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A B S T R A C T

Extreme precipitation events and multi-annual droughts, especially in arid to semi-arid subtropical regions, are
among the most critical El Niño Southern Oscillation (ENSO) and global climate change impacts. Here, we assess
the variability of torrential rainfall during the Late Holocene and its projection into the 21st century at the
southern edge of the hyperarid Atacama Desert.
The analysis of historical data since the beginning of the 20th century reveals that most (76.5%) alluvial

disasters in the southern Atacama Desert (26–30°S) have resulted from extreme rainfall events occurring be-
tween March and September under El Niño conditions, and more frequently during the warm phase of the Pacific
Decadal Oscillation. Particular rainfall events under these ocean-climate conditions are associated with the
convective phase of the Madden-Julian Oscillation (MJO) near the central-equatorial Pacific, resulting in warmer
sea surface temperature (SST) there and in the triggering of persistent/intense Pacific South America (PSA)
tropical-extratropical teleconnection patterns which result in blocking of the westerly flow at high latitudes and
the subsequent deviation of storm tracks towards central-northern Chile.
On a longer timescale, marine sediments from Tongoy Bay (30°S) reveal an increasing trend of stronger runoff

by torrential coastal rain since ca. 3500 cal yr BP and even stronger heavy rainfall since ca. 1700 cal yr BP.
Highly variable coastal sea surface temperatures in the same time span deduced from the sedimentary record can
be explained by intensified southerly winds in connection with stronger alongshore pressure gradients and re-
duced coastal low-cloud cover. Both storm intensification and increased intensity of upwelling-favorable winds
point to a variable climate conditioned by strengthened interannual ENSO and interdecadal ENSO-like varia-
bility during the Late Holocene.
Climate projections from the Coupled Model Intercomparison Project Phase 5 (CMIP5) indicate a reduction in

annual precipitation of 15–30% during the current century, together with an intensification of the storms, such
as the alluvial disaster on March 25, 2015 in Atacama.
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1. Introduction

The El Niño-Southern Oscillation (ENSO) drives dramatic pre-
cipitation anomalies, especially along the arid and semi-arid west coast
of South America (e.g. Dai and Wigley, 2000), which can trigger
flooding and mud flows that cause terrible disasters, loss of life and
economic damage (Ward et al., 2014). Along the Atacama Desert,
spanning roughly from 18° to 30°S, mean annual precipitation varies
from 1 to 3mm in the hyperarid core (e.g. 18.5–22°S) to 110mm in the
semi-arid region at 30°S. The mature stage of El Niño (warm phase of
ENSO) is characterized by positive precipitation anomalies during
austral summer from Ecuador to northern Peru, when strong positive
sea surface temperature (SST) anomalies reach the eastern tropical
Pacific. From northern to south-central Chile, positive precipitation
anomalies occur during the development phase of El Niño in the pre-
vious austral winter-spring season (e.g. Curtis and Adler, 2003).

The rainfall at the southern edge of the Atacama Desert (26–30°S)
strongly depends on the arrival of sporadic mid-latitude weather dis-
turbances during austral winter-spring (Fig. 1). During El Niño,
sporadic, intense precipitation events occur in this area in connection
with higher frequency of persistent blocking highs west of the Antarctic
Peninsula - a distinct feature of the atmospheric tropical-extratropical
teleconnections (the Pacific South America – PSA pattern) (Rutllant and
Fuenzalida, 1991; Mo and Higgins, 1998; Montecinos et al., 2000;
Montecinos and Aceituno, 2003; Ortega et al., 2012), which drives mid-
latitudes storm tracks towards central-northern Chile (Fig. 1d). To the
east, during La Niña (cold phase of ENSO) the Andean Cordillera is also

affected by austral summer rainfall episodes when the Bolivian High
(upper level anticyclone) is localized to the southeast of the central
Andes and low level north-westerly flow transports warm, moist air
from the Amazon Basin (Garreaud and Aceituno, 2001).

Recently, an extreme rainfall event on March 2015 strongly im-
pacted the southern edge of the Atacama Desert, generating a socio-
natural disaster that challenged the resilience capabilities of the local
communities as well as of the country (Vargas et al., 2018). This storm
affected 80,000 km2 of the Atacama region, causing violent mud and
debris flows that devastated cities such as Chañaral (26°20′S) and Co-
piapó (27°22′S), leaving 31 dead, 16 disappeared and more than 16,000
people affected (ONEMI; Barrett et al., 2016; Bozkurt et al., 2016;
Wilcox et al., 2016). Again, an event in May 2017 also impacted this
region with flooding and debris flows, leaving 2 dead and more than
5000 people affected (ONEMI).

