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Abstract. The long-term hydroclimatic variability in Santiago (Chile) was analysed by means of a new 14 

481-year (1536-2016 CE) tree-ring reconstruction of the Standardized Precipitation Evapotranspiration 15 

Index (SPEI) of August, integrating the hydroclimatic conditions during the preceding 14 months. Results 16 

show a high frequency of extreme drought events in the late 20th and early 21st centuries, while the 17 

frequency of extreme wet events was higher in the 17th–18th centuries. The mid-20th century represents a 18 

breaking point for the hydroclimatic history in the region, including some significant changes: 1) the 19 

interannual variability increased; 2) the wet events became less intense; 3) the extreme dry events became 20 

more frequent; and 4) the most intense dry event of the entire period was identified, coinciding with the so-21 

called Megadrought (2006-2016). A correlation analysis between the reconstructed SPEI and 3 climate 22 

indices (PDO, SOI and Niño3.4) was performed at monthly scale, considering different multi-annual 23 

aggregations. The analysis shows diverse impacts on the hydroclimatic variability, with positive 24 

correlations between SPEI and PDO as well as Niño3.4, and negative correlations between SPEI and SOI. 25 

The most significant correlations were, overall, found at multi-annual time scales (> 7 years). Results help 26 

to better understand the current hydroclimatic changes (Megadrought) in a long-term context. 27 

JOSE CARLOS
Cuadro de texto
International Journal of Climatology 41 (S1):  E2015-E2030 (2021)



2 
 

 28 

Keywords. Tree-ring, megadrought, SPEI, Chile. 29 

 30 

Short title. Hydroclimatic variability in Santiago (Chile) 31 

 32 

*Correspondence to: Roberto Serrano-Notivoli (rserrano@eead.csic.es) 33 

 34 

1 Introduction 35 

Hydroclimatic variability is one of the main features of environmental and socio-economic risks due to its 36 

potential hazardous impacts on ecosystems and communities (Kiem and Verdon-Kidd, 2013; Veldkamp et 37 

al., 2016). An accurate understanding of its origins and causes is still a major challenge in scientific research 38 

due to the lack of long-term climatic data (Wilhite and Glantz, 1985; Cook et al., 2016), especially in South 39 

America (Garreaud et al., 2009). In Chile the risks associated with hydroclimatic extremes have been 40 

demonstrated to be of paramount importance; such as those related to droughts: wildfires (González et al., 41 

2018; Sarricolea et al., 2020), loss of water resources (Olmstead, 2010), reduction of glacier mass (Barcaza 42 

et al., 2017), or even fostering of social conflicts in low precipitation areas where the water is commodified 43 

(Prieto, 2016). Likewise, extremely wet conditions represent a threat when occurring unexpectedly 44 

(Rondanelli et al., 2019). 45 

Considering a scenario of increasing temperatures, higher water demand, and a prolonged water shortage, 46 

this region will become a high-risk area under any climate change scenario (Bozkurt et al., 2018). Recent 47 

climate trends already point in this direction, as several studies have documented a decrease in precipitation 48 

(Vuille and Milana, 2007; Escobedo et al., 2017; Boisier et al., 2018) and an increase in temperature (Stolpe 49 

et al., 2016; Burger et al., 2015; Meseguer-Ruiz et al., 2018) since the mid 20th century. 50 

From 2010 to 2018, central Chile suffered an intense drought, the so-called “Megadrought” (MD), with 51 

precipitation dropping to 45% below average (Garreaud et al., 2020) and coinciding with the warmest years 52 

of the last decades (Piticar et al., 2018). A precise contextualization of this and other extreme events in the 53 

instrumental period has already been presented in previous studies (e.g.: Sarricolea et al., 2015; Aldunce et 54 
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al., 2017; Garreaud et al., 2017 and 2020). Although these investigations drew a detailed picture of the 55 

hydroclimatic trends over the last decades in central Chile, the long-term context can only be addressed 56 

using proxy records. Tree-ring growth analysis can provide such a long-term perspective of the climatic 57 

variability without sacrificing the advantages of instrumental data such as temporal resolution or regional 58 

representativeness. Austrocedrus chilensis is a relatively abundant, drought-sensitive conifer from the 59 

Andean region that can live for more than 1,000 years (Christie et al., 2011), which makes it a suitable 60 

species for climate reconstruction based on proxy data. This species has been widely used to reconstruct 61 

past climatic variability in central Chile, especially precipitation (LaMarche, 1978; Boninsegna, 1998; Le 62 

Quesne, 2006; Le Quesne et al., 2009) but also droughts (Christie et al., 2011).  63 

Most of these studies focused on the austral winter–early summer season (June to December), trying to 64 

reproduce the past fluctuations of water inputs and to identify significant extreme dry and wet periods. 65 

However, the use of absolute (or z-scores) precipitation values avoids the multiscalar-dimension aspect of 66 

drought. It is well known that the response to drought varies between the different components of the 67 

hydrologic system (i.e. atmospheric boundary-layer, soil, river flows, reservoirs) during (and after) an 68 

extreme hydroclimatic period. If the aim is determining extremes, the consideration of cumulative time 69 

scales rather than instantaneous values in water deficit or excess allows for a differentiation between the 70 

thresholds characterizing each component of the system. Therefore, this approach is useful for the 71 

hydroclimatic evaluation of natural ecosystems (e.g. hydrological modelling, habitat evolution) and 72 

socioeconomic development (e.g. crops or water resources) (Vicente-Serrano et al., 2010). The 73 

