RD, Álvarez-Garretón C, Barichivich J, Boisier 
JP, Christie D, Galleguillos M, LeQuesne C, McPhee 
J, Zambrano-Bigiarini M. 2017. The 2010-2015 mega-
drought in central Chile: Impacts on regional hydro-
climate and vegetation. Hydrology and Earth System 
Sciences 21: 6307-6327. https://doi.org/10.5194/
hess-21-6307-2017

Garreaud RD, Boisier JP, Rondanelli R, Montecinos A, 
Sepúlveda HH, Veloso-Águila D. 2020. The central 
Chile mega drought (2010-2018): A climate dynamics 
perspective. International Journal of Climatology 40: 
421-439. https://doi.org/10.1002/joc.6219

Gillett NP, Kell TD, Jones PD. 2006. Regional climate 
impacts of the Southern Annular Mode. Geo-
physical Research Letters 33: L23704. https://doi.
org/10.1029/2006GL027721

Gillett N, Fyfe J, Parker D. 2013. Attribution of observed 
sea level pressure trends to greenhouse gas, aerosol, 
and ozone changes. Geophysical Research Letters 40: 
2302-2306. https://doi.org/10.1002/grl.50500

González-Reyes Á, Muñoz AA. 2013. Precipitation 
changes of Valdivia city (Chile) during the past 150 
years. Bosque (Valdivia) 34: 200-213. https://dx.doi.
org/10.4067/S0717-92002013000200008

González-Reyes Á, McPhee J, Christie D, Le Quesne C, 
Szejner P, Masiokas M, Villalba R, Muñoz A, Crespo S. 



382 A. González-Reyes et al.

2017. Spatiotemporal variations in hydroclimate across 
the Mediterranean Andes (30º-37º S) since the early 
twentieth century. Journal of Hydrometeorology 18: 
1929-1942. https://doi.org/10.1175/JHM-D-16-0004.1

Henley BJ, Gergis J, Karoly DJ, Power S, Kennedy S, 
Folland C. 2015. A Tripole Index for the Interdecadal 
Pacific Oscillation. Climate Dynamics 45: 3077-3090. 
https://doi.org/10.1007/s00382-015-2525-1

Holz A, Paritsis J, Mundo I, Veblen TT, Kitzberger T, 
Williamson G, Aráoz G, Bustos-Schindler C, González 
M, Grau R, Quezada JM. 2017. Southern Annular 
Mode drives multi-century wildfire activity in southern 
South America. Proceedings of the National Academy 
of Sciences 114: 9552-9557. https://doi.org/10.1073/
pnas.1705168114

Huang B, Banzon VF, Freeman E, Lawrimore J, Liu W, 
Peterson TC, Smith TM, Thorne PW, Woodruff SD, 
Zhang H-M. 2014. Extended reconstructed sea surface 
temperature version 4 (ERSST.v4): Part I. Upgrades 
and intercomparisons. Journal of Climate 28: 911.930. 
https://doi.org/10.1175/JCLI-D-14-00006.1

INE. 2019. Estadísticas vitales. Periodo de infor-
mación 2017. Instituto Nacional de Estadísti-
cas, Santiago, Chile. Available at: https://www.
ine.cl/docs/default-source/nacimientos-matrimo-
nios-y-defunciones/publicaciones-y-anuarios/anu-
arios-de-estad%C3%ADsticas-vitales/anuario-de-es-
tad%C3%ADsticas-vitales-2017.pdf?sfvrsn=95e68aba 
(accessed on May 2, 2020).

IPCC. 2014. Summary for policymakers. In: Climate 
Change 2014: Impacts, adaptation, and vulnerability. 
Part A: Global and sectoral aspects. Contribution of 
Working Group II to the Fifth Assessment Report of 
the Intergovernmental Panel on Climate Change (Field 
CB, Barros VR, Dokken DJ, Mach KJ, Mastrandrea 
MD, Bilir TE, et al., Eds.). Cambridge University Press, 
Cambridge, United Kingdom and NewYork, USA, 1-32.

Kalnay E, Kanamitsu M, Kistler R, Collins W, Deaven D, 
Gandin L, Iredell M, Saha S, White G, Woollen J, Zhu 
Y, Chelliah M, Ebisuzaki W, Higgins W, Janowiak J, 
Mo KC, Ropelewski C, Wang J, Leetmaa A, Reyn-
olds R, Jenne R, Joseph D. 1996. The NCEP/NCAR 
40-Year Reanalysis Project. Bulletin of the American 
Meteorological Society 77: 437-472. https://doi.
org/10.1175/1520-0477(1996)077<0437:TNYRP>2.0.
CO;2

Lara A, Bahamondez A, González-Reyes Á, Muñoz 
AA, Cuq E, Ruiz-Gómez C. 2015. Reconstructing 

streamflow variation of the Baker River from tr-
SEE-rings in Northern Patagonia since 1765. Journal 
of Hydrology 529: 511-523. https://doi.org/10.1016/j.
jhydrol.2014.12.007

MMA. 2017. Plan de Acción Nacional de Cambio 
Climático 2017-2022. Available at: portal.mma.gob.
cl/wp-content/uploads/2017/07/plan_nacional_clima-
tico_2017_2.pdf. (accessed on May 2, 2020).