Alluvial deposits from the arid (23°S) and semiarid (32°50′S) coast
of Chile show that these kinds of events occurred sporadically since the
Middle Holocene (Vargas et al., 2006; Ortega et al., 2012, 2013), when
a scenario of intense and persistent aridity prevailed in the central and
northern coast of Chile (Villagrán and Varela, 1990; Maldonado and
Villagrán, 2002, 2006; Villa-Martínez et al., 2003). An increased fre-
quency in heavy rainfall events that generated major debris flows oc-
curred beginning 5300–5700 yr BP and continuing over the last mil-
lennium. This marked hydrological change is recorded by terrestrial
and lacustrine sediments from the north to central Chile (e.g. Jenny
et al., 2003; Vargas et al., 2006; Ortega et al., 2012), and is attributed to
the onset of modern tropical-extratropical teleconnection pattern

Fig. 1. a) Geomorphological and oceanographic context of the southern Atacama Desert. Black star shows the location of marine gravity core TO04 from Tongoy Bay.
Mean sea surface temperature contours (1948–2011, NOAA extended SST data) for austral winter-spring are shown (blue lines). Red rectangle indicates area
considered for CMIP5 model simulations. b) Seasonality pattern in rainfall and its strong latitudinal gradient along north-central Chile. c) Mean position of the
Southeastern Pacific Subtropical High (white H) during austral winter. Black rectangle shows north-central Chile. d) Composite anomaly considering historical heavy
rainfall events at the semi-arid coast of Chile for 10 August 1965, 13 June 1972, 24 August 1972, 17 June 1991, 12 June 1997 and 17 August 1997. Climatology
period is based on 1981–2010. Note the blocking high anomaly (orange H) associated with the PSA teleconnection pattern. (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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related to ENSO variability and its strengthening (Vargas et al., 2006;
Ortega et al., 2012).

Environmental reconstructions of north-central Chile (27°S− 34°S),
based on pollen and pedological records, also point to more variable
climate conditions during the Late Holocene. They show more frequent
wet and dry periods, with alternation of erosion and soil formation in
the Andes and the coastal range, which have been explained by changes
in the westerly wind belt's position and/or intensity, as well as changes
in the frequency of El Niño–Southern Oscillation events (Villagrán and
Varela, 1990; Veit, 1996; Villa-Martinez et al., 2004: Maldonado and
Villagrán, 2006; Cabré et al., 2017). Lacustrine sediment records from
the subtropical Andes in north-central Chile also show a highly variable
climate during the Late Holocene related to changes in precipitation
and temperature (e.g. Martel-Cea et al., 2016).

Regarding the oceanographic conditions along the semiarid coast of
Chile, marine sediments from 30° and 33° lat. S show a decreasing SST
trend since the Middle Holocene and during the Late Holocene (Kim
et al., 2002; Kaiser et al., 2008). At Los Vilos (31°50′S), isotopic data
from Mesodesma Donacium records cooler coastal SST ~4–5 kyr ago
compared with today (Carré et al., 2012). This points to increased
coastal upwelling, suggesting an intensified Southeast Pacific Sub-
tropical Anticyclone and a strengthened Humboldt Current System,
therefore La Niña-like conditions during the Middle Holocene (Carré
et al., 2012). During the Late Holocene, variable faunal assemblages,
associated to increased upwelling and warmer conditions offshore
Valparaiso (32°45′S), suggest intense ENSO variability since 3000 yr
ago (Marchant et al., 1999). For the last millennia, marine sediments
from Bahía Inglesa (27°S) show significant changes in biological pro-
ductivity in response to El Niño-like conditions during
~1020–1440 cal yr BP and La Niña-like conditions during the Medieval
Climate Anomaly (MCA; ~1000–500 cal yr BP) (Castillo et al., 2017). In
northern Chile, the Mejillones Bay (~23°S) at the end of ~600 cal yr BP
shows decreasing in biological productivity, together with increasing of
subsurface oxygenation, followed by low biological productivity and
slightly more oxygen concentration of dissolved oxygen of the water
column, suggesting that El Niño conditions prevailed during Little Ice
Age (LIA) (Guiñez et al., 2014). Further north, along the coast of Peru
(~14°) an increase in biological productivity and a more intense
Oxygen Minimum Zone (OMZ) in the northern section of the Humboldt
Current Ecosystem suggest La Niña conditions during the MCA
(Salvatteci et al., 2014). Low biological productivity together with a
weak OMZ suggest El Niño-like mean state during the LIA (Salvatteci
et al., 2014).

With respect to the last centuries, previous work found a change in
regional ocean-climate conditions during the 19th century. The impact
of El Niño appears to have been different since ca. 1817 CE, when a
higher annual correlation was documented between ENSO-related
heavy rainfall events occurring in austral summer in Ecuador-northern
Peru and heavy rainfall during the previous austral winter-spring in
central Chile (e.g. Ortlieb et al., 2002). Marine sediments from Bahía
Inglesa (27°S) show an increased contribution of lithic input and vari-
able SST since ~1820 CE, together with a reduction in the intensity of
the oxygen minimum zone and biological productivity, interpreted as
mixed conditions of El Niño and La Niña, suggesting this site as a
transition zone in the behaviour of the Humboldt Current Ecosystem
(Castillo et al., 2017). Further north, marine sediment records from
Mejillones Bay (23°S) exhibit a secular change during the 19th century,
interpreted as enhanced interdecadal ENSO-like variability of along-
shore upwelling-favorable southerly winds, increased productivity and
cooling of the coastal ocean since 1878 CE and during the 20th century,
following a previous period of ocean-climate change between
~1820–1878 CE (Vargas et al., 2007). A similar ocean-atmosphere in-
teraction change was found for the mid 1970's abrupt climate shift from
the cold to the warm phase of the Pacific Decadal Oscillation (PDO) at
23°S (e.g. Rutllant et al., 1998). Marine sediments off central Peru
(12–14°S) also suggest an abrupt change from a wetter to drier climate