Standardized Precipitation Index (SPI) (McKee et al., 1993) provides a solution taking into account all 74 

these preconditions, but it is only based on rainfall, assuming stationarity in the rest of the climatic variables 75 

(i.e. temperature, like all other climatic variables, is considered to remain constant, without a temporal 76 

trend). This assumption is no longer valid in the current warming scenario. The hydroclimatic extremes are 77 

a combination of a lack/excess of water and its atmospheric demand over time, and both parameters can be 78 

quantified through the calculation of the water balance based on evapotranspiration, thereby considering 79 

other variables besides just precipitation. The Standardized Precipitation Evapotranspiration Index (SPEI) 80 

is based in the SPI but solves the temperature-stationarity problem by including temperature as a 81 

complementary variable to compute the potential evapotranspiration (Vicente-Serrano et al., 2010). While 82 

several SPEI long-term reconstructions using tree-rings as proxy have been developed in different parts of 83 



4 
 

the world (e.g.: Seftigen et al., 2015; Zhao et al., 2017; Bhandari et al., 2019), none of them have targeted 84 

the SPEI for reconstruction over South America. 85 

The longest climatic reconstruction in the region, based on A. chilensis, was developed by Garreaud et al. 86 

(2017), extending back to the year 1000 CE in a June-December precipitation reconstruction, being one of 87 

the few millennium-long tree-ring based hydroclimate reconstructions in the world (Ljungqvist et al., 2020). 88 

Furthermore, Christie et al. (2011) reconstructed a drought index (PDSI) from 1346 to 2002 CE, as a major 89 

breakthrough in long-term hydroclimate research in central Chile. Although they identified several past 90 

extreme drought events, the PDSI has a fixed temporal scale, limiting the ability to identify mid- to low-91 

frequency events that depend on the cumulative history of hydroclimatic variability. 92 

In this work, we aim to identify and analyse the extreme hydroclimatic events that occurred in central Chile 93 

since the 16th century by reconstructing the SPEI using a long tree-ring chronology. The analysis is not 94 

constrained to dry periods, which are undoubtedly of great interest in this part of the world, but also includes 95 

wet periods, as they allow putting the magnitude of the events in a long-term context. In a first stage, we 96 

use instrumental temperature and precipitation data from the city of Santiago spanning a period of 79 years 97 

(1938-2016) and existing (and updated) tree-ring series from an Andean area near Santiago (Cajón del 98 

Maipo), to reconstruct the SPEI from 1536 to 2016. In a second stage, we explore the relationship between 99 

the temporal fluctuations of the SPEI and several teleconnection indices. 100 

2 Study area, data sets and methodological approach 101 

The research is focused on central Chile (30-38ºS) (Fig 1). The area is strongly affected by the South Pacific 102 

anticyclone (SPA) and the El Niño - Southern Oscillation (ENSO), both of them modulating, along with 103 

winter subpolar lows, a Mediterranean climate with distinctly seasonal precipitation. Moreover, Boisier et 104 

al. (2016) state that climate change has modified atmospheric circulation patterns, especially subtropical 105 

high-pressure systems moving to higher latitudes, which directly influences the intensity of droughts 106 

affecting central Chile. These climatic characteristics are further modulated by the orography, due to an 107 

altitudinal range of more than 3,000 m across less than 100 km from the Pacific coastline to the summits of 108 

the Andes. It has been shown that modes of interannual to multi-decadal variability (such as the Pacific 109 

Decadal Oscillation (PDO), and ENSO) explain a large fraction of south-central Chile rainfall (Quintana 110 



5 
 

and Aceituno, 2012; Amaro de Lima et al., 2018). These modes also affect low-level atmospheric 111 

circulation in this area (Sarricolea et al., 2018) and the occurrence of extreme events (Erfanian et al., 2017). 112 

2.1 Instrumental records 113 

We used monthly precipitation and temperature data from the “Quinta Normal” observatory, managed by 114 

the Dirección Meteorológica de Chile (DMC) and located in Santiago (Fig 1). It represents the longest-115 

standing instrumental precipitation record in the southern hemisphere with observations beginning in 1867. 116 

Climatic analyses (Aceituno et al., 2008; González-Reyes, 2016) show a negative precipitation trend from 117 

the end of 19th century to present-day (Quintana and Aceituno, 2012). Temperature recordings at the same 118 

observatory started in 1861, but the series has long periods of missing and suspect values between 1876 119 

and 1937. Since 1938, data is continuous and available from the yearbooks of the DMC, digitized by the 120 

NOAA Central Library Data Imaging Project (https://library.noaa.gov/Collections/Digital-Docs/Foreign-121 

Climate-Data/Chilean-Climate-Data). We did not apply any specific quality control to the dataset since the 122 

quality of the observatory has been verified in several previous reconstructions (Bonisegna, 1988; Le 123 

