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1  Introduction

Annual precipitation totals are associated with a sequence 
of dry and wet days, frequently defined as days with lower 
or higher precipitation than a specific threshold. The pace of 
this sequence influences the dynamics of water availability 
and water management. The change in the number of dry 
days tends to dominate annual changes in precipitation in 
many places of the world (Polade et al. 2014a; Tabari and 
Willems 2018). Chen and Dai (2018) suggest that frequency 
changes are more important than intensity changes in deter-
mining accumulated precipitation variations. Moreover, 
in extratropical areas and Central and South America, the 
number of dry days within the year would increase up to 30 
more dry days by the end of this century (Ma et al. 2015; 
Rivera et al. 2013; Polade et al. 2014a; Giorgi et al. 2019; 
IPCC 2021).
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Abstract
Dry days are crucial in precipitation variability and water scarcity, particularly in Mediterranean regions facing increas-
ing aridity. Despite their importance, most research focuses on precipitation amounts and temporal dynamics. This study 
addresses this gap by analyzing dry days’ temporal and spatial variability in central Chile (32–40 S), a region experienc-
ing prolonged drought. We examined dry day patterns from 1960 to 2021 using high-resolution gridded precipitation 
data, defining dry days with five precipitation thresholds (0.10, 1, 2.5, 5, and 10  mm/day). Principal component and 
trend analyses were employed to characterize spatial and temporal variability. Results reveal a spatial pattern of dry days 
closely following precipitation patterns, with more dry days in northern and coastal areas. The first principal component 
explains 70–80% of the variance, and clustering methods allowed the definition of five homogeneous regions with distinct 
monthly dry-day characteristics. Long-term trends show a significant increase in annual dry days south of 38°S, while 
trends are weaker and non-significant further north. Notably, trend direction is highly sensitive to the analysis period, 
with some regions showing opposing trends before and after 1982. The 2010–2019 megadrought is detectable in decadal 
anomalies. We found links between dry day anomalies and large-scale climate patterns, suggesting modulation by changes 
in subtropical and extratropical atmospheric circulation. This comprehensive characterization of dry day climatology and 
variability provides crucial insights for water resource management and climate change adaptation in central Chile and 
similar Mediterranean regions worldwide. Our findings highlight the importance of considering dry day frequency in 
drought assessment and water planning, contributing to a more nuanced understanding of precipitation patterns in Medi-
terranean climates.
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Dry days are relevant for water management (IPCC 2021). 
More frequent dry days would affect agricultural produc-
tion and determine policy options due to expected shifts in 
precipitation (Hettiarachchi et al. 2022) as annual precipita-
tion means are related to changes in dry days frequency and 
daily precipitation on wet days (Pierce et al. 2013). Thus, 
characterizing changes and drivers in the frequency of dry 
and wet days can mitigate crop damage and losses through 
more efficient water management practices (Wetterhall et al. 
2015). Indeed, projected long-term changes in daily precipi-
tation, such as the number of dry days, have been linked to 
contribution to an overall increase in precipitation variabil-
ity and, consequently, affecting the planning and manage-
ment (Polade et al. 2014b), as precipitation deficit cascade 
to hydrological deficits and hydrological droughts depend-
ing on catchment wetness and seasonality of the regime 
(Van Loon and Laaha 2015; Apurv et al. 2017).

Central Chile (32◦-40◦S) has a Mediterranean-type cli-
mate -warm, dry summers and temperate-to-cold wet win-
ters (Sarricolea et al. 2017). Winter precipitation accounts 
for 90–70% of annual amounts, from North to South (Pica-
Téllez et al. 2020) (Fig. 1). Precipitation is stored in natu-
ral -snowpack and groundwater recharge- and artificial 
-dams and reservoirs- systems where water availability for 
people, ecosystems, and productivity largely depends upon 
winter precipitation (Valdés-Pineda et al. 2016). South of 
36◦S, summer precipitation is higher and more significant to 
agriculture, which relies on spring precipitation, snowmelt, 
and summer rainfall to complement irrigation sourced from 
surface water. Expected and already recorded less sum-
mer rainfall or more prolonged periods with no rain would 
require supplement irrigation or increased groundwater use. 
A drier summer south of 38◦S would affect agricultural pro-
duction as the current infrastructure could not suffice for the 
new water regime (Barria et al. 2019). Moreover, observed 
changes in precipitation indices could manifest a new 
hydrological regime (Fernández et al. 2018) with a decrease 
in water yield (Martínez-Retureta et al. 2021; Boisier et al. 
2018b).

In Central Chile, annual precipitation shows a negative 
trend of 15 to 45% of annual amounts (2010–2018) (Boisier 
et al. 2018b, 2024; Boisier 2023). Winter deficits are related 
to fewer frontal systems hitting Chile (Montecinos et al. 
2011). Since 2010, fewer frontal systems have reached the 
country, even though El Nino Southern Oscillation (ENSO) 
neutral conditions have prevailed. Also, there is an increase 
in rainfall concentration (Sarricolea et al. 2019; Sanguüesa 
et al., 2018), along with decreasing stream flows, impacting 
water availability (Barria et al. 2019). Temperatures show 
positive trends from 1979 to 2015 but differ among seasons 
(Burger et al. 2018). The negative trends in seasonal pre-
cipitation and associated temperatures along continental 

Chile could be explained by the combination of the Hadley 
Cell expansion and the circulation induced by the Sea Sur-
face Temperature Southern Blob - a region in subtropical 
southwest Pacific showing a marked surface warming over 
the last decade (Lagos-Zúñiga et al., 2024; Garreaud et al. 
2021). Also, Boisier et al. (2018b) indicates that Antarctic 
stratospheric ozone depletion has played a major role in the 
decline of summer rainfall.

Current conditions in Central Chile show significant pre-
cipitation and hydrological deficits, leading to gaps between 
water demand and supply. This situation underscores the 
urgent need for enhanced water management strategies to 
accommodate the increasing water demand. Several studies 
have examined the variability in accumulated precipitation, 
yet the changes in the frequency and distribution of dry days 
throughout the year still need to be studied. The article’s 
goal is to describe the temporal and spatial changes in dry 
days at monthly, yearly, and decadal scales, examining how 
these changes affect precipitation totals and interannual 
variability. Initially, we analyze the temporal and spatial 
patterns of dry days. Subsequently, we investigate dry days’ 
modes of variability and temporal trends to determine the 
significance of changes across different time scales and their 
relationship with climatological fields. The last section also 
discusses the implications of our findings on the prepared-
ness of communities and policymakers.