and from weaker to stronger oxygen minimum zone since ~1820 CE,
followed by the strengthening of wind-driven upwelling, coastal
cooling and increased productivity since 1870 CE. These changes have
been tentatively explained by a northward migration of the Inter-
tropical Convergence Zone and the Southeastern Pacific Subtropical
High (SPSH), together with an intensified Walker circulation since the
end of the Little Ice Age (Sifeddine et al., 2008; Gutiérrez et al., 2009;
Salvatteci et al., 2014).

During the 20th century, the coast of northern Chile has suffered a
persistent aridity trend, consistent with the observed and anticipated
poleward expansion of the tropical belt and concurrent subtropical dry
zones (Cai et al., 2012). In spite of this trend, the rainfall variability
underwent pronounced fluctuations modulated by ENSO-like condi-
tions at interannual and interdecadal time scales (Schulz et al., 2011;
Quintana and Aceituno, 2012). This implies rainy years following the
warm phases of ENSO, as well as consecutive rainy years and severe
multi-annual droughts following PDO. Heavy rainfalls during strong to
moderate El Niño events, especially during positive PDO phases, have
resulted in alluvial episodes driving localized runoff in the hyperarid to
semi-arid coastal Atacama Desert (Garreaud and Rutllant, 1996; Vargas
et al., 2006; Ortega et al., 2012).

Despite greater consensus in projections of future global ENSO-re-
lated rainfall variability (e.g. Power et al., 2013), it is crucial to con-
sider variations in tropical-extratropical PSA teleconnection patterns
related to El Niño in order to evaluate the impact of extreme rainfall
events in the arid to semi-arid regions of South America (following Mo
and Higgins, 1998). Here, we analyzed meteorological data and
chronicles from the southern edge of the hyperarid Atacama Desert
since the beginning of 20th century (26–30°S), together with late Ho-
locene marine sediments from Tongoy Bay (30°S; Fig. 1a) with the aim
of assessing variability of extreme rainfall events and their ocean-cli-
mate conditioning factors. Finally, we complemented this information
with Coupled Model Intercomparison Project 5 (CMIP5) simulations to
project rainfall variability scenarios for the 21th century in this area.
These simulations provide a perspective on future behavior of extreme
rainfall episodes in the context of past natural variability and ongoing
global climate change.

2. Site and methods

2.1. Historical data

Chronicles and observational data were exhaustively analyzed to
generate a reliable and detailed record of extreme rainfall events oc-
curred since the beginning of the 20th century. The historical in-
formation comprises the southern edge of the Atacama Desert, the
Coquimbo and Atacama regions of Chile spanning between 26° and 32°
lat. S. Chronicles correspond to the books and newspapers in the area,
such as the books “Catástrofes de Chile” by Urrutia and Lanza (1993),
“Desert trails of Atacama” by Bowman (1924), and the newspapers “El
progreso de Chañaral” (1909–1955) and “El Día” of La Serena available
since 1944.

Observational daily and/or monthly data were obtained from
yearbooks of the Dirección Meteorológica de Chile (Chilean Weather
Service) and from the compiled data book “Pluviometría de las zonas
del desierto y las estepas cálidas de Chile” by Almeyda (1948). Though
most of the meteorological stations present data-void periods, the sta-
tion at La Serena (29°54′S, 71°12′W) has the oldest and most continuous
data record of the region from 1869 to the present.

Historical heavy rainfall events were classified according to the type
of damages caused in the region. In increasing order, the categories are:
'heavy rainfall events', events that caused only minor damage such as
electric power cuts or fallen trees; 'flooding events', events associated to
flooding in cities due to river overflowing or excess of rainfall; 'alluvial
disasters', extreme rainfall events that were able to produce mud or
debris flows in the region.
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Monthly indices such as sea surface temperature anomalies (SSTA)
in Niño 1+ 2 and Niño 3.4 regions, Southern Oscillation Index (SOI),
Pacific Decadal Oscillation (PDO), Antarctic Oscillation (AAO: also
known as SAM: Southern Annular Mode) were also included to assess
regional atmospheric/ocean conditions during extreme torrential epi-
sodes.

Meteorological stations are scarce in the high Andes, over
2000m a.s.l., therefore the amount of extreme rainfall events associated
to the South American Monsoon is probably underestimated.
Nevertheless, the aim of this research is to focus on the rains that have
impacted the population of northern Chile, located mainly on the coast
and its surroundings.

2.2. Marine sediment core from Tongoy Bay: proxies and geochronology

Tongoy Bay, located ca. 40 km south of La Serena (30°S), is an
“upwelling shadow” area (sensu Graham and Largier, 1997), mostly
protected from the direct influence of the upwelling-favorable south-
west winds (e.g. Rahn et al., 2011). At the same time, it is strongly
influenced by cold, nutrient-rich water advected from the adjacent
coastal upwelling focus (Rutllant and Montecino, 2002). In addition,
the bay receives sporadic alluvial discharge from ravines draining
coastal watersheds, resulting in favorable conditions for the accumu-
lation of both upwelling-driven biogenic remains and lithogenic mate-
rial from high coastal runoff events. (Fig. 2).