Quesne et al., 2006; González-Reyes, 2016). 124 

We used these precipitation and temperature series to compute the monthly SPEI at lags from 1 to 15 125 

months using the R package SPEI (Beguería and Vicente-Serrano, 2017). The Thornthwaite method 126 

(Thornthwaite, 1948) was used to calculate the potential evapotranspiration. The SPEI value involves: 1) a 127 

lag in months, indicating the number of months considered to assess the hydroclimatic situation, and 2) a 128 

month of the year when the lag ends. For example, a SPEI14Aug value represents the hydroclimatic situation 129 

of August considering the previous 14 months. When computed over several years, the resulting SPEI series 130 

will show the hydroclimatic situation of each August with respect to the 14 prior months. Details on SPEI 131 

are widely described in Vicente-Serrano et al. (2010). 132 

2.2 Tree-ring reconstruction 133 

2.2.1 Data collection 134 

To develop the tree-ring chronology, we took advantage of the existing tree-ring growth series of A. 135 

chilensis in the ‘Cajon del Maipo’ area near San Gabriel (Fig 1), located ~50 km southeast of Santiago. 136 
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These data were collected by LaMarche et al. (1979) and stored in the International Tree-Ring Databank 137 

(Grissino-Mayer and Fritts, 1997). The information contained in the dataset includes 61 tree-ring growth 138 

series extending back from 1131 to 1976 CE. Here we aimed to update this dataset in order to capture the 139 

current period of warming. Therefore, in January 2017, we collected 28 additional samples from 16 trees 140 

(i.e. the outermost ring is 2016) of A. chilensis growing in the same region. These trees take advantage of 141 

the available soil and are located on a steep south-facing slope between 1,300 and 1,600 m a.s.l. (Fig 2). 142 

This species is well adapted to growing at higher elevation, including isolated slopes, which favours the 143 

presence of old specimens. As shown by Le Quesne et al. (2009) it is particularly sensitive to hydroclimatic 144 

variability. 145 

 146 

Next, the core samples were processed according to standard procedures (Stokes and Smiley, 1968). Each 147 

sample was scanned to identify and date the exact position of the annual rings, and the image software 148 

CoRecorder 8.1 (Larsson, 2012) was used to objectively define the exact position of the transition between 149 

annual rings. Finally, the tree-ring width was measured separately at 0.01 mm precision using a LINTAB 150 

table (Rinn, 2005), and crossdating was verified using the COFECHA software (Holmes, 1983). 151 

2.2.2 Chronology development 152 

To develop the tree-ring reconstruction we combined the existing 61 raw tree-ring width series with the 28 153 

newly collected series. To preserve the inter-annual to multi-decadal scale variability and to eliminate the 154 

age-related trend in the radial growth, we standardized the individual 89 tree-ring width series using the 155 

dplR standardization package (Bunn, 2008). Each ring-width series was fitted with a 100-year smoothing 156 

spline to retain not only the high-frequency variability, but especially the mid-to-low frequency variability.   157 

We then assembled the individual standard series to develop the regional tree-ring width index chronology 158 

(TRI) using a robust mean estimation. Finally, the chronology confidence-interval was estimated using 159 

running inter-series correlations (Rbar) and the express population signal (EPS) metric (Wigley et al., 160 

1984). EPS provides an estimate of the match between mean chronology based on a finite number of trees 161 

and its hypothetically perfect chronology (Cook et al., 1990). Values equal to or above 0.85 are considered 162 

to ensure that a chronology is suitable for climate reconstruction (Wigley et al., 1984). 163 
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2.2.3 Climate-growth relationship and climate reconstruction 164 

We calibrated the tree-ring width index (TRI) chronology against the SPEI with a lag from 1 to 15 months 165 

using the station-based climate data of Santiago as done in previous studies to reconstruct the SPEI (Ma et 166 

al., 2015; Tejedor et al., 2017). This calibration consisted of the correlation between the TRI and each of 167 

the SPEI series from January to December at lags from 1 to 15 months during the instrumental period 168 

(1938-2016). The best correlated series of SPEI was selected as target for reconstruction.  169 

Then, to evaluate the accuracy of the model used for climate reconstruction, we split the dataset into two 170 

equally long periods for calibration and verification (Fritts, 1976). These periods were 1938-1977 and 1978-171 

2016. We tested the consistency of the linear model using the Pearson’s correlation coefficient (r), a 30-172 

year moving correlation, the reduction of error (RE) and sign test. RE provides a highly sensitive measure 173 

of reliability of a reconstruction (Akkemik et al., 2005), ranging from +1, meaning perfect agreement, to 174 

minus infinity. In general, positive RE values are interpreted as a reconstruction showing some skill (Fritts 175 

et al., 1990). The sign test compares the number of agreeing and disagreeing interval trends, from year to 176 

year, between the observed and reconstructed series (Čufar et al., 2008). Finally, we transferred the 177 

chronology into a climate reconstruction using a linear regression model (using the full 1938-2016 period). 178 

To identify and evaluate extreme events, we selected values of the reconstructed series exceeding the SPEI 179 

value of ±2s as indicated by McKee et al. (1993), who chose that threshold to identify a severe event 180 

occurrence. While all thresholds regarding the identification of extreme events are arbitrary, previous 181 

studies in different climates used values close to ±2s  (e.g.: Bachmair et al., 2015, 2016; Danandeh Mehr 182 

and Vaheddoost, 2020). 183 

2.3 Assessment of potential drivers 184 

To assess potential drivers of hydroclimatic variability (SPEI), we analysed the relationship between the 185 