2  Data and Methods

2.1  Study Region

We focus our study on Central Chile (32 °S to 40 °S) since 
most of the Gross Domestic Product related to agriculture 
comes from this region. Agriculture uses 85% of available 
freshwater (Ministerio del Medio Ambiente, 2020).

More than 90% of the study area falls into the Csb Kop-
pen-Geiger climatic classification (Sarricolea et al. 2017). 
The Csb classification stands for a temperate climate (C) 
with a summer dry season (s) and a warm thermal regime 
(b). The daily mean temperature during the summer is 
20 °C and 12 °C during winter. The precipitation of the dri-
est month in summer is less than 40 mm. The rest of the 
area has cold climates in the mountains (Sarricolea et al. 
2017). The Andes induce an orographic effect, resulting in 
precipitation amounts at the slopes that double the valley’s 
precipitation (Boisier et al. 2018b).

Central Chile experiences strong seasonal (Montecinos 
et al. 2000; Garreaud et al. 2016), interannual (Garreaud et 
al. 2017a; Montecinos et al. 2000, 2011), and decadal cli-
mate variability (Garreaud et al. 2009; Valdés-Pineda et al. 
2018; Núñez et al. 2013). Winter precipitation events occur 
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Fig. 1  (A) Location, topography, and river network of the study area (B) Annual mean (1960–2021) accumulated precipitation over central Chile 
(C) Seasonal means (1960–2021) of precipitation

 

1 3



D. Latoja et al.

2.3  Methods

We defined dry days as daily precipitation under a given 
threshold. We explored five thresholds, 0.1, 1, 2.5, 5, and 
10 mm (Cindric et al. 2010; Zolina et al. 2013; Polade et 
al. 2014a; Marinovic et al. 2021; Bartolini et al. 2022). We 
generated binary time series where 1 corresponds to daily 
precipitation less than the threshold and 0 otherwise.

The effect of threshold magnitude on precipitation sta-
tistics is an open question since different factors, such as 
local climatic features, the aim of the study, and source data, 
among others, could influence threshold selection. Thresh-
olding could be classified into constant values for the whole 
spatial domain (e.g. Zolina et al. 2013; Wang et al. 2022; 
Motamedi et al. 2023) and variable values for each subdo-
main -station or pixel- depending on percentiles (Ratan and 
Venugopal 2013). However, 0.1 mm and 1 mm are the most 
utilized thresholds (e.g. Bartolini et al. 2022). Moreover, 
Polade et al. (2014a) suggests using a 1 mm/day threshold 
for consistency between models and observations. Dry-day 
thresholds should account for different types of climate, if 
present, in the study area using, for instance, percentiles 
(e.g. Motamedi et al. 2023). In this case, we chose a con-
stant threshold but five different levels as the spatial domain 
displays a similar precipitation pattern and forcing.

The workflow for analyzing dry days in central Chile con-
sists of two main branches: data preprocessing and analysis 
of the CR2MET daily precipitation dataset (19602021) and 
climate data analysis using ERA5 reanalysis and HadISST 
sea surface temperature data (Fig. 2). The ERA5 data set is a 
global atmospheric reanalysis (hourly estimates) from 1940 
to the present in a 31 km grid produced by the European 
Centre for Medium-Range Weather Forecasts (ECMWF) 
(Hersbach et al. 2020). The data preprocessing branch 
defines dry day thresholds (0.1, 1, 2.5, 5, and 10 mm/day), 
and binary time series are generated to identify dry days. 
These binary time series are then aggregated into monthly 
and annual scales. The aggregated data is passed to the data 

as midlatitude frontal systems pass through the west coast 
of southern South America (Rutllant and Fuenzalida 1991; 
Montecinos and Aceituno 2003; Garreaud 2009; Garreaud 
et al. 2009; Catto et al. 2012), where the presence of The 
Andes induces an orographic enhancement of precipita-
tion, causing a longitudinal gradient of rainfall (Garreaud 
2009; Viale and Garreaud 2015). The seasonal variability 
of the South Pacific High, its latitudinal/longitudinal dis-
placements and intensity changes, exerts control over sea-
sonal precipitation (Barrett and Hameed 2017). Less winter 
precipitation is related to fewer frontal systems hitting the 
country (Montecinos et al. 2011). The Southern Hemi-
sphere’s storm track exhibits seasonal variability, implying 
that cyclonic activity extends up to 30◦S during austral win-
ter (Hoskins and Hodges 2005) and remains mostly south of 
40◦S during summer, producing a marked latitudinal gradi-
ent of accumulated precipitation (Fig. 1).

2.2  Data Sources

We used a high resolution (0.05° × 0.05°, 5 × 5 km) daily 
precipitation gridded product developed by the Center of 
Climate and Resilience Research (CR2), which encom-
passes all continental Chile and spans the period 1960–
2021. This dataset, henceforth.

CR2MET, applies statistical downscaling methods to 
meteorological station data and reanalysis data (ERA5), 
also considering topography and its effect on precipitation 
(Boisier et al. 2018a; Boisier 2023). We chose this prod-
uct over raw meteorological station data because, in such 
case, a profound selection and homogenization work must 
be done, and we consider that the development of CR2MET 
has already solved this problem. The data has been exten-
sively used in climate studies in Chile as it relies on official 
records from government agencies and passed strict quality 
control (e.g. Zambrano et al. 2017; Zambrano-Bigiarini et 
al. 2017).

Fig. 2  Workflow for dry days analysis
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We performed a PCA analysis pixel-wise at monthly and 
annual scales to examine joint temporal variability from a 
different view. PCA in S-mode, also known as empirical 
orthogonal functions (EOF), is a widely utilized technique 
in multivariate statistical analysis that reduces the number 
of variables of a data set by creating new ones from linear 
combinations of the original ones (Wilks 2011). By doing 
this, most of the variability is often concentrated in a few 
main variables (Jolliffe 2005), so the subsequent analysis 
is facilitated. We retained principal components considering 
the percentage of explained variance. However, it should 
also be highlighted that these newly generated variables and 
their respective representative spatial patterns do not neces-
sarily depict a physical feature of the phenomenon. There-
fore, their interpretation must be cautious (Dommenget and 
Latif 2002).