Here we analyzed a 44-cm long sediment core collected at 82m
water depth in Tongoy Bay (TO04: 30°14.57′S, 71°35.99′W). The se-
diment core was sliced every 0.5 cm to improve high resolution geo-
chronological model, as well as sedimentological analysis and

alkenone-based SST reconstructions. The geochronological model is
based on 210Pb downcore activity and accelerator mass spectrometry
(AMS) radiocarbon ages (Fig. 3). Mass accumulation rate from excess
210Pb in the upper 7 cm (0.087 ± 0.012 g cm−2 y−1) was determined
from alpha spectrometry of its daughter 210Po (Flynn, 1968). Dry se-
diment samples of 0.5 g were digested in several steps with a mixture of
concentrated acids (HCL, HNO3 and HF). 209Po was used as a yield
tracer (2.22 dpm g−1). Once the samples were totally dissolved, they
were autoplated on to silver disks at ~75 °C for 2.5 h in the presence of
ascorbic acid. The 210Po activity was counted in a Camberra Quad alpha
spectrometer, model 7404 for 24 to 48 h to achieve the desired counting
statistics (4–10% 1σ errors). The activity of 210Po, assumed to be in
secular equilibrium with 210Pb, was calculated using the ratio between
natural radionuclide and the tracer, which is multiplied by the activity
of the tracer at the time of plating. The delay between plating and
counting produces a decay of 210Po (half life: 138 days); thus, all data
were corrected to the time of plating. Because of the short period
elapsed between the collection date and the time of the analysis of the
samples (< 4month) compared to the half-life of 210Pb (22.3 years), the
calculated activities were not corrected for this delay. Calibration of
AMS radiocarbon ages were performed by Intcal 13 considering a local
reservoir effect (ΔR=625 ± 46 yr), which was estimated from avail-
able ages at 4 cm depth. One of them, the age calculated
(1946 CE=4 cal yr BP) from the sedimentation rate (SR=0.069 ±
0.008 cm y−1) by the 210Pb excess, corresponds to 465 ± 23 yr BP,
following Reimer et al. (2013). The subtraction between this age and
the radiocarbon age from the organic material at the same depth
(1090 ± 40 yr BP), results in 625 ± 46 yr BP, which corresponds to
the local reservoir effect in Tongoy Bay. This estimation is much larger
than any other ΔR estimation from the Chilean coast, nevertheless, this
value represents a combined signal of continental ‘old wood’ effect
together with the oceanic influence due to the strong upwelling pro-
cesses at the adjacent Punta Lengua de Vaca area (see supplementary
material).

Grain size distribution from sediments was measured through laser
diffraction spectrometry with a Malvern Mastersizer 2000. The median
of the grain size distribution is interpreted as an index of coastal runoff
strength, and shows the same trends as the principal mode. Lithogenic
minerals were quantified through Fourier Transformed Infrared
Spectrometry with a PerkinElmer Spectrum 100 (Bertaux et al., 1998;
Vargas et al., 2004). We used the flux of lithogenic minerals (quartz and
plagioclase) as a proxy for runoff associated with torrential rainfall
events. Alkenone-based SST reconstructions were estimated according
to Prahl et al. (1988).

2.3. Projection into the 21th century

Long term climatological analysis of precipitations was based on
local rain gauge data at the meteorological station of La Serena
(Fig. 1a), and their comparison with CMIP5 climate model simulations
(Taylor et al., 2012). We used historical simulations for the period
1850–2005 CE, forced by observed concentrations of greenhouse gases,
volcanic eruptions and solar activity. Future projections follow the
“Representative Concentration Pathway” 8.5 (RCP8.5) scenario corre-
sponding to a “business as usual” emission scenario that ends with at-
mospheric CO2 concentrations above 900 ppm by 2100, equivalent to a
radiative forcing of 8.5Wm-2. From 40 existing models, we retained 24
that reproduced the observed annual cycle of precipitation in the region
(Fig. 4). Further statistical quantifications from observation and model
precipitation results were carried out by calculating inter-annual and
decadal variability, together with their corresponding percentages of
explained variance and spectral analysis. Daily distribution of pre-
cipitation for La Serena meteorological station, historical simulations
and RCP8.5 projections were also evaluated.

Fig. 2. Geomorphological and oceanographical setting of Tongoy Bay. Black
star indicates the marine core site TO04. White line refers to the limit of the
coastal watershed and yellow arrows show runoff (input of lithic particles to the
coastal marine basin). Dominant wind direction and the upwelling area are also
indicated. (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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3. Results and discussion

3.1. Extreme rainfall events since 1900

Chronicles and monthly observational data show that 52 heavy
rainfall events have affected diverse localities in the southern edge of
Atacama Desert area since 1900, mostly during austral fall-winter (May
to August). The exceptions are two intense rainfall events in the high
Andes that occurred during the austral summers (February) of 1954 and
1972 which triggered debris/mud flows, both probably related to the
South American Monsoon (Fig. 5a). Another possible exception oc-
curred in January 1906, when floodings were generated by several
snow-melting events probably related to rainfall in the high Andes, with
the 0 °C isotherm above the snow line.