SPEI and 3 regional sea surface temperature- (SST) and sea level pressure- (SLP) based indices from the 186 

Pacific Ocean, obtained from the National Oceanic and Atmospheric Administration (NOAA) – National 187 

Centers for Environmental Information (NCEI), the NOAA – Earth System Research Laboratories (ESRL), 188 

and the NOAA – Climate Prediction Center (CPC): (1) The Pacific Decadal Oscillation (PDO), representing 189 

large-scale (multi-) decadal variations of Pacific SST and SLP fields and significantly affecting South 190 
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American climate (Garreaud et al., 2009; Flantua et al., 2016) with temporal scales of variability ranging 191 

from 15-25 to 50-70 years (Mantua and Hare, 2002); (2) The Southern Oscillation Index (SOI), which is 192 

based on the difference between western and eastern tropical Pacific SLP and is highly correlated with 193 

eastern tropical Pacific SST; and (3) The Niño3.4 index (Trenberth, 1997), describing interannual 194 

variability in central tropical Pacific SST (5°N–5°S, 120°–170°W), and responsible for a significant 195 

fraction of interannual wintertime precipitation variability in central Chile (Montecinos and Aceituno, 196 

2003). 197 

The three indices were correlated with the reconstructed SPEI at the fixed temporal scale and month chosen 198 

by the reconstruction process (14-month lag, using the month of August, see section 3.1) during their 199 

overlapping periods (Table 1). With the aim of evaluating the strength of each teleconnection between 200 

modes of SST/SLP variability and the SPEI during different months and cumulative time periods, we 201 

computed, from January to December and for all years, the centred moving averages of the indices over 202 

cumulative periods (scales) of 1 (non-averaged) to 27 years (every two years) as expressed in Equation 1: 203 

 204 

𝑀𝐴_𝑖𝑛𝑑!,#,$ =	
%
#
	∑ 𝑖𝑛𝑑!,&

$'((#)%)/,)
&	.	$)((#)%)/,)  ,    (1) 205 

 206 

where, given an annual series of values (𝑖𝑛𝑑) of an index (PDO, SOI or Niño3.4) subsetted for a given 207 

month (𝑚), the value of the moving average (𝑀𝐴_𝑖𝑛𝑑!,#,$) of a given year 𝑖 depends on the centered 208 

average of the values within the fixed window of size 𝑛. The resulting series for the three indices 209 

(𝑀𝐴_𝑖𝑛𝑑!,#) were correlated with the corresponding averaged reconstructed (𝑠𝑝_𝑟𝑒𝑐#) SPEI: 210 

 211 

𝜌/,0!,# =	
1!",$%$
1!",$1%$

 ,      (2) 212 

 213 

where 𝜌/,0 is the Pearson correlation between 𝑋!,#, the averaged index (𝑀𝐴_𝑖𝑛𝑑!,#) at scale 𝑛 and month 214 

𝑚, and 𝑌#, the averaged reconstructed SPEI (𝑠𝑝_𝑟𝑒𝑐#) at the same scale 𝑛. 𝜎/",$0$ is the covariance between 215 

the two variables, and 𝜎/",$ and 𝜎0$ are the standard deviations of 𝑋!,# and 𝑌#, respectively. 216 
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3 Results 217 

3.1 SPEI reconstruction 218 

Although the chronology begins in 1131 CE, the analysis was limited to the last 481 years (1536-2016), for 219 

which the number of samples was sufficiently high and the EPS (Expressed Population Signal) remained 220 

above 0.85 throughout (Fig 3).  221 

For the period 1938 to 2016, the correlations between the chronology and the SPEI, based on the 222 

instrumental data at different lags (Fig 4), showed the highest values from July to December, coinciding 223 

with the rainy season in winter and spring, and at lags longer than 12 months (SPEI considering, at least, 224 

the prior 12 months), which means that the TRI chronology is also influenced by previous year’s conditions. 225 

Overall, lowest correlations (<0.4) were found at all time scales from January to June (summer and autumn) 226 

and throughout the year when fewer than the previous 12 months were considered. Notably, it is evident 227 

that the hydroclimatic conditions during the prior 6 months barely affect the TRI (most of the correlations 228 

are non-significant –blank cells– or very low –below 0.4–). The highest correlation (0.56) occurred in 229 

August at a time scale of 14 months (SPEI14Aug). The SPEI at this timescale is useful to explain the tree-230 

growth response to droughts considering a complete hydrological year. 231 

The two models obtained for the calibration and verification periods 1938-1977 and 1978-2016 (Fig 5), 232 

reached R2 values of 0.31 and 0.38, respectively (Table 2). These differences between the calibration 233 

periods are due to the high variability in the TRI chronology that cannot be explained with climatic 234 

parameters alone. However, the 30-year moving correlation between observed and reconstructed SPEI 235 

varied from 0.45 to 0.70 in the full period, with highest values between 1940 and 1975. We used the full 236 

period (1938-2016) for the final linear model to fit the reconstruction to the full instrumental data series 237 

and reconstructed the SPEI14Aug starting in 1536: 238 

 239 

𝑆𝑃𝐸𝐼14234 = 2.3898 ∗ 𝑇𝑅𝐼567 − 2.3920	(𝑅, = 0.32; 	𝑝 < 0.01) ,    (3) 240 

 241 
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3.2 Hydroclimatic variability in central Chile 242 