We examined temporal variability by calculating linear 
trends at every pixel by the Sen-Theil estimator, which 
is more robust than the trend estimation through the least 
squares fit (Wilks 2011; Rubio-Alvarez and McPhee 2010), 
and a modified Mann-Kendall test, suitable for autocor-
related data (Hamed and Rao 1998), to verify statistical 
significance at 95% confidence level at each pixel. We ana-
lyzed average decadal anomalies of monthly and annual dry 
days to inspect temporal variability at decadal time scales. 
Significance was tested using a two-tailed t-test, also at a 
95% confidence level. Mann-Kendall Trend Test is a non-
parametric test that detects increasing or decreasing mono-
tonic trends. The null hypothesis is that there’s no trend for 
the times series’ timespan, while the alternative hypothesis 
suggests a trend exists.

To explore the climatological conditions related to the 
occurrence and variability of dry days, we used compos-
ites (mean condition for a given period and location). The 
SLP fields allow the identification of the high and low-
pressure centers, as the Pacific Anticyclone; the zonal wind 
fields allow the analysis of the westerly wind belt, while 
the SST field is the main predictor for ENSO phases and 
related changes in precipitation (Arias et al. 2021; Acei-
tuno et al. 2021; Garreaud et al. 2009). We also analyzed 
atmospheric fields from ERA5 reanalysis data (Hersbach, 
2019) in the South Pacific area over the study period. We 
examined monthly mean MSLP, Z500, and horizontal wind 
fields V250, V500, and V850, respectively). Additionally, 
we analyzed sea surface temperature (SST) data from Had-
ISST. Considering these variables, we applied a composite 
analysis using average decal anomalies and compared them 
with the decadal anomalies of dry days.

analysis branch, where temporal and spatial patterns, modes 
of variability (using Principal Component Analysis, PCA, 
and clustering), trends analysis (using Sen slope and Mann-
Kendall test), and decadal anomalies are investigated. For 
the climate analysis, we used the following variables from 
ERA5 reanalysis: precipitation, Mean Sea Level Pressure 
(MSLP), Geopotential Height at 500 hPa (Z500), and hor-
izontal wind at 250, 500, and 850 hPa (V250, V500, and 
V850, respectively). For Sea Surface Temperature (SST), 
we used the Hadley Centre Global Sea Ice and Sea Surface 
Temperature (HadISST) data, which is a combination of 
monthly globally complete fields of SST and sea ice con-
centration for 1871-present (Rayner et al. 2003) to perform 
composite and correlation analyses. This workflow allows 
for a comprehensive understanding of the dry day variabil-
ity in central Chile and its relationship with large-scale cli-
mate patterns.

We aggregate the dry days per month and year using the 
binary time series and calendar dates. Since, in this case, we 
are not considering the consecutiveness of dry days, we can 
calculate statistics over these time ranges, notwithstanding 
that they do not depict the time frames of natural variability. 
Following calendar dates, we counted the dry days for each 
744 months (62 years) in the time series per pixel. Then, 
we calculated the mean for each one of the 62 values for 
January, and so on. We divided the monthly (yearly) values 
by their standard deviation for standardization. Thus, we 
obtained a pixel-wise time series of (1) the number of dry 
days per month, (2) the percentage of dry days per month, 
and (3) the number of dry days per year. Standardization 
is advantageous because equal weight and absolute-value 
bias are avoided, such as the effect of precipitation magni-
tude and watershed contributing areas are equalized (Wilks 
2005).

Identifying spatial variability patterns involves deter-
mining geographical locations where certain environmen-
tal variables display common features (Rubio-Alvarez and 
McPhee 2010). Hierarchical clustering groups data points 
into clusters based on their similarity, but it is sensitive to 
noise outliers, and the choice of variables can affect the 
hierarchy. Here, we applied hierarchical clustering using 
Ward’s linkage method to converge pixel-wise time series 
into fewer signals and homogeneous areas, facilitating the 
description of the behavior of the different regions of the 
study zone. Grouping features are annual median values and 
dispersion (interquartile range). However, here, we assume 
it might be possible to define a “homogeneous region” from 
pixel data related through clustering. So, it must be pointed 
out that the aim of applying this clustering is merely opera-
tional and only considers the statistical aspects of dry days. 
A robust regionalization of dry days is beyond the scope of 
this study.
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amounts increase. Also, coastal and valley areas have more 
dry days than mountain areas. However, the spatial distribu-
tion depends upon the threshold. The number of dry days 
in the southern sector shows a higher sensitivity to the dif-
ferent thresholds (comparing 0.1 to 10 mm). Dry days per 
year north of 36◦S are more than 300 days for all thresholds, 
exceeding 360 days per year with less than 10 mm/ day.

For completeness’ sake, we present the percentage of 
dry days per month for 1 mm of precipitation per day as a 
threshold (Fig. 4) since it is one of the most.

utilized thresholds in literature (Cindric et al. 2010; 
Zolina et al. 2013; Bartolini et al. 2022; Anagnostopoulou 
et al. 2003). In Fig. 4, seasonal rainfall variability can be 

3  Results

3.1  Spatial Patterns

For the period 1960–2021, mean values of dry days per year 
(Fig. 3) show a similar spatial distribution to precipitation 
annual means (Fig. 1) for all thresholds (0.1, 1.0, 2.5, 5.0, 
and 10 mm per day). The 0.1 and 1 mm thresholds yield 
similar results, as the CR2 data likely does not capture low 
precipitation events as precipitation frequency and intensity 
estimates are sensitive to the spatial and temporal resolu-
tion of input data (Chen and Dai 2018). From north (32◦S) 
to south (40◦S), dry days decrease as the total precipitation 

Fig. 4  Average monthly accumulated dry days, shown as a percentage for the number of days in the corresponding month, on the period 1960–2021 
and using a threshold of 1 mm/day for the definition of dry days

 

Fig. 3  Annual mean accumulated dry days from 1960 to 2021 using five different thresholds to define dry days
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5), and we observe an inflection point around 1982 from 
negative to positive trends. PC2 (figure not shown) explains 
much less variance than PC1 (around 12%), and its time 
series suggests interannual and interdecal variability. The 
respective spatial field of PC2 indicates a dipole between 
the northern (32–34◦S) and southern sectors (3840◦S). 
Higher-order PCs are not discussed here since the explained 
variance is legible, and their spatial fields do not show clear 
patterns.