Most of extreme rainfall events (76.5%, Fig. 5b) occurred during the
negative (warm) phase of the Southern Oscillation (El Niño), in
agreement with the strong relationship of heavy rainfall episodes with
El Niño along the coast of Antofagasta (~23°S) (e.g. Vargas et al.,
2006). Furthermore, there were more extreme rainfall events during the
last warm phase (1977–1998 CE) of the Pacific Decadal Oscillation
(61.5%, Fig. 5c) than in the previous cold phase (1947–1976 CE), even
considering the longer duration of the latter. Therefore, we propose that
the interplay between the warm phases of ENSO and PDO modulates
the frequency of most of the heavy rainfall events in the southern edge
of Atacama Desert.

Most of the storms (70.8%) occurred under positive SST anomalies
in both the central equatorial Pacific (Niño 3.4 region) and the coastal
region off Ecuador and northern Peru (Niño 1+2 region), suggesting
that extreme rainfall events over the southern coastal Atacama Desert
occur more frequently during canonical El Niño episodes (Fig. 5d).
Warm SSTs in the Niño 3.4 region foster atmospheric deep convection
over the central equatorial Pacific, bringing favorable conditions for
triggering the Pacific South America (PSA) teleconnection pattern (Mo
and Higgins, 1998). The blocking of the westerly flow by a warm-core
high pressure system west of the Antarctic Peninsula, as an integral part
of the PSA teleconnection pattern, results in a split polar jet-stream
driving its northern branch and associated storm tracks towards the
subtropics (Rutllant and Fuenzalida, 1991; Renwick, 1998). During El
Niño, this occurs concomitantly with weakened trade-winds and local
strengthening of the subtropical jet stream (Gallego et al., 2005), al-
together enhancing the storminess of the area, which have resulted in
heavy rainfalls driving floods and debris/mud flow events in the semi-
arid coast of Chile (30–32°S) during the second half of 20th century

(Ortega et al., 2012).
Indeed, before and during the alluvial event of March 2015, that

occurred during the onset of El Niño 2015/2016 (central equatorial
Pacific warming), the blocking high was particularly intense (Fig. 6)
due to the superposition of El Niño conditions with a particularly strong
convective phase of the Madden-Julian Oscillation (MJO) over the
central equatorial Pacific (Rondanelli et al., 2019). Thus, the strong
correlation between extreme rainfall events and deep convection (warm
SSTs) at Niño 3.4 region suggests that the PSA teleconnection pattern
was a conditioning factor for most flooding and alluvial disasters at the
southern edge of the Atacama Desert during the entire 20th century and
the beginning of the 21th century.

Although the blocking high over the Southeast Pacific is more fre-
quent during austral spring and summer when the canonical El Niño
occurs in conjunction with the negative phase of the Antarctic
Oscillation (AAO) (Oliveira and Ambrizzi, 2017), no correlation was
found between the heavy rainfall events in the Atacama Desert and the
AAO (not shown). This discards the direct influence of the reduction/
expansion of the zonal flow at mid-latitudes in the frequency or in-
tensity of extreme heavy rainfall episodes at the southern edge of
Atacama Desert. However, AAO-related precipitation anomalies are
significant in southern Chile (largest at 42°S) and along the subtropical
east coast of the continent (Gillett et al., 2006; Garreaud et al., 2009),
regions where the AAO produces a strong modulation of the ENSO
signal on precipitation (Garreaud et al., 2009).

In contrast with Niño 3.4 region, positive SST anomalies in Niño
1+2 region are not directly related to heavy rainfalls over northern
Chile. Nevertheless, an anomalously warm ocean along the Peruvian
coast, eventually including the Niño 1+ 2 region, seems to be a re-
levant factor for the intensification of storms that can finally affect the
coastal Atacama Desert. During March 2015, the coast of central and
southern Peru (south of El Niño 1+ 2) experienced anomalous high
SSTs during the second half of the month (Bozkurt et al., 2016). This
coastal ocean warming together with northwesterly winds in the lower
troposphere, resulting from either a deep trough or a cutoff low aloft,
led to an unusual transport of water vapor from the Peruvian coastal
ocean towards the subtropical region in northern Chile. This triggered
torrential rainfall and the subsequent alluvial disaster on March 24–25,
2015 (Bozkurt et al., 2016; Barrett et al., 2016). Indeed, during austral
fall-winter, most heavy rainfall events (85.4%) occurred concomitantly
with positive SST anomalies in the Niño 1+ 2 region, highlighting the
importance of anomalous ocean warming along the coast of Ecuador
and Peru as a potential water vapor source to be advected into northern
Chile.