The reconstruction of the SPEI shows that 2 out of the 3 driest years (Fig 6a and Table 3) since the 16th 243 

century occurred since 1947 (1947 and 2009). The years identified as extremely wet, on the other hand, 244 

were more equally distributed across time, but none have occurred since the start of the second half of the 245 

20th Century. When averaging the reconstruction with an 11-year moving window (Fig 6b) to emphasize 246 

lower-frequency variance in the reconstruction, cyclic fluctuations were revealed until the end of the 19th 247 

century, while the 20th century is characterized by a dry period at the beginning, followed by muted 248 

variability, and then a long wet period, ending with the strong drought of the early 21st century. Overall the 249 

smoothed (11-year time scale) SPEI14Aug shows a change in the temporal distribution of the extreme events 250 

with the most intense and long wet period occurring in the first half of the series (1586–1608). The extreme 251 

events progressively decrease in intensity until the end of 20th century. Two extreme dry periods were 252 

identified; the longer one (1568-1585) occurred just before the previously noted wet event, and the shorter 253 

but more intense period occurs at the end of the series (2006-2016).  254 

3.3 Relationship between hydroclimatic variability and climate indices 255 

The PDO (Fig 7 left) shows a positive correlation with the reconstruction, especially from January to March 256 

and from August to October, with the highest correlation obtained in March (+0.47) when averaged over 257 

13 years. The higher correlations at the 9-27-year time scales are likely due to the low interannual variability 258 

of the reconstruction and, therefore, they are the best representation of low-frequency variability.  259 

Conversely, the SOI (Fig 7 centre) shows negative correlations in all months (except May, when no 260 

significant values were found) with most negative values in December at time scales from 7 to 27 years (R-261 

values ranging from -0.67 to -0.85). The Niño3.4 index (Fig 7 right) is positively correlated with the SPEI 262 

in all months, although correlations are not significant at 1-year time scale and only one month (August) is 263 

at the 3-year time scale. The highest correlations were found from January to March at 9 to 11-year time 264 

scales (highest value in March 11-year: 0.34).  265 
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4 Discussion 266 

4.1 SPEI reconstruction challenges 267 

Paleoclimatic reconstructions are of key importance in areas such as South America, where instrumental 268 

information is scarce before the 20th century (Garreaud et al., 2009). Here we use 89 tree-ring width series, 269 

calibrated with instrumental data, to create a 481-year SPEI reconstruction from the 16th century to present-270 

day (1536-2016 CE) focused on Santiago (Chile). In a previous hydroclimatic reconstruction for central 271 

Chile, Christie et al. (2011) used pre-whitened tree-ring chronologies to reconstruct the PDSI, calibrated 272 

with 40 years of instrumental data (1960-2000 AD) to capture the high-frequency signal. While such a 273 

procedure allows correctly identifying interannual variability, it does not reproduce the mid- to low-274 

frequency fluctuations and thus complicates the analysis of prolonged droughts in a long-term context (such 275 

as the 2010-2015 MD). We opted to retain the mid-to-low frequency variability, as done in previous 276 

reconstructions (e.g.: Le Quesne et al., 2009; Masiokas et al., 2012; Garreaud et al., 2017), since pre-277 

whitened time series will generally not carry important stochastic properties embedded in respective 278 

original time series resulting from persistence and seasonality, and thus cannot preserve the structure of 279 

variability across time scales (Razavi and Vogel, 2018). Boucher et al. (2011) improved this low-frequency 280 

hydroclimatic evolution by merging different proxies, but they also used the PDSI (with the same 281 

limitations) and constrained to the austral summer (DJF). Our reconstruction, therefore, is the first in Chile 282 

that is based on a drought index that considers the multiscalar character of precipitation. This represents a 283 

significant breakthrough due to the consideration of the large-scale (both in time and magnitude) and the 284 

cumulative characteristics of hydroclimatic events through time, which is essential to evaluate the duration, 285 

intensity and frequency of extreme events. In this regard, the SPEI allows for the identification of wet and 286 

dry events at different cumulative temporal scales, including, but not limited to, extreme ones. However, 287 

the long-term contextualization using the reconstructed series greatly helps to identify those events, in terms 288 

of duration and/or magnitude, that stand out from the regular behavior. The SPEI provides a more accurate 289 

characterization of magnitude and duration of the events due to its multi-scalar nature along with its ability 290 

to be computed at different time scales (lag). 291 

 292 
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Although our reconstruction has uncertainties (R2 of 0.32 between observations and reconstruction in the 293 