On the other hand, we grouped pixels through hierar-
chical clustering, considering statistics of dry days for all 
thresholds. We show clustering results using 0.1 mm (Fig. 6) 
since the resulting clusters display spatial noise. We limited 
the number of clusters to five to facilitate the analysis and 
avoid over-clustering pixels with similar climatological-sta-
tistical features (Cluster 1 is the northernmost one). Figure 6 
displays the cluster average time series of standardized dry 
days per year and standardized annual precipitation. First, 
interannual variability is observable, and both time series 
follow opposite year-to-year directions, i.e., higher dry days 
anomalies imply lower precipitation anomalies. The coeffi-
cient of determination r2 derived from Pearson’s correlation 
between dry days and precipitation anomalies is significant 
for all clusters.

The highest r2 values appear for 2.5 mm per day as the 
threshold, followed by 10 mm per day as the threshold. r2 
decreases southwards from Cluster 1.

observed: wet days concentrate during winter months (JJA), 
and dry days dominate during summer, especially north of 
36◦S. More than two-thirds of dry days occur during six 
months (JFM, OND). The lowest dry days over the study 
zone for all thresholds occurs in June, while the highest 
occurs in January and February. A latitudinal gradient of 
monthly dry days can also be observed for all thresholds and 
is present throughout the year. Differences in winter north 
and south 38◦S result from winter precipitation amounts.

3.2  Modes of Variability and Clustering

Figure  5 shows the first modes of variability from pixel-
wise principal component analysis of annual accumulated 
dry days standardized anomalies. The first two Principal 
Components explain more than 80% of the variance. The 
spatial pattern for PC1 is similar for all thresholds, reflecting 
high joint variability as per correlation and explained vari-
ance high values (over 70% for all thresholds). However, 
the variability of the very northern (32–33◦S) and southern 
sectors (39–40◦S) is less represented by PC1, especially in 
the cases of lower thresholds. The north band is a transition 
to a semi-arid climate, and the south shows the influence 
of the coastal range (Cordillera de Nabuelbuta; Garreaud et 
al. 2016). The time series for PC1 are similar in all 5 cases, 
reflecting interannual variability. PC1 also shows long-term 
variability (Figure.

Fig. 5  Upper panel: First principal component of the annual dry days’ 
field for each threshold and percentage of explained variance by the 
first mode of variability. The black line corresponds to the annual 
time series, and the red line corresponds to the smoothed series with 

a 10-year running mean. Lower panel: Correlation patterns between 
the first principal component and the original pixels’ time series of 
dry days
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to 4. Clusters 1 to 3 show significant trends of opposite signs 
before and after 1982 for dry days and accumulated pre-
cipitation, but trends on the entire period are usually non-
significant. For clusters 4 and 5, trends of dry days before 
and after 1982 are not all significant, although there are 
significant and negative trends of accumulated precipitation 
in these two clusters (1960–2021). Significant trends of dry 
days for the entire period can only be observed in cluster 5 
(positive trends).

Moreover, limited areas show significant positive trends 
of dry days per year (Fig.  7, upper panel) for 1960–2021 
(all thresholds), especially the southern sector, as previously 
mentioned. Over this latter area, particularly south of 38◦S, 
trends are mainly statistically significant and higher in mag-
nitude, indicating an increase of annual dry days up to 5–6 
days per decade. North of 38◦S, nonsignificant trends sug-
gest 1 or 2 more dry days per decade. Trends per month 
(figure not shown) reveal considerable variability. March, 

Dry-day anomalies tend to peak simultaneously on all 
clusters, supporting a robust spatial coherence derived from 
the precipitation pattern. Among clusters (Figs. 5 and 6), the 
first mode of variability is highly representative of clusters 
2, 3, and 4 in terms of magnitude and variability. Clusters 1 
and 5 show similar variability to PC1, although magnitudes 
differ since these clusters are also represented (although to a 
lesser extent) by PC2.

Monthly precipitation and dry days anomalies strongly 
share variance. However, the strength of this relationship 
varies in space and time and also depends on the threshold 
used to define a dry day. For example, in summer months, 
when precipitation.

events are scarce, r2 values could reach lower values than 
10% in some areas. Therefore, one should be cautious in 
determining changes and variability of one variable from 
the behavior of the other, especially when short time scales, 
such as months, are considered. On longer time scales (sea-
son or year-round), r2 values are more consistent and gener-
ally allow us to consider a more robust relationship between 
accumulated precipitation variations and dry days in central 
Chile.

3.3  Trends for non-overlapping Periods

Trends’ signs in dry days anomalies (Fig. 6) are generally 
opposite for periods 1960–1982 and 1983–2021 (Table 1). A 
relative minimum of dry days appears in 1982 for clusters 1 

Table 1  Sen’s slope and Mann-Kendall test for average time series at 
each cluster
Cluster 1960–2021 1960–1980 1981–2021
Cluster 1 0.003 -0.028 0.033*
Cluster 2 0.007* 4 -0.049 0.034*
Cluster 3 0.011 -0.061 8 0.041*
Cluster 4 0.014 -0.026 0.043*
Cluster 5 0.019* -0.012 0.034*
*Statistically significant at 95% confidence level

Fig. 6  Left panel: Spatial cluster using average and dispersion values 
of annual dry days using a 0.1 mm per day threshold. The numbering 
follows the average latitude of their corresponding pixels. Right panel: 
Time series of average (per cluster) standardized anomalies of annual 

accumulated dry days (red) and accumulated precipitation (blue) over 
the study period 1960–2021. The number on the top right corner of 
each graph corresponds to the coefficient of determination r2 between 
the corresponding time series
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statistically significant. Positive trends mainly appeared in 
winter months and south of 36◦S, with limited areas showing 
statistical significance. During 1991–2021, negative trends 
dominated from March to June for all thresholds, although 
magnitude and significant regions also tend to decrease for 
higher thresholds. April’s positive and significant trends 
are mainly present over almost the entire study zone, but 
opposite trends before and after 1990, similar to May. Posi-
tive trends dominate in the two subperiods for June, but the 
spatial pattern differs, resulting in small long-term trends 
(1960–2021).