In summary, we propose that blocking highs west of Antarctic
Peninsula, as a part of the PSA teleconnection pattern triggered by
MJO-related deep convection at the central equatorial Pacific, and as-
sociated positive SST anomalies there, have conditioned most of the
heavy rainfall events at the southern edge of Atacama Desert since the
20th century. These conditions are more intense and/or persistent when
the warm phases of ENSO and PDO coincide with the convective phase
of the intraseasonal MJO over the central equatorial Pacific. Hence, we
propose that the interplay of these oscillations modulates the frequency
of extreme rainfall events in the southern edge of Atacama Desert. On
the other hand, positive SST anomalies along the Peruvian coast to-
gether with a favorable atmospheric circulation seems to be a con-
ditioning factor for the eventual intensification of storms reaching the
Atacama Desert.

Fig. 3. Chronological model of the marine core TO04. a) 210Pb and 210Pbxs downcore data. Inset table shows the unsupported 210Pb values in core TO04.
Sedimentation (SR) and mass accumulation rates (MAR) were estimated considering compaction according to Christensen (1982). Model: r2= 0.97. b) AMS
radiocarbon dating values and calibration. c) Chronological model considering local reservoir effect (ΔR=625 ± 46 yr).

Fig. 4. Models reproducing observed annual cycle of precipitation in southern
edge of Atacama.
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3.2. Extreme rainfall events during the Late Holocene

Sedimentological proxies in Tongoy Bay show significant millennial
and multi ̶ centennial trends during the Late Holocene. The median
grain size curve shows the increasing transport capacity of sediments

(grain size mean= 31 ± 4 μm) towards the sea bottom from ca.
3500 cal yr BP to ca. 1700 cal yr BP and its strengthening (grain size
mean=40 ± 3 μm) from ca. 1700 cal yr BP to ca. 200 cal yr BP
(Fig. 7a). This last period is characterized by a shift in the lithic flux
from relatively low values before ca. 1500 cal yr BP (mean=43 ±

Fig. 5. Analysis of extreme rainfall events from 20th century
to the present. Heavy rainfall that caused alluvial disasters at
the southern edge of Atacama Desert during fall and winter
(red rhombus) and during summer (red crosses); heavy rain-
fall that produced floods in cities (yellow rhombus) and
storms associated with minor damages (gray rhombus). (a)
Seasonality of heavy rainfall events. Note that most of storms
have occurred during austral fall and winter. b) Distribution
of extreme rainfall events with the Southern Oscillation Index
(SOI) and the Pacific Decadal Oscillation (PDO). c)
Distribution of extreme rainfall events with the Southern
Oscillation Index (SOI) and the Pacific Decadal Oscillation
(PDO), considering only the cold (1947–1976) and the warm
phase (1977–1998) of the PDO. d) Monthly sea surface tem-
perature anomalies at the Niño 3.4 and Niño 1+2 regions
during heavy storms. (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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10mg cm−2 yr−1) to higher values after ca. 1500 cal yr BP
(mean=57 ± 5mg cm−2 yr−1) (Fig. 7b). This suggests an in-
tensification of processes supplying lithogenic material towards the
coastal basin of Tongoy Bay, such as runoff from a coastal watershed
associated to heavy rainfall events, and/or eolian transport. The high
lithic content (30–80%) found in core TO04 (extracted ~5.6 km off-
shore) points to runoff as the main depositional process in most of the
bay. This contrasts to other basins located further north along the hy-
perarid coastal Atacama Desert where lithogenic particles in marine
sediments (limited to 3–15%) at similar depths are essentially of eolian
origin mobilized by dominant southerly winds. Indeed, in Mejillones
Bay the littoral hydrodynamic influence characterized by dominant
(> 30%) detritic sediments is above 70m b.s.l (~2 km offshore) and
the marine core F981A, extracted from 75m b.s.l (~4 km offshore),
consists of 5–10% lithic particles with a confirmed eolian origin (Vargas
et al., 2004, 2007; Flores-Aqueveque et al., 2014, 2015). Therefore, we
can interpret two periods of strengthening of runoff associated to
sporadic heavy rainfall events at the semiarid coast of Chile during the
Late Holocene.

Debris flow records from Antofagasta (23°S, Vargas et al., 2006) and
from Los Vilos (31°50′S, Ortega et al., 2012) also provide evidence for
the impact of extreme rainfall events in the north-central Chile during
the Late Holocene. In addition, the heavy rainfall trends from Tongoy
(30°S) can be correlated with the Late Holocene evolution of pa-
leoenvironmental proxies at Laguna Aculeo (33°50′S), a eutrophic lake
located 400 km to the south without inflow from the Andes (e.g. Jenny
et al., 2002). The intensifying runoff trend around Tongoy Bay since ca.
3500 cal yr BP is in agreement with more frequent clastic layers ob-
served in the Laguna Aculeo sedimentary record since ca. 3200 cal yr
BP, evidencing a regional impact of heavy rainfalls most probably as-
sociated with the warm phase of ENSO. Furthermore, the strengthening
of heavy rainfall since ca. 1700 cal yr BP is consistent with the high lake
level, where most brackish diatoms species disappeared around
1500 cal yr BP.