1938-2016 period) and thus must be interpreted with caution, the results provide a substantial improvement 294 

in the understanding of the hydroclimatic variability in the Santiago region in central Chile. The existing 295 

chronology is longer than our final reconstruction; however, due to limited replication prior to 1536 CE, 296 

we selected the 1536-2016 CE period for the reconstruction, as more tree samples are available and the EPS 297 

remained continuously above the commonly established threshold (0.85) (Figure 3). An extended and more 298 

robust reconstruction could be developed by: (i) increasing the replication of long tree-ring width series; 299 

and (ii) constraining the calibration period to the more recent decades. Despite the limitations and potential 300 

uncertainties, we used a more extended instrumental period to calibrate the reconstruction because the use 301 

of a shorter period assumes that the calibration depends on a climatic period with specific characteristics 302 

(e.g. wetter or drier), which are different from the known climate data. The use of long data series allows 303 

embracing a wider envelope of climate variability that should be reflected in the reconstruction. 304 

4.2 A reconstruction of long-term hydroclimatic variability 305 

The reconstructed SPEI represents a useful tool to evaluate the long-term evolution of hydroclimatic events 306 

in central Chile. We found that at the beginning of the 21st century this region experienced the most intense 307 

drought of the past 481 years. This event, already described in Garreaud et al. (2017; 2020), was associated 308 

with significant ecological and socioeconomic impacts over the territory. Throughout the period analysed, 309 

the duration and intensity of dry and wet events becomes progressively more muted, especially during the 310 

mid-20th century, a phenomenon already documented (Le Quesne, 2006) and also reflected in streamflow 311 

reconstructions (Fernández et al., 2018). When analysing hydroclimate signals at the 11-year scale, 312 

however, this tendency disappears after the mid- 20th century, being replaced by two subsequent prolonged 313 

events of positive and negative anomalies, respectively. Over the instrumental period the reconstruction is 314 

consistent with previous research, considering that prior studies did not analyse the same time scale and 315 

month of our SPEI reconstruction. For instance, Garreaud et al. (2017) (1916-2015 period) showed a 316 

SPI12Dec with driest years from 2010 to 2015 and Spinioni et al. (2019) found a similar pattern in Argentina 317 

(1951-2016) at time scales of 12 and 24 months. Saurral et al. (2017) observed a marked decrease of annual 318 

precipitation starting at the beginning of the 20th century. 319 
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The general evolution of the hydroclimatic events over the full reconstruction period (1536-2016) is similar 320 

to the one found in the 1346-2000 CE PDSI reconstruction of Christie et al. (2011). Despite the differences 321 

in the thresholds considered, there is a good correspondence between the number of extreme dry and wet 322 

events, although not in the years, which likely can be attributed to different methods used for calculating 323 

both indices and to the cumulative temporal scale of the SPEI. For example, the 18th century in both 324 

reconstructions shares 1 dry and 4 wet events, as well as the late wet events in the 16th century. The 20th 325 

century is similar in both series, with slightly more extreme events detected in their reconstruction. 326 

The SPEI reconstruction is also consistent with the 655-year streamflow reconstruction of the Neuquén 327 

river (Argentina) made by Mundo et al. (2012) using tree rings from Araucaria araucana and A. chilensis 328 

to identify dry and wet events in the 1346-2000 period. SPEI14Aug detected most of the noticed droughts in 329 

that study, such as the 1968 drought (SPEI of -1.93) described in Prieto et al. (2010), the 1998-1999 strong 330 

La Niña conditions (-1.50 in 1999) and the 1924 (-1.50) record of lowest precipitation in Santiago (Rutllant 331 

and Fuenzalida, 1991). 332 

Furthermore, Vicuña-Mackenna (1877) already described the first well-documented drought during 1637-333 

1640, detected in our reconstruction at the 11-year scale (Fig 6b) as one of the longest ones (not extreme), 334 

followed by an extreme wet episode (1642: SPEI of +2.53). Jana et al. (2019) described many other drought 335 

periods in central Chile extracted from the work of Vicuña-Mackenna, especially in the 16th and 17th 336 

centuries that were not detected in our reconstruction, probably due to the 14-month scale of the SPEI. 337 

Some other events reported in that work, however, were detected considering this lag (e.g.: the 1748 CE 338 

flood in Santiago is reflected with SPEI values of +2.08, +2.02 and +2.13 in 1747, 1749 and 1750, 339 

respectively). Overall, if we lowered the threshold value of ±2s, probably most of the extreme 340 

hydroclimatic events identified in Jana et al. (2019) could also be detected in our reconstruction (Table 4). 341 

4.3 Climatic indices as potential drivers of SPEI 342 

The hydroclimate of the Santiago region is influenced on seasonal to decadal timescales by changes in the 343 

large-scale circulation, which in turn is being modulated by the main modes of Pacific SST and SLP 344 

variability. Several studies have addressed these relationships to analyse droughts (Boucher et al., 2011; 345 

Christie et al., 2011; Meza, 2013; Zambrano et al., 2018), temperature (Burger et al., 2018) and precipitation 346 

changes (Rutllant and Fuenzalida, 1991; Vuille and Milana, 2007; Morales et al., 2012; González-Reyes et 347 
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al., 2017; Boisier et al., 2016 and 2018), amongst others. While some of these previous studies were focused 348 

on ocean-atmosphere forcings, our analysis only includes a first attempt at evaluating potential drivers of 349 

the reconstructed hydroclimatic variability.  350 

The SPEI reconstruction is positively correlated with the PDO, meaning that warm (cool) phases of the 351 