Regarding anomalies, the change in the signs of anoma-
lies for different decades is evident (Fig. 8). Positive anom-
alies (i.e., more dry days per year) appear in 1960-1969 
and 2010–2019, as in those periods, extended droughts 
occurred, while wetter than average winters occurred dur-
ing 1980–1989. Moreover, the period 1960–1969 displays 
positive anomalies, while in 1970–1979, the anomalies are 
smaller, followed by a positive anomaly during 1980–1989. 
So, we observe a decreasing trend -less dry days- in the 
period 1960–1989. Then, we observe more dry days from 
1990 to 2019, but it is worth recalling the extended and per-
sistent drought since 2010.

Nevertheless, statistical significance is limited to north of 
35◦S for 1960–1969 (more dry days) and 1980–1989 (less 
dry days). However, at higher thresholds (5 and 10 mm per 

June, October, and December exhibit small to no trends, 
regardless of the threshold, while others may exhibit both 
positive and negative trends. For instance, May’s trends (0.1 
and 1 mm per day thresholds) are decreasing north of 38◦S 
and positive south of this latitude. For higher thresholds, 
negative trends disappear, and very positive trends reduce 
their spatial extent. In general, months with higher positive 
and significant trends south of 38◦S are May, July, and Sep-
tember, so annual trends shown in Fig. 7 can be attributed to 
more significant changes occurring in these months.

To compare not overlapping periods, we show trends 
for 1960–2021, 1960–1990, and 1991–2021 of pixel-wise 
annual accumulated dry days for 1  mm/day threshold 
(Fig. 7, lower panel). We did not split in 1982 to compare 
trends on periods of similar length. Differences between 
these 3 cases are remarkable. During the first half, trends 
are primarily negative (wettening) north of 38◦S, while 
south of 38◦S trends are mainly positive and non-significant. 
From 1991 to 2021, trends were positive and statistically 
significant throughout the study zone, especially in valley 
and coastal areas. Thus, opposing trends north of 38◦S for 
1960–1990 and 1991–2021 yielded positive but relatively 
small long-term trends, depicting a high decadal variability.

Monthly trends vary considerably. During 1960–1991, 
several months (March, April, May, and September) exhib-
ited negative trends over large areas and were primarily 

Fig. 7  (a) Linear trends of annual accumulated dry days from 1960–2021 for each threshold. (b) Linear trends of annual accumulated dry days 
on different periods considering a threshold of 1 mm for defining dry days. In both panels, stippled areas indicate statistical significance at 95%
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500 hPa; they are also closely correlated to SLP and u500 
anomalies.

The relationship between dry day anomalies and MSLP 
is unclear (second row in Fig. 9). It is worth noting that clear 
patterns may not be apparent due to the somewhat arbitrary 
composite period composites, as they might mix different 
climate processes. However, as noted in Fig.  8, there are 
noticeable shifts in anomalies in dry days during the periods. 
However, positive anomalies of dry days tend to be associ-
ated with positive anomalies of MSLP on subtropical lati-
tudes of the central eastern South Pacific, where the South 
Pacific Anticyclone is usually located. MSLP anomalies 
on higher latitudes are not always associated with dry days 
anomalies of a specific sign, notwithstanding that during the 
last decade. However, there have been large and significant 
negative MSLP anomalies on the Amundsen-Bellingausen 
Seas and significant positive anomalies of dry days in cen-
tral Chile. Wind anomalies show a very interesting wavelike 
pattern that is clearer for some decades than others, particu-
larly during 2010–2019, when magnitudes are highest. In 
general, when there are positive zonal wind anomalies in 
subtropical latitudes of eastern South Pacific and western 
South America and negative anomalies in mid-latitudes, 
negative anomalies of dry days are dominant in central 
Chile (and the opposite is also observed). On the other hand, 
SST anomalies do not show patterns that allow making clear 
associations with anomalies of dry days. Nevertheless, over 
the last two decades, especially the last one, positive and 
significant SST anomalies have been established on sub-
tropical latitudes of the western South Pacific, concomitant 
to positive anomalies of dry days.

day to define a dry day), the extent of the significant changes 
from 2010 to 2019 exhibits large areas of positive and sig-
nificant anomalies, especially south of 34◦S. Rain leading to 
fewer dry days is a trivial result. Still, the decadal variability 
highlights the importance of the number of dry days, the 
number of wet days, and annual amounts in planning. On a 
monthly scale, positive anomalies might have predominated 
during June 1960–1969, but July was the opposite in the 
same decade. Therefore, anomalies of different months are 
not necessarily representative of the anomalies developing 
during an entire season or year.

Regarding the statistical significance of anomalies, we 
also find considerable differences in the different months, 
which vary depending on the chosen threshold. Notably, in 
the last decade, from 2010 to 2019, positive anomalies are 
mostly present from April to July (especially in June), with 
each month having different areas of statistical significance. 
However, in all cases, this area expands as the threshold 
increases.

3.4  Climate Fields and dry days

The relationship between anomalies and trends in the num-
ber of dry days and composites of mean sea level pressure 
(MSLP), zonal wind on 500  hPa (u500), and sea surface 
temperature (SST) over the South Pacific is shown in Fig. 9. 
We centered our analysis between April and July since the 
average decadal anomalies of accumulated dry days between 
these months exhibited higher magnitudes and statistical 
significance than in the rest. Regarding wind anomalies, 
we focused our analysis on the zonal component since it 
is more important for precipitation and dry days anomalies 
in central Chile, given its predominance in mid-latitudes. 
Besides, we only show results for the 500 hPa level since 
anomaly patterns at the three analyzed levels are similar, 
although magnitudes differ. On the other hand, for simplic-
ity’s sake, we do not show results for geopotential height at 

Fig. 8  Average decadal anomalies of annual dry days using the 1 mm threshold for defining dry days. Stippled areas indicate statistical significance 
at the 95% confidence level
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anticyclonic anomalies over the subtropical Pacific and 
cyclonic anomalies over the Amundsen-Bellingshausen 
Sea, hindering the passage of extratropical storms over cen-
tral Chile (Garreaud et al. 2020). In this sense, more dry 
days during drought years would be related to a decrease 
in the number of weather systems crossing subtropical lati-
tudes of South America (Garreaud et al. 2017a). However, 
the attribution of positive trends in dry days is to be cleared. 
From the meteorological perspective, at least half of the 
precipitation deficit during the mega-drought is related to 
natural forcing associated with decadal atmospheric and 
oceanic variability over the Pacific, and around a quarter by 
anthropogenic forcing (Boisier et al. 2016).