Chronicles of the 20th century show that most of the extreme
rainfall events which impacted the southern edge of Atacama Desert are

strongly linked to the PSA teleconnection, occurring more frequently
and/or persisting longer during warm ENSO and ENSO-like conditions.
Therefore, we propose that the Late Holocene increased runoff trends,
interpreted as intensified heavy rainfall events, suggest stronger El Niño
episodes since ca. 3500 cal yr BP, further strengthened since ca.
1700 cal yr BP.

Highly variable SSTs in Tongoy Bay occurred during the last
2000 years (Fig. 7c), and possibly earlier, in agreement with variable
upwelling since ~3000 years ago suggested by variable faunal assem-
blages (32°45′S) (Marchant et al., 1999). This high variability contrasts
with the sustained cooling trend in the warmer offshore SSTs (Fig. 7d,
Kim et al., 2002; Kaiser et al., 2008) pointing to the strong influence of
the upwelling processes in the bay during the Late Holocene. This can
be a consequence of strengthened coastal southerly wind periods which
resulted in higher marine phytoplankton productivity, as it is suggested
by the alkenone content from Tongoy Bay (supplementary material).
We propose that periods of intensified (i.e. coastal southerlies and
southeasterly trades) have resulted from stronger alongshore pressure
gradients and associated low-cloud cover, pointing to marked La Niña
episodes during the Late Holocene.

The difference between coastal and offshore temperature trends at
Tongoy (30°S) during the Late Holocene ranges between 3 and 5 °C,
whereas such difference at Los Vilos (31°50′S) would range between 3
and 4 °C for the Middle Holocene, according to Carré et al. (2012). This
suggests that similar or slightly stronger upwelling-favorable winds
affected the semiarid subtropical coast during the Late Holocene, in
comparison with the Middle Holocene, supporting the occurrence of
intense La Niña episodes during this period.

Although the coastal SST off Tongoy (30°S) is more variable than
the coastal SST off Bahía Inglesa (27°S; Castillo et al., 2017), probably
due to the major impact of upwelling near Punta Lengua de Vaca, both
curves show a similar trend during the last millennium, pointing to
cooler coastal waters on average during the Medieval Climate Anomaly.
Nevertheless, the high runoff recorded at Tongoy Bay contrasts with the
lower input of lithic particles at Bahía Inglesa during this period, pos-
sibly due to the different geomorphological characteristics of the

Fig. 6. Composite anomalies of 200 hPa geopotential heights before and during the extreme rainfall event of March 25th 2015. Note the persistent blocking high (H),
located west of Antarctic Peninsula since March 20th 2015.
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adjacent catchments. Warmer SSTs at the eastern equatorial Pacific
during the Late Holocene (Koutavas et al., 2002; Koutavas et al., 2006;
Rustic et al., 2015) are in agreement with the high lithic runoff asso-
ciated with strong rainfall events at Tongoy in connection with El Niño
episodes.

In summary, the southern edge of Atacama Desert has been affected
by the increase in intensity of the sporadic heavy rainfall events alter-
nating with periods of intense southerly winds during the Late
Holocene. We propose that the occurrence of these two processes has
resulted because of the high variability of ENSO and ENSO-like condi-
tions during the Late Holocene, including tropical-extratropical tele-
connections patterns that result in strong effects along the coastal
Atacama Desert in northern Chile.

In general, paleoclimate records from eastern North Pacific (Barron
and Anderson, 2011), western equatorial Pacific (Stott et al., 2004),
eastern equatorial Pacific records (Koutavas et al., 2006; Koutavas
et al., 2002; Conroy et al., 2009) and El Niño frequency and intensity, as
modeled by Clement et al. (2000) are in agreement with the high
variability of ENSO during the Late Holocene suggested by the runoff
strength and coastal SST proxies in TO04 core.

3.3. Future scenarios from CMIP5 model simulations

Observed standardized annual precipitation and the 10-year run-
ning average at La Serena show a general decreasing trend (Fig. 8a)
reflecting a persistent aridification affecting the semi-arid coast of
Chile. The linear trend over the whole observed period (1869–2016 CE)
indicates that La Serena has had a 4% decrease in precipitation per
decade (Fig. 8a), as previously documented by Schulz et al. (2011) and
Quintana and Aceituno (2012). A similar calculation for CMIP5 simu-
lations (1850–2005, historical simulations) indicates no significant
trend over the 20th century. This difference between observations and
simulations suggests that most of the observed trend is due to natural
variability instead of a forced response to anthropogenic forcing. If this
is the case, it is normal that the models do not reproduce the exact
natural, internal variability of the climate over this period. On the other
hand, for the future (using CMIP5 RCP8.5 simulations), the models
project about a 3% per decade rainfall decrease for the 21st century in
the mean (Figs. 8b and 9a). This would lead to a 15–30% decrease in
precipitation by the end of the current century, hence projecting the
continuity of desertification along the southern edge of Atacama Desert.