PDO are associated with wet (dry) conditions in central Chile, consistent with previous studies (González-352 

Reyes et al., 2017; Valdés-Pineda et al., 2018) and with other regions (Fang et al., 2014). This relationship 353 

is likely strengthened by the fact that both PDO and the SPEI14Aug emphasize mid- to low-frequency 354 

variability on multiannual to decadal timescales. The SOI is negatively correlated with the SPEI14Aug, again 355 

consistent with the expectations, given that the Southeast Pacific Subtropical Anticyclone is significantly 356 

weakened during the negative phase of the Southern Oscillation, thereby enhancing precipitation in central 357 

Chile (Rutllant and Fuenzalida, 1991). We noted the strongest relationship occurring in December at the 358 

11-year timescale, despite the strong interannual character of the SOI.  359 

The Niño 3.4 index is highly anti-correlated with the SOI; hence it comes as no surprise that it is positively 360 

correlated with the SPEI index, consistent with abundant literature on the ENSO hydroclimate influence in 361 

central Chile (e.g.: Montecinos and Aceituno, 2003; Erfanian et al., 2017; Amaro de Lima et al., 2018). 362 

However, slightly higher correlations in all months were expected. The relatively weak correlation observed 363 

between the reconstruction and the index may partly be explained by the biennial tendency of ENSO to 364 

switch from its positive to its negative phase (and vice versa) within the 14-month timescale of the studied 365 

SPEI. Hence the Niño 3.4 index does not really explain prolonged drought conditions in central Chile, such 366 

as those represented by the SPEI14Aug. Indeed, Garreaud et al. (2017 and 2020) found ENSO-neutral 367 

conditions along the duration of the MD (2010-2015) and Vuille and Milana (2007) pointed out that the 368 

long-term 20th century trend toward increasing aridity is not related to ENSO. Valdes-Pineda et al. (2016) 369 

showed that there is a higher probability (10-30%) of very wet conditions in central Chile during El Niño 370 

years. 371 

5 Conclusions 372 

We analysed the hydroclimatic variability in central Chile from 1536 to 2016 through the reconstruction of 373 

the SPEI. To do that we used: 1) long available data series (1938-2016) of observed monthly precipitation 374 

and temperature at Santiago, Chile; 2) a collection of dendrochronological series extracted from previous 375 
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research and updated with fieldwork in 2017; and 3) a correlation analysis of the reconstructed SPEI with 376 

three climate indices to identify potential large-scale forcing mechanisms of droughts and wet periods.  377 

The SPEI reconstruction (focused on the month of August, with a lag of 14 months), showed that the 378 

frequency of extreme wet years was higher in the 17th and 18th centuries (1/2 of all the extreme years 379 

occurred in this period) while the extreme droughts were more frequent in the late 20th and early 21st 380 

centuries. The middle of the 20th century represented the breakpoint for the hydroclimatic history, when: 1) 381 

the interannual variability increased; 2) the wet events became less intense (none of them identified as 382 

extreme); 3) the dry extreme events became more frequent; and 4) the most intense dry event was found 383 

(starting in 2009), coinciding with the so-called Megadrought. 384 

The correlation analysis between the SPEI 14Aug and the climate indices showed overall positive 385 

correlations with PDO and Niño 3.4, both being significant when aggregating them at time scales from 3 386 

to 11 years. The strongest correlations were found in austral summer (DJF) for both ENSO and PDO and 387 

in winter for the PDO. Conversely, negative correlations were found between the SPEI14Aug and the SOI 388 

in all months, especially in December and when aggregating the data over longer timescales (7 to 27 years). 389 

Our analysis shows that Pacific SST and SLP variations, especially at multiannual timescales (> 7 years) 390 

significantly affected past hydroclimatic variability over central Chile. However, the relationships 391 

documented in this study can be improved by: a) extending the length of the period of observations, which 392 

varies between indices, and b) reducing the uncertainty of the reconstruction. While the first cannot be 393 

controlled, the second aspect could be improved with a better replication of the dendrochronological series. 394 

In addition, our understanding of the relationship between the climate indices and the reconstructed SPEI 395 

is limited by the nature of the correlation analysis. Further research focused on ocean-atmosphere variability 396 

could improve the attribution of potential drivers of the hydroclimatic variability. 397 

Yet, this first SPEI reconstruction from central Chile documents the hydroclimate variability in the region 398 

over the last five centuries, showing a change in the variability since the mid-20th century and highlighting 399 

the fact that the most recent years represent the most intense sustained drought that this region has 400 

experienced throughout the period analysed. 401 
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 658 
Figure 1. Main climate modes affecting the study area and location of the observatory of Quinta Normal 659 

(Santiago) and tree-ring chronologies (San Gabriel)  660 

 661 



27 
 

 662 
Figure 2. Sampling site at San Gabriel (central Chile). A. chilensis has a sparse distribution all along the 663 

slope (a). Two sample cores extracted in 2017 campaign of 235 (b) and  664 

302 (c) years  665 

 666 

 667 
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 668 
Figure 3. Tree ring index (thin green line) and its 50-year moving average (bold smooth green line), number 669 

of samples (light blue shading) and EPS surpassing threshold in 1536  670 

  671 
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 672 
Figure 4. Upper panel: Walter- Lieth diagram showing wet (blue area) and dry (yellow area) seasons, 673 

monthly precipitation (blue line) and temperature (red line). Lower panel: correlation matrix between the 674 

monthly (X axis) SPEI at lags from 1 to 15 months (Y axis) and the regional chronology over the period 675 