Large-scale modes of variability, such as El Niño-
Southern Oscillation (ENSO), Southern Annular Mode 
(SAM), and Pacific Decadal Oscillation, are the most sig-
nificant sources of interannual variability of precipitation in 
Central Chile (Boisier et al. 2018b; Aceituno et al. 2021; 
Montecinos and Aceituno 2003; Valdés-Pineda et al. 2016; 
Dogar et al. 2017a) and other regions (Dogar et al. 2017a). 
Warm ENSO phases are related to wetter conditions, while 
positive SAM is related to negative rainfall anomalies (Gar-
reaud 2009). ENSO is the dominant mode, although its 
different configurations lead to different effects on precipita-
tion amounts (Arias et al. 2021). For non-ENSO conditions, 
the complex interplay of sources of variability dumpers 
precipitation’s predictability (Montecinos et al. 2011). Dur-
ing La Niña-events, the stormtrack moves poleward while 

4  Discussion

4.1  Trend’s Sensitivity to Thresholding

In a global-scale study, Wainwright et al. (2022) indicates 
that dry-day trends and patterns may be sensitive to the 
threshold, especially in large spatial domains that include 
several climate types. Our study focused on an area with 
a homogenous climate where most agricultural activities 
occur, so a single threshold for all pixels is supported. Also, 
the five thresholds showed similar results (Fig. 7). However, 
further analysis includes the interdependence between dry 
and wet days at different thresholds.

4.2  Observed Anomalies in Climate Fields

Like most Mediterranean climates, Central Chile has expe-
rienced drier conditions over recent years (Seager et al. 
2019), and dryness is expected to increase in the future 
(Polade et al. 2017). Precipitation deficits from 25–45%, the 
so-called ”megadrought” (MD) as for its spatial and tem-
poral extension (Boisier et al. 2016; Garreaud et al. 2017b, 
2020), have had detrimental impacts on local hydrology, 
vegetation, and socioeconomic conditions (Garreaud et al. 
2017b; González et al. 2018; Muñoz et al. 2020; Fuent-
ealba et al. 2021; McCarthy et al. 2022). The exceptional 
length of the MD could have resulted from the prevalence 
of a circulation dipole characterized by deep tropospheric 

Fig. 9  Average decadal anomalies during June of dry days in central 
Chile (1 mm threshold), mean sea level pressure (MSLP), zonal wind 
at 500 hPa (u500), and sea surface temperature (SST) on the South 

Pacific area between the years 1960–2019. Stippled areas indicate sta-
tistically significant anomalies at 95% confidence level

 

1 3



D. Latoja et al.

also favor SAM’s positive phase (Hall and Visbeck 2002; 
Zilberman et al. 2014; Hitt et al. 2022). Therefore, the west-
ern South Pacific SST anomalies suggested by Garreaud et 
al. (2009) as a relevant forcing of precipitation anomalies on 
central Chile over the last decade could be a consequence of 
changes in extratropical atmospheric circulation.

The annual mean SAM index has shown positive and 
significant trends throughout the 20th century, and when 
seasons are analyzed separately, austral summer shows the 
highest magnitude trends (Marshall 2003; Dätwyler et al. 
2018; Fogt and Marshall 2020). However, there have been 
local and asymmetric variations on extratropical latitudes 
during other seasons that haven’t been reflected on the zon-
ally symmetric SAM, given its annular defined structure. 
For example, Schneider et al. (2015) shows that there have 
been important anomalies in the South Pacific area of mag-
nitudes up to 3 times larger than the zonal average, and this 
area shows larger trends during autumn. These variations, 
albeit considerable in magnitude, usually are not considered 
part of the SAM, and therefore, neither are their effects. 
From this, the definition of the SAM may affect the results 
of any study employing it (Ho et al. 2012). In particular, 
the asymmetric variability of extratropical circulation in the 
Southern Hemisphere has been associated with a zonal wave 
three patterns (Franzke et al. 2015; Goyal et al. 2022) that 
is stronger in the Pacific Ocean (Renwick 2005; Campitelli 
et al. 2022), so it might be possible that these asymmetries 
have affected central Chile’s precipitation. Furthermore, 
Campitelli et al. (2022) distinguished between the symmet-
ric and asymmetric components of the SAM and found that 
both correlate with precipitation variations in central Chile. 
However, the symmetric component would have a more sig-
nificant effect (especially on the central-southern area).

Seager et al. (2019), by using climate model simulations, 
indicates that the precipitation changes are associated with 
changes in moisture convergence and advection near and 
on the coast of subtropical South America, for which east-
erly wind anomalies would be necessary on the area. These 
anomalies and variations would result from the expansion 
of Hadley Cells and tropics, along with the poleward shift 
of mid-latitude westerlies and storm tracks, which would 
be related to anthropogenic forcing. In our results, we have 
also observed consistent wind anomalies with what is pro-
posed by Seager et al. (2019); therefore, this mechanism 
could be at play. Nonetheless, a complete confirmation of 
these dynamical processes, and others reviewed in this sec-
tion, would require further analysis since there are limita-
tions on forming physical hypotheses based solely on using 
composites (Boschat et al. 2016).

Concerning the PCA analysis performed and its results, 
we found an inflection point for trends on the first PC in 
1982, whose cause is still unrevealed. First, PCA/EOF 

higher pressures in the subtropical Pacific and weaker mid-
level westerlies. ENSO impacts in precipitation are weaker 
in summer than in winter (Dogar et al. 2017a, 2019; Dogar 
and Almazroui 2022). The combination of processes leads 
to precipitation deficits. The persistence of a dipole sub-
tropical Pacific and cyclonic anomalies over the Amundsen 
Bellingshausen Sea has lowered the number of extratropi-
cal storms over central Chile since 2010, leading to more 
dry days (Garreaud et al. 2017a). Additionally, interannual 
variability through El Niño Southern Oscillation (ENSO) 
is a significant modulator of the aforementioned cyclonic-
anticyclonic dipole of anomalies in the South Pacific (Gar-
reaud et al. 2020), therefore affecting the number of annual 
dry days at such time scales.