Marshall GJ. 2003. Trends in the southern annular mode 
from observations and reanalyses. Journal of Climate 
16: 4134:4143. https://doi.org/10.1175/1520-0442 
(2003)016<4134:TITSAM>2.0.CO;2

Montecinos A, Aceituno A. 2003. Seasonality of the 
ENSO-related rainfall variability in central Chile and 
associated circulation anomalies. Journal of Climate 
16: 281-296. https://doi.org/10.1175/1520-0442(2003
)016<0281:SOTERR>2.0.CO;2

Muñoz AA, Klock-Barría K, Álvarez-Garretón C, Agu-
ilera-Betti I, González-Reyes Á, Lastra JA, Chávez 
RO, Barría P, Christie D, Rojas-Badilla M, LeQuesne 
C. 2020. Water crisis in Petorca basin, Chile: The 
combined effects of a mega-drought and water man-
agement. Water 12: 648. https://doi.org/10.3390/
w12030648

Muñoz AA, González-Reyes Á, Lara A, Sauchyn D, Chris-
tie D, Puchi P, Urrutia-Jalabert R, Toledo-Guerrero I, 
Aguilera-Betti I, Mundo I, Sheppard PR, Stahle D, 
Villalba R, Szejner P, LeQuesne C, Vanstone J. 2016. 
Streamflow variability in the Chilean temperate-Med-
iterranean climate transition (35º S-42º S) during the 
last 400 years inferred from tree-ring records. Climate 
Dynamics 47: 4051-4066. https://doi.org/10.1007/
s00382-016-3068-9

NDC. Nationally determined contribution of Chile: To-
wards the climate agreement of Paris. 2015. Available 
at: www4.unfccc.int/sites/NDCStaging/Pages/All.aspx 
(accessed on May 2, 2020).

Osborn TJ, Briffa KR, Jones PD. 1997. Adjusting vari-
ance for sample-size in tree-ring chronologies and 
other regional-mean time series. Dendrochronologia 
15: 89-99.

Quintana JM, Aceituno P. 2012. Changes in the rainfall 
regime along the extratropical west coast of South 
America (Chile): 30º-43º S. Atmósfera, 25(1), 1-22. 
ISSN 2395-8812

R Core Team. 2020. R: A language and environment for 
statistical computing. R Foundation for Statistical 
Computing, Vienna, Austria.



383Precipitation extreme events since 1900

Sarricolea P, Herrera-Ossandon M, Meseguer- Ruiz Ó. 
2017. Climatic regionalisation of continental Chile. 
Journal of Maps 13: 66-73. https://doi.org/10.1080/1
7445647.2016.1259592

Schubert S, Stewart R, Wang H, Barlow M, Berbery E, 
Cai W, Hoerling M, Kanikicharla K, Koster R, Lyon 
B. 2016. Global meteorological drought: A synthesis 
of current understanding with a focus on SST drivers 
of precipitation deficits. Journal of Climate 29: 3989-
4019. https://doi.org/10.1175/JCLI-D-15-0452.1

Thompson DWJ, Wallace JM, Hegerl GC. 2000. Annular 
modes in the extratropical circulation. Part II: Trends. 
Journal of Climate 13: 1018-1036. https://doi.org/10.
1175/1520-0442(2000)013<1018:AMITEC>2.0.CO;2

Villalba R, Lara A, Masiokas MH, Urrutia R, Luckman 
BH, Marshall GJ, Mundo I, Christie DA, Cook E, Neu-
kom R, Allen K, Fenwick P, Boninsegna JA, Srur AM, 
Morales MS, Araneo D, Palmer JG, Cuq E, Aravena 
JC, Holz A, LeQuesne C. 2012. Unusual Southern 
Hemisphere tree growth patterns induced by changes 
in the Southern Annular Mode. Nature Geoscience 5: 
793-798. https://doi.org/10.1038/ngeo1613

Visbeck M. 2009. A station-based Southern Annular Mode 
index from 1884 to 2005. Journal of Climate 22: 940-
950. https://doi.org/10.1175/2008JCLI2260.1



384 A. González-Reyes et al.

Supplementary Material 

Fig. S1. Correlation fields between winter and spring precipitation and 500 hPa geopotential height 
(Z500) using (a) June to August Z500, and (b) September to December Z500. Correlations were 
computed for 1949-2019. Critical Pearson r coefficients are significant at P < 0.05 with r =  ± 0.23. 
(c, d) Synchronous correlation fields between summer and autumn precipitation and ERSST V4 
for 1901-2019 and 1900-2019, respectively. Critical Pearson r coefficients are significant at P < 
0.05 with r =  ± 0.18.
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