1938–2016. Only Pearson correlation values at the α = .05 significance level are shown. Highest correlation, 676 

at August-14 months is highlighted with black box  677 

  678 
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 679 
Figure 5. Calibration and verification results of the SPEI14Aug reconstruction in the instrumental period  680 

 681 

  682 
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 683 
Figure 6. SPEI14Aug reconstruction since 1536 CE for Central Chile. (a), Annual values of negative (red) 684 

and positive (blue) anomalies. Grey shading indicates the RMSE of the residuals. The wettest (blue points) 685 

and driest (red points) years exceeding the threshold of SPEI ± 2 (dashed bold grey line) are shown. (b) 686 

Same as (a) but aggregated at an 11-year moving average  687 
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 688 
Figure 7. Correlation between the three indices of climate variability (PDO, Pacific decadal oscillation; 689 

SOI, Southern Oscillation Index and Niño3.4) and the reconstructed SPEI14Aug. The correlations were 690 

computed by months (X axis) and moving average windows 691 

(Y axis). Only Pearson correlation values at the α < .01 significance level are shown  692 
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Table 1. Overlapping periods and number of overlapping years (in brackets) between modes of SST/SLP 694 

variability and the reconstructed SPEI. 695 

Index Overlapping period 

PDO 1854-2016 (163) 

SOI 1951-2016 (66) 

Niño 3.4 1870-2016 (147) 

 696 

Table 2: Calibration and verification statistics of the SPEI14Aug reconstruction in the instrumental period. 697 

Years: period used for the calibration/verification the reconstruction; R: Pearson correlation coefficient; 698 

R2: coefficient of determination; RE: Reduction of error; D: Sign test. 699 

Period Years R R2 RE D 

Calibration 1938-1977 0.56 0.31 0.33 20+/19- 

Verification 1978-2016 0.62 0.38 0.21 29+/16- 

Full 1938-2016 0.57 0.32 0.28 49+/30- 

 700 

  701 
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Table 3. The most extreme dry and wet years. Only years with SPEI exceeding the threshold of ±2, based 702 

on the SPEI14Aug reconstruction, are shown. Listed by date of occurrence. 703 

Century Wet extreme years Dry extreme years 

16th 1590 (+2.16) 

1593 (+2.99) 

1594 (+2.55) 

 

17th 1642 (+2.53) 

1653 (+2.33) 

1657 (+2.68) 

1690 (+2.28) 

 

18th 1712 (+2.57) 

1747 (+2.08) 

1749 (+2.02) 

1750 (+2.13) 

1795 (+2.66) 

1759 (-2.25) 

19th 1837 (+2.21)  

20th 1904 (+3.02) 

1905 (+2.30) 

1942 (+2.51) 

1947 (-2.02) 

21st  2009 (-2.16) 

  704 
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Table 4. Dry and wet events documented in previous works and detected by SPEI14Aug. Some events are 705 

detected in the following year (emphasized with an asterisk). Only events with SPEI higher than 1 or lower 706 

than -1 are shown. Bold years indicate SPEI exceeding 2 or -2. 707 

Dry events Wet events Source Reconstructed 

variable 

1633; 1781-1782; 1863; 

1892; 1904; 1924; 1942; 

1949; 1968; 1999* 

1884; 1931*; 1965; 1992 Le Quesne (2006) Jun-Dec 

precipitation 

1682; 1818; 1819; 1821; 

1913; 1996; 1999* 

1609; 1635; 1870;  Lara et al. (2008) Dec-May 

streamflow 

1924; 1942 1653; 1851 Le Quesne et al. 

(2009) 

Annual precipitation 

1913; 1924; 1949; 1999* 1849; 1965*; 1986; 1991;  Christie et al. (2011) December PDSI 

1625; 1633; 1682; 1685; 

1817-1819; 1821; 1924; 

1968-1969; 1999* 

1590-1594; 1653-1655; 

1657-1658; 1720; 1942; 

1979; 1984 

Urrutia et al. (2011) Apr-Mar streamflow 

1573-1580; 1624-1625; 

1629 -1630; 1633; 1678; 

1682; 1685 

1590-1593; 1594-1596; 

1653-1655; 1657-1658; 

1849; 1851; 1858 

Masiokas et al. 

(2012) 

Snowpack 

 1837-1838; 1876 Morales et al. 

(2012) 

Nov-Oct 

precipitation 

1924; 1968; 1969; 1996; 

2012- 2016 

 Garreaud et al. 

(2017) 

Jun-Dec 

precipitation 

1577; 1705; 1781; 1782; 

1863 

1537*; 1544; 1609; 

1747*; 1748-1749*; 1770; 

1836; 1837; 1851*; 1858   

Vicuña-Mackenna 

(1877), compiled by 

Jana et al. (2019) 

Single events 

 708 