Some studies have related the deepening of the Amund-
sen Sea Low (Fogt et al. 2012; Hosking et al. 2013; Turner 
et al. 2013), i. e. cyclonic/negative SLP anomalies over the 
Amundsen-Bellingnhausen Seas, to ozone depletion and 
changes in the strength and position of Southern Hemi-
sphere’s westerlies (England et al. 2016; O’Connor et al. 
2021; Fogt and Zbacnik 2014). In contrast, others have sug-
gested that Pacific sea surface temperature or other external 
forcing might be important drivers of its variability (Garre-
aud et al. 2021; Hosking et al. 2016). Following England et 
al. (2016), this deepening has been mainly observed during 
the summer months. However, our analysis shows it is also 
present during autumn and early winter (especially in June), 
along with positive SLP anomalies north of the Amundsen 
Low. Other authors have shown this result too, such as Gar-
reaud et al. (2021), who also have related the existence of 
this SLP anomaly dipole to positive SST trends on west-
ern South Pacific over subtropical and mid-latitudes, which 
have been called ”The Southern Blob” (SB). Moreover, the 
authors propose a dynamic mechanism that would explain 
the relationship and protagonism of the SB on the decline 
in precipitation in central Chile over the past decade. They 
also mention that other forcings, such as the Southern Annu-
lar Mode (SAM; Marshall 2003), could play a role in the 
observed variability.

The positive SST anomalies observed during the last 
decades in the West Pacific have been related to oceanic and 
atmospheric dynamics. Notably, it has been detected that 
the South Pacific Ocean Gyre has intensified and shifted 
poleward (Roemmich et al. 2007; Hitt et al. 2022), as other 
subtropical gyres also have (Yang et al. 2020), which would 
contribute to an increase of tropical and warm water trans-
port to subtropical and mid-latitudes by the East Australian 
Current (Cai et al. 2005; Wu et al. 2012; Qu et al. 2019; 
Hitt et al. 2022; Li et al. 2022). This poleward shift would 
be influenced to a large degree by changes in the Southern 
Hemisphere’s mid-latitude westerlies, particularly given 
their strengthening and poleward shift as well, which would 
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Moreover, Núñez et al. (2013, 2014), using Standard-
ized Drought Indices, calls that proper use of drought indi-
ces must consider decadal climate variability. For instance, 
Sarricolea et al. (2019) shows that the annual and wet sea-
son Concentration Index showed positive and significant 
trends between 1970 and 1994 that were more evident than 
in any other period. This coincides with the warm (posi-
tive) phase of the PDO affecting Chile between 1976 and 
1990 (Quintana and Aceituno 2012), representing a climatic 
shift in South America (Jacques Coper and Garreaud Sala-
zar 2015). The trend change is observed in Figs. 6 and 8, 
and Table 1, where noticeable transitions from negative to 
positive anomalies have occurred for decades. This pattern 
underscores the decadal variability of the dry-days pattern. 
Even though the period selection is somewhat arbitrary, it is 
grounded on the observed changes.

A simultaneous decline in annual mean river flow has 
also been seen during megadrought (MD) years (2010–
2019), which can be substantially more extensive than the 
rainfall deficit, leading to stronger water scarcity conditions. 
In this regard, coordination between irrigation procedures 
and dry days frequency becomes more essential to ensure 
the effectiveness of the former and deal with adverse condi-
tions for agricultural development. For example, under MD 
conditions, some areas with natural vegetation over cen-
tral Chile have decreased productivity during the growing 
season (September to January). In contrast, irrigated areas 
have been much less affected by reduced precipitation (Gar-
reaud et al. 2017b; Zambrano-Bigiarini et al. 2017) due to 
investment in irrigation infrastructure to alleviate less rain-
fall. Yields of annual crops, such as wheat and maize, are 
expected to decrease in the range of 5–10%, and mainly 
small farmers perceive a significant decrease in productivity 
(Aldunce et al. 2017). Still, such changes could be mitigated 
by investing in more efficient irrigation systems (Meza et al. 
2008, 2012). However, it must be stressed that as agriculture 
largely relies on rainfall, a drier climate makes the coun-
try more vulnerable to climate change (Boisier et al. 2018a; 
Peña-Guerrero et al. 2020).

Other forcings are volcanic eruption and anthropogenic 
activities. Even though there is a vast literature on short-
term and medium-range effects of large volcanic eruptions 
(e.g., El Chichón in 1982 and Pinatubo in 1991) (cf. Dogar 
et al. 2017b; Dogar and Sato 2019; Dogar 2020; Paik et al. 
2023) on circulation, there are few works on Chile. Volcanic 
aerosols can interact with atmospheric circulation patterns 
such as the Southern Annular Mode (SAM) and influence 
regional climate variability (Boisier et al. 2018b; Dogar et 
al. 2024). Moreover, changes in precipitation are predict-
able shortly after eruptions (Power et al. 2021). Regarding 
anthropogenic activities, the lasting and persistent drought 
since 2010 has had a noticeable impact on dry-day trends. 

analysis results do not necessarily reflect a physical mean-
ing (Dommenget and Latif 2002; Jolliffe 2003; Boschat 
et al. 2016). Still, given that this change in trends is also 
present in the time series of the defined clusters repre-
sented mainly by the first mode of variability, this change 
is likely not simply a product of a statistical rearrangement. 
In 1982, a very strong El Niño event occurred (Cane 1983) 
and implied pronounced positive accumulated precipitation 
anomalies in central Chile (Rutllant and Fuenzalida 1991), 
therefore negative anomalies of dry days (noticeable in 
Fig. 6 and verified pixels). This fact, in addition to the effect 
of the megadrought of the past decade, may have given rise 
to the differences in trends before and after 1982, despite the 
impact of the also very strong El Niño event of 1997 (Kane 
1999; Cai et al. 2020). The verification of this hypothesis 
requires a closer examination.

The atmospheric-oceanic variability aspects that have 
been recognized as possible forcings of the previously men-
tioned variations, including central Chile’s megadrought, 
are changes in the strength and position of Southern Hemi-
sphere’s westerlies, the Southern Annular Mode, expansion 
of the Hadley cell, South Pacific SST variability, among oth-
ers. Since that drying has also been observed in other places 
with Mediterranean climate, both in the southern and north-
ern hemispheres, and given that all of them have different 
forces influencing them, it is improbable to have occurred 
by a chance sampling of interannual variability (Seager et 
al. 2019). In the case of central Chile, each of the forcings 
above may contribute to the joint effect observed, even par-
ticipating in positive or negative feedback processes. How-
ever, further research is needed to elucidate it.