Fig. 7. Sedimentary proxies from core TO04 (Tongoy Bay, 30°S). a) Grain size variations (represented by its median), used as a proxy for coastal runoff strength. Note
the increasing trend in grain size at ca. 3500 cal yr BP and ca. 1700 cal yr BP. b) Coastal runoff index based on the reconstructed flux of lithic minerals (quartz and
albite). Brown horizontal lines show lithic flux average before and after ca. 1700 cal yr BP. Black arrows mark the hydrological shifts. c) Reconstructed sea surface
temperature (SST) based on alkenones showing highly variable temperature in Tongoy Bay during the last ca. 2000 years, associated with variable upwelling during
the Late Holocene. d) Alkenone-derived SST offshore at 30°S (Kaiser et al., 2008), 33°S (Kim et al., 2002; Ortlieb et al., 2011) and 41°S (Lamy et al. 2002). (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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Historical extreme rainfall events at the southern edge of the
Atacama Desert have occurred regardless of the negative trend in an-
nual precipitation during the last centuries (Fig. 8a). At the daily
timescale, rainfall days in this semi-arid region represent only 4% of the
year and this value is projected to decrease to 2% by the end of the
century (Fig. 9b). However, for the rainfall days, the 99 percentile
during the period 1961–1990 CE corresponds to 60mmday-1, whereas
the 99 percentile over the period 2070–2099 CE would increase to
69mmday-1 (Fig. 9b). Note that the other percentiles (median, 20th,
80th) do not show any significant change in intensity. Therefore, the
region is projected to become drier, but with more intense extreme
rainfall events, such as the one that occurred in March 2015. This
pattern follows the conceptual model of global warming related to
precipitation changes (Rajah et al., 2014).

Spectral analysis of La Serena precipitation time series indicates
clear inter-annual as well as decadal to multi-decadal variability, with a
spectral peak at ca. 18 years (not shown), similar to the PDO. Most of
CMIP5 simulations revealed inter-annual and decadal variability si-
milar to our observations, representing about 35 and 5% of the total
variance, respectively (Fig. 9c). Calculations for the 21st century from
RCP8.5 simulations indicate no significant changes throughout this
period, discarding statistically significant changes in inter-annual and
decadal variability related to ENSO and ENSO-like conditions in the
models.

In summary, aridification along the semi-arid coast of Chile is
projected to continue during the 21st century regardless of ENSO ac-
tivity, consistent with global warming trend, the expected widening of
the Hadley Cell and concomitant expansion of the subtropical dry zones
(Johanson and Fu, 2009; Cai et al., 2012; Scheff and Frierson, 2012).
Stronger extreme rainfall events are also expected, whose frequency
will continue to be modulated by ENSO and ENSO-like conditions as
during the last centuries.

4. Concluding remarks

The southern edge of Atacama Desert has been impacted by more
than 50 heavy rainfall events since the 20th century. Ninety-eight
percent of these storms occurred during austral fall-winter, and more
than 60% of them had devastating effects in several Chilean cities.

Our analysis of chronicles and observational data compiled since the
20th century shows that most of the extreme rainfall events have oc-
curred during canonical El Niño events. We propose that blocking of the
westerlies by slow-drifting warm core anticyclones west of the Antarctic
Peninsula, as an integral part of the PSA teleconnection pattern, is
fostered by MJO-related deep convection at central equatorial Pacific.
There the associated positive SST anomalies resulting from surface
convergence are enhanced during the warm phases of ENSO and PDO.
Altogether, these atmospheric circulation anomalies constitute a con-
ditioning factor for heavy rainfall events over the southern edge of the
Atacama Desert.

Heavy rainfall events have also impacted the southern edge of the
Atacama Desert during the Late Holocene. Sedimentological proxies
from Tongoy Bay (30°S) show an intensification of torrential rainfall
episodes since ca. 3500 cal yr BP, suggesting more intense/persistent
PSA teleconnection patterns associated with positive SST anomalies and
with more favorable convective conditions in the central equatorial
Pacific during the Late Holocene. Furthermore, highly variable upwel-
ling at least since ca. 2000 cal yr BP, suggests strengthened equatorward
winds associated with stronger alongshore pressure gradients and re-
duced coastal low-cloud cover during the Late Holocene. Thus, these
two processes affecting the southern edge of the Atacama Desert point
to the strengthening of the variability in ENSO and ENSO-like condi-
tions during the same time period.

Climate change projections following the RCP8.5 emission scenario,
point to a 15–30% decrease in annual precipitation, thus contributing

Fig. 8. Comparison between observed precipitation and CMIP5 long-term model results. a) Historical annual rainfall anomaly at La Serena standardized by annual
mean precipitation and a 10-year running mean (thin and thick red lines, respectively). Note, historical extreme rainfall events (rhombus) have occurred regardless
the annual rainfall decrease tendency. b) CMIP5 annual rainfall anomaly, given by standardized precipitation obtained from model simulations (thin orange lines),
20–80th percentile range (orange bar), and model mean (thick orange line). A decreasing trend of annual rainfall is estimated for the rest of the 21st century. (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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to the ongoing aridification trend of the southern Atacama Desert to-
wards the end of the 21st century. This is consistent with the widening
of the Hadley Cell and the poleward expansion of the subtropical dry
zones, as an outcome of global warming. Superimposed on this climate
scenario, stronger rainfall events modulated by ENSO and ENSO-like
conditions will also impact this arid to semiarid region. Therefore,
territorial planning and mitigation measures that work in the long term
are essential to avoid disastrous consequences.
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