4.3  Planning Implications

Longer dry periods and more extended regions affected by 
daily to weekly scales will impact how productive activities 
and cities adapt to a future warmer climate scenario. For 
instance, at seasonal time scales, understanding the patterns 
of time and space of wet/dry days provides a way to tai-
lor water management practices. At larger temporal scales, 
this information becomes a valuable input for policy design 
and assessment, such as new water infrastructure or alloca-
tion of water rights (Barria et al. 2019). As the economic 
value of information increases with more extreme dry days 
frequency, modeling the extent and occurrence of dry days 
helps to assess future climate risks. As the leading cause 
for the MD is natural (Boisier et al. 2016), regardless of 
whether MD conditions remain or change, climate-based 
agricultural water management is crucial to ensure a suf-
ficient productivity level and optimal water usage at sea-
sonal scales, but also for planning at seasonal to inter-annual 
scales.
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days south of 38◦S, while long-term trends north of this 
latitude are low in magnitude and nonsignificant. Moreover, 
the occurrence of central Chile’s megadrought is detectable 
when average decadal anomalies between 2010 and 2019 
are analyzed and when trends are calculated only in the 
second half of the study period, reflecting the high depen-
dence of the trend’s sign and magnitude on the analyzed 
time interval. This result could indicate an essential com-
ponent of natural variability in generating the megadrought, 
although its great persistence and spatial extent also suggest 
that external forcing plays a substantial role.

These results directly affect water resources management 
in the context of increasing regional drought, providing key 
information for long-term planning, drought management, 
and adaptation to climate change. Spatial patterns tend to 
move southward, i.e., regions adapted to summer rainfall 
experience more dry days and less precipitation. Such vari-
ability and long-lasting droughts make trends sensitive to 
time frames, thus increasing uncertainty in planning and 
policy tasks.

Although this study has limitations, such as the exclusion 
of local factors and the uncertainties inherent to the dataset, 
use of linear trends, and climate systems forcing, it lays a 
solid foundation for future research to investigate the physi-
cal mechanisms underlying dry day variability and changes 
in trends.

In conclusion, this work highlights the role of dry days 
frequency in the hydroclimatic variability of central Chile 
and its strong modulation by internal climate variability on 
a decadal scale, a central aspect of the region’s future sus-
tainability. We comprehensively characterize the climatol-
ogy and spatiotemporal variability of dry days from 1960 to 
2021, identifying significant seasonal patterns and decadal 
trends, such as the increase of up to 10 days/decade in much 
of the region during the post1990 period. Frequency changes 
are influenced by the current drought that started in 2010. 
The variability of dry days showed significant links with 
large-scale climate patterns, such as the positive phase of 
the SAM and warm anomalies in the southwestern Pacific, 
suggesting a modulation by changes in the subtropical and 
extratropical atmospheric circulation.

The findings from this investigation into the temporal 
variability of dry days in Central Chile transcend mere 
statistical significance, providing pivotal insights with pro-
found implications for regional and sectoral planning. These 
data illuminate the urgent need for robust, adaptive water 
resource management strategies to mitigate the impacts of 
increasingly prevalent and severe drought conditions. These 
climatic insights are valuable in agricultural domains, criti-
cally dependent upon predictable water availability. They 
enable the formulation of more resilient agricultural prac-
tices, including adopting drought-resistant crop varieties 

Also, circulation mechanisms and pattern changes have 
been extensively explored (Garreaud et al. 2017a, 2020, 
2021). However, there is still a knowledge gap regarding the 
attribution of the observed trends in precipitation. Boisier et 
al. (2016) pioneered this endeavor, stating that one-quarter 
to one-third of the causes are attributable to anthropogenic 
activities. However, we stress that the effects of less pre-
cipitation are cascading to less available water (Boisier et 
al. 2018b) and are reinforced by increasing pressure over 
existing and scarce water resources (Boisier et al. 2024).

Our results indicate that the chosen study period may tre-
mendously affect the final results and their interpretation. 
Particularly, observed atmospheric trends during 30–40 
years and their analysis could lead to associating them to 
external forcings, when in reality, they could have been 
induced by low-frequency variability Grise et al. (2019). 
In our results, for example, the effect of the megadrought 
between 32–38◦S cannot be observed on long-term trends 
(1960–2021), partly because the ’60s were a decade particu-
larly abundant on dry days, but when only the last 30 years 
are considered, the effect of the 2010–2020 dry decade on 
trends is evident. This fact does not necessarily mean that 
the megadrought is caused only by natural variability, but its 
attribution should be faced carefully. Concerning long-term 
significant trends, as seen in Fig. 7, they are mainly located 
south of 38◦S, and given their robustness (they show up for 
all thresholds and time intervals analyzed), it is likely that 
they have been generated by external forcing. Nevertheless, 
natural variability can still play a role in these observed 
changes; thus, attributing these trends must be handled 
prudently.

5  Conclusions

The present study analyzed dry days in central Chile from 
1960 to 2021 using gridded data products between 32 and 
40 ◦S and five daily precipitation thresholds to define dry 
days. The pattern of accumulated dry days, both at monthly 
and annual scales, closely follows the corresponding accu-
mulated precipitation pattern, showing a very similar lati-
tudinal gradient and seasonal behavior. Shared variances 
indicate that precipitation frequency, represented by dry 
days, is generally a more important factor than intensity 
for modulating accumulated precipitation variations. Nev-
ertheless, this relationship can vary in some places and 
occasions. Therefore, the interpretation of dry days results 
should always be cautious.

Temporal variability of dry days could be widely 
observed at inter-annual and longer time scales. In particu-
lar, linear trends over the entire study period show a long-
term and significant increase in the annual number of dry 
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and implementing advanced irrigation technologies. Fur-
thermore, the delineation of dry-day trends offers essential 
guidance for policymakers. It underscores the necessity of 
transitioning from reactive drought responses to proactive, 
comprehensive climate change adaptation frameworks. This 
strategic pivot is crucial for enhancing water resources and 
agricultural systems’ sustainability and resilience.
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